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Editorial on the Research Topic

Bacterial Effectors as Drivers of Human Disease: Models, Methods, Mechanisms

INTRODUCTION

Bacteria colonise virtually all ecological niches on earth. To interact with their surroundings, they
evolved sophisticated multi-protein secretion systems that transport proteins, called effectors, from
the bacterial cytoplasm into the extracellular space or directly into target bacteria or eukaryotic cells.
Secretion systems therefore perform critical roles in inter-bacterial competition and the
pathogenesis of many clinically important opportunistic and professional human pathogens.
Generically numbered type I, type II, etc. secretion systems (T1SSs, T2SSs, ...), the complex
multi-protein architecture of each type is remarkably conserved in different bacteria (Costa et al.,
2015). In contrast, the effector repertoires are diverse in numbers and composition reflecting
adaptation to specific lifestyles. Environmental, broad host range pathogens like Legionella
pneumophila encode more than 300 effectors (Qiu and Luo, 2017). These effectors, whilst not
selected under evolutionary pressure by the human immune system, still allow L. pneumophila to
cause opportunistic infections. In contrast, pathogens with a more restricted mammalian host
range, such as Salmonella enterica, have a considerably smaller (~20-40) arsenal of effectors
(Jennings et al., 2017).

This Frontiers Research Topic comprises a series of reviews and original research articles
highlighting common and pathogen-specific findings and approaches to dissect the function of
effectors in bacterial pathogenesis.

THE FUNCTIONAL CHARACTERISATION OF BACTERIAL
EFFECTORS - STATE OF AFFAIRS

Over the last three decades substantial progress has been made in elucidating secretion system
structures and secretion mechanisms (Costa et al., 2015; Tran et al., 2021). Functions for a large
number of effectors were uncovered, revealing unprecedented activities and host targets;
however, many remain uncharacterised and new effectors are still discovered. In a review
article Mak and Thurston provide a detailed overview of our current knowledge about the wide
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range of effector targets and activities, including molecular
mimicry of host proteins and completely new protein
architectures and enzymatic mechanisms. They also discuss
pitfalls and challenges that need to be overcome to further
advance the field.

T3SS EFFECTORS - INJECTED MUNITION
FOR HOST SUBVERSION BY ENTERIC
PATHOGENS AND BEYOND

A wide variety of human and environmental pathogens employ
T3SSs to translocate effectors in one step from the bacteria into the
host cytoplasm (Galan et al., 2014). Many concepts and methods
were pioneered during the functional analysis of T3SS effectors
and are exemplary and applicable for the investigation of effectors
delivered by other secretion systems. Slater and Frankel
summarise this knowledge and focus on the in vivo approaches
available to characterise effectors of enteropathogenic and
enterohaemorrhagic Escherichia coli and the surrogate mouse
pathogen Citrobacter rodentium.

The original research paper by Gan et al,, is a fine example for
the use of several of these assays and state-of the art proteomics,
which resulted in the identification of host Rab GTPases as new,
physiologically relevant, targets that are glycosylated by the
Salmonella T3SS effector SseK3.

Understanding the specific roles of effectors in pathogenesis
requires not only target identification and biochemical
characterisation, but also consideration of how and when the
secretion system and effectors are expressed. In a comprehensive
review, Kamanova describes the complex framework, in which
the T3SS and associated effectors of Bordetella pertussis and other
classical Bordetella species operate to shape host-pathogen
interactions. This review also highlights the power of
comparative genomics within and beyond species to link
genotypes to virulence profiles.

T4SS EFFECTORS - OVERWHELMING
NUMBERS TAKE CONTROL OF
THE HOST CELL

Virulence-associated T4SSs are a large group related to
conjugation systems. Most prominent is the Dot/Icm T4B
subtype found in L. pneumophila, Coxiella burnetii and other
Legionellales (Duron et al., 2018). Each L. pneumophila and C.
burnetii strain uses its T4BSS to deliver effectors in their
hundreds (Qiu and Luo, 2017). The effector repertoires are
highly diverse and estimated to comprise more than 18,000
effectors across the Legionella genus (Gomez-Valero et al.,
2019). Many of these effectors drive the creation of very
different replication vacuoles by the two intracellular pathogens
(Qiu and Luo, 2017). In their review, Thomas et al. contrast how
effectors that exert opposing effects on autophagy, stimulation by

Coxiella and inhibition by Legionella, contribute to this. An
original research article by Pechstein et al. illustrates that
additional aspects still remain to be discovered. They reveal
that the C. burnetii effector AnkF is required for efficient
intracellular replication and, whilst unable to pin down the
exact mechanism, propose that AnkF recruits the intermediate
filament vimentin to help stabilise the replication vacuole.

The functions of most Legionella effectors still need to be
unveiled, but it is clear that L. pneumophila dynamically
modulates protein ubiquitination (Price and Abu Kwaik, 2021).
Some effectors mimic canonical ubiquitin ligases whereas
others encode enzymes that mediate ubiquitination via
completely new chemistry. Further, as highlighted in a review
by Kitao et al., Legionella also manipulates host ubiquitination
via effector deubiquitinases that reverse canonical and non-
canonical ubiquitination.

T6SS EFFECTORS - VERSATILE
WEAPONS FOR COMBATING
COMPETITORS AND MANIPULATING
THE HOST

Since their discovery in the early 2000s T6SSs have been
recognised as one of the most abundant classes of secretion
systems in pathogenic and non-pathogenic Gram-negative
bacteria and a key role in inter-bacterial competition has been
established (Jana and Salomon, 2019). However, important
pathogens such as Vibrio cholerae use T6SSs to target both
bacterial and eukaryotic cells. Here, Monjaras Feria and
Valvano review the current knowledge about T6SS effectors
that are dedicated to subverting eukaryotic cell signalling,
directly promoting virulence.

Moreover, an indirect contribution of antibacterial T6SSs in
pathogenesis is emerging. The microbiota is critical for human
nutrition and well-being, but also confers colonisation resistance
against pathogens through immune priming, nutrient
sequestration and physical exclusion (Buffie and Pamer, 2013).
Many members of the microbiota express T6SSs. Wood et al.
summarise the evidence and discuss how T6SSs in commensals
could shape the microbial community and suppress pathogens
and how pathogens could employ antibacterial T6SSs to
overcome colonisation resistance and disturb microbiota
homeostasis, promoting pathogenesis and disease.

The co-existence of anti-bacterial and anti-eukaryotic T6SS
effectors in the same isolate raises the interesting question as to
how the correct effector is transported in the right moment.
T6SSs are phage-derived puncturing devices, in which effectors
are loaded onto or fused with the VgrG or PAAR proteins that
constitute the tip of the T6SS spike (Jana and Salomon, 2019).
Research presented by Wettstadt et al. shows that loading of an
A. tumefaciens effector on an engineered P. aeruginosa VgrG was
not sufficient for delivery by the P. aeruginosa T6SS, suggesting
that additional specificity determinants govern T6SS
effector transport.
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T7SS EFFECTORS - KEY VIRULENCE
FACTORS OF M. TUBERCULOSIS AND
GRAM-POSITIVE PATHOGENS

Simultaneously with the increase in understanding of the roles of
T6SSs in the biology of Gram-negative bacteria, T7SSs have
emerged as central players in the virulence and inter-bacterial
interaction of Actinobacteria and other Gram-positives
including Staphylococcus aureus (Tran et al., 2021).
Augenstreich and Briken review the role of the Mycobacterium
tuberculosis ESX T7SSs, prototypes of this class, and their
effectors in the context of other secreted proteins and lipids in
the pathogenesis of Mycobacterium tuberculosis, the most
important bacterial human pathogen.

BEYOND THE T7SS: NEW SYSTEMS -
NEW EFFECTORS - NEW VIRULENCE
MECHANISMS

New secretion systems and effectors are still discovered. T9SSs
form a barrel pore in the outer membrane of Bacteroidetes
species for surface delivery and release of proteins (Lasica
et al,, 2017). In a research article, Mu et al. suggest that T9SS-
mediated secretion of gingipain proteases by intracellular
Porphyromonas gingivalis promotes proliferation of colorectal
cancer cells via MAPK/ERK signalling pathways, adding to an
emerging picture of T9SSs as important virulence factors.

A secreted protease is also an important virulence factor of
Campylobacter jejuni. HtrA, secreted by an unknown pathway,
cleaves E-cadherin (Boehm et al., 2018) and, as here revealed by
Sharafutdinov et al., the human tight junction protein claudin-8,
promoting the opening of cell-to-cell junctions and
transmigration of bacteria across the intestinal epithelium.

EFFECTORS - INHIBITORS AND
TRIGGERS OF IMMUNE SIGNALLING

Primary target of many effectors are immune defences, creating
an environment conducive to bacterial replication. Most of the
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The type VI secretion system (T6SS) is a contractile injection apparatus that translocates
a spike loaded with various effectors directly into eukaryotic and prokaryotic target cells.
Such T6SS spike consists of a needle-shaped trimer of VgrG proteins topped by a
conical and sharp PAAR protein that facilitates puncturing of the target membrane.
T6SS-delivered effector proteins can be either fused to one of the two spike proteins
or interact with either in a highly specific manner. In Agrobacterium tumefaciens the
T6SS effector Tde1 is targeted to its cognate VgrG1 protein. Here, we attempted to use
a VgrG shuttle to deliver a heterologous T6SS effector by directing Tde1 onto a T6SS
spike in Pseudomonas aeruginosa. For this, we designed chimeras between VgrG1 from
A. tumefaciens and VgrGia from P aeruginosa and showed that modification of the
spike protein hampered T6SS functionality in the presence of the Tde1 effector complex.
We provide evidence suggesting that Tde1 specifically binds to the VgrG spike in the
heterologous environment and propose that there are additional requirements to allow
proper effector delivery and translocation. Our work sheds light on complex aspects
of the molecular mechanisms of T6SS delivery and highlights some limitations on how
effectors can be translocated using this nanomachine.

Keywords: type VI secretion system, bacterial toxin, VgrG, PAAR, Tde1

INTRODUCTION

The T6SS is a versatile secretion system, injecting effector proteins into target cells which equips
bacteria with the ability to establish a niche in any given polymicrobial environment or modulate
host cell responses. The T6SS is anchored to the bacterial cytoplasmic membrane via a so-called
membrane complex (Durand et al., 2012, 2015) which is connected to a cytosolic membrane bound
baseplate (Brunet et al., 2015; Planamente et al., 2016). The cytosolic tubular sheath attaches to
the baseplate at the inner membrane and encompasses a tube composed of Hcp hexamers that
is propelled out of the cell upon sheath contraction (Pukatzki et al., 2006; Leiman et al., 2009;
Brunet et al., 2014). On top of the Hcp tube and residing within the baseplate complex sits the
so-called T6SS spike consisting of a needle-shaped trimer of VgrG proteins and a conically-shaped
PAAR protein (Shneider et al., 2013). The VgrG protein consists of a gp5- and a gp27-like domain
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that, when assembled to a trimer, form a rigid structure due to the
intertwining of the C-terminal hydrophobic B-sheets (Kanamaru
etal,, 2002). Each last B-sheet binds to the hydrophobic surface of
a cognate PAAR protein (Shneider et al., 2013). The VgrG-PAAR
spike complex has two main functions: it facilitates puncturing
of target membranes while it is also directly involved in carrying
T6SS effectors into the target cell (Shneider et al., 2013).

T6SS effectors are classified into two groups: specialized
effectors and cargo effectors (Durand et al., 2014). A specialized,
or evolved, effector contains an N-terminal domain that is a
structural component, like VgrG, PAAR, or Hcp, essential for
T6SS assembly. The C-terminal domain, however, is an extension
with an effector domain and is not required for delivery of
the VgrG-PAAR spike complex (Ma et al., 2009; Wood et al,
2019b). In a different scenario, cargo effectors interact non-
covalently with structural components, like Hep, VgrG, or PAAR,
and once the T6SS propels out the spike, the cargo effector
is delivered in a “piggy-back ride” (Hachani et al., 2014). This
so-called “d la carte” effector delivery concept describes that a
VgrG recruits and delivers one specific effector (Hachani et al.,
2014) and that this specific interaction is mediated by the C-
terminal residues or even C-terminal domains of VgrG proteins.
This interaction is the prerequisite for effector delivery and was
shown for Tdel binding VgrGl in Agrobacterium tumefaciens,
Tlel binding VgrGl in enteroaggregative Escherichia coli and
PIdA and PIdB binding VgrG4b and VgrG5, respectively, in P.
aeruginosa, amongst others (Flaugnatti et al., 2015; Unterweger
et al,, 2015; Bondage et al., 2016; Wettstadt et al., 2019).

Furthermore, some T6SS effectors were identified that require
additional proteins for their delivery, which can be of the
DUF1795, DUF2169, or DUF4123 family (Diniz and Coulthurst,
2015; Liang et al., 2015; Unterweger et al., 2015; Bondage et al.,
2016; Quentin et al., 2018). DUF4123 genes, also coined tap
(Unterweger et al.,, 2015), or tec (Liang et al., 2015), can be
found in the vicinity of a range of T6SS effector-encoding genes,
together with a gene encoding a VgrG or PAAR, mediating
delivery of the effector. Tap components are proven to be
essential for the delivery of a range of effectors, like Tdel from
A. tumefaciens, TseL from Vibrio cholerae, or TseF from P.
aeruginosa (Liang et al., 2015; Unterweger et al., 2015; Bondage
et al., 2016). The current model suggests that Tap binds and
stabilizes its cognate effector. Tap then facilitates binding of the
effector to the C-terminus of the cognate VgrG or PAAR protein
and subsequently dissociates from the tip. After dissociation of
Tap, the effector remains bound to the VgrG or PAAR protein
in a yet unknown mechanism but upon sheath contraction and
by pushing the spike complex in the cell envelope, the effector
is then transported (Bondage et al., 2016; Burkinshaw et al.,
2018).

To broaden our knowledge on the molecular mechanisms of
effector delivery, our aim was to achieve heterologous effector
delivery. We used the nuclease effector Tdel from A. tumefaciens
and attempted to connect it to the VgrGla spike in P. aeruginosa.
For this, we constructed VgrGla chimeras containing the C-
terminal Tdel-binding extension from the A. tumefaciens VgrGl.
We could show that these chimeras bind the cognate Tdel,
however effector delivery could not be attained. This highlights

the specificity of the T6SS spike for its effectors and outlines
limitations for T6SS-mediated effector delivery.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Bacterial strains used in this study are described in Table S1. P.
aeruginosa strains were grown in tryptone soy broth (TSB) or LB
supplemented with antibiotics where appropriate (spectinomycin
2,000 g mL~!) at 37°C with agitation. Escherichia coli strains
were grown in LB broth supplemented with antibiotics where
appropriate (streptomycin 50 pg mL™!, kanamycin 50 g
mL™1). A. tumefaciens was grown at 28°C in minimal medium
as described before (Lin et al., 2013).

DNA Manipulation

DNA purification was performed using the PureLink Genomic
DNA minikit (Life Technologies) while plasmid DNA isolation
using the QIAprep spin miniprep kit (Qiagen). Restriction
endonucleases were used according to the manufacturer’s
specifications (New England Biolabs or Roche) and all used
oligonucleotides are listed in Table S2 and were purchased from
Sigma. KOD Hot Start DNA Polymerase (Novagen) was used
to amplify genes or DNA fragments used for the construction
of mutator plasmids and deletion mutants as described by
the manufacturer with the inclusion of 0.5M betaine (Sigma).
Colony PCR was performed with Taq polymerase (New England
Biolabs) and DNA sequencing was performed by GATC Biotech.

Construction of P. aeruginosa Mutants

P. aeruginosa deletion mutants were constructed as described
previously (Vasseur et al., 2005; Ventre et al., 2006) using the
suicide plasmid pKNG101 (Herrero et al., 1990; Kaniga et al.,
1991). Briefly, to create PAO1Atse6tsi6, 500-bp DNA fragments
of the 5’ (up) and 3’ (down) ends of the tse6-tsi6 gene pair were
obtained by PCR using PAO1 chromosomal DNA as a template
with the oligonucleotides Atse6tsi6_upF and Atse6tsi6_upR as
well as with Atse6tsi6_dnF and Atse6tsi6_dnR (Table S3). A
third PCR step using Atse6tsi6_upF and Atse6tsi6_dnR resulted
in a DNA fragment with a clean deletion of the tse6-tsi6 gene
pair. To create the chimeric vgrGla genes, splicing by overlap
extension PCRs was performed initiated by three single PCR
fragments. Gene fragments containing ~500 bp upstream and
downstream of the splice junction were amplified using the
overlapping primers construct_upR and construct_dnF as well
as the upstream vgrGla_F and downstream vgrGla_R primers
from the P. aeruginosa genome. A third gene fragment containing
the fusion fragment of interest was obtained by using primers
construct_upF and construct_dnR that are overlapping with
construct_upR and construct_dnF, respectively. Subsequently,
two overlap extension PCR steps were undertaken, employing an
equimolar ratio of the upstream and downstream fragments as
the DNA template. The gene fragments were cloned into pCR-
BluntII-TOPO (Invitrogen), their sequences confirmed and sub-
cloned into the pKNG101 suicide vector (Table S2). The pKNG-
derivatives were maintained in E. coli strain CC118\pir and
mobilized into P. aeruginosa PAK using E. coli 1,047 carrying
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the conjugative plasmid pRK2013 (Figurski and Helinski,
1979). Clones, in which double recombination events occurred,
resulting in the deletion of the gene of interest (GOI) or fusion
to GOI, were isolated using counterselection on sucrose plates
as previously described (Vasseur et al., 2005). Gene deletions
were verified by PCR using external primers and gene fusions
confirmed by sequencing.

Secretion Assay

Secretion assays were performed as previously described
(Hachani et al., 2011). Bacterial suspension was diluted from
overnight cultures in TSB to ODggp of 0.1 and grown at 37°C
to an ODgpp of 5. A bacterial culture sample adjusted to ODggo
of 1 was harvested by centrifugation and served as the whole cell
sample. Thirteen milliliters of culture was centrifuged at 4,000 g
for 20 min at 4°C to separate the bacterial cells and the culture
supernatant. Then, 10 mL of the supernatant was transferred
into falcon tubes and centrifuged again; 7 mL of the uppermost
supernatant was transferred into new tubes and centrifuged. Two
hundred microliters trichloroacetic acid were added to 1.8 mL
supernatant fraction to precipitate proteins overnight at 4°C. The
protein precipitate was obtained by centrifugation at 16,000 g
for 30 min at 4°C, washed with cold 90% (v/v) acetone and
centrifuged one more time. After removing the supernatant, the
washed pellet was air-dried for 30 min and resuspended in 1x
Laemmli buffer to an ODggg equivalent of 10.

Western Blot Analysis and SDS-PAGE

For SDS-PAGE analysis, cell extracts were loaded/migrated
onto SDS polyacrylamide gels, and proteins transferred to
a nitrocellulose membrane at 3 mA/cm?. Following transfer,
membranes were incubated overnight in blocking buffer (5%
milk powder, 0.1% Tween 20 in Tris-buffered saline, pH 8.0).
Polyclonal antibodies against VgrGlabc were used at a dilution
of 1:1,000 (Hachani et al., 2011), Hep1 at 1:1,000 (Hachani et al.,
2011), Tdel at 1:1,000 (Bondage et al., 2016), VgrG14* at 1:1,000
(Bondage et al., 2016), and Tse3 at 1:500 (Hachani et al., 2011).
Monoclonal antibodies against the § subunit of RNA polymerase
(RpoB, NeoClone) were used at 1:5,000. Secondary antibodies
conjugated to horseradish peroxidase were used at a dilution of
1:5,000. Western blots were developed using Super-Signal West
Pico Chemiluminescent Substrate (Pierce) and visualized on a
LAS3000 Fuji Imager.

Relative Protein Quantification

The intensities of the bands corresponding to the VgrGla-
chimeras were analyzed using the intensity measurement
tool in the software Image]. Figures from three independent
experiments were analyzed. The band corresponding to VgrGla
in wild-type (WT) cells was set as a standard for VgrGla content
in the cell. All measured intensities for other bands were divided
by the intensity for VgrGla under WT conditions. RpoB was used
as protein loading control.

Interbacterial Competition Assays
Interbacterial competition assays were conducted on solid
media due to the contact-dependent killing of the T6SS. Prey

P. aeruginosa strains contained the Mini-CTX-lacZ integrated at
the att site, consequently resulting in blue colonies on X-gal-
containing plates. Overnight cultures in TSB were collected by
centrifugation at 8,000 g for 3 min before washing twice in 1 mL
sterile PBS and normalized to ODggy of 1.0. The ODgyy was
measured again for confirmation and 100 wL of attacker and
20 pL prey strains were mixed. This mixture was centrifuged
at 8,000g for 3min and 20 pL supernatant was removed to
give a competition mixture ratio of 5:1 of attacker and prey
strains. Twenty microliters of each competition mix was spotted
in duplicates onto LB-agar, the spots dried and the Petri dish
lids were secured using parafilm M (Bemis). Competition plates
were inverted and incubated at 37°C for 5h for H1-T6SS-
inducive killing.

The input competitions were serially diluted to 1077, plated
on selective media for both attacker and prey (LB agar with
100 wg mL~! X-gal for blue/white P. aeruginosa prey/attacker
differentiation) and grown overnight at 37°C to confirm the
input ratios. Competition spots were collected using 10 pL
inoculation loops (VWR) and resuspended in 1mL PBS. The
competition output mixture was serially diluted to 107, plated
on selective media and grown overnight at 37°C similarly to
the input. Both attacker and prey colony forming units were
enumerated on both input and output dilution plates. All
competition assays were repeated three times unless otherwise
stated and the mean colony forming units (cfu) of survived prey
strains obtained from all experiments with the standard deviation
was plotted.

Bacterial-Two-Hybrid Assay

Genes expressing tdel or tapl-tdel were cloned into pUT18C
and pKT25 and sequence confirmed. Variations of both vectors
were introduced into E. coli DHM1 via heat shock and selected
on LB plates containing both Kanamycin and Ampicillin.
Resulting colonies were picked and grown in LB containing
both antibiotics and overnight cultures were spotted onto LB
containing Kanamycin (100 g pL™!), Ampicillin (100 pg
wL™), IPTG (1 pM), and X-gal (100 pg wLl™1) and grown for
48h at 30°C.

RESULTS

Heterologous Secretion of Tde1 From

A. tumefaciens

In this study, we meant to investigate whether a heterologous
T6SS cargo effector could be delivered by a T6SS solely by
manipulating the VgrG tip. We chose Tdel from A. tumefaciens
as the heterologous effector, firstly because the Tdel orthologs
are only found in a-proteobacteria and secondly because, its
basic delivery system has previously been studied in great
details (Ma et al., 2014; Bondage et al., 2016; Wu et al., 2020).
The current model states that VgrGl from A. tumefaciens
(VgrG14) is assembled to a functional trimer and capped by
the cognate PAAR protein, with one PAAR protein binding
the three last VgrG14 B-strands. Concomitantly, Tapl interacts
with and stabilizes Tdel within the cell and the Tapl-Tdel
complex is recruited to the C-terminal amino acids of VgrG14.
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Since Tapl was not detected in the supernatant fraction, it is
believed to be released prior to secretion, while Tdel remains
bound to the VgrG14 spike, which is propelled out of the cell
(Bondage et al., 2016).

We aimed at directing the heterologous effector Tdel toward
VgrGla from the H1-T6SS in P. aeruginosa (VgrGlal). To assess
whether P. aeruginosa is naturally able to deliver Tdel using
its H1-T6SS, we introduced the plasmid pTrc200 containing
the A. tumefaciens tapl-tdel-tdil-paar (t-t-t-p) (Figure 1A)
into P. aeruginosa PAKAretS, which has an active H1-T6SS,
and performed secretion assays (Figure 1B). For all following
experiments, we used a plasmid expressing a catalytic mutant
of Tdel, as P. aeruginosa growth was inhibited when cells
expressed WT Tdel likely due to Tdel toxicity (Ma et al,
2014). Tdel (Figure 1B, top panel) is expressed in consistent
amounts (lanes 2 and 3), and no secretion is observed in a
T6SS-positive background (lane 9). Intriguingly, a weak Tdel
band is detectable in the supernatant fraction of T6SS-inactive
strains (lane 10) but this also correlates with elevated detection
of RpoB in this fraction (third panel) and suggests partial
cell lysis. We then attempted to connect Tdel onto the P.
aeruginosa T6SS by co-expressing the cognate A. tumefaciens
vgrGI1* (Figure 1B, second panel). In this case, we observed that
the bands corresponding to Tdel increased in intensity (lanes
6 and 7), which suggests that a specific interaction between
Tdel and VgrGl* may occur in P. aeruginosa resulting in
Tdel stabilization. However, neither VgrG14 nor Tdel could

be detected in the supernatant fractions (lanes 13) suggesting
no efficient Tdel secretion even in the presence of its cognate
VgrG. Again, some traces of Tdel are found in the supernatant
of the T6SS-inactive background (lane 14) but it correlates with
elevated RpoB levels. Interestingly, a decreased amount of Hepl
in the supernatant fraction (lane 13) could clearly be seen which
suggests that the H1-T6SS function is altered in the presence
of VgrG14, possibly because the heterologous VgrG is able to
partially connect to the P. aeruginosa T6SS but is then not further
engaged in the secretion process.

Design of VgrG Chimeras to Connect Tde1
to the H1-T6SS

As an alternative to using the entire A. tumefaciens VgrG14, we
decided to design chimeras to directly connect Tdel to the P.
aeruginosa VgrGla. It was established that the 31 C-terminal
amino acids of VgrGl14 is required for binding the Tap1-Tdel-
complex and a prerequisite for Tdel delivery in A. tumefaciens
(Bondage et al., 2016). We designed three chimeras, which
we named A, B, and C, between VgrGla® from P. aeruginosa
(Figure 2, green) and VgrGl4 from A. tumefaciens (Figure 2,
blue) to connect Tdel to the P. aeruginosa H1-T6SS as shown
in Figure 2, while any of the chimera would replace the WT
vgrGla gene on the chromosome. Construct A (VgrGla’-G143!)
contains the full length VgrGla® extended by 31 C-terminal
amino acids from VgrGl4, thus including amino acids likely
responsible for binding the cognate A. tumefaciens PAAR and

A
vgrG14 tap1 tde1 tdi1 paar
B
PAKAretsp 1 2 3 4 5 6 7 8 9 10 11 12 13 14
T6SS + + - + - + - *+ O+ - o+ - o+ -
t-t-t-p - + + + + + + - + + + + + +
pRL662 - - - + + + + - - - + + + +
p vgrG14 - - - - - - - - - - N - 4+ +
whole cells supernatant
371 e e e e g e Tde1
100+ —_— o g4
-
150-‘—0—‘—n——_~— - .RPOB
20
I R i N — — — - - Hep1
15
FIGURE 1 | P, aeruginosa cannot perform heterologous secretion of A. tumefaciens VgrG1# and Tde1. (A) The set of genes tap1-tde1-tdi1-paar
(purple-red-cyan-orange) were expressed from pTrc200, while vgrG14 (blue) was expressed from pRL662 in P aeruginosa (Bondage et al., 2016). (B) Representative
figure of a western blot from a secretion assay of PAKAretS pTrc200 (p) with an active (+) or inactive (-) H1-T6SS expressing (+) tap1-tde1-tdi1-paar (t-t-t-p) or
containing pRL662 (+) with vgrG74 (+). Antibodies used (from top to bottom) are against Tde1, VgrG1#, RpoB, and Hcp1 as indicated on the right.
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VgrGla®
VgrGl2

600GNIDTGGRLDLNSGGASEVDAKGKGVQGTIDGQVQAMFPPPAKG
780K IDIEGNQINFKKGGPGESGSCLKSMSKNSTPFVRI

source

construct
VgrG1a
VgrG1a-G1Aws1
VgrG1a805-G1Aw31
VgrG1a814-G1Atw21

WT

w

PAAR
binding

effector binding effector binding

VgrG1Atu

VgrG1Au
VgrG1Au

FIGURE 2 | Construction of VgrG chimeras. The top panel represents the amino acid sequences of the C-terminal extensions of VgrG1a® (green) and VgrGi1# (blue).
The arrows correspond to the swapping points after amino acid (aa) 605 in chimera B and aa 614 in chimera C. The orange line corresponds to the epitope, against
which the VgrG1 antibody was raised. In the lower panel structural models (pdb:4mtk) of the needle parts of the three designed chimeras are shown. In construct A,
the STOP codon of vgrG1a” (green) was replaced by the gene portion corresponding to the last 31 aa of VgrG1# (blue). Constructs B,C were designed by substituting
the gene portions corresponding to the last 35 aa and 29 aa of vgrG7a” with the gene portions corresponding to the last 31 aa and 21 aa, respectively, of VgrG1A.

Tdel (Bondage et al., 2016). Construct B (VgrGlar®0>-G1431)
covers the first 605 amino acids from VgrGla® and 31 C-terminal
amino acids from VgrGl4, while construct C (VgrGlaf®!4-
G142) comprises of the first 614 amino acids from VgrGla” and
21 C-terminal amino acids from VgrG14.

First, we investigated whether modification of the VgrGla
spike protein impacts its ability to form a functional T6SS
spike and therefore its secretion. We integrated the chimeras
into PAKAretS background and performed secretion assays
(Figure 3A) and detected all three chimeras with an antibody
against VgrGlabc (top panel, lanes 3-5). While chimera B
seemed to be less stable within the whole cell fraction, we

only detected chimera A in the supernatant fraction (lane
8) suggesting it to be secreted. We then asked whether
the chimeras would also be stable in absence of the other
two VgrG proteins VgrGlb and VgrGlc and whether their
absence would impact secretion of any of the chimeras. Using
PAKAretSAvgrG1bAvgrGIc cells (Figure 3B), thus lacking the
two other VgrGs related to the H1-T6SS, we confirmed data
from previous studies showing that VgrGla on its own is
able to form a functional T6SS spike promoting efficient Hepl
secretion, as well as secretion of the Hcpl-dependent effector
Tse3 (Figure 3B, lane 16) (Hachani et al., 2014). When testing any
of the VgrGla chimeras, only VgrGla-construct A expressing full

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

13

June 2020 | Volume 10 | Article 291


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Wettstadt et al.

Heterologous Secretion and T6SS

A
PAKAretS 1 2 3 4 5 6 7 8 9 10
vgrG1aP/construct WT - A B C WT - A B C
supernatant
100- - aVarG1iabce
) VgrG1b
S S s ey | VorGic
75 fov— chimera A¥*
-— -y G VgrG1aP/B/C
150- RpoB
20-
Hep1
m ————— —
15-
37_1 “ T563
e -l
B
PAKAretSA
eimgere M 12 13 1415 16 17 18 19 20
vgrG1aP/construct WT - A B C WT - A B C
whole cells supernatant aVarG1abe
i *
75- tl - : - chimera A
- S——— e VgrG1af/B/C
- ——
150-
W. RpoB
20-
N au— Hep1
15
37-
o Tse3
FIGURE 3 | Modifying the C-terminus of VgrG1a inhibits T6SS functionality. Representative figures of western blots from three independent secretion assays of (A)
PAKAretS and (B) PAKAretSAvgrG1b AvgrG1c expressing Wild type VgrGia” (WT), no VgrG1a® () or the chimeras A, B, C between VgrG1a” and VgrGi1A.
Antibodies used (from top to bottom) are against VgrGiabc, RpoB, Hcp1, and the Hep1-dependent effector Tse3 as indicated on the right.

length VgrGla® fused to G14%! is able to execute this function
as seen by identifying Hepl, VgrGlaP-G143!, and Tse3 in the
supernatant (Figure 3B, lane 18, red asterisk). None of the other
two chimeras seems to be able to form a functional T6SS spike.

Connecting Tde1 to the VgrG1a Spike

We then assessed whether Tdel could bind to the C-terminus
of VgrG14, when the latter is fused to a heterologous VgrG
vehicle as is the case in our three chimeric constructs. We used
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a bacterial-two-hybrid (BTH) assay, in which the three chimeras
as well as a catalytic Tdel mutant carry the T18- or T25-domains
(T18/25) at their C-termini. When testing interactions between
Tdel and any of the VgrG-constructs, no blue colonies appeared
indicating that the two proteins do not interact (Figure 4A, top
panel). Since Tdel only binds VgrG14 in presence of Tapl in
A. tumefaciens (Bondage et al., 2016), we then cloned the tapl
gene upstream of tdel and re-tested the interactions (bottom
panel). When Tapl is present, dark blue spots could be readily
observed suggesting strong interactions between Tap1-Tdel and
any of the VgrGlaP-G14-chimeras. The fact that construct C
efficiently associates with Tap1-Tdel suggests that as little as the
21 C-terminal amino acids of VgrG14 are sufficient to mediate
this interaction. Intriguingly, Tap1-Tdel binds only very weakly
to VgrG14, which might be due to the lack of the cognate PAAR
(Bondage et al., 2016).

This result suggests that Tapl-Tdel could recognize the C-
terminus of VgrG14 when it is plugged onto a heterologous VgrG
core. We then investigated whether this interaction would also
occur in P. aeruginosa cells, which would be the prerequisite for
Tdel secretion. For this, PAK AretS cells expressing WT VgrGla®

or any of the chimeras (A/B/C) were grown for 5h at 37°C in the
presence (+) or absence (-) of a plasmid carrying the tap1-tdel-
tdil-paar (t-t-t-p) genes. Western blot analysis was performed on
whole cell lysates probed for Tdel and VgrGlabc (Figure 4B) as
well as RpoB as a loading control. Images from three independent
experiments were analyzed using ImageJ and the intensity of the
VgrGla band in absence of Tdel was quantified (bottom plot)
and served as a standard for VgrGla® level. The intensity of any
bands corresponding to VgrGlaf/constructABC was quantified
and divided by the standard intensity for VgrGla® in Tdel
absence (Figure 4B, lane 1). According to this calculation, the
closer a ratio is to 1, more of this protein is present in the cell.
No difference in intensity between the VgrGla® bands in absence
(Figure 4B, lane 1) or presence (Figure 4B, lane 2) of Tapl-
Tdel-Tdil-PAAR was observed. However, the intensity of the
bands representing the VgrGla’-G14 chimeras shows variability
when in presence or absence of Tap1-Tdel-Tdil-PAAR. Indeed,
a drastic decrease in abundance is observed in absence of
Tapl-Tdel-Tdil-PAAR (Figure 4B, lanes 3, 5, and 7) while co-
expression of Tapl-Tdel-Tdil-PAAR led to a significant increase
in intensity of the corresponding bands (Figure 4B, lanes 4, 6,
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FIGURE 4 | All chimeras interact with Tde1 but are unable to facilitate effector secretion. (A) T25 and T18-domains were fused to the C-termini of either VgrG or a
catalytic mutant of Tde1 (red) in presence of the cognate Tap1 (purple). Representative bacterial-two-hybrid plates tested for interactions between
VgrG1a’-G1#-chimeras and Tde1 on its own (top panel) or in presence of the Tap1 protein (bottom panel) (Bondage et al., 2016). All interactions were tested with all
gene sequences cloned into both pKT25 and pUT18C represented as two columns for each tested interaction. Empty vector controls as well as the leucine-zipper
pUT18C-Zip and pKT25-Zjp vectors are shown in the right panel. (B) Top panel: Representative western blot of whole cell lysates of PAKAretS containing pTrc200
and expressing chimera A, B, C between VgrGia” and VgrG1# in absence (-) and presence (+) of tap1-tde1-tdi1-paar (t-t-t-p). As a control for VgrG1a stability, the
parental strain was included and grown in absence and presence of t-t-t-p (lanes 1 and 2). Antibodies were used against VgrG1abc, Tde1, and RpoB as indicated on
the right. Bottom panel: Intensity of the corresponding VgrG1a” bands from three independent experiments was quantified using Imaged (https://imagej.nih.gov/ij/
index.html) and divided by the intensity of the band belonging to WT VgrG1ia® in absence of Tde1 (lane 1) as a standard for VgrG1a stability. One-Way ANOVA with
Tukey’s multiple comparison test was conducted between datasets as indicated with ***p < 0.0001. (C) Representative figures of western blots from three
independent secretion assays of PAKAretSAvgrG1bAvgrG1c pTrc200 expressing chimeras A, B, C between VgrGia” and VgrG1# in presence (+) of
tap1-tde-tdi1-paar (t-t-t-p). As a control for Tde1 secretion the supernatant fraction of A. tumefaciens C58 was included (lanes 6 and 12). Antibodies (from top to
bottom) against Tde1, VgrG1iabc, VgrG1#, RpoB, and Hep1 were used as indicated. **p < 0.001.
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and 8). This suggests a lack of stability of the chimeric VgrG
in absence of the Tapl-Tdel-Tdil-PAAR complex. Since PAAR
proteins were shown to bind VgrG spike proteins (Shneider
et al,, 2013), one could suggest this to be the case here. However,
chimera C does not contain the interaction motif for PAAR but its
stability is the most increased amongst the chimeras (Figure 4B,
lane 8). Hence, interactions between the chimeras and the PAAR
protein can be ruled out. Furthermore, no immunity protein
was ever shown to interact directly with a VgrG protein, so it is
unlikely that the immunity Tdil would interact with any chimera.
Since Tdel was shown to interact with VgrG14 in presence of
Tapl in vivo (Bondage et al., 2016), we propose that here a
Tapl-Tdel complex could bind to any of the tested chimeras.

Connecting Tde1 to the VgrGia Spike Is

Not Sufficient for T6SS-Mediated Secretion

Having established that chimera A is proficiently secreted
and that the heterologous effector Tdel seems to bind to
it for stability, we then aimed at testing whether chimera
A could be a secretion vehicle to deliver Tdel from P.
aeruginosa. In Figure3 we showed that stability of the
chimeras is independent of the presence of the other two
VgrG proteins and western blot detection of the chimeras is
facilitated in the absence of VgrGlb and VgrGlc due to cross-
recognition by the antibody. Furthermore, Hcp1 secretion in the
PAKAretSAvgrG1bAvgrGlc background represents an adequate
readout for T6SS functionality (Figure 3B), and we chose to test
Tdel secretion from P. aeruginosa in the absence of VgrGlb
and VgrGlc. Hence, we performed standard secretion assays of
P. aeruginosa strains that additionally expressed tapI-tdel-tdil-
paar genes (Figure 4C). Western blot assays using antibodies
against both VgrGla” and an amino acid stretch from the C-
terminus of VgrG14 (Figure 2, orange line) (Bondage et al., 2016)
revealed that VgrGlaf and all VgrGlaP-VgrG14-chimeras are
produced in significant amounts (Figure 4C, second and third
panels, lanes 1, 3-5). We did not detect construct C (lane 5)
with the antibody against the C-terminal amino acids of VgrG14,
which is surprising as this antibody was raised against an amino
acid stretch that includes most of the 21 amino acids, hence
one might have expected the antibody would recognize our
chimera. However, since the antibody against VgrGlabc from P.
aeruginosa did detect this chimera, we could assume production
of the protein. Yet, in the supernatant fractions, we could only
detect VnglaP (lane 7) and construct A (lane 9). We also
monitored Hepl as a readout for T6SS functionality (bottom
panel) but detected this protein only in the supernatant fractions
of strains expressing and secreting VgrGla® or construct A.
Neither chimera B or C, nor Hcpl, were detected in the
supernatant fractions when using strains expressed chimera B or
C (lanes 10 and 11). This confirms that only construct A is able
to form a functional T6SS tip.

Even though we observed faint bands for Tdel in the
supernatant fractions of all tested strains (Figure 4C, top panel)
we suggest it is unlikely resulting from T6SS-dependent secretion
since there is no particular increase in the intensity of the Tdel
band in presence of the functional secreted chimera A (lane 9)

as compared to other non-secreted chimeras (lanes 10 and 11).
As a control for Tdel secretion, A. tumefaciens was grown under
T6SS-inducing conditions (Lin et al., 2013) displaying an intense
band for Tdel in the supernatant (lane 12).

Tde1 Presence Interferes With T6SS

Functionality and Effector Delivery

Despite our data suggesting that Tdel may interact with and
stabilize chimeric VgrGla spikes in P. aeruginosa, and that at
least one chimera (construct A) is secreted, we did not find
conditions which resulted in effective Tdel secretion. There are
a few observations that may explain this controversy. First, we
noticed an impact on the secretion efficiency of construct A
in presence of Tapl-Tdel-Tdil-PAAR (Figures 5A,B, compare
lanes 6). We quantified these data by measuring the intensities
of the corresponding bands from the supernatant fractions, and
from three independent experiments, using Image] (Figure 5C).
Approximately 60% of the produced VgrGla® and construct A
are secreted into the supernatant in absence of Tap1-Tdel-Tdil-
PAAR (lanes 1 and 3). However, whereas in the presence of Tap1-
Tdel-Tdil-PAAR, VgrGlaP secretion level is unaffected (lane 2),
the secretion of construct A drops to 20% (lane 4). This is a
remarkable finding which suggests that Tap1-Tdel-Tdil-PAAR
does interfere with construct A secretion but not with VgrGla®
and this correlates with the evidence that Tap1-Tdel-Tdil-PAAR
interacts with construct A but not with VgrGla®.

Since construct A secretion is impacted by the presence of
Tapl-Tdel-Tdil-PAAR, we hypothesized that delivery of the
VgrGla®-dependent PAAR effector Tse6 into prey cells would be
affected as well. In WT cells, VgrGla® is able to drive killing of
Tse6-sensitive cells as shown previously (Hachani et al., 2014).
Since construct A secretion is similar to that of VgrGla®, one
would expect a similar killing of Tse6-sensitive cells, except if
the presence of Tapl-Tdel-Tdil-PAAR interferes with construct
A to bind and deliver Tse6. In a competition assay, we used a
prey strain lacking tsei6 which has no longer immunity to Tse6,
while the attacker uses either VgrGla® or construct A in presence
or absence of Tapl-Tdel-Tdil-PAAR (Figure 5D). Note that a
catalytic mutant of Tdel was also used to rule out any toxic effect
on the prey in case Tdel was delivered even in small amounts.

The number of recovered prey cells (cfu) was lower when
incubated with strains expressing VgrGla® (Figure 5D, lane 1)
than with strains lacking VgrGla® (lane 5), confirming that Tse6
delivery depends on VgrGlaf (Hachani et al., 2014). Neither of
these outcomes was affected by Tdel presence (lanes 2 and 6).
When the attacking strains express construct A but no Tdel (lane
3), Tse6-dependent killing is reflected by low prey survival similar
to WT levels. This confirms that not only is construct A secreted,
but it also drives Tse6 delivery into prey cells, corroborating
its functionality despite the additional C-terminal residues from
VgrGl14. Remarkably, co-expression of Tapl-Tdel-Tdil-PAAR
(lane 4) leads to an intermediate phenotype suggesting that Tse6
delivery is affected but not completely abrogated. This correlates
with the fact that construct A is still secreted but in smaller
amounts (Figure 5A, lane 6), which would mean that secretion of
the whole VgrG-PAAR complex is affected. Further, this suggests
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that either binding of Tap1-Tdel to the tip composed of construct
A does not entirely prevent Tse6 secretion, or that only a fraction
of construct A is bound by Tapl-Tdel and others which are
associated with Tse6 could deliver Tse6.

DISCUSSION

Bacterial protein secretion systems are highly specific and
proteins secreted by a given secretion type (T1SS-T7SS) usually
fail to be recognized by another type due to the lack of
appropriate secretion motifs (Voulhoux et al, 2000; Filloux,
2010, 2011). Even proteins secreted by the same type but
by distinct systems within the same species would usually
fail to be effectively released (Ball et al., 2002). Despite such
strong selectivity several studies have successfully managed
to reprogram secretion by engineering chimeric effectors or
secretion machines (Nicolay et al., 2015; van Ulsen et al., 2018).
The present study aimed at evaluating potential venues to
redirect a heterologous cargo effector from A. tumefaciens to
the T6SS of P. aeruginosa. We reasoned that a T6SS spike/VgrG
could accommodate to the endogenous T6SS machine through its
conserved domain, while the additional variable domain could be
manipulated to adapt recognition of a heterologous effector. With
this in mind we hypothesized that specific interactions between

the effector Tdel and the appropriate C terminal region of its
cognate VgrG14 might be sufficient to attach the effector to a
chimeric but heterologous VgrG spike. We constructed three
chimeras made of the P. aeruginosa VgrGla’ and the Tdel
binding amino acids from VgrG14, but none of them was able
to complete Tdel delivery in P. aeruginosa.

Although highly complex in terms of interpretation, several
findings from our study could be explained with a concept
based on steric hindrance as sketched in Figure 6. In an original
P. aeruginosa context (Figure 6A), VgrGla binds and delivers
its cognate Tse6 PAAR effector, while EagT6 (magenta) and
the elongation factor 2 (Ef2, cyan) also tightly interact with
and sterically occupy the space around the VgrG tip (Whitney
et al., 2015; Quentin et al., 2018). However, when chimera A
is expressed, the only chimera which per se is secreted by P.
aeruginosa, the same Tse6-associated components are interacting
with the tip, since none of the interaction surfaces between
VgrGla and the Tse6 PAAR domain was modified. Additionally,
three Tapl-Tdel-complexes (purple-red and only two of them
depicted in the figure) could also bind to each monomer of
the chimera A spike complex, with such interaction having
been confirmed by the bacterial-two-hybrid assay (Figure 4A).
In all, we suggest that the steric hindrance due to a wealth of
binding partners around the VgrG tip might be a limitation factor
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_\VvgrG14

FIGURE 6 | Model of the decoration of the VgrGia/chimera A-tip in absence and presence of Tap-Tde1. VgrG1a” is represented as a blue trimer (pdb: 4mtk), topped
by the PAAR domain of Tse6 (orange) with the C-terminal domain of Tse6 floating around the tip bound to its cognate immunity Tsi6 (gray). The chaperone EagTé
(magenta) and the elongation factor EfTu2 (cyan) additionally bind the C-terminal toxin domain of Tse6. (A) Configuration of the VgrG1a tip in the parental strain. (B) In
cells expressing construct A, VgrGla is extended by 31 aa originally from VgrG14 (green) resulting in an extended VgrG spike protein. In the presence of Tap (purple)
and Tde1 (red), three Tap1-Tde1-complexes bind to each of the C-terminal extensions of chimera A (only two are shown here) leading to a sterically crowded complex
tip. (C) Two construct A spikes coexist in P aeruginosa cells. One complex is comparable to the WT spike with Tse6 binding to the three last B-strands of construct A,
resulting in a secretion-competent T6SS tip. A second complex interacts with the Tap1-Tde1-complex but not with Tse6 and this complex cannot be secreted
resulting in less overall secretion of construct A in comparison to VgrGia spikes.

(Figure 6B). Since we observed a hampered construct A secretion  that the dimension from the T6SS machine originating from V.
(Figure 5A, lane 6) and Tse6 delivery (Figure 5D, lane 4) in  cholerae and E. coli might not be similar for the H1-T6SS from
the presence of Tapl-Tdel-complexes, one might also suggest  P. aeruginosa.
that two complexes coexist in P. aeruginosa cells (Figure 6C). Our study highlights the fine balance between the
A set of construct A proteins might form a functional T6SS  functionality of the spike, e.g., its ability to perforate the
spike capped by Tse6 resulting in secretion of the complex. A cell envelope once embedded in the T6SS membrane complex
second set of construct A might be bound to the Tapl-Tdel- and thus its delivery into the extracellular medium, and its
complex, which might form a VgrG trimer, but does not bind  capacity to bind a cargo effector and drive its secretion. Previous
Tse6, thus not leading to a functional trimer thatis being secreted.  studies in Serratia marcescens, Acinetobacter baylyi, and A.
One might suggest the production of both WT VgrGla and  tumefaciens demonstrated that at least one VgrG protein and
chimera A within one background to facilitate the production ofa its cognate PAAR need to assemble to form a functional T6SS
heterotrimer that could secrete both Tse6 as a PAAR and Tdel as  tip (Shneider et al, 2013; Bondage et al, 2016; Cianfanelli
a cargo effector. However, production of such heterotrimer would et al., 2016; Wu et al, 2020). In the case of S. marcescens,
be challenging as it would consist of three VgrG proteins with an  three such assemblies can form: VgrG1l and its cognate PAAR;
unknown ratio of WT VgrGla and chimera A. Furthermore, in ~ VgrG2 and Rhsl or VgrG2 and Rhs2. Each of the two PAAR
a previous study we saw that in presence of two VgrGla species, ~ domains of the Rhs effectors can top VgrG2 and thus form
WT VgrGlaand modified VgrGla (Wettstadt and Filloux, 2020),  a functional spike complex. Similarly, in A. tumefaciens two
WT VgrGla was secreted in higher amounts than the modified  such assemblies were confirmed: VgrGl with PAAR delivering
VgrGla suggesting a preferred formation of WT VgrGla spikes ~ Tdel and VgrG2 with the PAAR effector Tde2 (Bondage et al.,
to be secreted. 2016). In P. aeruginosa, it was previously demonstrated, that
Our results may emphasize a major limitation of T6SS-  each VgrG associated with the H1-T6SS, VgrGla, VgrGlb,
mediated effector delivery, which is the available space around  or VgrGlc, can associate with a cognate PAAR effector, Tse6,
the VgrG tip and probably within the T6SS membrane complex. ~ Tse7, and Tse5, respectively (Hachani et al., 2014). Here, we
Recent studies visualized the baseplate structure (Nazarov et al,,  showed in P. aeruginosa that presence of the full length VgrGla
2018) and the membrane complex (Durand et al, 2015) of is required to form a functional HI-T6SS spike while any
the T6SS and cavities around the spike complexes which were  chimera lacking parts of the C-terminal residues of VgrGla
unoccupied and proposed to allow the accommodation of  (construct B or C) was not able to perform the same function.
effector proteins. However, it is not clear whether there is enough ~ This might suggest that the C-terminal residues of VgrGla
space to accommodate additional and folded cargo and a wealth ~ are required for specific interactions with its cognate PAAR
of decorations around the VgrG tip would prevent the fit into  effector Tse6, and ultimately the presence of the PAAR in the
the membrane complex. It is also to take into consideration  spike would be needed for effective secretion of the whole spike.
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This explanation is consistent with recent findings that effector
loading onto its cognate VgrG spike activates T6SS assembly
(Liang et al., 2019; Wu et al., 2020). This is also supported by
data showing that the three last B-sheets of VgrG1b specifically
interact with the cognate PAAR effector Tse7 (Shneider et al.,
2013; Pissaridou et al., 2018). Yet, the cargo effectors from P.
aeruginosa and E. coli, PIdA, P1dB and Tlel, that do not contain
N-terminal PAAR domains, were shown to specifically bind to
the C-terminal domains of their cognate VgrGs, VgrG4b, VgrGs5,
and VgrGl, respectively (Flaugnatti et al, 2015; Wettstadt
et al,, 2019). In this case it is likely that the T6SS spike would
be completed by a standalone PAAR domain (Wood et al,
2019a).

Our study confirmed that heterologous secretion cannot easily
result from simple and straightforward genetic manipulations
and the recognition of a secreted effector by its own machinery
has likely resulted from a longstanding co-evolution which
guarantees specificity. This way it would be hard to hijack the
process and only intended effectors are released upon specific
conditions, avoiding also any leakage of intracellular proteins.
In the T6SS where C terminal motifs in the VgrG spike are
proven to confer effector recognition specificity, search for motifs
within the effector per se has not given what one could consider
a universal T6SS motif. Yet, a conserved motif has been found
in a subset of T6SS effectors, which has been called the MIX
motif (Marker for type sIX effectors) (Salomon et al., 2014). In
several other T6SS effectors, a different but conserved domain
is also found at the N terminus, that has been called FIX (Jana
et al., 2019). Whether these domains could be used to engineer
chimeric T6SS effectors that will be retargeted to heterologous
T6SS machine is yet to be fully investigated.
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INTRODUCTION

Outbreaks of the diarrhoeal disease caused by enteropathogenic Escherichia coli (EPEC) and
enterohaemorrhagic E. coli (EHEC) present a significant burden to public health in countries with
low and high human development indices (HDIs) alike. Over the course of evolution, horizontal
gene transfer events have expanded the 4.1 Mb core genome of the human colonic commensal
E. coli by 1 Mb, resulting in the emergence of pathogens (Croxen and Finlay, 2010; Clements
etal,, 2012). Each pathogenic strain is characterized by their unique virulence factor repertoire and
clinical epidemiology (Nataro and Kaper, 1998; Gomes et al., 2016). EPEC causes infantile diarrhea
in countries with a low HDL. Indeed, from 2007 to 2015 the World Health Organization (WHO)
estimate 230,000 cases of death from diarrhoeal disease, of which EPEC was responsible for 16%,
disproportionately affecting children under five (WHO, 2015). EHEC, on the other hand, is defined
by its ability to produce Shiga toxins (Stx) (Melton-Celsa, 2014; Krause et al., 2018). Distinguishing
between EPEC and EHEC is clinically important, as treatment of EHEC with antibiotics can incite
Stx expression (Zhang et al., 2000) and consequently acute kidney failure, a sequela of haemolytic
uremic syndrome (HUS) (Pacheco and Sperandio, 2012).

EPEC and EHEC are united in their ability to intimately adhere to human enterocytes, causing
elongation and loss of microvilli, and the formation of actin-rich pedestals at the site of bacterial
attachment (Finlay et al., 1992; Frankel and Phillips, 2008) As such, EPEC and EHEC are members
of the attaching and effacing (A/E) family of pathogens, which also include E. albertii (Bhatt et al.,
2019), the murine-restricted Citrobacter rodentium (Mullineaux-Sanders et al., 2019) and rabbit
enteropathogenic E. coli (REPEC) (Milon et al., 1999). The formation of A/E lesions is facilitated
by proteins encoded on the locus of enterocyte effacement (LEE), a largely conserved 35.6kb
pathogenicity island that encodes components of the Type 3 Secretion System (T3SS). The T3SS
of A/E pathogens is ~3.5 MDa and includes several elements. Its cytoplasmic complex is equipped
with an ATPase (EscN), secretion regulators (SepL and SepD) and chaperones (such as CesT). A
basal body spans the inner and outer membranes, tethering the sheathed extracellular EscF needle
to EspA filaments (Knutton et al., 1998) and culminates in the translocation pore (comprising EspB
and EspD) in the host membrane (reviewed by Slater et al., 2018). The integration of signals from
the gut environment, the microbiome and chaperones facilitate T3SS assembly, and translocation of
effector proteins from the bacterium directly into the host cytosol (McDaniel et al., 1995; Connolly
et al., 2015; Furniss and Clements, 2017; Katsowich et al., 2017; Serapio-Palacios and Finlay, 2020).

The effectors of A/E pathogens are encoded on either the LEE, prophages or insertion elements.
While all the effectors rely on an N-terminal translocation sequence and specific chaperone-binding
motifs to guide secretion (Deng et al, 2017; Slater et al., 2018; Wagner et al., 2018), their
sequences are otherwise highly adapted to intercept specific host processes. Additionally, effector
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TABLE 1 | Reported repertoire of A/E effectors, their method of discovery and inferred role during infection.

Effector Discovery method Inferred function during infection

Cif Transposon mutagenesis in rabbit ileal loop model Promotes bacterial survival/ cell cycle arrest
Tir/EspE Anti-phosphotyrosine blotting Host adherence, actin polymerisation and pyroptosis
EspF LEE inspection Induces apoptosis and disrupts tissue architecture
EspG LEE inspection/ effector homology Manipulates small GTPases

EspH LEE inspection Cytoskeletal remodeling, inhibition of phagocytosis
Espl/NleA Coomassie of secreted proteins Inhibits inflammasome activation and protein secretion
EspJ Transcriptome analysis of adhered bacteria Inhibits phagocytosis

EspK Transposon mutagenesis in calf model Unknown

EsplL Mass spectrometry (MS) of secreted proteins Inhibits necroptosis

EspM1/2 MS of secreted proteins Cytoskeletal remodeling

EspN MS of secreted proteins Unknown

EspO MS of secreted proteins Promotes tissue integrity by promoting IL-22 secretion
EspR MS of secreted proteins Unknown

EspS/Ibe/OspB Effector homology Suppresses colonic crypt hyperplasia

EspT Effector homology Cytoskeletal remodeling, NF-kB modulation

EspW MS of secreted proteins Cytoskeletal remodeling

EspX/NleL. MS of secreted proteins Ligates ubiquitin

EspY MS of secreted proteins Unknown

EspZ/SepZ Transposon mutagenesis in cell culture Limits effector translocation

Map LEE inspection Cytoskeletal remodeling, mitochondrial disruption and colonic oxygenisation
NleB MS of secreted proteins Inhibits pro-inflammatory signaling and necroptosis
NleC MS of secreted proteins NF-kB inhibition

NleD Transposon mutagenesis in bovine gastrointestinal tract model MAPK signaling inhibition

NleE MS of secreted proteins NF-kB inhibition

NleF MS of secreted proteins Inhibits caspase-4/8/9 activity to limit cell death
NleG MS of secreted proteins Ligates ubiquitin

NleH/OspG Proximity to known effector Inhibits cell death and NF-«B signaling

Nled MS of secreted proteins Unknown

NleK MS of secreted proteins Unknown

TecP/EspFy Transcriptome analysis of adhered bacteria Actin polymerisation

functions can be antagonistic or cooperative (Shenoy et al., 2018),
which taken together with their low abundance and continuous
acquisition, underpins the challenge of identifying and studying
effectors in a meaningful context.

Current research into the effector biology of A/E pathogens
can be considered in three phases: discovery, in vitro functional
characterization, and defining the contribution of each effector
to the pathogen’s infection strategy in vivo. To date, 30
families of effectors have been identified in A/E pathogens
(Table 1). However, as with many pathogens, the rate of effector
discovery has surpassed their biological characterization, and
the contribution of many effectors to pathogenesis remains
unknown. Here we highlight recent advances in technical and
conceptual approaches to characterize effectors in A/E pathogens
in the context of human disease.

PREDICTING AND VERIFYING
TRANSLOCATION SUBSTRATES

Several resources have been developed to identify new effectors.
Effector-encoding genes can be predicted in silico to varying

degrees of accuracy (McDermott et al., 2011; Hobbs et al,
2016; Xue et al., 2019). These algorithms harness experimental
knowledge of typical type III effector features, such as N-terminal
enrichment of small polar amino acids (e.g., serine and threonine;
Arnold et al.,, 2009), conservation of regulatory motifs upstream
of the gene, a differing GC content to the rest of the genome,
lack of gene homology to non-T3SS-encoding strains, and gene
proximity to known effectors (Teper et al., 2016). Indeed, many
novel type III effectors have been identified and validated using
algorithm-based approaches, including Pseudomonas syringae
and P. fluorescens (Vinatzer et al., 2005; Samudrala et al., 2009),
Ralstonia spp. (Sabbagh et al., 2019), S. Typhimurium (Samudrala
et al, 2009), Chlamydia trachomatis and C. psittaci (Hovis
et al,, 2013), Xanthomonas euvesicatoria (Teper et al., 2016) and
Pantoea agglomerans (Nissan et al., 2018).

Despite these successes, algorithm-based approaches have
yet to be applied to A/E genomes. Instead, effectors in
A/E pathogens were historically discovered through manually
curating pathogenicity island genes and mutagenesis screening
(Dziva et al., 2004; Mundy et al., 2004; Kanack et al., 2005),
homology searches to other T3SS effectors in different species
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(Bulgin et al., 2009; Petty et al., 2010), mRNA profiling during
infection (Dahan et al., 2005), and peptide discovery mass
spectrometry (MS) of secreted proteins, notably in combination
with 2D gel electrophoresis and effector hypersecretion mutants
(Kresse et al., 2000; Creasey et al., 2003; Deng et al., 2004, 2010,
2012; Gruenheid et al., 2004; O’Connell et al., 2004; Tobe et al.,
2006; Orton et al,, 2013). Moving forward, the employment of
techniques that do not rely on homology offer less bias and are
therefore preferable. Additionally, A/E pathogens that encode
a second functional T3SS (named ETT2) may also secrete its
own cognate effectors (Fox et al., 2020), and secretion substrates
could be shared between the two T3SSs, as there is evidence for
regulatory crossover (Zhang et al., 2004; Luzader et al., 2016).

Once identified, the T3SS-dependent translocation of
candidate effectors must be experimentally confirmed. A
common approach, developed in 2004 by Charpentier and
Oswald, is to C-terminally tag the effector with the TEM-1
B-lactamase and infect CCF2-loaded cells (Charpentier and
Oswald, 2004); alternative and refined protocols have since
been developed that decrease the tag size, minimize cell toxicity
and offer single cell resolution. Collectively, these approaches
benefit from their capacity to support different modes of
analysis depending on the infection setup, such as enzymatic
assays, optical readouts in a 96-well plate, flow cytometry and
immunofluorescence microscopy (Mills et al, 2008; Miyake
et al., 2008; Gawthorne et al., 2016; O’Boyle et al., 2018).

IN VITRO CHARACTERIZATION OF THE
EFFECTORS

Approaches to characterize the role of each new effector
during infection are ever-developing. At its most fundamental,
effector functionality can be investigated under overexpression
conditions in vitro, where amenable cells are transfected for
ectopic effector expression or microinjected with purified
protein. Overexpression protocols can provide readouts for
drastic visual phenotypes, such as the radical cytoskeletal
rearrangements resulting from the transfection of EspV (Arbeloa
et al, 2011). Non-mammalian eukaryotic systems such as
Saccharomyces cerevisiae have also been instrumental in the
definition of eukaryotic interaction partners for A/E effectors
(Hardwidge et al., 2004; Popa et al., 2016), as well as delineating
interfaces for substrate interaction and catalytic residues (Blasche
et al., 2013, 2014; Sandu et al., 2017).

These approaches, however, share a common weakness:
effectors localize differently when not natively translocated
through the injectisome. As such, the infection of appropriate
mammalian cells (i.e., colonic epithelial cells) with bacteria
translocating a tagged effector protein can provide a more
physiologically relevant readout for effector localization. Indeed,
native expression of a tagged effector is readily achievable by
introducing a C-terminal tag onto the chromosome for effector
visualization by immunofluorescence, or for use in tandem
with co-immunoprecipitation and/or MS to probe for host
protein interactors upon infection. Chromosomal manipulation
by triparental conjugation works efficiently in A/E pathogens and

other enteric pathogens (Mullineaux-Sanders et al., 2017; Watson
et al,, 2019; Wong et al,, 2019). This conjugation protocol can
similarly be used to generate scarless isogenic effector mutants
in lieu of traditional gene disruption with antibiotic resistance
cassettes or transposon elements (Cepeda-Molero et al., 2017).

DEFINING ROLES FOR THE EFFECTORS
DURING INFECTION

Despite the ease of culturing, transfection and microscopy
offered by non-polarized and non-colonic cells, the integrated
use of more relevant models circumvents cell-line-specific
phenotypes. A shift in practice toward more native models for
infection is therefore evolving, using differentiated, polarized
colonic cell lines, explants and organoids, primary tissues and
laboratory animals (Carvalho et al, 2005; Law et al, 2013;
Lewis et al., 2016; Cepeda-Molero et al., 2017). Increasingly,
infections with A/E pathogens are also modeled in immune-
associated cells, whose distinctive protein expression profiles
allows researchers to probe the impact of effector delivery on
immune-specific pathways (Pearson et al., 2017; Goddard et al.,
2019), providing an alternative insight into the impact of effectors
in human infection.

One particularly useful model for probing effector function is
the infection of mice with C. rodentium. C. rodentium is a natural
murine pathogen which causes transmissible colonic crypt
hyperplasia (CCH) and A/E lesions that are indistinguishable
from those cause by EPEC and EHEC in humans (Barthold et al.,
1978). Critically, C. rodentium shares 67% homology with EPEC
and EHEC genomes, most notably in the LEE (Petty et al., 2010,
2011), making it an invaluable tool for the study of the role of
the T3SS and its cognate effectors in vivo (Mundy et al., 2005;
Borenshtein et al., 2008; Collins et al., 2014; Mullineaux-Sanders
et al., 2019).

The contribution of single or multiple effectors to
pathogenesis can be assayed via infection with C. rodentium
deletion or point mutants (Crepin et al., 2016). Key to revealing
novel and physiological phenotypes is the selection of an
appropriate mouse strain, or knock-out mice (Simmons et al.,
2002; Zheng et al., 2008; Carson et al., 2019). To highlight some
examples, the mouse model has delineated Tir, NleA and NleB
as essential effectors for efficient colonization (Deng et al., 2003;
Mundy et al., 2004; Kelly et al., 2006), demonstrated the impact
of individual effectors deletions on host physiology, such as EspO
and EspS impacting CCH (Berger et al., 2018; Connolly et al.,
2018), and substantiated in vitro data indicating Map impacts
colonic oxygen availability through mitochondrial disruption
(Berger et al., 2017). Recently, mouse-specific differences in
infection signatures have been identified through RNAseq and
proteomics (Kang et al.,, 2018; Carson et al., 2019); it remains
to be seen whether these differences are fine-tuned by the
synergistic action of the effectors.

There are important genetic differences between C. rodentium
and human A/E pathogens. While C. rodentium encodes a type
IV pilus named colonization factor Citrobacter (CFC), which
is related to the EPEC bundle forming pilus (BFP) (Mundy
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et al.,, 2003), it does not encode some strain-specific effectors,
nor does it express the Shiga toxin or a flagellum, and it likely
benefits from mouse-specific host adaptations. Nevertheless,
modifications to this model can be implemented to investigate
specific aspects of infection by human A/E pathogens, such as
HUS and diarrhea (Vallance et al., 2003; Mallick et al., 2012),
and drawing parallels from C. rodentium studies offers invaluable
insight into human infections.

At the other end of the spectrum, the use of minimal
effector models should prove instrumental for delineating
the complex interplay between effectors, where the creation
and complementation of isogenic strains cannot. As has
been employed for Yersinia pestis (Palace et al, 2018),
all known effectors were recently removed from the
EPEC E2348/69 genome to investigate the contribution
of select effectors and intact pathogenicity islands to A/E
lesion formation on the human intestinal mucosa ex vivo,
confirming that while Tir is essential, it is not sufficient
and other elusive effectors are required (Cepeda-Molero
et al, 2017). Undoubtedly the same approach would be
of great use for other T3SS-encoding pathogens. Building
on the decades of fundamental biochemical research
into individual effector proteins, the mutation of clusters
of effectors with similar functions in vitro should also
be considered.

Despite the wealth of technical and biological knowledge
unearthed over the last two decades, the synergies and
redundancies in the function of the effectors hamper the
comparison of in vitro research to in vivo scenarios. However,
large-scale sequencing efforts of human pathogenic E. coli
isolates have revealed the correlation between the presence of
effectors, and other virulence factors, and the severity of human
pathology through comparative genomics (Donnenberg et al.,
2015; Hazen et al., 2016). This can be extended to assaying the
prevalence of effectors in strains from different environments
(Xu et al, 2017). Although challenging to integrate, these
datasets offer unparalleled insight into the relative importance
of effector proteins during human infection. Finally, following
translocation, effectors form tight interaction networks. As
clinical EPEC and EHEC isolates encode strain-specific effector
gene combinations, it would be interesting to test the robustness
of these networks in vivo. This will offer insight into the
virulence potential of alternative effector combinations present
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During infection, Salmonella species inject multiple type Il secretion system (T3SS)
effector proteins into host cells that mediate invasion and subsequent intracellular
replication. At early stages of infection, Salmonella exploits key regulators of host
intracellular vesicle transport, including the small GTPases Rab5 and Rab7, to subvert
host endocytic vesicle trafficking and establish the Salmonella-containing vacuole (SCV).
At later stages of intracellular replication, interactions of the SCV with Rab GTPases
are less well defined. Here we report that Rab1, Rab5, and Rab11 are modified at
later stages of Salmonella infection by SseK3, an arginine N-acetylglucosamine (GIcNACc)
transferase effector translocated via the Salmonella pathogenicity island 2 (SPI-2) type |l
secretion system. SseK3 modified arginines at positions 74, 82, and 111 within Rab1 and
this modification occurred independently of Rab1 nucleotide binding. SseK3 exhibited
Golgi localization that was independent of its glycosyltransferase activity but Arg-GIcNAc
transferase activity was required for inhibition of alkaline phosphatase secretion in
transfected cells. While SseK3 had a modest effect on SEAP secretion during infection of
HelLa229 cells, inhibition of IL-1 and GM-CSF cytokine secretion was only observed upon
over-expression of SseK3 during infection of RAW264.7 cells. Our results suggest that,
in addition to targeting death receptor signaling, SseK3 may contribute to Salmonella
infection by interfering with the activity of key Rab GTPases.

Keywords: Salmonella enterica, Rab, glycosyltransferase, protein secretion, host-pathogen interaction

INTRODUCTION

Salmonella enterica Typhimurium (S. Typhimurium) is a common foodborne pathogen that
imposes a significant financial burden on healthcare systems in both industrialized and developing
countries (Majowicz et al., 2010). Upon ingestion of contaminated food or water, Salmonellae
that survive the acidic gastric environment colonize the gut by invading both phagocytic and
non-phagocytic cells (Clark et al., 1994; Smith, 2003; Geddes et al., 2007; Muller et al., 2012).
Salmonella pathogenicity island 1 (SPI-1) and Salmonella pathogenicity island 2 (SPI-2) both
encode type III secretion systems (T3SSs) that deliver virulence effector proteins into host cells that
facilitate Salmonella pathogenesis. These two T3SSs are regulated in a spatio-temporal dependent
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manner, and are responsible for delivering two distinct
cohorts of effectors into the host cell cytosol to hijack host
physiology (LaRock et al., 2015). The SPI-1-encoded T3SS is
activated initially, inducing inflammation and host cytoskeletal
rearrangements to promote invasion of the bacteria into
epithelial cells, while cells such as macrophages internalize
Salmonella by phagocytosis. Following internalization, the SPI-
2-encoded T3SS is activated to establish a membrane-bound
replicative niche termed the Salmonella-containing vacuole
(SCV). The SCV subverts the canonical endolysosomal pathway
to facilitate intracellular bacterial survival and replication
(Ramsden et al., 2007; Jennings et al., 2017).

SseK1, SseK2, and SseK3 are three SPI-2 translocated
effectors which show high amino acid sequence similarity (84,
83, and 80% respectively) to the T3SS effector NleBl from
enteropathogenic Escherichia coli (EPEC) (Kujat Choy et al,
2004; Brown et al, 2011; Li et al, 2013; Pearson et al,
2013). NleB1 is a novel glycosyltransferase that blocks apoptotic
cell death during EPEC infection by modifying conserved
arginine residues with N-acetylglucosamine (GIcNAc) within
death domain containing proteins, including FADD and TRADD
(Li et al., 2013; Pearson et al., 2013; Scott et al., 2017). The
post-translational modifications are termed Arg-GlcNAcylation
and are only mediated by members of the NleBl effector
protein homolog family including the SseKs (El Qaidi et al.,
2017; Gunster et al., 2017; Esposito et al., 2018; Park et al.,
2018; Newson et al, 2019). Similar to NleBl, expression of
SseK1 or SseK3, but not SseK2, suppresses NF-kB activation
during infection, although these effectors exhibit different Arg-
GlcNAcylation profiles on infected host cells (Gunster et al,
2017; Newson et al., 2019). Our group recently showed that
overexpression of SseK1 and SseK3 resulted in broadened
substrate specificity, suggesting that authentic host targets of
these effectors need to be identified under native expression
conditions during infection (Newson et al., 2019). When
expressed at endogenous levels during Salmonella infection,
SseK1 preferentially modifies the death domain of TRADD,
whereas SseK3 targets death domains in the death receptors,
TRAILR and TNFR1 (Newson et al., 2019). Interestingly, both
SseK2 and SseK3 localize to the Golgi during infection; while
SseK1 localizes to the cytosol (Gunster et al, 2017). Such
observations suggest SseK2 and SseK3 may have uncharacterized
Golgi-localized targets.

In this study, we sought to identify Golgi-associated
proteins that are modified by SseK3 during S. Typhimurium
infection. Using a mass spectrometry-based approach
to examine membrane-enriched fractions of infected
macrophages, we identified several Rab GTPases as targets
of SseK3, including Rabl, Rab5, and Rabll. Notably, we
found SseK3 modified arginine residues in the switch
II region of Rabl, and that ectopic expression of either
SseK2 or SseK3, but not SseKl, blocked host protein
secretion. However, only SseK3 appeared to have the
capacity to block host protein secretion during Salmonella
infection. Collectively, these results suggest that SseK3 may
contribute to Salmonella infection by GlcNAcylating selected
Rab GTPases.

TABLE 1 | List of bacterial strains used in this study.

Strain Characteristics Source/References
SL1344 S. enterica serovar Typhimurium Hoiseth and Stocker, 1981
strain SL1344
AsseK123 SL1344 AsseK1AsseK2AsseK3 Brown et al., 2011
ASSeK23 SL1344 AsseK2AsseK3 Brown et al., 2011
ASsSeK12 SL1344 AsseK1AsseK2 Kujat Choy et al., 2004
ASSeK23 SL1344 AsseK2AsseK3 This study
(pSseK2) supplemented with
pTrc99A-SseK?2 plasmid
ASSeK23 SL1344 AsseK2AsseK3 This study
(PSseK3) supplemented with
pTrc99A-SseK3 plasmid
AssaR SL1344 AssaR (SPI-2 mutant) Kupz et al., 2012

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The bacterial strains used in this study are listed in Table 1. All
bacteria were grown in Luria-Bertani (LB) broth with shaking
at 200 rpm in 37°C incubator in the presence of streptomycin
(50 pg/ml), kanamycin (100 pg/ml), or ampicillin (100 pg/ml)
when necessary.

DNA Cloning and Purification

The plasmids and primers used in this study are listed in
Tables 2, 3 respectively. All plasmid extractions were performed
using QIAGEN QIAprep Miniprep Kit (Qiagen, Valencia, CA).
DNA restriction digests were applied according to manufacturer’s
instructions (New England Biolabs, Ipswich, MA). PCR products,
restriction digest products and DNA from agarose gels were
purified using the Wizard SV Gel and PCR Clean-Up system
(Promega, Madison, WI). Digested inserts and plasmids were
ligated with a 6:1 molar ratio at 4°C overnight using T4 DNA
Ligase system in accordance with manufacturer’s instructions
(Promega, Madison, WI). The pF_TRE-SEAP ligation product
was transformed into DH5a cells and other resultant ligation
products were transformed into XL1-Blue cells. The pF_TRE-
SEAP plasmid was sequenced with pFTRE-F/R and other
plasmids were extracted and sequenced with sequencing primer
pair p3xFlag-Myc-CMV-24F/p3xFlag-Myc-CMV-24R.

The p3xFlag-Rabla vector was constructed by amplifying
RABIA from human cDNA using primer pair Rablap/Rablag,
which was then double digested with EcoRV and BamHI
and ligated into p3xFlag-Myc-CMV-24 plasmid that had been
digested with same restriction enzymes to generate an N-terminal
3xFlag fusion to Rabla. p3xFlag-Rab5a and p3xFlag-Rab5b were
constructed in a similar manner by amplifying RAB5A or
RABS5B from human cDNA using primer pair Rab5ap;Rab5ag or
Rab5by,Rab5bg respectively, which were then double digested
with HindIII and BamHI and ligated into p3xFlag-Myc-CMV-
24. p3xFlag-Rab5c was constructed by amplifying RAB5C from
human c¢DNA using primer pair Rab5cg,Rab5cr, which was
then double digested with EcoRV and BamHI and ligated
into p3xFlag-Myc-CMV-24. p3xFlag-Rabl1b was constructed
by amplifying RABI1B from human cDNA using primer pair
Rab11bg/Rab11bg, which was then double digested with HindIII
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TABLE 2 | List of plasmids used in this study.

Plasmid

Characteristics

Source/References

PEGFP-C2

PEGFP-C2-SseK1
PEGFP-C2-SseK2
PEGFP-C2-SseK3
PEGFP-C2-SseK1pxp

DEGFP-CQ-SSGKQDXD

pEGFP—C2-SseK3D><D

p3xFlag-Myc-CMV-24

p3xFlag-Rabia
p3xFlag-Rab1arya
p3xFlag-Rab1agrgoa
p3xFlag-Rab1agi11a
p3xFlag-Rabl1arzaarsza

p3xFlag-Rab1agzaari11a

p3xFlag-Rabl1arsoari11a

p3xFlag-Rablag7aars2ar111A

p3xFlag-Rabba
p3xFlag-Rab5b
p3xFlag-Rabsc
p3xFlag-Rab11b
pTrc99A-SseK2
pPTrc99A-SseK3
PSEAP
p3xFlag-AnkX
pF_TRE3G_PGK puro
pF_TRE-SEAP
PCMV-VSV-G
pCMVARS.2

Mammalian expression vector expressing EGFP fused to the N terminus of the
encoding protein, Kan®?

sseK1 from S. Typhimurium SL1344 in pEGFP-C2, KanR

sseK2 from S. Typhimurium SL1344 in pEGFP-C2, Kan®

ssek3 from S. Typhimurium SL1344 in pEGFP-C2, Kan®

sseK1 from S. Typhimurium SL1344 in pEGFP-C2, with catalytic motif
DxD(229-231) mutated to AAA, Kan®

sseK2 from S. Typhimurium SL1344 in pEGFP-C2, with catalytic motif
DxD(293-241) mutated to AAA, Kan®R

sseK3 from S. Typhimurium SL1344 in pEGFP-C2, with catalytic motif
DxD(226-228) mutated to AAA, Kan®

Mammalian expression vector with Met-3xFlag tagged at N-terminal and c-myc
tagged at C-terminal, Amp®

Human Rab1a in p3xFlag-Myc-CMV-24, Amp"™

Human Rab1a with Arg74 mutated to Ala74 in p3xFlag-Myc-CMV-24, Amp™
Human Rab1a with Arg82 mutated to Ala82 in p3xFlag-Myc-CMV-24, Amp"
Human Rab1a with Arg111 mutated to Ala111 in p3xFlag-Myc-CMV-24, AmpF
Human Rab1a with Arg74 and Arg82 mutated to Ala74 and Ala82, respectively,
in p3xFlag-Myc-CMV-24, AmpR

Human Rab1a with Arg74 and Arg111 mutated to Ala74 and Ala111,
respectively, in p3xFlag-Myc-CMV-24, Amp™

Human Rab1a with Arg82 and Arg111 mutated to Ala82 and Ala111,
respectively, in p3xFlag-Myc-CMV-24, Amp”

Human Rab1a with Arg74, Arg82, and Arg111 mutated to Ala74, Ala82 and
Ala111in p3xFlag-Myc-CMV-24, Amp*

Human Rab5a in p3xFlag-Myc-CMV-24, Amp™

Human Rab5b in p3xFlag-Myc-CMV-24, AmpR

Human Rab5c in p3xFlag-Myc-CMV-24, Amp™

Human Rab11b in p3xFlag-Myc-CMV-24, Amp”

sseK2 from S. Typhimurium SL1344 in pTrc99A, AmpF

sseK3 from S. Typhimurium SL1344 in pTrc99A, AmpR

Secreted embryonic alkaline phosphatase in a mammalian expression vector
ankX from L.pneumophila in p3xFlag-Myc-CMV-24, AmpF

Lentiviral transduction vector, AMPR

seaP from pSEAP in pF_TRE3G_PGK puro, Amp"

Mammalian expression vector expressing VSV-G glycoprotein, AMPR
Mammalian expression vector expressing HIV-1 Gag/Pol, Tat, and Rev, AMP?

Clontech

Newson et al., 2019
Newson et al., 2019
Newson et al., 2019
This study

This study

This study

Signa-Aldrich

This study
This study
This study
This study
This study

This study

This study

This study

This study

This study

This study

This study

Newson et al., 2019
Newson et al., 2019
Kagan et al., 2004
This study
Yamamoto et al., 2012
This study

Stewart et al., 2003
Stewart et al., 2003

and BamHI and ligated into p3xFlag-Myc-CMV-24. p3xFlag-
AnkX was constructed by amplifying ankX from Legionella
pneumophila Philadelphia 1 genomic DNA using primer pair
AnkXg /g, double digested with Sall and BamHI and ligated into
p3xFlag-Myc-CMV-24 plasmid that has been digested with same
restriction enzymes to generate an N-terminal 3xFlag fusion to
AnkX. The pF_TRE-SEAP was constructed by amplifying SEAP
from pSEAP vector using primer pair SEAPr/SEAPR, which was
subsequently double digested with Bcll and Nhel and ligated
into pF_TRE3G_PGK puro that has been digested with same
restriction enzymes.

Site-Directed Mutagenesis

All site-directed mutagenesis was performed using QuikChange
IT Site-Directed Mutagenesis Kit according to manufacturer’s
protocol. p3xFlag-Rablarysa was generated with primer

pair Rablapysa_p/Rablagysa—r using p3xFlag-Rabla vector
as a template. Rablargya was generated with primer pair
Rablapgya—r/Rablapgya—r using p3xFlag-Rabla vector as
a template. Rablagjjja was generated with primer pair
RablaRjjja—p/RablaRjjja—r  using p3xFlag-Rabla vector
as a template. Rablap7sarsza and Rablapysariiia  were
generated with primer pair Rablapgya—p/Rablargra—r and
Rablapjjja—p/Rablagjjja—r  respectively using p3xFlag-
Rablapy4s vector as a template. Rablapgzariiia was generated
with primer pair Rablagpjjja—p/Rablapjjja—r using p3xFlag-
Rablapgya vector as a template. Rablapzsars2ariiia Wwas
generated with primer pair Rablag;jja—p/Rablarijja—r using
p3xFlag-Rablapysargaa vector as a template. The sequences
of resulting plasmids were confirmed by sequencing using
primer  pair  p3xFlag-Myc-CMV-24F/p3xFlag-Myc-CMV-
24R. The pEGFP-C2-SseKlpxp, pEGFP-C2-SseK2pxp and
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TABLE 3 | List of primers used in this study.

Name Primer sequences 5’-3’
Rab1ar CGCGATATCGATGTCCAGCATGAATCCCG
Rab1ag CGCGGATCCTTAGCAGCAACCTCCACCTG

AGGCCAGGAAAGATTTGCAACAATCACCTCCAGTT
AACTGGAGGTGATTGTTGCAAATCTTTCCTGGCCT
ACCTCCAGTTATTACGCAGGAGCCCATGGCATCA
TGATGCCATGGGCTCCTGCGTAATAACTGGAGGT
GGCTGCAGGAAATAGATGCATATGCCAGTGAAAATGT
ACATTTTCACTGGCATATGCATCTATTTCCTGCAGCC

Rab1ar74a—r
Rab1ap74a-r
Rab1apsoa—rF
Rab1agsoa-r
Rab1ari11a-F
Rablarit1a-r

Rabb5ar CCCAAGCTTATGGCTAGTCGAGGCGCAA

Rabb5ar CGCGGATCCTTAGTTACTACAACACTGATTCCTGGTT

Rab5br CCCAAGCTTATGACTAGCAGAAGCACAGCTAGG

Rabbsbr CGCGGATCCTCAGTTGCTACAACACTGGCTCTT

Rab5cr CGCGATATCGATGGCGGGTCGGGGAGG

Rab5cr CGCGGATCCTCAGTTGCTGCAGCACTGGCT

Rab11br CCCAAGCTTATGGGGACCCGGGACGAC

Rab11bg CGCGGATCCTCACAGGTTCTGGCAGCACTGC

p3xFlag-Myc- AATGTCGTAATAACCCCGCCCCGTTGACGC

CMV-24F

p3xFlag-Myc- TATTAGGACAAGGCTGGTGGGCAC

CMV-24R

AnkXg AAAGTCGACATGCCAAATCTACCTGG

AnkXg TTTGGATCCTTACCATTTTAATTTCAAGG

SseK1paa—r GGTGTATATATCTTGCTGCTGCTATGATTATCACGGAAAA
ACTGG

SseK1aaa-r CCAGTTTTTCCGTGATAATCATAGCAGCAGCAAGATATAT
ACACC

SseK2aaa-F GTGGGTGCATATATCTTGCTGCAGCTATGTTACTTACTGAT
AAAC

SseK2paa-R GTTTATCAGTAAGTAACATAGCTGCAGCAAGATATATGCA
CCCAC

SseK3aaa—F CTGGAGGTGGCTGCATATATCTTGCTGCTGCTATGTTACTT
ACAG

SseK3paa-r CTGTAAGTAACATAGCAGCAGCAAGATATATGCAGCCACC
TCCAG

SEAPE CGCTGATCAATGCTGCTGCTGCTGCTGCTGCTG

SEAPR CTAGCTAGCTCATGTCTGCTCGAAGCGG

pFTRE-F GTGTACGGTGGGCGCC

pFTRE-R GTTGGCGCCTACCGGTG

pEGFP-C2-SseK3pxp vectors were generated using primer pairs
SseK1aaa—F/r, SseK2aaA—F/R and SseK3aaA—F/R respectively.
All resultant plasmids following PCR reactions were digested
with Dpnl at 37°C overnight and then transformed into
XL1-Blue competent cells.

Arg-GicNAcylation Pull Downs on Insoluble
Fractions of Salmonella Infected RAW264.7
Cells

RAW264.7 cells were seeded to 24 well plates at a concentration
of 3 x 10° cells per well 1 day before infection. 10ml LB
broths containing appropriate antibiotic were inoculated with

Salmonella strains and incubated at 37°C overnight with shaking
at 180 rpm. On the day of infection, the OD600 readings of the
overnight culture were read and used to estimate bacterial counts.
Cells were then infected at a multiplicity of infection (MOI)
of 10. 24 well plates were centrifuged at 1500 rpm for 5min
at room temperature to promote and synchronize infection.
Infected cells were incubated at 37°C, 5% CO, for 1h. Culture
media was replaced with media containing 100 p.g/ml gentamicin
(Pharmacia, Washington, USA), and cells were incubated at
37°C, 5% CO; for a further 1 h. Culture media was replaced with
media containing 10 pg/ml gentamicin, and cells were incubated
at 37°C, 5% CO; for a further 18 h.

Infected cells were washed three times in ice-cold PBS, then
collected by scraping in PBS containing cOmplete™ EDTA-
free protease inhibitor cocktail (Roche), on a bed of ice. Cells
were centrifuged at 4000 rpm for 5min at 4°C, and the
supernatant was carefully removed via aspiration using a vacuum
pump. Cells were resuspended in 1ml of ice-cold lysis buffer
(20 mM HEPES (pH 7.5), 100 mM KCl, 2.5 mM MgCl,, 100 mM
sucrose, 10% PhosSTOP™ (Sigma-Aldrich), and cOmplete™
EDTA-free protease inhibitor cocktail (Roche). Cells were mixed
thoroughly by pipette and incubated on ice for 10 min. Cell
lysates were centrifuged at 13000 rpm for 5min at 4°C, and
the supernatant was removed by vacuum-aided aspiration as
previously. Pelleted material was resuspended in lysis buffer
containing 10% digitonin, mixed thoroughly by pipette and
incubated on ice for 1h with intermittent vortexing. Cell lysates
were centrifuged at 13000 rpm for 5min at 4°C, and the
supernatant was collected as the digitonin-soluble membrane
fraction, while the remaining pellet was collected as the digitonin-
insoluble fraction.

Insoluble membrane pellets were resuspended in 8M urea
in 100 mM ammonium bicarbonate and protein concentration
determined using a BCA assay. 2.5mg of protein from each
sample type, AsseKI12 and AsseK123, were reduced with 10 mM
dithiothreitol for 1 h then alkylated with 50 mM chloroacetamide
for a further 1h in the dark. Samples were digested with
Lys-C (1/200 w/w) for 3h at RT, samples diluted to <2M
urea and digested with trypsin (1/100 w/w) overnight at RT.
Digested samples were acidified to a final concentration of 0.5%
formic acid and desalted with 50 mg tC18 SEP-PAK (Waters
corporation, Milford, USA) according to the manufacturer’s
instructions. Briefly, tC18 SEP-PAKs were conditioned with
buffer B (80% acetonitrile, 0.1% formic acid), washed with 10
volumes of Buffer A* (0.1% trifluoroacetic acid, 2% acetonitrile),
sample loaded, column washed with 10 volumes of Buffer A* and
bound peptides eluted with buffer B then dried.

Peptide affinity purification was accomplished according to
the protocol of Scott et al. (2017) for peptide based Arg-GlcNAc
enrichment. Briefly, aliquots of 100l of Protein A/G plus
Agarose beads (Santa Cruz, Santa Cruz CA) were washed three
times with 1 ml of immunoprecipitation buffer (IAP, 10 mM
Na;HPOy4, 50 mM NaCl, 50 mM MOPS, pH 7.2) and tumbled
overnight with 10 g of anti-Arg-GlcNAc antibody (ab195033,
Abcam) at 4°C. Coupled anti-Arg-GIcNAc beads were then
washed three times with 1 ml of 100 mM sodium borate (pH
9) to remove non-bound proteins and cross-linked for 30 min
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by gently rotating with 20 mM Dimethyl Pimelimidate (Thermo
Fisher Scientific) in 100 mM HEPES, pH 8.0. Cross-linking was
quenched by washing beads with 200 mM ethanolamine, pH 8.0,
three times then rotating the beads in an additional 1 ml 200 mM
ethanolamine, pH 8.0 for 2h at 4°C. Beads were washed three
times with IAP buffer and used immediately. Purified peptides
were resuspended in 1ml IAP buffer and the pH checked to
ensure compatibility with affinity conditions (~pH7.2). Peptide
lysates were then added to the prepared cross-linked anti-
Arg-GlcNAc antibody beads and rotated for 3h at 4°C. Upon
completion of the incubation, antibody beads were spun down
at 3000G for 2min at 4°C and the unbound peptide lysates
collected. Antibody beads were then washed six times with 1 ml
of ice-cold IAP buffer and Arg-GlcNAc peptides eluted using two
rounds of acid elution. For each elution round, 100 1l of 0.2%
trifluoroacetic acid was added and antibody beads allowed to
stand at room temperature with gentle shaking every minute for
10 min. Peptide supernatants were collected and desalted using
C18 stage tips (Rappsilber et al., 2007) before analysis by LC-MS.

Identification of Arginine-Glycosylated
Affinity Enriched Peptides and Flag-Tagged
Proteins Using Reversed Phase LC-MS

Purified peptides prepared were re-suspend in Buffer A* and
separated using a two-column chromatography set up composed
of a PepMap100 C18 20 mm x 75pum trap and a PepMap C18
500 mm x 75 pm analytical column (Thermo Fisher Scientific).
Samples were concentrated onto the trap column at 5 pl/min for
5 min and infused into an Orbitrap Fusion™ Lumos™ Tribrid™
Mass Spectrometer (Thermo Fisher Scientific) at 300 nl/minute
via the analytical column using a Dionex Ultimate 3000 UPLC
(Thermo Fisher Scientific). 125 min gradients were run altering
the buffer composition from 1% buffer B to 28% B over 90 min,
then from 28% B to 40% B over 10 min, then from 40% B to 100%
B over 2 min, the composition was held at 100% B for 3 min, and
then dropped to 3% B over 5min and held at 3% B for another
15 min. The Lumos™ Mass Spectrometer was operated in a data-
dependent mode automatically switching between the acquisition
of a single Orbitrap MS scan (120,000 resolution) every 3's and
Orbitrap HCD for each selected precursor (maximum fill time
100 ms, AGC 2*10° with a resolution of 30,000 for Orbitrap
MS-MS scans).

Mass Spectrometry Data Analysis

Identification of proteins and Arg-glycosylated peptides was
accomplished using MaxQuant (v1.5.3.30) (Cox and Mann,
2008). Searches were performed against the Mouse (Uniprot
proteome id UP000000589—Mus musculus, downloaded
18-05-2016, 50306 entries) and Salmonella Typhimurium
SL1344 (Uniprot proteome id UP000008962- Salmonella
Typhimurium SL1344, downloaded 18-05-2016, 4,657 entries)
proteomes with carbamidomethylation of cysteine set as a fixed
modification. Searches were performed with trypsin cleavage
specificity allowing 2 mis-cleavage events and the variable
modifications of oxidation of methionine, N-Acetylhexosamine
addition to arginine (Arg-GlcNAc) and acetylation of protein

N-termini. The precursor mass tolerance was set to 20 parts-
per-million (ppm) for the first search and 10 ppm for the main
search, with a maximum false discovery rate (FDR) of 1.0%
set for protein and peptide identifications. To enhance the
identification of peptides between samples the Match Between
Runs option was enabled with a precursor match window set
to 2min and an alignment window of 10 min. For label-free
quantitation, the MaxLFQ option within Maxquant (Cox
et al., 2014) was enabled in addition to the re-quantification
module. The resulting protein group output was processed
within the Perseus (v1.4.0.6) (Tyanova et al, 2016) analysis
environment to remove reverse matches and common protein
contaminates prior. For LFQ comparisons missing values
were imputed using Perseus. Enrichment analysis of Arg-
GlcNAcylated targets was undertaken using a Fisher exact test
within Perseus. Data was exported into the R framework
for visualization wusing ggplot2. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD015082.

Construction of Stable Cell Lines

Expressing SEAP in HeLa229 Cells

HEK293T cells were seeded in a 10 cm plate and grown to 60%
confluency before being transfected with 1.2 g pF_TRE-SEAP,
2.0 g pCMVARS.2 and 0.8 pg pCMV-VSV-G. Transfected
cells were kept in a tissue culture incubator under 5% CO, at
37°C for 24 h before the tissue culture media was replaced. The
supernatant containing packaged virus was collected 48 h post
transfection and then filtered through a 0.45 wm filter. HeLa229
cells were seeded in a 6 well plate and grown to 50% confluency
before infection. 5 jLg/ml Polybrene (Sigma) was added to virus
containing media. DMEM GlutaMAX (Gibco) supplemented
with 10% (v/v) Fetal Bovine Serum (FBS, RBS Thermo scientific)
was mixed with virus containing media in a 1:1 ratio before
being added to HeLa229 cells which were then centrifuged
at 1,500 rpm for 30 min at room temperature. Infected cells
were incubated for 48 h and then the tissue culture medium
was replaced with DMEM GlutaMAX (Gibco) supplemented
with 10% (v/v) Fetal Bovine Serum (FBS, RBS Thermo
scientific) containing 5pg/ml puromycin (Sigma). Infected
cells were selected with 5ug/ml puromycin for 3 passages
before use.

Mammalian Cell Culture

HEK293T, RAW264.7, HeLa229 and HeLa229 SEAP cells were
cultured in T75 cm? or T25 cm? tissue culture flasks (Corning) in
DMEM GlutaMAX (Gibco) supplemented with 10% (v/v) Fetal
Bovine Serum (FBS, RBS Thermo scientific) in a tissue culture
incubator under 5% CO; at 37°C. All cell lines were kept and
passaged to maximum of 40 times. HeLa229 cells, HeLa229 SEAP
cells and HEK293T cells were split when cells were grown to 80
to 90% confluency. When splitting cells, cells were washed two
times with 1 x PBS followed with 0.4 ml for T25 cm? flask or
1.0 ml for T75 cm? flask of 0.05% Trypsin-EDTA solution (Gibco,
Life Technologies) treatment for 1 min at 37°C. 0.05% Trypsin-
EDTA solution treated cells were resuspended with 10 ml of
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DMEM media supplemented with 10% FBS. RAW264.7 cells
were washed two times with 1 x PBS and detached from tissue
culture flasks with cell scrapers and diluted in fresh DMEM media
supplemented with 10% FBS.

Immunoblotting

Cells were collected and placed on ice, 1xKal-B cell lysis buffer
supplemented with protein inhibitors [50 mM Tris-HCI pH 7.4,
1mM EDTA, 150 mM NaCl, 1% Triton X-100, 10 mM NaF,
1mM PMSE 2mM Na3VOy, and 1 x EDTA-free Complete
protease inhibitor mixture (Roche)] was used to lyse harvested
cells. Collected samples were placed on ice for 30 min, with
pipetting up and down every 10min to complete lysis cells.
Cell lysates were pelleted at 13,000 rpm for 10min. 4 X
Bolt® LDS sample buffer (Life Technologies) and DTT (Astral
scientific) at a final concentration of 50 mM were added to
supernatants of samples and boiled at 70°C for 10 min. Boiled
samples were loaded on Bolt® 4-12% Bis-Tris Plus gels (Life
Technologies) and electrophoresis was performed according to
manufacturer’s instructions. Proteins were then transferred to
nitrocellulose membranes using iBlot® nitrocellulose transfer
stacks (Life Technologies) following manufacturer’s protocol.
Transferred nitrocellulose membranes were then blocked with
5% (w/v) skim milk in 1 x TBST buffer (20 mM Tris, 50 mM
NaCl, 0.1% (v/v) Tween-20, pH 8.0) at room temperature with
shaking at 60 rpm for 1h. Blocked membranes were washed
with 1 x TBST buffer 3 times, 5 min for each wash, before being
probed with primary antibodies as required at 4°C, shaking
at 60 rpm overnight. Primary antibodies are used as follows:
mouse monoclonal anti-GFP (1:2000 dilution) (Roche, Basel,
Switzerland), mouse monoclonal anti-Flag M2-HRP (1:2000
dilution, Sigma-Aldrich, St Louis, MO), or mouse monoclonal
anti-p-actin (1:5000 dilution, Sigma-Adrich, St Louis, MO), or
rabbit monoclonal anti-ArgGlcNAc (1:2000 dilution, Abcam,
Cambridge, UK). All primary antibodies were diluted in 5%
bovine serum albumin (Sigma-Aldrich) in 1 x TBST buffer.
Membranes were then washed 3 times, for 5min each, in 1 x
TBST at room temperature with shaking at 60 rpm. Secondary
antibodies, if required, were then incubated on membranes at
room temperature with shaking at 60 rpm for 1h. Secondary
antibodies used in this study were horseradish peroxidase (HRP)
conjugated anti-mouse (PerkinElmer), or HRP conjugated anti-
rabbit (Bio-Rad). All secondary antibodies were diluted at 1:3000
with 5% bovine serum albumin (Sigma-Aldrich) in 1 x TBST
buffer. Probed membranes were washed 7 times, for 5min
each, with 1 x TBST at room temperature with shaking at 60
rpm before being developed using ECL Prime Western blotting
reagent (Amersham Bioscience) according to manufacturer’s
instructions. Immunoblots were developed using the Amersham
Imager 680 blot and gel imager (GE Healthcare).

Transfection of HEK293T Cells

HEK293T cells were seeded in 24 well plates (Greiner
Bio-One) at a concentration of 1 x 10° cells per well
on a coverslip for immunofluorescence experiments or at
2 x 10° cells per well for secreted embryonic alkaline
phosphatase assays. For immunoprecipitation, HEK293T cells

were seeded in 10cm cell culture dishes (Greiner Bio-
One) at 4 x 10° cells per dish. Cells were seeded 1 day
before transfection. On the day of transfection, FuGENE 6
Transfection Reagent (Roche) was added into Op‘[i—MEM®
I (1x) in GlutaMAX(TM)-I (Gibco, Life Technologies) and
incubated for 5min at room temperature before mixed with
relevant plasmids according to manufacturers instructions.
Transfection mixtures were incubated for 20 min before added
to seeded cells. Transfected cells were placed in 37°C incubator
with 5% CO; for 18h incubation before harvesting for
other experiments.

Immunoprecipitation of Flag Tagged

Fusion Proteins

Harvested HEK293T cells were collected using 1 x KalB
buffer supplemented with protein inhibitors as described above.
Samples were placed on ice for 30 min, with pipetting up and
down every 10min, for complete cell lysis. Cell debris was
pelleted at 13,000 rpm for 10min at 4°C. Anti-Flag® M2
Magnetic Beads (Sigma-Aldrich) were washed 3 times, for 5 min
each with 1 x Kal-B buffer before being loaded with cell lysates.
Cell lysates were incubated with the beads with rotation at
4°C overnight. Flag-tagged proteins were eluted with 80 pl of
150 pg/ml Flag peptide (Sigma-Aldrich) with rotation at 4°C for
30 min. Eluted samples were processed for immunoblotting as
described above.

Secreted Embryonic Alkaline Phosphatase

Assay

For transfection on HEK293T cells, pSEAP vector was used
to co-transfect HEK293T cells with vectors expressing AnkX,
SseKs or their catalytic mutants following the transfection
method described above. 16h post transfection or infection,
200 pl DMEM GlutaMAX (Gibco) media was added to each
well to replace old media and the 24 well plate was put
back at 37°C with 5% CO; for a further 8h incubation. 24h
post transfection or infection, supernatants and cells lysates
were collected for processing using Phospha-Light™ SEAP
Reporter Gene Assay System (ThermoFisher Scientific) following
manufacturer’s instructions. Processed samples were plated on a
96-well white flat bottom plate and read via CLARIOstar Plus
(BMG LABTECH).

Infection of Mammalian Cell Lines

RAW264.7 cells were seeded in 24 well plates at a concentration
of 1 x 10° cells per well for cytometric bead array assay
1 day before infection. HeLa229 SEAP cells were seeded in
24 well plates at a concentration of 1 x 10° cells per well
1 day before experiment. Salmonella strains were inoculated
in LB broth with relevant antibiotics 1 day before infection
and grown at 37°C with shaking at 200 rpm overnight. On
the day of infection, Salmonella strains were sub-cultured at a
ratio of 1:100 in fresh LB broth with relevant antibiotics and
grown at 37°C with shaking at 200 rpm for 3.5h. ODggy of
different sub-cultures were recorded using a spectrophotometer
(SPECTRONIC™ 200, Thermo Scientific™) to estimate
bacterial density. Sub-cultured Salmonella was diluted 10-fold
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in DMEM GlutaMAX (Gibco) media and added into seeded
cells at a multiplicity of infection (MOI) of 10. The plates
were centrifuged at 1,500 rpm for 5min to synchronize the
infection and incubated at 37°C with 5% CO; for 30 min to
allow for invasion. The cells were then washed twice with 1
x PBS and incubated with fresh DMEM GlutaMAX (Gibco)
media supplemented with 100 pug/ml gentamicin and further
incubated at 37°C with 5% CO, for 1h. After 1h incubation,
the cells were washed twice with 1 x PBS and incubated with
fresh DMEM GlutaMAX (Gibco) media supplemented with
10 pg/ml gentamicin, and where necessary, a final concentration
of 1mM IPTG was added into the media. Infected cells were
incubated at 37°C with 5% CO, for various timepoints. For
infection on HeLa229 SEAP cells, the media was replaced
and 100 ng/ml doxycycline (Sigma) was used to induce SEAP
expression where necessary; for cytometric bead array assays,
the media was replaced on infected cells at 16 h post infection,
and supernatants were collected at 20 or 24h post infection
when required.

Intracellular Replication of Salmonella
Strains in HeLa229 SEAP and RAW264.7

Cells

Infection of HeLa229-SEAP and RAW264.7 cells with derivatives
of Salmonella SL1344 was carried out as described above.
Infected cells were collected for enumeration of bacteria at 2
and 24h post infection. Infected cells were washed twice in
PBS before being lysed for 5min in 250 wl 0.1% Triton X-
100 before been scraped and collected. Cell lysates were serially
diluted in PBS, and then plated on LB agar plates containing
50 wg/ml streptomycin. Plated LB agar plates were incubated
at 37°C overnight. Salmonella colonies were enumerated, and
the colony-forming units (CFU) were calculated for each
time point. Fold replication for each Salmonella strain was
determined by dividing CFU at 24 h post infection by CFU at 2h
post infection.

Immunofluorescence Microscopy

Cells grown on coverslips were fixed with 4% paraformaldehyde
in 1 x PBS for 10 min at room temperature at required time
points following transfection. Cells were permeabilized using
0.2% Triton X-100 in PBS for 3 min, and then blocked with 3%
BSA in 1 x PBS for 1 h. Primary antibodies were diluted at 1:200
in 3% BSA in 1 x PBS and cells were stained for 1h at room
temperature. Primary antibodies used for immunofluorescence
were: monoclonal anti-Flag M2 (Sigma-Aldrich), polyclonal
anti-Golgin 97 (Abcam, ab84830). The cells were then washed
3 times with 1 x PBS and incubated with fluorophore-
conjugated secondary antibodies as required and supplemented
with Hoechst stain (Sigma-Aldrich) for 1h at room temperature
in the dark. All secondary antibodies were diluted 1:2000 and
Hoechst stain was diluted 1:4,000 in 3% BSA in 1 x PBS.
Secondary antibodies used in this study were: Alexa Fluor 568
and Alexa Fluor 633 (Thermo Fisher Scientific). Samples were
then washed 3 times with 1 x PBS and mounted using Prolong

Gold mounting medium (Life Technologies). Confocal imaging
was performed using the Olympus FV1200 Confocal.

Golgi Disruption During Salmonella

Infection

HeLa229 cells seeded onto coverslips were infected with
derivatives of Salmonella SL1344. Samples were fixed with 4%
paraformaldehyde in 1 x PBS for 10 min at room temperature
at 20h post infection and prepared for immunofluorescence
analysis as described above. Primary antibodies used in this
experiment were: polyclonal anti-Golgin 97 (Abcam, ab84830),
and anti-Salmonella CSA-1 (BacTrace, 5310-0322); secondary
antibodies used were: Alexa Fluor 488 and Alexa Fluor 568
(Thermo Fisher Scientific).

Cytometric Bead Array Assay

RAW264.7 cells were infected with S. Typhimurium as above,
with cell culture media replaced at 16 h post infection to focus
on cytokine secretion at late stages of infection. Supernatants
from RAW264.7 cells infected with various Salmonella strains
were collected at 20 or 24 h post infection for analysis. Samples
were processed for analysis using Cytometric Bead Array
(CBA) Flex Sets (BD Biosciences) according to manufacturer’s
instructions. Samples were analyzed on the BD LSRFortessa™
cell analyzer.

RESULTS

SseK3 Glycosylates Rab1, Rab5, and
Rab11 During S. Typhimurium Infection

Using a mass spectrometry-based approach on total cell lysates,
we previously identified TNFR1 and TRAILR as targets of
SseK3 during Salmonella infection of RAW264.7 cells (Newson
et al.,, 2019). However, given that SseK3 exhibits strong Golgi
localization during Salmonella infection (Gunster et al., 2017),
we postulated that SseK3 may also target Golgi-associated
membrane proteins. To test this, we enriched membrane
fractions from Salmonella-infected RAW264.7 cells at 20 h post
infection, and digested these to produce peptides that were
then immunoprecipitated using an antibody that recognizes
Arg-GlcNAc and then analyzed by mass spectrometry. To
identify the Arg-GlcNAcylated targets of SseK3 we analyzed
the peptides immunoprecipitated from RAW264.7 cells
infected with S. Typhimurium AsseK12 and compared these
to RAW264.7 cells infected with S. Typhimurium AsseK123.
This approach revealed Arg-GlcNAcylation of previously
identified SseK3 targets, TRAILR (Tnfrsfl0b) and TNFRI1
(Tnfrsfla) (Newson et al., 2019), as well as novel host and
bacterial protein Arg-GlcNAcylation events (Figure 1A,
Supplementary Tables 1,2). Consistent with the Golgi
localization of SseK3, the Arg-GlcNAcylated targets identified
were enriched for GO terms associated with Golgi-related
biological processes including “ER to Golgi vesicle- mediated
transport”, “Golgi vesicle transport” and “Retrograde transport,
endosome to Golgi” (Figure 1B, Supplementary Table 3).
Among the Golgi-related targets identified were several Rab
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FIGURE 1 | Enrichment of peptides Arg-GlcNAcylated by SseK3 derived from the insoluble fraction of Saimonella-infected RAW264.7 cell lysates. Arg-GlcNAcylated
peptides were enriched and immunoprecipitated from the insoluble fraction of RAW264.7 cells infected with S. Typhimurium SL1344 AsseK12 or S. Typhimurium
SL1344 AsseK123. (A) The volcano plot depicts the mean ion intensity peptide ratios of AsseK72 vs. AsseK123 plotted against the -logarithmic student t-test
p-values from biological triplicate experiments. Arg-GlcNAcylated peptides with a fold change > 2 and a p <0.05 are highlighted. Peptides are labeled by their gene
names followed by the location of the Arg-GlcNacylated arginine. Arg-GlcNAcylated peptides from the host cell are highlighted in red; Methionine oxidized
Arg-GIcNAcylated peptides from host cell are highlighted in yellow; Arg-GlcNAcylated peptides from Salmonella are highlighted in blue. (B) Bar chart of enrichment
analysis of GO-terms (Biological processes) associated with Arg-GlcNAcylated peptides compared to all observed peptides from immunoprecipitation experiments.
Fisher’s exact enrichment analysis demonstrates the over-representation of Golgi-associated processes with Arg-GlcNAcylated proteins in the insoluble membrane

GTPases, including Rabl, Rab5, and Rabll (Figure 1A,
Supplementary Tables 1, 2).

Rab GTPases are master regulators of intracellular vesicle
transport. Rab5 and Rabl1 are regulators of early endosomes
and recycling endosomes respectively; while Rabl mediates
vesicle transport from the ER to Golgi and can be found
on Golgi membranes (Zhen and Stenmark, 2015; Prashar
et al, 2017). To confirm that Rabs are modified by SseK3,
we co-transfected HEK293T cells with 3xFlag-tagged Rabla,
Rab5a/b/c or Rabllb and GFP tagged SseK3, and then
performed anti-Flag immunoprecipitation and subsequent
immunoblot analysis using Arg-GlcNAc antibodies. GFP or
the catalytically inactive glycosyltransferase motif mutant
GFP-SseK3pxp were used as controls. We found that
SseK3 does modify human Rabla (Figure2A), Rab5a/b/c
(Figure 2B) and Rab11b (Figure 2C) with GIcNAc in transfected
mammalian cells.

Site-Directed Mutagenesis of Human Rab1
Confirms SseK3 Modifies Arg74, Arg82,
and Arg111

Our mass spectrometry analysis revealed three different SseK3-
mediated modification sites within Rabl (corresponding to
Arg74, Arg82, and Arglll in Rabla), whereas SseK3 modified

single arginine residues in Rab5 and Rabll respectively
(Figure 1A, Supplementary Tables 1, 2). Strikingly, two of the
Rabl modification sites were located in the 74RTITSSYYRg,
peptide within the catalytic switch II region (Figure 3A).
In contrast, the Rab5 and Rabll modification sites were
not located in this region, occurring on Argl20 in the third
a-helix and Arg4 at the N-terminus respectively, and the
roles of these residues in Rab activity are unknown. The
switch II region of Rabl is a hotspot for post-translational
modifications by different bacterial effectors to regulate Rabl
activity (Muller et al., 2010; Mukherjee et al, 2011; Wang
et al, 2018). The Rab switch II region, in addition to the
switch I region is involved in nucleotide binding, and shift
from being unfolded in the GDP-bound state to adopting
well-defined conformations in the GTP-bound state to allow
for Rab interactions with host effector proteins (Zhen and
Stenmark, 2015). Given the importance of the switch II region,
we focussed on Rabla modification by SseK3. To confirm the
SseK3 modification sites within Rabla, we mutated the arginine
residues of interest to alanines, which cannot be GlcNAcylated.
Individual 3xFlag-tagged Rabl mutants were co-expressed in
HEK293T cells with GFP-tagged SseK3 and then subjected
to Flag immunoprecipitation and immunoblot analysis. We
found mutation of the arginine residues individually did not
significantly impact Arg-GlcNAcylation of Rabl by SseK3
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FIGURE 2 | SseK3 modifies Rab1, Rab5, and Rab11 in co-transfected HEK293T cells. pEGFP-C2, pEGFP-C2-SseK3 or pEGFP-C2-SseK3pxp were co-transfected
with either p3xFlag-Rab1a (A), p3xFlag-Rab5a/b/c (B), or p3xFlag-Rab11b (C) into HEK293T cells before 3xFlag-tagged proteins were immunoprecipitated. Input
and immunoprecipitate (IP) were subjected to immunoblot analysis with anti-ArgGlcNAc, anti-Flag M2-HRP, anti-GFP or anti-B-actin antibodies. Representative
immunoblots of at least 3 independent experiments.

(Figure 3B). Mutating two residues at a time had a modest
effect on blocking modification and mutating all of Arg74,
Arg82, and Arglll resulted in complete abrogation of Rabla
Arg-GlcNAcylation, suggesting SseK3 modifies each of these
three arginine residues (Figure 3B). Rablapysars2a was less
efficiently modified by SseK3 compared to the other double site
mutants, suggesting SseK3 may preferentially modify these two
arginine residues located within the critical switch II region
of Rabla (Figure3B). We then examined the intracellular
localization of 3xFlag-tagged Rabla arginine mutants by
confocal microscopy. 3xFlag-tagged Rabla or arginine mutants
were expressed in HEK293T cells before the cells were stained
with anti-golgin-97 antibodies for immunofluorescence
analysis. 3xFlag-Rabla showed a staining pattern consistent
with Golgi localization (Supplementary Figure 1). All other
mutants showed similar localization patterns, other than those
containing a mutation of Arg82 (Supplementary Figure 1).

All of 3xFlag-Rablapgya, 3xFlag-Rablapysarsaa, 3xFlag-
Rablaggrariiia and 3xF1ag-Rab larR74AR82ARI11A Were instead
expressed throughout the cell (Supplementary Figure 1).

SseK3 Modifies Both GTP-Bound and
GDP-Bound Rab1

Rab GTPases cycle between a GTP-bound active state and
GDP-bound inactive state to mediate different steps of
vesicle trafficking. The Rab switch regions undergo major
conformational changes depending on the nucleotide binding
state (Pfeffer, 2005). These changes may influence the ability of
effectors to bind and modify the Rabs. For example, the Legionella
glucosyltransferase effector, SetA preferentially modifies GDP-
bound Rabl (Wang et al., 2018), and an endogenous Rabl
regulator, TAK1, also preferentially phosphorylates the GDP-
bound form of Rabl (Levin et al., 2016). Thus, we explored
whether SseK3 exhibited a preference for GTP-bound or
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FIGURE 3 | SseK3 modifies Arg74, Arg82, and Arg111 within Rab1a and has no preference for GTP-bound or GDP-bound Rab1a. (A) Amino acid sequence of
Rab1a containing the arginine residues modified by SseK3 (highlighted in red) and the Rab1 switch Il region (underlined). (B) GFP-SseK3 was co-expressed with
3xFlag tagged Rab1a arginine site-directed mutants in HEK293T cells. Flag-immunoprecipitation was performed on the cell lysates with subsequent immunoblot
analysis using anti-ArgGIcNAc, anti-Flag M2-HRP, anti-GFP or anti-B-actin antibodies. Representative immunoblots of at least 3 independent experiments. (C) GFP or
GFP-SseK3 together with 3xFlag tagged Rab1a or Rab1a nucleotide binding state mutants (active-state mimetic Rab1aqyoL, or constitutively inactive GDP-bound
Rab1aspsn) were co-expressed in HEK293T cells by transfection. 3xFlag tagged proteins were immunoprecipitated for immunoblot analysis with anti-ArgGIcNAGc,
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GDP-bound Rabla. A constitutively inactive 3xFlag-tagged
GDP-bound Rablagysy (Nuoffer et al,, 1994) or active-state
mimetic Rablagyor, (Tisdale et al, 1992) were co-transfected
with GFP-SseK3 into HEK293T cells before being subjected
to Flag-immunoprecipitation and immunoblot analysis.
No significant difference in Arg-GlcNAc modification was
observed among Rabla, Rablasysn or Rablagyor, (Figure 3C).
Thus, modification of Rabla by SseK3 was independent
of the Rabla nucleotide binding state. In this way, SseK3
functions differently in comparison to the endogenous
Rabl regulator TAK1, or the glucosyltransferase bacterial
effector, SetA.

SseK2 and SseK3 Co-localize With Rab1 at
the Golgi

We next investigated the cellular localization of Rabla in the
presence of the SseKs. GFP, GFP-SseK1, GFP-SseK2, GFP-SseK3
or their catalytically inactive mutants were co-expressed with
3xFlag-tagged Rabl in HEK293T cells before the cells were
stained with anti-golgin-97 antibodies for immunofluorescence
analysis. 3xFlag-Rabla showed a Golgi-associated staining
pattern in all samples tested, while both GFP and GFP-SseK1
were expressed throughout the cell (Figure 4A). Consistent with
previous findings, GFP-SseK3 also localized to the Golgi in
HEK293T cells (Figure 4A) (Gunster et al., 2017). Furthermore,
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FIGURE 4 | SseK2 modifies Rab1a and both SseK2 and SseK3 co-localize with Rab1a at the Golgi. (A) The intracellular localization pattern of 3xFlag-Rab1a was
examined in the presence of GFP, GFP-SseK1, GFP-SseK2, GFP-SseK3 and their catalytically inactive mutants by confocal microscopy in transfected HEK293T cells.
Anti-golgin-97 and anti-Flag antibodies were used to identify the Golgi and recombinant 3xFlag-Rab1a respectively. White boxes highlight Golgi that are shown
enlarged. Representative immunofluorescence fields of at least 3 independent experiments (B) SseK2 also modifies Rab1a with Arg-GIcNAc. pEGFP-C2,
PEGFP-C2-SseK2 or pEGFP-C2-SseK2pxp were co-transfected with p3xFlag-Rab1a into HEK293T cells before 3xFlag-tagged proteins were immunoprecipitated.
Input and immunoprecipitate (IP) were subjected to immunoblot analysis with anti-ArgGIcNAc, anti-Flag M2-HRP, anti-GFP or anti-B-actin antibodies.

we observed that GFP-SseK3pxp also localized to the Golgi
with 3xFlag-Rabla, indicating localization was independent of
Arg-GlcNAcylation activity (Figure 4A).

SseK2 also localizes to the Golgi during Salmonella infection
(Gunster et al, 2017), and may therefore share targets with
SseK3. We found that SseK2 and Rabla also co-localized at
the Golgi, and this was also independent of SseK2 catalytic

activity (Figure 4A). This suggested that SseK2 may also target
Rabla for Arg-GlcNAcylation. Flag-immunoprecipitation
and immunoblot analysis confirmed Arg-GlcNAcylation of
3xFlag-Rabla by GFP-SseK2 in co-transfected HEK293T
cells (Figure 4B).

Inhibition of Rabl can lead to disruption of the Golgi (Dong
et al.,, 2012). In our co-transfection studies we did not observe
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FIGURE 5 | SseKa inhibits the secretion of alkaline phosphatase in transfected HEK293T cells and during Salmonella infection. (A) pSEAP was co-transfected with
mammalian expression vectors expressing GFP, 3xFlag, 3xFlag-AnkX, GFP-SseK1, GFP-SseK2, GFP-SseK3 or their catalytic mutants into HEK293T cells.
Supernatants and cell lysates were then analyzed for alkaline phosphatase activity. Secretory activity was calculated as alkaline phosphatase activity in the
supernatants divided by total alkaline phosphatase activity, which includes alkaline phosphatase activity in both supernatants and cell lysates. These were then
normalized to the GFP expressing sample. Results are mean + SD of three independent experiments performed in duplicate. ***P < 0.0001, **P < 0.01; unpaired,
two-tailed t-test. (B) HeLa229 cells stably expressing SEAP were infected with various Saimonella SL1344 strains. The cell culture media was replaced at 16 h post
infection, and infection allowed to proceed for a further 8 h. Supernatants and cell lysates were analyzed for alkaline phosphatase activity at 24 h of infection. Secretory
activity was calculated as alkaline phosphatase activity in the supernatants divided by total alkaline phosphatase activity, normalized to uninfected cells. Results are
mean + SD of three independent experiments performed in duplicate. *P < 0.05; unpaired, two-tailed t-test.

Golgi disruption (Figure 4A). However, we also examined the  was not to the level of inhibition mediated by active SseK2 and
Golgi in cells that were not overexpressing Rab1, and found that ~ SseK3 (Figure 5A).

after 20 h of infection with wild type S. Typhimurium SL1344, We next explored whether SseK2 and SseK3 inhibited host
15% of infected cells showed Golgi disruption, but this was  protein secretion during S. Typhimurium SL1344 infection. A
independent of SseK2 or SseK3 (Supplementary Figure 2). SEAP expressing HeLa229 reporter cell line was constructed and

infected with derivatives of S. Typhimurium before a SEAP assay

- . . was performed. To analyse protein secretion at a timepoint when
SseKa3 Inhibits Host Protein Secretion SseK2 and SseK3 are likely to be active, the cell media was

During Transfection and S. Typhimurium changed at 16 h post infection, and infection allowed to proceed

Infection for a further 8 h before SEAP analysis at 24h post infection.
As Rab1 mediates vesicle transport from the ER to Golgi early in ~ Wild type S. Typhimurium SL1344-infected cells showed similar
the secretory pathway, we explored the functional consequences  levels of SEAP secretion compared to uninfected cells. Complex
of Arg-GlcNAcylation on Rabl activity by testing whether the — manipulation of host signaling pathways occurs during infection,
SseK family of proteins inhibited host protein secretion. We  thus SL1344 infection may simultaneously activate and interfere
employed secreted embryonic alkaline phosphatase (SEAP) as ~ with host cell protein secretion. In support of this, modest
a reporter to examine the activity of the secretory pathway in  increases in SEAP secretion were observed from cells infected
transfected cells. AnkX, a Legionella effector which significantly ~ with either ASPI-2 or AsseK23 Salmonella strains compared to
inhibits SEAP secretion (Mukherjee et al., 2011), was adopted  cells infected with S. Typhimurium SL1344 or uninfected cells
as a positive control for the assay. Vectors expressing 3xFlag,  (Figure 5B). However, SEAP secretion returned to the levels
3xFlag-AnkX, GFP, GFP-SseK1, GFP-SseK2, GFP-SseK3 or their observed for SL1344-infected cells only upon complementation
catalytically inactive DXD motif mutants were co-transfected ~— of AsseK23 with SseK3, and not SseK2 when over-expressed
into HEK293T cells with a SEAP expressing vector. As expected, ~ from a plasmid (Figure 5B). Hence, although both SseK2 and
expression of 3xFlag-AnkX significantly inhibited the secretionof =~ SseK3 robustly inhibited the secretion of SEAP when transfected
SEAP in comparison to cells expressing 3xFlag only (Figure 5A).  into cells, we were unable to confirm a role for SseK2 in
Expression of either GFP-SseK2 or GFP-SseK3 significantly  inhibition of the host cell secretory pathway in the context of
inhibited the secretion of SEAP compared to GFP or GFP-SseK1  infection, and SseK3 had only a modest impact on SEAP secretion
expressing cells (Figure 5A). Catalytically inactive SseK2 and  during Salmonella infection. To control for bacterial numbers
SseK3 also partially inhibited the secretion of SEAP; however, this ~ in these experiments, we examined intracellular replication of
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FIGURE 6 | SseK3 does not inhibit the secretion of cytokines during Saimonella infection of RAW264.7 cells. Supernatants from RAW264.7 cells infected with wild
type, ASPI-2, AsseK23, AsseK23 (pSseK2), or AsseK23 (pSseK3) S. Typhimurium SL1344 strains were collected for cytometric bead array analysis. After 16 h of
infection, the cell culture media was changed, and supernatants were collected at 20 or 24 h post infection. Concentrations of cytokines in supernatants were
determined based on fluorescence intensities from PE conjugated beads by flow cytometry compared to a standard curve and represented as pg/ml. Results are
mean + SD of three independent experiments performed in duplicate. *P < 0.05, **P < 0.01; unpaired, two-tailed t-test.

S. Typhimurium SL1344 and its derivatives and found that
compared to wild type SL1344, only the SPI-2 mutant showed
significantly impaired replication in the HeLa229 SEAP cell line
(Supplementary Figure 3A).

Effect of SseK3 on Cytokine Secretion
During Infection of RAW264.7 Cells

Given their potential effect on host cell protein export, we next
explored whether SseK2 or SseK3 inhibited cytokine secretion
during Salmonella infection. RAW264.7 cells were infected with
wild type S. Typhimurium SL1344 or mutant derivatives for 16 h
before the cell culture media was changed and then supernatants
were collected and analyzed for cytokine levels at 20 and 24h
post infection using a cytometric bead array. Replication of the
strains at 24 h post infection was also examined, with only the
SPI-2 mutant showing impaired replication in RAW264.7 cells
(Supplementary Figure 3B). Compared to uninfected cells, S.
Typhimurium SL1344 infection resulted in increased cytokine
secretion at both 20 and 24h post infection (Figure6). In
contrast to the SEAP assay, ASPI-2 infection of RAW264.7 cells
resulted in less IL-la, IL-6 and GM-CSF cytokine secretion

compared to wild type-infected samples at 24h of infection
and no significant differences were observed between wild type
SL1344 and AsseK23 infected cells (Figure 6). A reduction in
IL-1o0 and GM-CSF secretion was observed when SseK3 was
over-expressed in the AsseK23 mutant compared to SL1344-
infected cells, but not when compared to AsseK23-infected cells
(Figure 6). In summary, during infection SseK3 appeared to have
a greater effect on Rabl-dependent host protein secretion than
SseK2, but overall SseK3 had only a marginal influence on the
secretion levels of some cytokines when overexpressed.

DISCUSSION

Rab GTPases are well known for their role in mediating
endocytosis and exocytosis as well as other intracellular
membrane trafficking events. Many bacterial pathogens
including Salmonella hijack Rab-dependent pathways to
facilitate infection (Spano and Galan, 2018). For example,
maturation of the SCV requires participation of several key
intracellular vesicle transport regulators, including Rab5, Rab7,
and Rabll (Knodler and Steele-Mortimer, 2003; Brumell and
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Grinstein, 2004; Smith et al., 2005). Upon invasion, Salmonella
modulates Rab recruitment to the SCV in a SPI-1-dependent
manner (Smith et al., 2007). Rab5 is recruited to the SCV by the
SPI-1 effector SopB, which is a phosphoinositide phosphatase
(Mallo et al., 2008), while another SPI-1 effector, SopE, functions
as a guanine exchange factor (GEF) for Rab5 and promotes the
formation of GTP-bound active Rab5 on the SCV (Mukherjee
et al., 2001). The enhanced retention of active Rab5 on the
SCV is hypothesiszed to promote fusion with early endosomes
and prevent trafficking to mature lysosomes (Parashuraman
and Mukhopadhyay, 2005; Madan et al., 2008). Rabll is also
recruited to early SCVs following Salmonella invasion, and is
involved in SCV maturation but is not essential for replication
(Smith et al., 2005, 2007). Many studies of Rab manipulation
by Salmonella focus on early time points of infection before
the complete repertoire of SPI-2 effectors are expressed and
translocated into host cells. Less is known about the impact of
Salmonella on the host endosomal pathway at later stages of
infection, although two SPI-2 effectors, SopD2 and GtgE are
known to target Rabs including Rab32. SopD2 functions as a
GTPase activating protein (GAP) for Rab32 (Spano et al., 2016)
while GtgE is a cysteine protease that cleaves Rab32 (Spano
and Galan, 2012, 2018; Wachtel et al., 2018). Together, these
effectors inhibit recruitment of Rab32 to the SCV and subsequent
Rab32-mediated control of replication (Spano and Galan, 2012;
Spano et al., 2016).

In this study, we identified Rabl, Rab5, and Rabll as
host targets of the SPI-2 effector, SseK3 during Salmonella
infection. These targets were identified by mass spectrometry
and confirmed by immunoblot of ectopically expressed Rabs
immunoprecipitated from HEK293T cells co-expressing SseK3.
Using a SEAP reporter assay we found SseK3 impaired host
protein secretion in transfected cells and modestly reduced
secretion levels during Salmonella infection, suggesting Arg-
GlcNAcylation of Rabl by SseK3 at least partially blocked
Rabl activity. However, SseK3 did not appear to reduce the
secretion of selected cytokines during Salmonella infection when
expressed and translocated at native levels. Interestingly, inactive
SseK3pxp and SseK2pxp also partially inhibited SEAP secretion
in transfected cells, but the reason for this is unclear.

While this study was under review, another group also
reported that Rab1 is Arg-GlcNAcylated by SseK3 (Meng et al.,
2020). In contrast to our work, Meng et al. concluded that SseK3
did inhibit cytokine secretion during infection, while the impact
of SseK2 on Rab1 and host protein secretion was not examined
(Meng et al., 2020). Whereas Meng et al. performed infections
with a triple mutant of S. Typhimurium SL1344 lacking all of
sseK1, sseK2 and sseK3, we used a double sseK2/sseK3 mutant for
our studies. Given that the strains we used retained SseK1, which
together with SseK3 can inhibit inflammatory signaling through
TNFRI (Gunster et al., 2017; Newson et al., 2019), differences in
the results observed by Meng et al. compared to our study could
be due to altered cytokine expression levels due to the presence
or absence of SseK1 (Meng et al., 2020). Thus, the SEAP reporter
was a more direct measure of the ability of SseK3 to block the
host cell secretory pathway as its expression was not influenced
by inflammatory signaling. Although a previous study aimed at

discovering Salmonella effector proteins that interact with host
exocytic pathway failed to identify SseK2 and SseK3 as inhibitors
of SEAP secretion, (Perrett and Zhou, 2013), this may have been
due to insufficient expression of SseK2 and SseK3, which was
not determined.

Two Rabl-targeting SPI-2 effectors, SseF and SseG, were
recently reported to inhibit host autophagy during infection
by abolishing Rabl activation, indicating Rabl is targeted
by Salmonella once the SCV is established (Feng et al,
2018). It is not surprising that Salmonella employs multiple
effectors to modulate different Rabl-related host cell events,
considering intracellular pathogens need to counteract multiple
host cell defense pathways. Previous studies on Legionella
provide a good example of how intracellular pathogens utilize
different effectors to modulate Rabl, even with contradictory
impacts. During Legionella infection, spatio-temporal regulation
of Rab1 activity is achieved largely via several post-translational
modifications. For example the Legionella Dot/Icm effector
SidM/DrrA AMPylates Tyrgy of Rabl to retain it in the GTP-
bound active state; while this post-translational modification
is reversed by another effector, SidD (Muller et al, 2010;
Mukherjee et al., 2011; Tan and Luo, 2011). Another Legionella
effector, AnkX modifies Ser;o with a phosphocholine moiety
and this modification is eliminated by a dephosphorylcholinase
effector, Lem3 (Tan et al, 2011). Furthermore, a Legionella
glucosyltransferase effector SetA modifies Thr;s of Rabl with
a glucose molecule and thus limits GTPase activity (Wang
et al., 2018). Interestingly, most sites on Rabl targeted for
post-translational modification by different bacterial effectors,
as well as the endogenous Rabl regulator TAK1 (Levin
et al, 2016), are located within the 74RTITSSYYRg, peptide
of the switch II region, highlighting the susceptibility of this
region to attack and/or regulation. Notably, we found SseK3
modified three different arginine residues in Rabla, Arg74,
Arg82 and Arglll, two of which were located within the
Rabl switch II region. Meng et al. identified the same SseK3-
mediated Arg-GIcNAc modification sites within Rabl, and an
additional modification at Arg72 when SseK3 was expressed
from a multi-copy plasmid during S. Typhimurium infection
(Meng et al., 2020).

We did not directly examine the activity of Arg-GlcNAc
modified Rabl in this study, however Meng et al. reported
that SseK3-modified Rabl had reduced GTPase activity,
impaired interaction with binding partners and the membrane
cycling of Rabl was also perturbed (Meng et al, 2020).
Our observations that SseK3 modified Rabl regardless of its
nucleotide binding state was also supported by Meng et al.
(2020) and suggests that Arg-GlcNAc modified Rabs may also
be present in the soluble fraction of S. Typhimurium-infected
cells, as GDP-bound Rabs are not membrane bound (Zhen and
Stenmark, 2015; Prashar et al., 2017). Indeed, we previously
identified Arg-GlcNAc modified peptides from Rabl and Rab5
in total cell lysates from RAW246.7 cells infected with S.
Typhimurium AsseK12, although the modified Rab peptides
were either not detected in all three biological replicates or
were detected at lower levels compared to TNFRI and TRAILR2
(Newson et al., 2019).
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Similar to Meng et al., we found that SseK3 and SseK2
exhibited Golgi-associated localization with Rabla, but that
this was independent of Arg-GlcNAc activity. SseK3 localized
to the cis-Golgi independently of its catalytic motif, with
localization mediated by a polybasic region within SseK3 that
binds phospholipids (Meng et al., 2020). However, whereas
Meng et al. reported that ectopic expression of SseK3 caused
fragmentation of the Golgi (Meng et al,, 2020), we did not
observe altered Golgi morphology when either SseK2 or SseK3
were translocated at native levels during S. Typhimurium
infection. Thus the observations by Meng et al. could be
artifacts of SseK3 over-expression, making the physiological
relevance of SseK3-mediated Golgi disruption during infection
unclear (Meng et al., 2020). This may also suggest that Rabl
is not a primary target of SseK3 during infection, or that
levels of non-modified Rabl are still sufficient to maintain
Golgi structure. Notably, no host or pathogen factors have been
reported to reverse Arg-GlcNAcylation (Scott et al., 2017). As
such, the impact of Arg-GlcNAc modification on intracellular
vesicle transport could still be significant over time even when
only a small portion of target protein is modified. Further
work is required to examine the effect of SseK3 on Rab5 or
Rabll function, as they may be preferred targets of SseK3
during S. Typhimurium infection. Interestingly, Meng et al.
did not report Rab5 or Rabll as significant targets of SseK3
during infection. Discrepancies between the targets of SseK3
identified may be due to the different approaches and cell
lines used. Our Arg-GlcNAc pulldowns were performed on
insoluble fractions of infected RAW246.7 cells, while Meng et al.
identified modified proteins in cell lysates from transfected or
infected HEK293T cells, or infected HeLa, iBMDM or MEF cells
(Meng et al., 2020).

In addition to Rabl, Rab5, and Rabll, we identified
several Salmonella proteins that were Arg-GlcNAcylated by
SseK3 during infection, including the transcription termination
factor Rho and a two-component regulatory system factor,
RstA. The consequences of these modifications have not
been investigated here, however it is worthwhile noting that
NleB of enterohaemorrhagic and enteropathogenic E. coli
and C. rodentium also have intra-bacterial Arg-GlcNAcylation
activity, and this impacts bacterial survival in oxidative
stress conditions (El Qaidi et al., 2020). NleBl, SseKl,
and SseK3 also perform auto-Arg-GlcNAcylation, and this
is required for activity against death domain protein targets
(Xue et al., 2020).

In summary, we found that the Salmonella glycosyltransferase
effector SseK3 modified Rabl, Rab5, and Rabll during
Salmonella infection. SseK3 targeted critical arginine residues in
the switch II region of Rabl, thereby influencing host cell protein
secretion during infection. Hence, in addition to its role in
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The intracellular bacterial pathogen Legionella pneumophila employs bacteria-derived
effector proteins in a variety of functions to exploit host cellular systems. The
ubiquitination machinery constitutes a crucial eukaryotic system for the regulation
of numerous cellular processes, and is a representative target for effector-mediated
bacterial manipulation. L. pneumophila transports over 300 effector proteins into host
cells through its Dot/lcm type IV secretion system. Among these, several effector proteins
have been found to function as ubiquitin ligases, including unprecedented enzymes
that catalyze ubiquitination through unconventional mechanisms. Recent studies have
identified many L. pneumophila effector proteins that can interfere with ubiquitination.
These effectors include proteins that are distantly related to the ovarian tumor protein
superfamily described as deubiquitinases (DUBs), which regulate important signaling
cascades in human cells. Intriguingly, L. pneumophila DUBs are not limited to enzymes
that exhibit canonical DUB activity. Some L. pneumophila DUBs can catalyze the
cleavage of the unconventional linkage between ubiquitin and substrates. Furthermore,
novel mechanisms have been found that adversely affect the function of specific ubiquitin
ligases; for instance, effector-mediated posttranslational modifications of ubiquitin ligases
result in the inhibition of their activity. In the context of L. pneumophila infection, the
existence of enzymes that reverse ubiquitination primarily relates to a fine tuning of
biogenesis and remodeling of the Legionella-containing vacuole as a replicative niche.
The complexity of the effector arrays reflects sophisticated strategies that bacteria have
adopted to adapt their host environment and enable their survival in host cells. This
review summarizes the current state of knowledge on the divergent mechanisms of the
L. pneumophila effectors that can reverse ubiquitination, which is mediated by other
effectors as well as the host ubiquitin machinery.

Keywords: Legionella, deubiquitinases, ubiquitin, effectors, metaeffectors, type IV secretion, Legionella-
containing vacuoles, membrane traffic
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Kitao et al.

Divergence of Legionella DUBs

INTRODUCTION

Ubiquitination is one of the most versatile posttranslational
modifications found in eukaryotic cells, and it controls a wide
array of cellular processes (Hershko and Ciechanover, 1998;
Hochstrasser, 2009). Legionella pneumophila, the causative agent
for Legionnaires’ disease, which is a severe form of pneumonia,
employs diverse strategies to utilize or modulate its hosts
ubiquitin system for its own benefit (Hubber et al., 2013; Lin
and Machner, 2017; Qiu and Luo, 2017a,b; Kubori et al., 2019).
This bacterium transports a vast array of effector proteins into
the host cell cytosol via the type IV secretion system (T4SS),
which is encoded by dot/icm genes in the bacterial genome
(Nagai and Kubori, 2011; Kubori and Nagai, 2016; Galdn and
Waksman, 2018). Using the effector proteins, L. pneumophila
establishes a replicative organelle called the Legionella-containing
vacuole (LCV), counteracts host immune defense, and survives
and replicates in host cells (Isberg et al, 2009; Hubber and
Roy, 2010; Asrat et al., 2014). The LCV originates from the
plasma membrane-derived phagosome, and is remodeled into
an endoplasmic reticulum (ER)-associated compartment. In this
way, the LCV co-opts several host factors to facilitate the
recruitment and fusion of ER-derived vesicles by intercepting
membrane traffic between the ER and the Golgi apparatus (Asrat
et al.,, 2014; Hilbi et al., 2017). It has been shown that LCVs
are highly decorated with ubiquitin through the Dot/Icm T4SS-
dependent process, and a significant amount of ubiquitinated
proteins are degraded by the host proteasome (Dorer et al.,
2006). One possible explanation for ubiquitin accumulation on
the bacterial vacuoles is that degraded ubiquitinated proteins
serve as a source of nutrition for bacterial proliferation (Price
et al.,, 2011). On the other hand, it has been well established that
ubiquitinated proteins in cytosolic bacteria or bacterial vacuoles
are readily recognized by host immune systems, including
pathogen-associated selective autophagy, the commonly named
xenophagy (Perrin et al., 2004).

Interestingly, recent studies have discovered that L.
pneumophila deploys a novel form of ubiquitination to
establish LCV biogenesis (Figure 1). SidE, SdeA, SdeB, and
SdeC are paralogues, known as the SidE family of proteins
(SidEs). SdeA, SdeB, and SdeC are encoded in the same locus
on the L. pneumophila chromosome, while SidE is encoded
in a separate locus (Figure 1A). SidEs catalyze the ubiquitin
ligation of host proteins with no requirement of E1 and E2
enzymes, which are essential for canonical ubiquitination (Qiu
et al., 2016; Kotewicz et al., 2017). The reaction proceeds in two
steps: first, a mono ADP-ribosyl transferase (mART) domain of
SidE covalently attaches the ADP-ribose moiety of the cofactor
nicotinamide adenine dinucleotide to the Arg42 residue of
ubiquitin, resulting in the formation of an ADP-ribosylated
ubiquitin (ADPR-Ub) intermediate. Then ADPR-UD is catalyzed
by a phosphodiesterase (PDE) domain of SidE to release AMP,
resulting in the conversion to phospho-ribosylated ubiquitin
(PR-UDb), which can attach to the serine residue of a substrate
(Figure 1B). The substrates for PR-ubiquitination include
reticulon 4 (RTN4) (Kotewicz et al., 2017) and Rab33b (Qiu
et al,, 2016). RTN4 is an ER-associated protein that regulates the

dynamics of tubular ER (English et al., 2009). This protein is
recruited to the LCV depending on the Dot/Icm T4SS (Haenssler
et al., 2015; Kotewicz et al., 2017; Steiner et al., 2017). The
enzymatic activity of SidEs is responsible for RTN4 recruitment
to the LCV (Kalayil et al, 2018), and for ER remodeling as
mediated by RTN4, which facilitates the initial step of LCV
biogenesis (Figure 2) (Kotewicz et al., 2017). Rab33b is a small
GTPase that is involved in retrograde transport from the Golgi
apparatus to the ER (Starr et al, 2010). These mechanisms
suggest that PR-ubiquitination mediated by SidEs is a key event
in LCV formation.

Analyses of several L. pneumophila effector proteins have
revealed a multi-tiered functional interaction among them. A
class of proteins called metaeffectors has emerged; these are
effectors that regulate other effectors (Kubori et al, 2010;
Havey and Roy, 2015; Jeong et al., 2015; Urbanus et al,
2016; Shames et al., 2017; Valleau et al., 2018). In addition
to the effector/metaeffector pairs, L. pneumophila possesses
effector pairs with opposing activities against the same targets
(Neunuebel et al., 2011; Tan and Luo, 2011; Tan et al., 2011).
The existence of the effector/metaeffector and agonist/antagonist
pairs provides another layer for the bacterial regulation of
cellular processes. By utilizing metaeffectors, bacteria can finely
regulate the activity of effectors in a temporal and spatial
manner inside their host cells, striking a balance between
perturbing cellular functions and maintaining a replicative
niche (Kubori and Nagai, 2011; Hilbi et al., 2017). The first-
identified metaeffector, LubX, is an E3 ubiquitin ligase that
polyubiquitinates another L. pneumophila effector, SidH, and
subjects it to proteasomal degradation (Kubori et al., 2008, 2010).
Current knowledge indicates that, L. pneumophila possesses
at least 10 proteins that have ubiquitin ligase activity (Qiu
and Luo, 2017a), and a significant number of proteins have
been inferred to function as deubiquitinases (DUBs), which
have been rarely identified in other bacteria (Kubori et al,
2019). In this review, we highlight the fascinating role that L.
pneumophila effectors play in reversing both conventional and
unconventional ubiquitination in various ways to accomplish
intracellular survival.

SidE FAMILY PROTEINS (SidE, SdeA, SdeB,
AND SdeC)

Sheedlo et al. utilized the suicide inhibitor of DUBs, the
hemagglutinin-tagged ubiquitin vinyl methyl ester (HA-Ub-
VME), which can form a covalent linkage with an active site of
DUBs, to isolate L. pneumophila proteins that have potential DUB
activity from bacterial lysates, which led to the first discovery
of the L. pneumophila DUB, SdeA (Sheedlo et al., 2015). The
crystal structures of the SdeA DUB module (SdeApuyg), both
alone and in complex with Ub-VME, indicate that SdeA possesses
a Cys-His-Asp catalytic triad. This triad is commonly found
in the bacterial cysteine proteases belonging to the CE clan,
which mainly consist of ubiquitin-like (Ubl) proteases (ULPs)
and DUBs (Pruneda et al., 2016). Structural data indicate that
SdeApyp most prominently engages GIn40 of ubiquitin, instead
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FIGURE 1 | Schemes of effector interplay in the regulation of unconventional ubiquitination and gene organization of sidEs, dupA/dupB, sidJ/sdjA, and mavC/mvcA
loci in L. pneumophila. (A) SidEs are encoded in two loci in the L. pneumophila genome. sdeA, sdeB, and sdeC genes are in a cluster, and the sidE gene is in a
separate locus. DupA is encoded in the same locus as sdeA, sdeB, and sdeC, while DupB is encoded in a different locus. SidJ is encoded in a locus with sdeA, sdeB,
sdeC, and dupA. sdjA is thought to be a paralogue of sidJ, representing in the same locus with dupB. mavC and mvcA are tandem-arrayed paralogous genes
adjacent to Ipg27149. (B) SidEs have an equivalent function in PR-ubiquitination mediated by mART and PDE activities. Products of the paralogous genes dupA and
dupB can reverse PR-ubiquitination with their unique deubiquitination activity. Together with the cofactor CaM, SidJ executes an enzymatic effect to glutamylate the

can also prevent the DUB activity of MvcA (see text for details).

active site of the mART domain of SidEs, thereby inhibiting SidEs-mediated ubiquitination (see text for details). (C) MavC and MvcA display deamidation activity
against ubiquitin. MavC, but not MvcA, possesses a transglutamination activity and forms a covalent bond between ubiquitin and the E2 enzyme UBE2N. The
unconventional ubiquitination of UBE2N can be reversed by the unique DUB activity of MvcA. Lpg2149 can prevent the deamidase activity of both MavC and MvcA. It

of the Ile44 patch that is widely used by eukaryotic DUBs for
interaction, suggesting that some bacterial DUBs have evolved
in different ways from eukaryotic DUBs, in terms of substrate
preference. SdeA was shown to possess the ability to cleave
Lys11/48/63-linked ubiquitin chains, with a distinct preference
for Lys63-linkage. The architecture of the active-site cleft presents
an open arrangement that has an advantage in accommodating
varying structures of the three most abundant polyubiquitin
chains. SdeApyp is also able to recognize and cleave the chains
of neural precursor cell-expressed developmental downregulated
8 (NEDDS) but not of the Ubl protein small ubiquitin-related
modifier 1 (SUMOL1). Interestingly, structural similarity analyses
of SdeApyp have identified the mammalian ULP family of
cysteine protease Denl, which exhibits an exclusive specificity
toward NEDDS8. As an indicator of the functional significance of

SdeA, polyubiquitin enrichment on L. pneumophila phagosomes
is regulated by SdeA in infected mouse bone marrow-derived
macrophages (Figure 2). The Cys-His-Asp catalytic triad is
conserved among the DUB modules of SidE, SdeA, SdeB, and
SdeC, and the DUB activity has been confirmed by in vitro
reactions, not only for SdeA but also for SdeB and SdeC (Sheedlo
et al., 2015).

In addition to the DUB activity of SdeA, it has been
demonstrated that SdeA-mediated phosphoribosylation of
ubiquitin impairs the conventional ubiquitination cascade
(Bhogaraju et al., 2016). In an in vitro experimental system, the
activities of the model E3 ubiquitin ligases, Parkin, tripartite
motif-containing 56, and Salmonella effector protein SopA,
were abrogated in the presence of SdeA, even without the DUB
domain. Bhogaraju et al. reasoned that the apparent lack of
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2009, 2011), the unconventional ubiquitin ligases SidEs have been found to associate with the LCV. SidEs conjugate PR-Ub to many host proteins that function in the
secretory pathway, such as Rab33b and RTN4, to modulate their functions. DupA and DupB remove the SidEs-conjugated PR-Ub from substrates with their DUB
activity. SidJ negatively regulates the function of SidEs, using its enzymatic activity to modify the active site of SidEs. The amount of ubiquitin on LCVs can be reduced
by the function of the bacterial DUBs LotA, LotB, LotC, and RavD. These can localize to the LCV and execute their function on the LCV, depending on their catalytic
activities to cleave distinctive linkage-type ubiquitin chains. SidEs also act as canonical DUBs to remove ubiquitin from the LCV.
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activity among the E3 ligases was due to defective E1 or E2
reactions, because SdeA-modified ubiquitin cannot be effectively
loaded onto E1 or E2 enzymes (Bhogaraju et al., 2016). They also
demonstrated that cellular ubiquitin systems easily shut down
when a pool of ubiquitin is utilized by SdeA. Therefore, it has
been suggested that L. pneumophila can effectively control the
overall ubiquitin systems in infected cells.

DupA AND DupB

Recently, two paralogues of L. pneumophila effectors, DupA and
DupB, that possess the PDE domain, were identified as enzymes
that can specifically reverse unconventional ubiquitination
mediated by SidEs (Wan et al, 2019a; Shin et al., 2020b)
(Figure 1B). The PDE domain is conserved in nine effectors
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of the Philadelphia strain of L. pneumophila; SidE, SdeA,
SdeB, SdeC, DupA, DupB (SdeD), Lpgl496, Lpg2239, and
Lpg2523 (Wan et al,, 2019a). DupA and DupB are relatively
small proteins, consisting of only the PDE domain. DupA is
encoded by a gene located in the cluster sdeA, sdeB, and sdeC
(Figure 1A). DupB was originally named SdeD, as a product of
a sidE paralog, and it is encoded by a gene upstream of the
paralogs sdcA and sidC genes, which encode the E3 ubiquitin
ligases (Figure 1A).

The crystal structure of DupA has a resemblance to the PDE
domain of SdeA (SdeAppg) (Shin et al., 2020b). A comparison of
the structure of SdeAppg, to the crystal structures of DupB (SdeD)
in complex with Ub and ADPR-UD revealed that SdeA and DupB
can interact with ubiquitin similarly using conserved residues
(Akturk et al., 2018). Consistent with these facts, DupA and
DupB have the ability to process ADPR-Ub to PR-Ub, as SidEs
do. However, unlike SidEs, they do not transfer PR-Ub to the
model substrate, Rab33b (Wan et al., 2019a; Shin et al., 2020b).
Biochemical analyses revealed that these PDE domains exhibit
hydrolase activity that cleaves the phosphoester bond between
PR-Ub and the serine residue in the substrate (Figure 1B). In
this sense, DupA and DupB are DUBs that remove PR-Ub from
substrates specifically targeted by unconventional L. pneumophila
ubiquitin ligases.

The enzymatic activities of DupA and DupB have been
shown to suppress the Golgi fragmentation (Wan et al., 2019a)
that has been reported to be caused by SdeA (Jeong et al,
2015). Furthermore, the proteomic identification of host proteins
subjected to PR-ubiquitination was conducted utilizing a dupA
and dupB double knock-out L. pneumophila strain (Wan et al.,
2019a; Shin et al., 2020b). The identified proteins include Golgi
reassembly-stacking protein 2, torsin-1A-interacting protein 2
(Wan et al, 2019a) and FAM134C, RTN1, RTN3, lunapark
1, and testis expressed 264 (Shin et al, 2020b), in addition
to the previously reported RTN4 (Kotewicz et al, 2017).
Validation of the PR-ubiquitination of the selected proteins
has shown that multiple ER proteins are PR-ubiquitinated
during L. pneumophila infection, which can contribute to LCV
remodeling (Figure 2).

MavC AND MvcA

In addition to SidEs, MavC is another example of L. pneumophila
effectors that catalyze non-canonical ubiquitination (Valleau
et al., 2018; Gan et al,, 2019a). MavC, a structural homolog of
cycle inhibiting factor (Cif), a bacterial ubiquitin deamidase,
reveals deamidase activity against ubiquitin but not against the
Ubl protein NEDD8 (Valleau et al., 2018). This protein also
catalyzes the covalent linkage of the GIn40 residue of ubiquitin to
Lys92 or Lys94 residues of the host E2 enzyme UBE2N through
its transglutaminase activity (Figure 1C). Thus MavC inhibits
the enzymatic activity of UBE2N to form Lys63-linked ubiquitin
chains that activate the nuclear factor kB (NF-kB) pathway (Gan
et al., 2019a) (Figure 3). In this sense, MavC can be considered
as a non-canonical ubiquitin ligase, and an enzyme that has
inhibitory activity against UBE2N-mediated ubiquitination.

As can be seen in Figure 1A, mvcA is a mavC paralogue
(50% amino-acid identity) (Figure 1A). Recently, Gan et al.
identified the unique enzymatic activity of MvcA that hydrolyzes
the GIn40-Lys92 isopeptide bond between ubiquitin and UBE2N
that is formed by the transglutaminase activity of MavC (Gan
et al., 2020) (Figure 1C). The prolonged inhibition of UBE2N
activity by MavC-mediated transglutamination dampens the NF-
kB pathway and restricts intracellular L. pneumophila replication
(Gan et al,, 2020). Gan et al. showed that MvcA functions as
a specific DUB to restore UBE2N activity, thereby allowing
NF-kB activation (Figure 3). Like MavC, MvcA possesses the
catalytic cysteine residue required for ubiquitin deamidase
activity (Valleau et al., 2018) (Figure 1C). The same residue
Cys83 is required for the cleavage between ubiquitin and
UBE2N. To gain structural insights into the unprecedented
deubiquitination, the complex of MvcAcgsa and UBE2N-Ub
(the wild-type MavC-catalyzed non-canonical ubiquitination
product) was crystallized. Structural analyses revealed that the
same catalytic center executes both deamidation and unique
deubiquitination and that, as with MavC, the “insertion” domain
of MvcA plays a vital role in the recognition of UBE2N-Ub
(Gan et al, 2020). The insertion domain is not present in
canonical ubiquitin deamidases such as Cif and a Cif homolog
in Burkholderia pseudomallei (CHBP) (Yao et al., 2009; Valleau
et al., 2018). It has been proposed that the insertion domain
was acquired during evolution from the canonical ubiquitin
deamidases to enable the ability to recognize the specific substrate
(Gan et al., 2020).

Interestingly, the effector Lpg2149, which is encoded in
a gene adjacent to mavC and mvcA (FigurelA), is a
metaeffector that negatively regulates the deamidase activity
of both MavC and MvcA (Valleau et al., 2018) (Figure 1C).
In combination with yeast two-hybrid analyses, the Lpg2149
structure, solved as a homodimer crystal, revealed a potential
interface with MavC and MvcA, possibly masking catalytic
residues (Valleau et al., 2018). It was further shown that Lpg2149
could inhibit the unique DUB activity of MvcA (Gan et al,
2020) (Figure 1C).

More recently, the MavC structure was extensively analyzed
in three studies (Guan et al., 2020; Mu et al., 2020; Puvar
et al., 2020). The importance of the insertion domain in MavC
is highlighted in these studies in terms of the recognition
of UBE2N. Guan ef al. prepared the complex composed of
the catalytic mutant of MavC (MavCc744) and UBE2N-Ub.
Solving the crystal structure of the MavC/UBE2N-Ub binary
complex showed that the insertion and “tail” domains in
MavC undergo rotational movement during the formation of
the ternary complex, conferring the necessary flexibility to
access UBE2N (Guan et al, 2020). They confirmed that the
insertion domain is not essential for the ubiquitin deamidation
activity of MavC but is essential for UBE2N ubiquitination.
By comparison with the reported structures of MvcA (Valleau
et al., 2018; Gan et al., 2019a), the structure of MavC/UBE2N-
Ub revealed the distinctive features of MavC and MvcA in
reactions, which explains why the highly similar proteins
execute opposing functions. The residues in proximity to
the active sites (Trp255 in MavC and Phe268 in MvcA)
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FIGURE 3 | The coordinated regulation of the host NF-kB pathway by L. pneumophila effectors via ubiquitin modulation. Upon bacterial infection, the NF-kB family of
transcription factors play a central role in controlling the host immune response, such as the production of proinflammatory cytokines, including tumor necrosis factor
a (TNFa) and interleukin-1 (IL-1) and the induction of host defense signaling (Li and Verma, 2002). The inhibitor of NF-kB (IkB) suppresses the activity of NF-kB by
binding and preventing nuclear translocation. The NF-kB pathway is mainly mediated by the engagement of host immune receptors that can recognize
pathogen-associated molecular pattern molecules of extracellular or intracellular bacteria. One of the downstream pathways in which TNFa-receptor-associated factor
6 (TRAF6) is involved, is modulated by a L. pneumophila effector, MavC. TRAF6 is an E3 ubiquitin ligase that functions with the E2 enzyme hetero-dimer complex
UBE2N/UBE2V2 (also known as Ubc13/Uev1A) to induce its auto-polyubiquitination and polyubiquitination of other neighboring proteins via Lys63-linked ubiquitin
chains (Wang et al., 2012). The Lys63-linked ubiquitin chains of TRAF6 serve as docking sites for TGF-B-activated kinase 1 (TAK1)-binding protein 2 (TAB2). TAB1 and
TAB2 promote the recruitment of the serine-threonine kinase TAK1 into the complex to activate the pathway. Activated TAK1 phosphorylates kB kinase B (IKKB) to
promote the proteasomal degradation of kB, thereby allowing NF-kB nuclear translocation. TRAF6-mediated Lys63-linked ubiquitin chains are associated with the
NF-kB essential modifier (NEMO, also known as IKKy) in the IKKa/IKKB/NEMO complex and play a crucial role in IKK signaling. TRAF6 also produces free
Lys63-linked polyubiquitin chains, which directly activate TAK1 kinase by binding to TAB2. In this scheme, the inhibitory activity of MavC against UBE2N dampens the
NF-kB signaling pathway (including many other signaling branches not shown in this figure) by preventing overall Lys63-linked ubiquitination. MvcA, the metaeffector
of MavC, can counteract the activity of MavC in the later stage of infection, presumably to restore cellular conditions that optimize bacterial replication. RavD, the other
L. pneumophila effector, functions as a DUB, and contributes to negative regulation of NF-«B signaling. The host multi-subunit E3 ligase LUBAC, composed of
(Continued)
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FIGURE 3 | HOIL-1L, HOIP, and SHARPIN, catalyzes the formation of Met1-linked linear ubiquitin chains. NEMO harbors a Met1 ubiquitin-specific binding domain
that is important for NF-kB signaling (Komander et al., 2009; Rahighi et al., 2009). RavD, which is similar to OTULIN (Keusekotten et al., 2013), cleaves
LUBAC-assembled linear ubiquitin chains, thereby inhibiting the host NF-kB response.

possess distinct properties that result in the differing affinity
between the enzyme and the substrate. In MvcA, the lower
binding affinity promotes the dissociation of the substrate,
leading to deubiquitination. They reasoned, therefore, that
transglutamination and deubiquitination mediated by MavC
and MvcA, respectively, are forward and backward versions
of the same catalytic reaction (Guan et al, 2020). Mu et al.
also crystalized MavCc74a with UBE2N-Ub (MavC/UBE2N-
Ub binary complex) as well as the MavC/UBE2N/Ub ternary
complex (Mu et al., 2020). Compared to the structure of the
ternary complex, the binary complex structure revealed that the
loop containing the UBE2N modification site, Lys92, undergoes a
marked conformational change during ubiquitination, extending
toward the deamidated GIn40 residue of ubiquitin. It has been
suggested that this conformational change allows the reaction to
be completed by MavC. They further analyzed the structure of
MavC in complex with Lpg2149. This showed that Lpg2149 has
an overlapping binding site with ubiquitin in MavC, suggesting
that Lpg2149 can inhibit the ubiquitination of UBE2N by
competing with ubiquitin to bind MavC.

Puvar et al. took a unique approach utilizing ubiquitin
tethered to UBE2N via a disulfide bond (UBE2N-SS-Ub) that
mimics the charged E2~Ub conjugate, the form of ubiquitin
intrinsically present in the ubiquitin-reaction cascade (Puvar
et al., 2020). Their biochemical and NMR-based interaction
analyses showed that free ubiquitin binds only weakly to MavC,
while UBE2N-SS-Ub has significantly higher affinity to MavC.
This argues that MavC targets the UBE2N~Ub conjugate to
catalyze an intramolecular transglutaminase reaction to form
an isopeptide bond between UBE2N and ubiquitin. The crystal
structure of the MavC/UBE2N-SS-Ub complex revealed that
the conformational dynamics of the MavC insertion domain
is crucial for the remodeling of the UBE2N active site. These
results demonstrate that the mechanism of the MavC-mediated
catalytic reaction underlies the protein dynamics that favor
transamidation over deamidation. Considering that deamidated
ubiquitin was undetected in cells infected with wild-type L.
pneumophila (Valleau et al., 2018; Gan et al., 2019a), the ubiquitin
deamidase activity associated with MavC and MvcA is not likely
to be biologically significant. The reported analyses of MavC and
MvcA give insights into the structural and functional divergence
of the bacterial Cif family proteins.

SidJ AND SdjA

Sid] is one of a few L. pneumophila effectors that can result in
substantial growth defects when deleted from the genome (Liu
and Luo, 2007; Jeong et al., 2015). This protein is encoded in
the same locus as sde genes (Figure 1A). The initial observation
that Sid] can counteract the function of SidEs was reported
by Jeong et al. The intracellular growth of L. pneumophila in

Acanthamoeba castellanii was inhibited upon the over-expression
of SdeA; however, this was only the case when Sid] was absent
(Jeong et al, 2015). They found that the ectopic expression
of L. pneumophila SidEs in both yeast and mammalian cells
caused cellular growth defects, and toxicity was suppressed by
co-expression of Sid]. From these results, they proposed that
SidJ could function as a metaeffector that controls the activity
of SidEs. Their study showed that Sid] could alter the cellular
localization of SidE, resulting in the disappearance of SidE from
the LCV.

Having observed that Sid] can suppress the yeast toxicity
of SdeA, Qiu et al. conducted mutagenesis on Sid] to identify
the residues responsible for this activity (Qiu et al., 2017).
In relation to the critical residues Asp542 and Asp545, Sid]
showed presumable enzymatic activity to interfere with the
SdeA-mediated ubiquitination of Rab33b in eukaryotic cells.
The DXXD motif has previously been shown to be required to
counteract the cellular growth defect caused by SdeA expression
and the displacement of SidE from the LCV (Jeong et al., 2015).
It has also been demonstrated that SdeApyg does not remove
ubiquitin from Rab33b. In vitro reactions using purified Sid]
with di-ubiquitins (di-Ubs) or cellular ubiquitinated proteins
suggested that Sid] has a canonical DUB activity. However,
covalent binding between Sid] and Ub-VME was not detected,
and potential catalytic cysteine residues were found not to be
essential for the cleavage of ubiquitin chains (Qiu et al., 2017).
These results suggested that Sid] does not possess DUB activity,
or has a catalytic activity very different from that of classic
DUBs. Further biochemical analyses by Qiu et al. revealed
that SidJ, which was purified from L. pneumophila, has the
ability to cleave the phosphodiester bond between PR-Ub and
the serine residue of Rab33b, which is formed by SdeA (Qiu
et al., 2017). Controversially, it was indicated that Sid], purified
from Escherichia coli, cannot hydrolyze PR-Ub from Rab33b
(Bhogaraju et al., 2019; Black et al., 2019; Wan et al,, 2019a).
These results raised the possibility that Sid] isolated from L.
pneumophila might associate with other proteins with DUB
activity against PR-Ub.

Four independent studies opened the door to identifying the
unexpected enzymatic activity of Sid] (Bhogaraju et al., 2019;
Black et al., 2019; Gan et al., 2019b; Sulpizio et al., 2019). It has
been shown that Sid] adopts a protein kinase fold. The putative
kinase domain in SidJ is crucial for the inhibition of SdeA-
catalyzed ubiquitination (Black et al., 2019). The key residues
conserved in protein kinases, namely, a metal-binding residue
Asp542 in the DXXD motif and an active-site ion-pair Lys367
residue, are both essential for the enzymatic activity of SidJ (Black
et al., 2019; Sulpizio et al., 2019). However, an in vitro reaction
using purified proteins and liquid chromatography-tandem
mass spectrometry (LC-MS) has shown that the SidJ-dependent
enzymatic modification of SdeA was not phosphorylation but
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glutamylation. LC-MS and mutagenetic analyses revealed that
Glu860 is the major target residue in SdeA, which is the catalytic
residue of mART activity (Bhogaraju et al.,, 2019; Black et al,,
2019; Gan et al., 2019b; Sulpizio et al., 2019). Each of these
studies has demonstrated that SidJ could catalyze the formation
of isopeptide bonds between the amino group of glutamate
and the y-carboxyl group of the catalytic Glu860 residue in
the mART domain of SdeA, thereby inhibiting SdeA-mediated
PR-ubiquitination (Figure 1B).

The glutamylation activity of SidJ requires ATP/Mg?* (Black
et al,, 2019). It was reported that an evolutionarily conserved
pseudokinase is not “inactive,” but has the ability to transfer
AMP from ATP to a protein substrate (AMPylation) (Sreelatha
etal., 2018). Considering this remarkable finding, it is presumable
that SidJ activates the glutamylation reaction, and is mediated by
its AMPylation activity of the pseudokinase domain. Indeed, it
was shown that Sid] undergoes self-AMPylation in the absence
of glutamate or SdeA (Gan et al., 2019b). The crystal structure
of SidJ captured the enzyme in complex with the AMP moiety
(Gan et al,, 2019b). The importance of the AMPylation reaction
was demonstrated by structure-guided mutagenesis; mutations in
residues involved in the binding of AMP abolished the activity of
Sid] to inhibit the SdeA-mediated PR-ubiquitination (Gan et al.,
2019b). The results of these studies suggest that the AMPylation
activity of Sid] is primarily used for the activation of the reaction
to glutamylate SdeA by adding an AMP moiety to the target
Glu860 residue in SdeA, as proposed by Black et al. (2019), or
by self-AMPylation of Sid].

It was shown that Glu860 was polyglutamylated; Glu860 in
SdeA was modified with a various number of glutamates, with
two in the majority (Black et al., 2019). In addition, not only
SdeA but also SdeB, SdeC and SidE were glutamylated by Sid]
(Black et al., 2019). Interestingly, the glutamylation activity of
Sid] requires an interaction with the host protein calmodulin
(CaM) (Figure 1B). The structures of SidJ in complex with CaM
determined by X-ray crystallography (Black et al, 2019; Gan
et al., 2019b; Sulpizio et al., 2019) and cryo-electron microscopy
(Bhogaraju et al,, 2019) indicate that the interaction with CaM
relies on the IQ motif located in the C-terminal region of
SidJ. It is plausible that the requirement for the eukaryotic
cofactor CaM is to ensure that inactivation of the SidEs would
only occur in infected cells, but not in the bacteria where the
proteins are untranslocated, as in the case of the adenylate cyclase
toxin from Bordetella pertussis (Wolff et al.,, 1980). The CaM
requirement also suggests that Sid] activity could be regulated
by the dynamics of the intracellular Ca?* concentration upon
infection (Bhogaraju et al, 2019), but the significance of this
remains to be fully elucidated.

In contrast with SidJ, its paralogue SdjA does not show any
activity to rescue yeast toxicity or to affect the ubiquitination of
Rab33b (Qiu et al,, 2017), suggesting that SdjA has a different
function from Sid]. The gene that encodes SdjA is located
just downstream of dupB, which encodes the PDE protein
that functions in the PR-Ub-specific DUB (Figure 1A). This
fact suggests a possible linkage between SdjA and DupB in
regulating PR-ubiquitination, although the role of SdjA has
remained elusive.

Lot-DUBs

Humans encode approximately 100 DUBs, 16 of which belong
to the ovarian tumor (OTU) family, which displays great
variation in structure and function (Du et al., 2019). The
subfamily of OTU DUBs mediates important signaling cascades
in eukaryotic cells, such as NF-kB signaling, interferon signaling,
DNA damage repair, and immunity (Mevissen et al., 2013; Swatek
and Komander, 2016). Unlike other DUBs, most OTU DUBs
exhibit an intrinsic specificity against ubiquitin linkage types
(Mevissen et al., 2013; Mevissen and Komander, 2017). For
instance, otubain 1 preferentially cleaves Lys48-linked ubiquitin
chains (Edelmann et al., 2009; Wang et al., 2009), while ovarian
tumor deubiquitinase with linear linkage specificity (OTULIN,
also known as FAM105B) exclusively cleaves Met1-linked linear
ubiquitin chains (Keusekotten et al., 2013). Recent findings on
OTU-family DUBs in L. pneumophila, Lot (Legionella OTU-
like)-DUBs, have revealed the existence of a novel group of DUBs
that are related to but functionally different from eukaryotic OTU
proteins, as described in the following subsections.

LotA

LotA (Lpg2248, also known as Lem2l) was the first Lot-
DUB identified among L. pneumophila Dot/Icm T4SS effectors
(Kubori et al., 2018). The notable feature of LotA is the
dual catalytic activity that it possesses; this protein has
two distinctive catalytic cysteine residues, Cys13 and Cys303.
Biochemical experiments demonstrated that Cys13 preferentially
cleaves Lys6-linked ubiquitin chains, while Cys303 revealed a
preference for polyubiquitin than di-Ubs. Infection analyses
showed that the level of Lys48/Lys63-linked polyubiquitin
chains decorated on LCVs was reduced predominantly by the
enzymatic activity depending on C303 (Figure 2). Furthermore,
LotA possesses the ability to bind to the early endosome-
marker phosphatidylinositol 3-phosphate (PI(3)P) and the late
endosome marker PI(3,5)P2 via the C-terminal region, and is
located on the LCV throughout the early and late stages of
infection. Mutagenetic analyses have found that the lipid-binding
ability of LotA is crucial for both ubiquitin removal from-
and localization to the LCV. Interestingly, a quintuple mutant
strain lacking lotA and the four sidEs genes showed a significant
growth defect relative to the quadruple mutant strain lacking
only the four sidEs genes, while the lotA single-deletion mutant
strain did not show a growth defect compared to the wild-
type strain. Importantly, a LotA deficiency in PI(3)P-binding
did not complement the growth defect of the quintuple mutant
strain, but full-length LotA did. In addition, the catalytically
inactive LotA C13S mutant, but not the C303S mutant, restored
the growth defect. These data demonstrate that LotA plays an
important role in L. pneumophila infection through lipid binding
and deubiquitination of a protein decorated with polyubiquitin
chains on the LCV. Further analyses exploring the target proteins
for LotA should clarify its role in infection, as well as the
biological significance of LotA in catalyzing the cleavage of Lys6-
linked ubiquitin chains as a DUB. Structural analyses conducted
with these points in mind would aid our understanding of the
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mechanisms by which LotA can differentially use two cysteine
residues to execute its functions.

LotB

LotB (Lpgl621, also known as Ceg23) is a recently characterized
Lot-DUB that exhibits high specificity toward Lys63-linked
ubiquitin chains (Ma et al., 2020; Schubert et al., 2020; Shin
et al., 2020a). This protein was originally identified as a Dot/Icm
T4SS effector regulated by the transcriptional activator PmrA
(Zusman et al., 2007). However, neither its enzymatic activity
nor physiological role had been elucidated. Recently, three
independent research groups have analyzed its structure, and
the catalytic motif in the N-terminal region is now seen as
distantly similar to those associated with the members of the
OTU protein subfamily (Ma et al., 2020; Schubert et al., 2020;
Shin et al., 2020a). The crystal structure showed that the DUB
domain of LotB has a papain-like OTU core fold with a typical
catalytic triad, consisting of Asp-Cys-His (Ma et al., 2020).
Intriguingly, structural analyses that compare it to eukaryotic
OTU DUBs have shown that there is an inserted helical region
that extends from the central catalytic Cys-loop (Ma et al., 2020;
Schubert et al., 2020; Shin et al., 2020a). Interestingly, the recent
report in a preprint suggests that the ubiquitin binding S1 site is
located at the helical arm in this inserted region, and that LotB
has an additional ubiquitin binding site (S1°) that enables it to
specifically cleave the Lys63-linked polyubiquitin chains (Shin
etal.,, 2020a). It has also been shown that LotB has a potential dual
catalytic activity against ubiquitin and SUMOI (Schubert et al.,
2020) and can bind itself to NEDDS8 (Shin et al., 2020a).

The report additionally showed the co-localization of LotB
with the resident-ER protein Calnexin, but not with the Golgi
apparatus or with mitochondrial markers in the host cell, (Shin
et al,, 2020a). Importantly, LotB localizes to the LCV, and might
regulate the proteins associated with Lys63-linked polyubiquitin
chains on the LCV during infection (Ma et al., 2020) (Figure 2).
Comprehensive MS-based interactome analyses have shown
that LotB interacts with OTU deubiquitinase (OTUD) 4,
which deubiquitinates K63-linked ubiquitin chains of myeloid
differentiation primary response 88 (MYD88) and downregulates
NF-kB-dependent inflammation (Shin et al., 2020a). Ma et al.
explored whether LotB might influence the NF-kB signaling
pathway and found that it does not associate with the
pathway (Ma et al., 2020). Future identification of the host
protein(s) targeted by the DUB activity of LotB could promote
an understanding of the physiological role of LotB in L.
pneumophila infection.

LotC

Concomitantly with the analyses of LotB, another Lot-DUB LotC
(Lpg2529, also known as Lem27) was also characterized in the
studies recently reported in preprints (Liu et al, 2020; Shin
et al., 2020a). The crystal structures of LotC (Shin et al., 2020a)
and the LotC-ubiquitin-propargylamide (Ub-PA) complex (Liu
et al., 2020) were solved, and revealed that LotC features the
Asp-Cys-His catalytic triad, that is also present in LotB. The
crystal structures revealed that, similar to LotB, LotC has an
extended helical region between the Cys-loop and the variable

loop, which is commonly shorter in eukaryotic OTU DUBs (Shin
et al., 2020a), and that extensive hydrogen bonding can be used
for the recognition of ubiquitin (Liu et al., 2020). However, LotC
lacks the S1” site, which defines specificity in the Lys63-linked
polyubiquitin chains in LotB (Shin et al., 2020a).

Liu et al. demonstrated that LotC (Lem27) localizes to the
LCVs depending on the functional Dot/Icm T4SS and regulates
the association of ubiquitin on the LCV (Liu et al, 2020)
(Figure 2). Recently the host's small GTPase Rabl0, which
plays a vital role in L. pneumophila intracellular replication,
was shown to be ubiquitinated and recruited to the LCV by
the function of the E3 ligases, SidC and SdcA (Jeng et al,
2019). LotC (Lem27) was found to reverse the SidC-induced
Rabl0 ubiquitination and decrease its association with the
LCV, showing the interplay between L. pneumophila ubiquitin
ligases and a DUB (Liu et al, 2020). Intriguingly, Shin et
al. determined that host proteins interact with catalytically
inactive LotC in the presence or absence of the L. pneumophila
ubiquitin ligases SidC and SdcA (Shin et al., 2020a). These
results indicate that a significant number of ribosomal proteins
interact with LotC in the presence of SdcA but not in the
presence of SidC, suggesting distinct physiological roles for
SidC and SdcA. Exhibiting 71% sequence similarity, SidC
and SdcA had been thought to have an equivalent function,
based on the observation that recruitment of Calnexin, which
was impaired in the vacuoles containing SidC-deficient L.
longbeachae, was restored either by L. pneumophila SidC or SdcA
(Dolinsky et al., 2014).

Common Features of Lot-DUBs

Among the three Lot-DUBs (LotA, LotB, and LotC), LotA
is the only one without a solved three-dimensional structure.
Notably, sequence analyses have shown that LotA also contains
an extended region that LotB and LotC commonly possess (Shin
et al., 2020a), which means that the three Lot-DUBs share a
structural feature that distinguishes them from eukaryotic OTU
DUBs. This raises the possibility that a novel class evolved from
the eukaryotic OTU family. Like LotA (Kubori et al., 2018), LotC
(Liu et al., 2020; Shin et al., 2020a) exhibits broad activity toward
several polyubiquitin chain-types including Lys6-linkage. LotB
(Ceg23) also possesses the Lys6-linkage preference with a weaker
tendency (Schubert et al., 2020). In addition, another potential
Lot-DUB, Ceg7 (Lpg0227), as well as OTU proteins encoded
by other bacteria (E. coli, Burkholdaria ambifaria, Rickettsia
massiliae, and Wolbachia pipientis) have a preference for the
broad chain types, including Lys48-, Lys63-, K11- and Lys-6
linkages (Schubert et al., 2020). This implies that the evolution
of the enzymes from eukaryotic OTU DUBs adapted to various
types of ubiquitin chains and is not limited to L. pneumophila
but widely occurs in pathogenic bacteria. An enterohemorrhagic
E. coli (EHEC)-encoded HECT (homologous to E6AP carboxyl
terminus)-like E3 ligase, NleL, is the only currently known
bacterial enzyme that assembles Lys6-linked ubiquitin chains
(Lin et al,, 2011). NleL activity restricts the formation of actin
pedestals under the adherent bacterium on the host cell surface
(Lin et al., 2011) and enhances EHEC infection by ubiquitinating
and inactivating JNKs (human c-Jun NH2-terminal kinases)
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(Sheng et al., 2017). Interestingly, NleL can assemble not only
Lys6-linked but also Lys48-linked ubiquitin chains (Lin et al,
2011), and has the propensity to assemble branched ubiquitin
chains (Hospenthal et al,, 2013). Taken together, pathogenic
bacteria are thought to have acquired the ability to finely regulate
various types of ubiquitin conjugates. Atypical ubiquitin chains,
including Lys6-linked polyubiquitin, may be detrimental to the
intracellular survival of L. pneumophila; hence the evolution of
Lot-DUBs, which have a multiplicity of enzymatic functions for
adapting to specific circumstances, may have been induced by L.
pneumophila infection.

RavD

A recent exciting update regarding bacterial DUB is the discovery
of RavD (Lpg0160), which specifically cleaves Metl-linked
linear polyubiquitin chains (Wan et al, 2019b). Utilizing a
unique assay, in which linear ubiquitin chains were reacted
with lysates prepared from bacterial species of 19 different
genera in vitro, Wan et al. found that only the lysate of
the L. pneumophila strain Philadelphia 1 has the activity of
cleaving linear ubiquitin chains (Wan et al., 2019b). Further
in vitro DUB assays using purified proteins and the bacterial
lysate of deletion mutant strains demonstrated that no other L.
pneumophila effectors cleave linear ubiquitin chains. Sequence
alignment analyses revealed that RavD orthologs are present
in two different Legionella species, L. clemsonensis and L.
bozemanni, in addition to nine L. pneumophila serogroups.
The crystal structure of the N-terminal region of RavD from
the L. pneumophila Corby strain, indicates that RavD adopts a
papain-like fold with an unconventional Cys-His-Ser catalytic
triad (Wan et al., 2019b). This triad is present in ubiquitin-
specific proteases (USPs), including USP30, which shows Lys6-
linkage specificity (Gersch et al., 2017). The conformation of
linear di-Ubs in complex with RavD, as well as the RavD-
interacting residues, are largely shared with those in complex
with OTULIN, a linear-ubiquitin-specific host DUB. OTULIN
negatively regulates the NF-kB signaling pathway, which is partly
mediated by the host multi-subunit E3 ligase linear ubiquitin
chain assembly complex (LUBAC), which is composed of heme-
oxidized iron-responsive element-binding protein 2 ubiquitin
ligase-1L (HOIL-1L), HOIL-1L-interacting protein (HOIP), and
SHANK -associated RH-domain-interacting protein (SHARPIN)
(Kirisako et al., 2006; Keusekotten et al., 2013) (Figure 3).
However, the overall structure of RavD is distinct from that
of OTULIN. Nevertheless, RavD has a function that closely
resembles that of OTULIN, inhibiting host NF-kB signaling
during infection (Figure 3). In addition, RavD localizes to the
LCV and prevents the accumulation of linear ubiquitin chains
on the LCV (Wan et al., 2019b) (Figure 2), which is implicated
in the avoidance of xenophagy (Damgaard and Pruneda, 2019).
Although the PI(3)P binding region at the C-terminus was
predicted to be required for the localization of RavD to the
LCV, this localization was independent from PI(3)P binding
(Pike et al., 2019). This raises the question of whether RavD
interacts with another membrane component to remain attached
to the LCV.

LupA

LupA (Lpgl148) is suggested to be a metaeffector that has the
function of inactivating another L. pneumophila eftector, LegC3.
This protein silences the cytotoxicity caused by LegC3 in yeast
(Urbanus et al., 2016). Urbanus et al. determined the crystal
structure of LupA and identified the canonical Cys-His-Asp
catalytic triad, suggesting that it is a plausible DUB (Urbanus
et al., 2016). Using immunoprecipitation assays with the lysate
of human cells co-expressing LupA and LegC3, ubiquitinated
species of LegC3 were detected in the presence of catalytically
inactive LupA variants, but not in the presence of wild-type
LupA. This result shows that the plausible metaeffector activity
of LupA, where it counteracts the function of LegC3, is mediated
by its deubiquitination ability (Urbanus et al., 2016). However,
unlike other reported effector-metaeffector pairs, LupA and
LegC3 are not encoded in the same locus of the L. pneumophila
chromosome. LegC3 is a glutamine (Q)-SNARE (soluble NSF
attachment protein receptor)-like protein that interacts with
host arginine (R)-SNARE vesicle-associated membrane protein 4,
together with two other L. pneumophila Q-SNAREs, the effectors
LegC7/YIfA and LegC2/YIfB, to hijack host vesicular trafficking
for LCV remodeling during infection (De Felipe et al., 2008;
Bennett et al.,, 2013; Yao et al., 2014; Shi et al., 2016). Investigating
a mechanism by which the DUB activity of LupA against LegC3
contributes to the manipulation of host organelle trafficking
could lead to interesting results.

DISCUSSION

L. pneumophila is a unique bacterial pathogen that possesses
an extraordinary number of effector proteins with complicated
functional networks in the infected host cells. Recent analyses
of the Legionella effector proteins, focusing on the regulation
of the ubiquitin systems, have found not only a mimicry of
eukaryotic enzymes, but also many unprecedented chemical
reactions. Here, we focused on L. pneumophila effector proteins,
which are negative regulators of the ubiquitin system. Some
of the identified L. pneumophila DUBs have the canonical
catalytic triads that characterize the OTU superfamily proteases.
However, structural analyses have found distinctive features
of bacterial OTUs compared to the eukaryotic DUBs. One
notable highlight in the field of Legionella-effector research is
the discovery of non-canonical chemistries of ubiquitination,
namely, SidEs mART/PDE-mediated PR-ubiquitination and
MavC transglutaminase-mediated ubiquitination. Accordingly,
reversing enzymes have been identified among the effectors,
namely DupA/B, MvcA, and Sid]. These findings provide
knowledge of unexpected enzymatic activities of bacterial effector
proteins. In this series of analyses, structural and MS approaches
have been adopted, which are powerful and indispensable tools
for the identification of novel chemical reactions.

The studies examined in this review represent paradigms of
the effector/metaeffector or opposing functional relationship. It
is conceivable that, by utilizing these effector sets, Legionella
can achieve fine-tuning of the cellular environment to maximize
its own growth. The exact roles of the effectors discussed here
remain to be fully explored. It can be expected that the functions
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of Legionella effectors characterized thus far are just the tip of
the iceberg. More effectors with functional relevance for the
host ubiquitination machinery are expected to be identified in
the near future, including other genes that encode possible
OTU domains and PDE domains. Further analyses will elucidate
the comprehensive effector networks that regulate the ubiquitin
system following the stages of Legionella infection.
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Pertussis, also known as whooping cough, is a resurging acute respiratory disease of
humans primarily caused by the Gram-negative coccobacilli Bordetella pertussis, and
less commonly by the human-adapted lineage of B. parapertussisyy. The ovine-adapted
lineage of B. parapertussisgy infects only sheep, while B. bronchiseptica causes chronic
and often asymptomatic respiratory infections in a broad range of mammals but rarely
in humans. A largely overlapping set of virulence factors inflicts the pathogenicity of
these bordetellae. Their genomes also harbor a pathogenicity island, named bsc locus,
that encodes components of the type Ill secretion injectosome, and adjacent btr locus
with the type Il regulatory proteins. The Bsc injectosome of bordetellae translocates the
cytotoxic BteA effector protein, also referred to as BopC, into the cells of the mammalian
hosts. While the role of type Ill secretion activity in the persistent colonization of the
lower respiratory tract by B. bronchiseptica is well recognized, the functionality of the
type lll secretion injectosome in B. pertussis was overlooked for many years due to
the adaptation of laboratory-passaged B. pertussis strains. This review highlights the
current knowledge of the type Il secretion system in the so-called classical Bordetella
species, comprising B. pertussis, B. parapertussis, and B. bronchiseptica, and discusses
its functional divergence. Comparison with other well-studied bacterial injectosomes,
regulation of the type lll secretion on the transcriptional and post-transcriptional level, and
activities of BteA effector protein and BopN protein, homologous to the type Ill secretion
gatekeepers, are addressed.

Keywords: pertussis, Bordetella, type lll secretion system, effector protein, BteA/BopC, BopN

INTRODUCTION

The genus Bordetella (Alcaligenaceae, phylum Betaproteobacteria) currently embraces 16 species of
the Gram-negative coccobacilli. Its members include important respiratory pathogens of mammals
and humans with limited genetic diversity, the so-called classical Bordetella species, namely B.
pertussis, B. parapertussis, and B. bronchiseptica. The genus further comprises less extensively
studied and phylogenetically distinct Bordetella species collectively referred to as non-classical
bordetellae, comprising pathogens, opportunistic pathogens, and environmental isolates (Table 1).
The phylogenetic analysis of the genus suggests that the animal-associated species likely evolved
from their ancestors living in soil and/or water (Hamidou Soumana et al., 2017). The diversification
and speciation in the genus were accompanied by the gain and loss of multiple genes, including
genes for bacterial protein toxins, protein secretion systems, and other virulence factors (Linz et al.,
2016, 2019). The presence of the genes encoding Bordetella protein toxins, consisting of adenylate
cyclase toxin, pertussis toxin, and dermonecrotic toxin distinguishes classical Bordetella species
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TABLE 1 | Species and lineages of the Bordetella genus and their characteristics.

Species/lineages Host range/Source Disease References

B. pertussis Humans Pertussis Mattoo and Cherry, 2005

B. parapertussisHy Humans Pertussis-like disease Bergfors et al., 1999; Cherry and Seaton,
2012

B. parapertussisov Sheep Asymptomatic chronic infections, Porter et al., 1994

B. bronchiseptica

B. holmesii

B. avium

B. hinzii

B. pseudohinzii

B. trematum

B. ansorpii

B. petrii

Various mammals

Humans
Birds

Poultry, rabbits, rodents,
humans

Rodents

Humans

Humans

Environment, humans

pneumonia

Asymptomatic chronic infections,
respiratory disease

Pertussis-like disease, septicemia
Respiratory

disease —bordetellosis
Opportunistic infections in
humans: respiratory disease,
septicemia

Respiratory tract infections
Opportunistic infections: wound
infections, otitis

Opportunistic infections:
epidermal cyst, blood sample
Opportunistic infections: bone
infections, respiratory tract
infections

Opportunistic infections:
respiratory specimen
Opportunistic infections:

Goodnow, 1980; Gueirard et al., 1995;
Mattoo and Cherry, 2005

Weyant et al., 1995; Yih et al., 1999
Kersters et al., 1984

Vandamme et al., 1995; Register et al., 2015

Ivanov et al., 2016

Vandamme et al., 1996

Ko et al., 2005; Fry et al., 2007

Von Wintzingerode et al., 2001; Fry et al.,
2005; Le Coustumier et al., 2011

Vandamme et al., 2015

Vandamme et al., 2015

respiratory specimen

Opportunistic infections:

Vandamme et al., 2015

respiratory specimen

B. bronchialis Humans
B. flabilis Humans
B. sputigena Humans
B. muralis Environment
B. tumulicola Environment
B. tumbae Environment

Tazato et al., 2015
Tazato et al., 2015
Tazato et al., 2015

from the non-classical bordetellae (Linz et al., 2016). However,
pertussis toxin is solely produced by B. pertussis due to mutations
in the ptx promoter (Arico and Rappuoli, 1987; Parkhill et al.,
2003), and dermonecrotic toxin appears to be also imported
into B. avium that causes respiratory disease of birds called
bordetellosis (Linz et al., 2016). For detailed characterization
of acquisition and loss of virulence-associated factors during
the evolution of the genus Bordetella the reader is referred to
a recent work of Linz B. and colleagues (Linz et al, 2016).
This review aims to explore and discuss the type III secretion
system (T3SS) in classical Bordetella species, its regulation and
mechanism of action, and its role in Bordetella infections that
is yet to be explored for B. pertussis. Remarkably, bsc-btr loci
encoding Bordetella T3SS and its regulatory proteins are also
present in B. ansorpii, but absent from genomes of all other non-
classical bordetellae. A comparison of the genetic organization of
bsc-btr loci of B. ansorpii and classical Bordetella species will also
be provided.

The human-adapted B. pertussis is the primary causative
agent of pertussis, also known as whooping cough, a contagious,
prolonged respiratory illness that used to be the major cause
of infant mortality in the pre-vaccine era (Mattoo and Cherry,

2005). Pertussis remains one of the least controlled vaccine-
preventable infectious diseases. In the recent years, an increase
in pertussis incidence and/or pertussis outbreaks have been
experienced in a number of most developed countries with
high vaccine coverage, including the Czech Republic, U.S., UK,
Netherlands, and Australia (Fabianova et al., 2010; Spokes et al.,
2010; Burns et al., 2014; Sealey et al., 2016). Unrecognized or
mildly symptomatic B. pertussis infections in adolescents and
adults are common and represent a threat to unvaccinated
infants to whom the disease can be fatal (Cherry, 2019). The
key contributing factors of increased pertussis incidence are still
under debate. Besides greater awareness, improved diagnostics
and genetic changes in circulating B. pertussis strains, the major
cause of pertussis resurgence appears to be the switch from
whole-cell pertussis (wP) to the less reactogenic but less effective
acellular pertussis (aP) vaccines. These confer significantly
shorter-lasting protection and are not efficient in preventing the
colonization of the vaccinated individuals by B. pertussis and
pathogen spread in the population (reviewed in Mooi et al., 2014;
Cherry, 2019; Kapil and Merkel, 2019).

Other Bordetella species, the human-adapted lineage of B.
parapertussisyy and the non-classical species B. holmesii can
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also cause pertussis-like disease in humans, although generally
accompanied by milder symptoms and shorter illness duration
(Bergfors et al., 1999; Yih et al, 1999; Cherry and Seaton,
2012; Rodgers et al, 2013). The ovine-adapted lineage of
B. parapertussispy colonizes only sheep with no or little
transmission to humans (Van Der Zee et al, 1996). In
contrast, B. bronchiseptica infects a variety of mammals and
causes diverse pathologies that range from typical chronic and
often asymptomatic respiratory infections up to more acute
diseases, such as the kennel cough in dogs, bronchitis in cats,
bronchopneumonia and atrophic rhinitis in piglets, and snuffles
in rabbits (Goodnow, 1980; Mattoo and Cherry, 2005). B.
bronchiseptica infections in humans are rare and occur mostly
in immunocompromised patients, children, and in elderly that
are in contact with animals (Goodnow, 1980; Gueirard et al.,
1995; Mattoo and Cherry, 2005). Nevertheless, clustering of
B. bronchiseptica strains into two distinct B. bronchiseptica
subpopulations, complex I, primarily of animal origin (68%),
and complex IV that is primarily isolated from humans (80%)
was reported based on multilocus sequence typing (MLST),
distribution of insertion sequence elements (ISEs) and whole-
genome sequence comparisons (Diavatopoulos et al., 2005; Park
etal., 2012).

The classical Bordetella species are phylogenetically closely
related, despite a different range of their mammalian hosts and
diverse pathologies they cause. Hence, it was proposed to classify
them as subspecies, rather than species (Musser et al., 1986).
The B. pertussis, B. parapertussisyjy, and B. parapertussisoy likely
evolved very recently and independently from different lineages
of B. bronchiseptica-like ancestors (Van Der Zee et al., 1996,
1997; Parkhill et al., 2003). Specifically, B. parapertussisyy and B.
parapertussisoy appear to have evolved from a B. bronchiseptica
complex I-like ancestor, whereas B. pertussis may have shared a
common ancestor with complex IV strains of human-associated
lineages of B. bronchiseptica (Diavatopoulos et al., 2005; Park
et al., 2012). The speciation of B. pertussis and B. parapertussis
has been accompanied by a large-scale gene loss and inactivation.
This resulted in a respective reduction of their genome size by
22 and 9%, compared to B. bronchiseptica species (cf. B. pertussis
Tohama I ~ 4.1 Mbp, B. parapertussisgy 12822 ~ 4.8 Mbp, B.
parapertussisoy Bpp5 ~ 4.9 Mbp, B. bronchiseptica RB50 ~ 5.3
Mbp). These genomic rearrangements were apparently mediated
by the acquisition and expansion of insertion sequence elements
(ISEs) and recombination between their copies (Parkhill et al.,
2003; Preston et al., 2004; Weigand et al., 2019). Interestingly,
host adaptation and speciation of classical Bordetella species
likely was a consequence of loss of function, rather than a gain
of function. As a result, the differences in the virulence of the
classical Bordetella species are related to the loss of regulatory or
control functions and/or sequence polymorphism (Parkhill et al.,
2003; Cummings et al., 2004).

A BRIEF OVERVIEW OF THE VIRULENCE
FACTORS OF CLASSICAL BORDETELLAE

The three classical Bordetella species produce a largely
overlapping array of virulence factors that are involved in

the colonization of the host respiratory tract, immune evasion,
and transmission to new hosts. These comprise (i) adhesins, such
as filamentous hemagglutinin and fimbriae, (ii) a large number
of autotransporters involved in the adhesion and/or resistance
to complement, including the adhesion molecule pertactin
and complement evasion factor Vag8, and (iii) protein toxins
consisting of adenylate cyclase toxin and dermonecrotic toxin
(Mattoo et al., 2001; Parkhill et al., 2003; Hovingh et al., 2017).
The adenylate cyclase toxin is a potent immunomodulatory
toxin that subverts host innate and adaptive immune defenses
by its adenyl cyclase activity (reviewed in Fedele et al., 2017)
while the dermonecrotic toxin is associated with induction
of turbinate atrophy in pigs and appears to have neurotoxic
activity (Brockmeier et al., 2002; Teruya et al., 2020). By contrast,
pertussis toxin (PTX) that catalyzes the ADP-ribosylation of
the alpha subunit of heterotrimeric G proteins of the Gj/
class is produced exclusively by B. pertussis species. The PTX
production is responsible for systemic symptoms of pertussis
disease, such as leukocytosis that is associated with the mortality
in infants (Pierce et al., 2000; Carbonetti, 2010). The classical
Bordetella species also differ in the levels of expression of the
type III secretion system (T3SS) in vitro. Unlike B. bronchiseptica
and ovine B. parapertussisoy, the human-adapted B. pertussis
and B. parapertussisgy species have the expression of their
T3SS blocked at a post-transcriptional level when grown in
Stainer-Scholte medium (Mattoo et al., 2004). Therefore, the
function of the T3SS in human-adapted Bordetella species was
overlooked for many years. However, isolates of B. pertussis
express the T3SS effector protein BteA/BopC (Hegerle et al,
2013). In addition, they produce a functional T3SS upon passage
on an infected animal or eukaryotic cells (Fennelly et al., 2008;
Gaillard et al., 2011; Bibova et al., 2015), or when grown in media
with limiting glutamate and/or iron concentrations (Brickman
et al., 2011; Hanawa et al., 2016).

BORDETELLA INJECTOSOME

The T3SS injectosome is a sophisticated protein-export apparatus
that enables the delivery of bacterial effector proteins directly
from bacterial cytosol into the cytosol of the host cells through
a conduit spanning the two bacterial membranes and the plasma
membrane of the target cell. It consists of an extracellular needle-
like appendage with a central channel of ~2nm in diameter,
which protrudes from the bacterial surface and is linked to
a cell wall-embedded secretion system machinery steered by
the associated cytoplasmic components, as depicted in Figure 1
(reviewed in Galan et al., 2014; Notti and Stebbins, 2016).

The genes for the components of the T3SS injectosome are
generally clustered on a mobile genetic element, a pathogenicity
island or a plasmid, and appear to have been acquired as an intact
genetic block by horizontal gene transfer (Hueck, 1998; Hacker
and Kaper, 2000). T3SS injectosomes are widespread among
gram-negative bacteria. They are present in not only animal
and plant pathogens but also in insect and amoeba pathogens,
and are also essential to some symbionts (Troisfontaines and
Cornelis, 2005). First genes in Bordetella spp. with a high
degree of similarity to the genes coding for components of
Yersinia injectosome were reported by Yuk et al. (1998). In the
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FIGURE 1 | The predicted structure of Bordetella injectosome. The diagram is based on Galan et al. (2014), Hu et al. (2017), Park et al. (2018). Known or predicted
functions and locations of Bordetella proteins are indicated. In Bordetella spp., the injectosome needle tip is formed by a helical assembly of the Bsp22 protein
(Medhekar et al., 2009). See the text for further details. CM, cytoplasmic membrane; OM, outer membrane; PG, peptidoglycan; IM, inner membrane. The proteins are

following years, the whole 22.5 kbp bsc (Bordetella secretion)
locus encoding the Bordetella injectosome, and the adjacent
11 kbp btr (Bordetella type III regulation) locus, encoding
injectosome-regulatory proteins, have been described (Kerr
et al., 1999; Fauconnier et al., 2001; Mattoo et al., 2004; Ahuja
et al., 2016). Genomic analysis of classical bordetellae showed
that Bordetella injectosome is their most conserved secretion
system (Park et al.,, 2012). The gene positions within the 33.5
kbp btr-bes loci (btr BP2226-2234, bsc BP2235-BP2265) of
B. pertussis Tohama I match the organization of the genes
in bsc-btr loci (bsc BB1608-BB1637, btr BB1638-BB1646)

of B. bronchiseptica RB50. In addition, the vast majority of
nucleotide substitutions are silent or result in conservative
amino acid substitutions, which implies the evolutionary
pressure for the preservation of the T3SS in B. pertussis
(Mattoo et al., 2004). However, compared to B. bronchiseptica
RB50 genome, the B. pertussis Tohama I genomic region
harboring the btr-bsc underwent inversion, likely due to an
ISE-mediated rearrangement (see Figure2). Interestingly
as also depicted in Figure2, although the bsc-btr loci (bsc
BPP5_1370-BPP5_1399, btr BPP5_1400-BPP5_1408) of B.
parapertussisoy Bpp5 are homologous and intact, the bsc-btr
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FIGURE 2 | Genetic organization of the type Il regulation btr and secretion bsc loci in different Bordetella species. The genetic organization of btr-bsc loci of B.
pertussis Tohama | (NC_002929.2, btr BP2226—BP2234, bsc BP2235—BP2265) and bsc-btr loci of B. bronchiseptica RB50 (NC_002927.3, bsc BB1608-BB1637,
btr BB1638-BB1646), B. parapertussisoy Bpp5 (NC_018828.1, bsc BPP5_1370-BPP5_1399, btr BPP5_1400-BPP5_1408), B. parapertussispy 12822
(NC_002928.3, bsc BPP2211-BPP2240, btr BPP2241-BPP2249) and B. ansorpii NCTC13364 (FKBS01000014.1, contig: ERS088257SCcontig000014, bsc
SAMEA1982600_01974-SAMEA1982600_02005, btr SAMEA1982600_02006-SAMEA1982600_02014) is shown. The genes of btr and bsc loci are depicted in blue
and green, respectively. The putative pseudogenes BPP2215 and BPP2241 in bsc-btr loci of B. parapertussisyy 12822 are highlighted in yellow (Parkhill et al., 2003)

whereas the Bsp22 tip filament protein gene in bsc loci of classical bordetellae and 3 orfs that replaced this gene in B. ansorpii are highlighted in red. Arrows indicate
the direction of transcription.
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FIGURE 3 | Comparison of genetic organization of B. pertussis btr-bsc loci and Yersinia Yop-Ysc cluster. (A) The type lll regulation btr and secretion bsc loci of the B.
pertussis Tonama | genome, accession number NC_002929.2, bir genes BP2226 — BP2234, bsc genes BP2235—BP2265. (B) The Yop-Ysc cluster of Yersinia
enterocolitica plasmid pYVe227, accession number AF102990.1, between yopB and ycL. Arrows indicate the direction of transcription. Homologies of the encoded
injectosome proteins are indicated by the same color code, chaperones are colored in gray.

loci (bsc BPP2211-BPP2240, btr BPP2241-BPP2249) of the

the position of the gene encoding the Bsp22 tip filament protein
human-adapted B. parapertussisqgy 12882 was suggested to

of classical bordetellae as highlighted in Figure 2.

contain pseudogenes for regulatory (BPP2241) and structural
(BPP2215) proteins (Parkhill et al., 2003; Linz et al., 2016). The
functionality of T3SS in human-adapted B. parapertussisgy
thus remains to be clarified. Remarkably, the bsc-btr loci are
also present in one non-classical Bordetella species, B. ansorpii
that has so far been isolated only twice (Ko et al., 2005; Fry
et al., 2007). The analysis of these loci in B. ansorpii NCTC1364
(bsc SAMEA1982600_01974-SAMEA1982600_02005, btr
SAMEA1982600_02006-SAMEA1982600_02014)  reveals a
homologous organization, suggesting that B. ansorpii and
classical bordetellae had a common ancestor. However,
three different genes (tagged as SAMEA1982600_01983,
SAMEA1982600_01984, SAMEA1982600_01985) are present at

The injectosome of Bordetella spp. encoded in the
aforementioned bsc locus does not fit comfortably into any
of the seven phylogenetic families of the non-flagellar T3SS
being classified by loci organization and amino acid sequences
of the encoded proteins, and consisting of families Ysc, Inv-
Mxi-Spa, Ssa-Esc, Hrc-Hrp 1, Hrc-Hrp 2, the Rhizobiales and
the Chlamydiales (Troisfontaines and Cornelis, 2005). The Bsc
system of Bordetella spp. could nevertheless form a subgroup
within the Ysc family of injectosomes, which comprises the
Ysc system of Yersinia spp., Asc system of Aeromonas spp., Lsc
system of Photorhabdus luminescens, Psc system of Pseudomonas
aeruginosa, and the Vsc system of Vibrio parahaemolyticus
(Pallen et al., 2005; Troisfontaines and Cornelis, 2005). As

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2020 | Volume 10 | Article 466


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Kamanova

Type Ill Secretion in Bordetellae

TABLE 2 | Bordetella bsc-encoded genes, corresponding proteins, and predicted functions.

Locus tag Bp Protein name Protein name

Sct common Predicted function/functional name

Tohama | Bordetella spp. Yersinia spp.? nomenclature®

BP2235 BscC YscC SctC Needle complex outer rings
BP2236 BscW - - T3SS chaperone

BP2237 BscU YscU SctU Export apparatus switch protein
BP2238 BscT YscT SctT Minor export apparatus protein
BP2239 BscS YscS SctS Minor export apparatus protein
BP2240 BscR YscR SctR Minor export apparatus protein
BP2241 BscQ YscQ SctQ C -ring protein

BP2243 BscP YscP SctP Needle length regulator
BP2244 BscO YscO SctO Stalk

BP2245 BscN YscN SctN ATPase

BP2246 BscL YscL SctL Stator

BP2247 BscK YscK SctK Accessory sorting platform protein
BP2248 Bscd Yscd Sctd Needle complex inner rings
BP2249 Bscl Yscl Sctl Inner rod component

BP2250 Berd - - ?

BP2251 BerH2 - - Class Il translocator chaperone
BP2252 BopB YopB - Effector translocator, pore protein
BP2253 BopD YopD - Effector translocator, pore protein
BP2254 BerH1 - - Class Il translocator chaperone
BP2255 Btc22 (Orf6)° - - Bsp22 chaperone

BP2256 Bsp22 - - Tip filament protein

BP2257 BopN YopN / TyeA SctW Gatekeeper

BP2258 Orf4 - - T3SS chaperone

BP2259 BscX (Orf3)d YscX - T3SS protein X

BP2260 BscY (Orf2)d YscY - T3SS protein Y

BP2261 BerD YscV (LcrD) SctV Major export apparatus protein
BP2262 BscD YscD SctD Needle complex inner rings
BP2263 BscE - - T3SS chaperone

BP2264 BscF YscF SctF Needle filament protein

BP2265 Orf1 - - T3SS chaperone

aHomologues from Yersinia spp. T3SS are given for reference; ®Where applicable, the universal nomenclature for T3SS structural proteins is listed to allow for comparison; -, not present;

C(Kurushima et al., 2012a); 9(Gurung et al., 2018).

depicted in Figures 3A,B, several homologous genes in the
Bordetella bsc locus (e.g., bscl to bscL, as well as the bscN to bscU
genes of Bordetella spp.) exhibit the same relative positions as the
genes of the plasmid-encoded ysc-yop cluster of Y. enterocolitica
W22703. However, the relative positions of other homologous
genes differ, with bscN immediately following bscL in Bordetella,
while yscN is not adjacent to yscL in Y. enterocolitica (Fauconnier
et al,, 2001). However, the bsc-encoded proteins still show strong
sequence similarity to the well-described homologous proteins
found in Yersinia spp. as listed in Table 2 (Yuk et al., 1998; Kerr
et al., 1999; Fauconnier et al., 2001). The precise composition
and function of the Bordetella injectosome still need to be
verified experimentally. Nevertheless, based on studies of the
homologous injectosomes of Yersinia and Salmonella (reviewed
in Dewoody et al., 2013; Galan et al., 2014; Galan and Waksman,
2018; Wagner et al., 2018), its structural organization can be
predicted with a high degree of confidence to resemble the
arrangement depicted in Figure 1.

By analogy, the base or the so-called basal body of Bordetella
injectosome, embedded in the bacterial envelope, would consist
of two membrane-spanning ring structures. The outer membrane
ring would be built by oligomerization of BscC and the
two concentric inner membrane rings would be formed by
oligomerization of BscD on the outside and Bsc] on the inside.
The basal body would connect with the inner membrane export
apparatus, formed by the BscRSTU and BcerD (SctV homolog)
components. The latter would interact with the cytosolic sorting
platform and additional regulatory proteins to allow for hierarchy
in protein secretion, substrate unfolding, and export. By analogy
to Salmonella, the sorting platform would be composed of three
scaffolding proteins BscK, BscQ, BscL, and an ATPase BscN,
linked to the export apparatus through another component, BscO
(Hu et al., 2017). The needle filament composed of polymerized
BscF would then attach to the basal body through the inner rod
made from the Bscl protein, and extend into the extracellular
milieu forming a rigid hollow conduit for the secretion of
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proteins (Figure 1). The Bordetella needle filament on its distal ~ and EspA-formed needle extensions is currently unknown. It has
end appears to be capped by another hollow helical assembly  been speculated that EspA filaments may cross the barrier of
composed of the filament tip protein Bsp22 (Medhekar et al.,  the mucous layer and help in adhesion to epithelial cells and/or
2009). The Bsp22 protein undergoes spontaneous polymerization  in biofilm formation (Daniell et al., 2001; Cleary et al., 2004;
and requires its chaperone Btc22 (formerly Orf6) for stabilization =~ Moreira et al., 2006). The Bordetella proteins BopD and BopB
in the bacterial cytoplasm (Kurushima et al., 2012a; Villarino  hetero-oligomerize with unknown stochiometry within the host
Romero et al., 2013). Bsp22 also binds directly to BopD, a  plasma membrane and form the translocon pore that functions
component of the Bordetella translocon pore and it is essential ~ as the conduit for translocation of T3SS effector proteins into
for effector protein delivery into the target cells (Medhekar et al.,  host cell cytosol (Kuwae et al., 2003; Nogawa et al., 2004), as
2009). It is thus assumed that the Bsp22 polymer forms a long  depicted in Figure 1. Both BopD and BopB proteins are required
flexible connecting channel that links the needle filament to  for the pore-forming hemolytic activity of the injectosome on red
the translocon pore inserted within the target cell membrane,  blood cells but are not needed for in vitro secretion of other T3SS
as depicted in Figure 1. Indeed, similar needle extensions were  substrates (Kuwae et al., 2003; Nogawa et al., 2004).

described to be formed by the filament tip protein EspA of Additional regulatory and structural components, presumably
enteropathogenic Escherichia coli (EPEC) (Daniell et al., 2001;  involved in the timing of protein secretion by the injectosome,
Sekiya et al., 2001; Wang et al., 2006). Intriguingly, the EspA  are encoded within the Bordetella bsc locus. These include
filament appears to be eliminated upon attachment of EPEC to  proteins BscX (formerly Orf3, homologous to T3SS protein
target cells (Knutton et al., 1998) and the function of the Bsp22 ~ X) and BscY (formerly Orf2, homologous to T3SS protein

4

Environmental factors:
stringent response, iron limitation, T35S
CO, concentration

? cell signalling

oM
PG

IM
BvgS

required for secretion Hfq

@Ragag 7 e

bsc locus, e.g. bopN, bsp22

FIGURE 4 | Scheme of transcriptional and post-transcriptional regulation of T3SS in Bordetella species. The two-component system, BvgAS, composed of the
sensor kinase BvgS and the response regulator BvgA activates expression of the extracytoplasmic function (ECF) sigma factor BtrS and regulates additional factors
necessary for T3SS function (Mattoo et al., 2004; Moon et al., 2017). The activity of BtrS leads to transcription of several bsc-encoded genes while being
counteracted by the T3SS-exported anti-sigma factor, BtrA (Mattoo et al., 2004; Kurushima et al., 2012¢; Ahuja et al., 2016). See text for further details. Besides, the
partner-switcher proteins BtrU, BtrW, and BtrV control secretion through the injectosome via a series of serine phosphorylation and dephosphorylation events by a yet
unknown mechanism (Mattoo et al., 2004; Kozak et al., 2005). BopN protein homologous to the gatekeeper StcW might also regulate the secretion
post-transcriptionally. Also RNA chaperone Hfq is required for the expression of T3SS genes in B. pertussis (Bibova et al., 2015; Dienstbier et al., 2019). CM,
cytoplasmic membrane; OM, outer membrane; PG, peptidoglycan; IM, inner membrane.
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Y), BscP, and BopN (Table 2). The BscX and BscY proteins
would by analogy with Yersinia YscX and YscY orchestrate
the secretion of early substrates through their interaction
with BerD (Diepold et al, 2012). The YscX- and YscY-like
proteins are unique to the Ysc family of injectosomes and
are not encoded within other injectosome families (Gurung
et al,, 2018). BscP would by analogy with SctP protein control
the length of BscF needle filament by a poorly understood
mechanism (reviewed in Diepold and Wagner, 2014). Finally,
the BopN protein would activate effector protein secretion
upon contact with the host cell, in the so-called “second
substrate switching event,” as deduced from its homology to
the gatekeeper protein, SctW (reviewed in Portaliou et al,
2016). The BopN function in Bordetella injectosome, however,
remains unclear and will be discussed in the section on effector
proteins. The bsc locus further encodes the chaperones for the
respective components of the injectosome (Table 2), e.g., Bsp22
chaperone Btc22 (formerly Orf6), the putative chaperone BcrH2
that co-immunoprecipitates with the BopB-BopD complex from
bacterial cytosol, and one additional protein, called Bcr4, with
unclear activity (Nogawa et al., 2004; Kurushima et al., 2012a;
Nishimura et al., 2018).

TYPE 1l SECRETION REGULATION IN
BORDETELLA

The bsc-encoded genes of the Bordetella injectosome are induced
during infection, and are responsive to blood or serum exposure,
and increased CO; concentrations (Gaillard et al., 2011; Hester
et al., 2012; Bibova et al.,, 2015; Gestal et al, 2018; Van
Beek et al, 2018; Wong et al., 2019). Other stimuli that can
activate T3SS expression and secretion in bordetellae are the
stringent response induced by iron limitation and/or starvation
for carbon source, as depicted in Figure4 (Brickman et al,
2011; Kurushima et al., 2012b; Hanawa et al., 2016). However,
upon the internalization of bordetellae into macrophages the

transcription of injectosome genes is down-regulated (Rivera
et al., 2019; Petrackova et al., 2020). The bsc-encoded genes
are under the control of Bordetella master virulence regulatory
system BvgAS. This two-component system is composed of the
membrane-bound sensor kinase BvgS and of its phosphorylation
substrate, the DNA-binding response regulator protein BvgA,
which coordinates expression of hundreds of genes (Hot
et al,, 2003; Cummings et al., 2006; Nicholson, 2007; Moon
et al., 2017). The system appears to function as a “rheostat”
controlling a spectrum of phenotypic modes in response to
environmental clues. Nevertheless, the exact nature of the signals
and the mechanism by which these signals are perceived and
integrated into the BvgAS regulon remains unknown (reviewed
in Mattoo et al., 2001; Chen and Stibitz, 2019).

The BvgA-mediated activation of injectosome genes occurs
at least for part of them indirectly through an extracytoplasmic
function (ECF) sigma factor BtrS, annotated as BrpL, which is
encoded in the btr locus (Figure 3A, Table 3) (Mattoo et al.,
2004; Moon et al,, 2017). As shown in Figure 4, in the BvgS-
active mode, the membrane-bound phosphorelay sensor kinase
BvgS phosphorylates the transcriptional activator BvgA, which
in turn directly activates btrS transcription by binding as head-
to-head BvgA dimers at positions centered at —41.5 and —63.5
upstream of the transcriptional start site (Moon et al., 2017).
The BtrS can then activate transcription of bsp22 and bopN
genes encoded in the bsc locus (Mattoo et al., 2004). However,
the ectopic expression of btrS in the Bvg™ locked mutant of
B. bronchiseptica RB50 strain (AbvgS) does not allow for T3SS
secretion. Additional unknown Bvg™ factors are thus required
for the secretion process (Mattoo et al., 2004). Interestingly,
two differently regulated gene clusters in the bsc locus of B.
bronchiseptica RB50 strain were identified. The first cluster
required the presence of BtrS for transcription (bscN to bsp22,
and bopN to orf2) whereas genes in the other cluster (bscC to
bscO, and berD to bscF) showed very little dependence, if any,
on the presence of BtrS (Ahuja et al., 2016).

TABLE 3 | Bordetella btr-encoded genes, corresponding proteins, and functions.

Locus tag Bp Protein name Functional name Function References

Tohama |

BP2226 Btrv STAS domain-containing T3SS regulator Mattoo et al., 2004
protein (Anti-sigma factor
antagonist)

BP2227 Btrw Serine kinase T3SS regulator Mattoo et al., 2004

BP2228 alr Alanine racemase unknown -

BP2229 BtrO MFS transporter unknown -

BP2230 BtrU Serine phosphatase, SpollE T3SS regulator Mattoo et al., 2004
family

BP2231 BtrN ABC transporter unknown -

BP2232 BtrM Gamma-glutamylcysteine unknown -
synthetase

BP2233 BtrA (BspR) Secreted anti-ECF sigma factor Binds BtrS, Kurushima et al., 2012c;

T3SS inhibitor Ahuja et al., 2016
BP2234 BtrS (BrpL) ECF sigma factor T3SS activator Mattoo et al., 2004; Ahuja

etal., 2016
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Besides of the ECF sigma factor BtrS, which controls also
other regulatory networks (Gestal et al., 2019), additional genes
encoded in the btr locus are linked to the injectosome function.
These comprise the anti-sigma factor BtrA and the partner-
switcher proteins BtrU, BtrW, and BtrV, respectively (Figure 3A,
Table 3). As depicted in Figure 4, the secreted anti-sigma factor
BtrA, also called BspR (Bordetella secreted protein regulator)
was suggested to function as a secreted BtrS antagonist and
establish a positive feedback loop that couples the injectosome
secretion with the expression of T3SS genes in both B. pertussis
and B. bronchiseptica species (Ahuja et al., 2016). The deletion
of BtrA, indeed, enhances T3SS-dependent secretion and tissue
culture phenotypes of both bacterial species (Kurushima et al.,
2012¢; Ahuja et al,, 2016), and differential control over BtrA
intracellular levels was suggested to contribute to the distinct
T3SS activities of B. pertussis and B. bronchiseptica (Ahuja
et al., 2016). However, the exact mechanism of BtrA-mediated
inhibition of T3SS expression in Bordetella species remains to
fully clarified. The work of Ahuja and colleagues used yeast two-
hybrid system to show that BtrA interacts with BtrS, however,
Kurushima and colleagues failed to detect this interaction using
GST-pull down assay (Kurushima et al., 2012¢; Ahuja et al., 2016).

Although studied so far only in B. bronchiseptica, the
cascade that regulates T3SS secretion in bordetellae likely
involves the partner-switcher regulatory proteins BtrU, BtrW,
and BtrV (Figure 4, Table 3). These proteins exhibit homologies

to partner-switching complexes of other bacteria that consist of
a phosphatase, homologous to BtrU, a protein kinase/anti-sigma
factor, homologous to BtrW, and an antagonist protein/anti-
anti-sigma factor, homologous to BtrV. Nevertheless, the precise
mechanism of regulation in Bordetella seems to differ from
other bacteria, as all of the BtrU, BtrW, and BtrV proteins are
required for Bordetella T3SS secretion and none of them acts
as a negative regulator. BtrV seems to exert post-transcriptional
control required for translation and/or protein stability, whereas
BtrU and BtrW are assumed to specifically govern the secretion
process (Mattoo et al., 2004; Kozak et al., 2005). Another level
of complexity of regulation of T3SS production comes from
the post-transcriptional regulator Hfq, a small hexameric RNA-
binding protein (reviewed in Chao and Vogel, 2010). Indeed,
the Hfq chaperone that anneals small RNA (sRNA) molecules
to mRNA targets was found to be required for the expression of
some of the T3SS genes (Figure 4) (Bibova et al., 2015; Dienstbier
etal., 2019).

EFFECTOR PROTEINS OF BORDETELLA
INJECTOSOME

The function of the T3SS injectosome consists in the transport of
bacterial effector proteins into the host cell, where these modulate
host cell functions by diverse molecular activities for the benefit
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FIGURE 5 | Structural organization of Bordetella T3SS effector proteins. (A) Schematic representation of the BteA effector protein of B. bronchiseptica RB50
(BbRB50 BteA, 658 aa) and B. pertussis Tohama | (Bp BteA, 656 aa). BteA is composed of two primary domains: a lipid-raft targeting domain (LRT) and a cytotoxic
domain. The N-terminal LRT domain of ~ 130 residues is a multifunctional four helical bundle membrane localization domain (MLB) that harbors the secretion signal,
comprises BtcA chaperone binding sites, and binds phosphatidylinositol 4,5-bisphosphate (PIP2) (French et al., 2009; Guttman et al., 2013; Yahalom et al., 2019).
The C-terminal cytotoxic domain of ~ 528 aa contains 2 segments associated with cytotoxicity (BbRB50 BteA, CT1, aa 200-312, CT2, aa 400-658; Bp BteA, CT1,
aa 200-312, CT2, aa 400-656) (Kuwae et al., 2016). In addition, the last 14 aa were shown to be critical for BteA cytotoxicity (French et al., 2009). Differences in the
primary structure of BbRB50 BteA and Bp BteA are shown, insertion of A503 within Bp BteA is highlighted in red. (B) Schematic representation of the 365
residue-long BopN protein of B. bronchiseptica RB50 (BbRB50 BopN). The Hrpd (aa 81-214) and TyeA (aa 285-364) domains are indicated.
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of the bacteria. Only two effector proteins were so far reported
to be present in classical bordetellae, namely the effector protein
BteA, also called BopC, and the BopN protein, a homolog of a
T3SS regulator (Panina et al., 2005; Kuwae et al., 2006; Nagamatsu
et al., 2009).

The BteA effector protein was originally identified by Panina
EM and colleagues in 2005 using a computational screen for
chaperone-effector loci in B. bronchiseptica (Panina et al., 2005).
Although the chaperone-effector pair, designated btcA-bteA, is
located 2.5 Mbp away from the bsc locus, bteA expression is
coordinated with the expression of injectosome genes and is
activated by the BvgAS system and ECF sigma factor BtrS
(Panina et al, 2005; Ahuja et al., 2016). As expected, BteA
secretion depends on the T3SS ATPase BscN, and also on the
BtrU, BtrW, BtrV partner-switcher proteins (Panina et al., 2005).
Upon translocation into the host cells, BteA of B. bronchiseptica
(Bb BteA) induces potent cytotoxicity. Compared to the wild
type strains, inducing caspase 1-independent necrotic cell death,
bteA-deficient strains of B. bronchiseptica exhibit negligible
cytotoxicity levels similar to the type III secretion-deficient
AbscN strains (Stockbauer et al., 2003; Panina et al., 2005;
Kuwae et al, 2006; Ahuja et al.,, 2012). The Bb BteA effector
protein alone is capable of inducing potent cytotoxicity in tissue
culture and also yeast cells since even trace amounts of Bb BteA
(undetectable by fluorescence microscopy or Western blot) are
cytotoxic (Panina, 2007, dissertation thesis; French et al., 2009).

The 69 kDa BteA effector protein exhibits a modular
architecture and is composed of an N-terminal multifunctional
lipid raft targeting domain (LRT) of ~ 130 amino acid residues,
and a cytotoxic C-terminal domain of ~528 amino acid residues,
as depicted in Figure 5A. The LRT domain is rich in highly
hydrophobic (~20% are Ile, Leu, Val) and positively charged
(>10% are Arg, Lys) amino acid residues, resembling other
known membrane localization domains (MLD) but targeting
a specific portion of the plasma membrane. Therefore, the
membrane localization domain of BteA was called the lipid raft
targeting (LRT) domain (reviewed in Geissler, 2012). Within
bacteria, the LRT domain binds the cognate chaperone BtcA
that guides BteA for injectosome secretion upon recognition
of the N-terminal secretion signal of the LRT (Panina et al.,
2005; Kuwae et al., 2006). It is assumed that BtcA-BteA
complex has a stoichiometry of 2:1 (chaperon:effector) like the
chaperon-effector pair, InvB-SipA (Lilic et al., 2006; Guttman
et al, 2013). Upon T3SS-mediated translocation into target
cell cytosol, the LRT appears to mediate BteA localization into
the cytosolic leaflet of lipid rafts of cell plasma membrane via
phosphatidylinositol 4,5-bisphosphate (PIP2) binding (French
et al.,, 2009; Yahalom et al., 2019). The crystal structure shows
that LRT is an elongated four-helix bundle packed against two
shorter perpendicular helices, the second of which caps the
domain in a tip motif. The continuous positively charged surface
of the second bundle helix was proposed to mediate a direct
electrostatic interaction with the negatively charged PIP2 head
while being supported by the structural tip helix (Yahalom
et al,, 2019). Interestingly, homologous domains responsible
for lipid raft targeting, but surrounded by other domains, are
also present in several known and predicted T3SS effectors

and MARTX (multifunctional autoprocessing repeats-in-toxin)
toxins, including Plu4750 and Plu3217 from Photorhabdus
luminescens. The membrane-localization LRT domain thus
seems to have been reshuftled during evolution (Panina et al.,
2005; French et al., 2009). The C-terminal domain of BteA of
~ 528 amino acid residues (Figure5A) is solely responsible
for the BteA-mediated cytotoxicity (French et al., 2009; Kuwae
et al., 2016). Whereas no reliable predictions of the mechanism
of BteA-mediated cytotoxicity can be obtained by sequence
homology searches, the deletion mutagenesis suggests that the
cytotoxic domain of BteA harbors two separate cytotoxic activity-
related regions that span over the amino acid residues 200-
312 and 400-658, respectively (Kuwae et al., 2016). The last 14
amino acid residues of BteA are also critical for full cytotoxic
activity of BteA (French et al., 2009). However, the mechanism
underlying the cytotoxic action of BteA as well as its cellular
targets remain unknown. The targets of BteA action were
proposed to be associated with the cholesterol-rich domains of
the host cell membrane since depletion of membrane cholesterol
protected cells from the T3SS-dependent cytotoxic action of
BteA (French et al., 2009). Nevertheless, the observed protection
could have also been due to diminished translocation of BteA
into cholesterol-depleted cells (Hayward et al., 2005). Besides,
the previously reported T3SS-mediated dephosphorylation of
tyrosine residues of proteins in infected mammalian cells appears
to be a rather indirect consequence of the cytotoxic action of BteA
(Yuk et al., 1998; Kuwae et al., 2006).

The BteA effector proteins of classical Bordetella species
were claimed to be functionally interchangeable (French et al.,
2009). However, our recent study by Bayram and colleagues
demonstrated that compared to its BteA homolog from the B.
bronchiseptica, the BteA effector of B. pertussis (Bp BteA) exhibits
a significantly reduced specific cytotoxic activity toward cultured
cells (Bayram et al, 2020). This activity difference could be
unambiguously attributed to the insertion of a single alanine
residue at position 503 of the Bp BteA protein (Figure 5A).
Indeed, the specific cytotoxic activity of the Bp BteA protein
was strongly increased upon deletion of the A503 residue, and
the activity of the Bb BteA protein was strongly reduced by
insertion of an A503 residue, respectively (Bayram et al., 2020).
This explains why low cytotoxicity was observed in cells infected
by B. pertussis translocating BteA through a functional T3SS
injectosome (Han et al., 2011; Ahuja et al., 2016). Remarkably,
the analysis of amino acid sequences of BteA of the classical
bordetellae revealed that the A503 residue is conserved across
all B. pertussis lineages but is absent in the BteA of all
distinct subpopulations and lineages of B. bronchiseptica and
B. parapertussis species. This suggests that the acquisition of
the A503 residue in the Bp BteA protein occurred early in the
B. pertussis speciation to human hosts (Bayram et al., 2020).
Interestingly, B. ansorpii does not appear to encode BteA effector
protein homolog nor Bordetella master virulence regulatory
system BvgAS.

The BopN protein was originally identified as a Bordetella
T3SS-secreted protein that exhibits homology to the gatekeeper
proteins, StctW (Table2) (Yuk et al, 2000). Remarkably, in
the Ysc family of injectosomes, the StctW protein is encoded
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as two polypeptides, e.g., YopN and its C-terminus-binding
chaperone TyeA. There is a single protein corresponding to a
chimeric product of YopN-TyeA in the other T3SS systems,
including classical Bordetella species. The 39 kDa BopN protein
(Figure 5B) thus highlights the divergence of Bordetella Bsc
system away from the Ysc family of injectosomes (Pallen et al.,
2005). The function of the StctW is to regulate translocator
secretion and/or prevent a premature secretion of the effector
proteins presumably through binding to the export apparatus in
a protein complex that is released upon activating signal (sensing
of the contact to a host cell) (Schubot et al., 2005; Portaliou et al.,
2017; Yu et al., 2018). The SctW protein is then either secreted as
is the case of Yersinia YopN and Shigella MxiC, or is degraded like
the Salmonella SPI-II SsaL protein (Cheng et al., 2001; Botteaux
et al, 2009; Yu et al,, 2010). The fate of SctW protein if injected
into the target host cell is not clear. It is assumed that the SctW
does not exert any effector function, except for the Chlamydia
CopN protein that was shown to induce G2/M cell cycle arrest by
inhibiting tubulin polymerization (Huang et al., 2008; Archuleta
etal, 2011; Nawrotek et al., 2014).

The function of the Bordetella BopN protein remains
controversial (Figure 4). The protein was reported to be required
for manifestation of the full BteA-mediated cytotoxicity in B.
bronchiseptica infections of rat L2 pulmonary epithelial cells but
was not required for cytotoxicity in mouse DC2.4 dendritic cells
(Nagamatsu et al., 2009; Abe et al., 2017). Besides, the deletion
of BopN did not affect the secretion of BteA into the culture

supernatants of B. bronchiseptica grown in vitro (Abe et al., 2017).
This would indicate that effector secretion in B. bronchiseptica
does not require host cell contact and/or gatekeeper function,
or that the used culture medium artificially mimics the contact
to a cell, as previously observed for other T3SS-expressing
bacterial species, e.g., enteropathogenic Escherichia coli (EPEC),
Vibrio parahaemolyticus or Shigella flexnerii (Deng et al., 2005;
Botteaux et al.,, 2009; Tandhavanant et al., 2018). Remarkably,
the BopN protein was reported to be translocated into cells
where it was suggested to localize to the cell nucleus (Nagamatsu
et al., 2009; Abe et al., 2017). Its activity was also proposed to
down-regulate MAPK signaling, block nuclear translocation of
the NF-kBp65 subunit while promoting translocation of the NF-
kBp50 subunit, and enhancing IL-10 production (Nagamatsu
et al., 2009). However, the molecular basis of these processes
remain unknown.

TYPE 1ll SECRETION IN INFECTIONS WITH
BORDETELLAE

The role of T3SS-mediated delivery of effector proteins
is thoroughly characterized in animal infections with B.
bronchiseptica. The elimination of T3SS function due to the
deletion of the T3SS ATPse BscN results in defects of B.
bronchiseptica persistence in the lower respiratory tract of rats,
mice, and pigs (Figure 6) (Yuk et al., 1998, 2000; Nicholson
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FIGURE 6 | Summary of the most important activities of B. bronchiseptica T3SS in animal models in vivo and on cells in vitro. See the text for further details and
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et al, 2014). The functional T3SS of B. bronchiseptica was
also reported to lower titres of anti-Bordetella serum antibodies
and inhibit the generation of IFN-y-producing splenocytes
while enhancing the production of immunosuppressive IL-10
(Figure 6) (Yuk et al., 2000; Skinner et al., 2005; Pilione and
Harvill, 2006; Nicholson et al., 2014). Since natural clearance
of B. bronchiseptica depends on antibodies and production of
IFN-y while IL-10 promotes bacterial colonization, these results
suggest that T3SS activity could favor bacterial persistence by
altering the balance between IL-10 and IFN-y, and hindering the
antibody production (Kirimanjeswara et al., 2003; Skinner et al.,
2005; Pilione and Harvill, 2006). Nevertheless, it appears that
T3SS primarily targets innate immunity functions since AbscN
strain was found to be hypervirulent in SCID-beige mice that
are devoid of functional B cells and T cells (SCID) and NK cells
(beige mutation) (Yuk et al., 2000). The T3SS may synergize with
adenylate cyclase toxin to modulate macrophage and dendritic
cell phenotypes and thereby subvert adaptive immune responses
(Figure 6) (Skinner et al., 2004, 2005; Reissinger et al., 2005;
Siciliano et al., 2006). Alternatively, or in combination, T3SS
action may consist in inhibition of NF-kB activation in epithelial
cells of the respiratory epithelia (Figure 6) (Yuk et al., 2000;
Legarda et al., 2005; Ryan et al., 2018). Indeed, infection with
wild type B. bronchiseptica, but not with the AbscN mutant,
suppressed the activation of NF-kB and induction of B-defensin
in primary bovine tracheal epithelial cells and/or during mice
infection (Legarda et al., 2005; Ryan et al., 2018). Interestingly,
though, T3SS-dependent phenotypes of B. bronchiseptica may
vary between different phylogenetic lineages and/or isolates
(Figure 6) (Buboltz et al, 2009; Ahuja et al, 2012). For
example, enhanced expression of T3SS genes was reported to
be partially responsible for the increased virulence of complex
I B. bronchiseptica 1289 strain isolated from diseased host, as
compared to the virulence of the RB50 strain isolated from an
asymptomatic host (Cotter and Miller, 1994; Buboltz et al., 2009).
Along the same line, in vitro T3SS-mediated hyper-cytotoxicity of
a subset of complex IV B. bronchiseptica strains correlated with
the increased ability of these strains to cause lethal pulmonary
infections in mice (Ahuja et al., 2012).

The potential role of T3SS in B. pertussis infections
was overlooked for many years due to adaptional block of
injectosome expression in B. pertussis until the seminal studies
of Fennelly et al. (2008), Gaillard et al. (2011). The activity of B.
pertussis T3SS was then suggested to dampen the inflammatory
responses in infected mice by inhibiting proinflammatory
cytokine production and enhancing anti-inflammatory IL-10
production in the lungs early after infection, which correlated
with lower antigen-specific IFN-y, IL-17 and IgG responses
later in the infection (Fennelly et al., 2008). These data,
however, warrant further investigation. Surprisingly, compared
with wild type bacteria, the T3SS-deficient B. pertussis mutant
was significantly impaired in the capacity to colonize the lungs
already 3 h after respiratory challenge (Fennelly et al., 2008).

The functionality of B. pertussis T3SS injectosome is
intriguing, given the acute nature of pertussis disease, which
is relatively short-lived. This contrasts with the rather chronic
infections caused by B. bronchiseptica, which have been related to

the action of the T3SS (Yuk et al., 1998, 2000; Nicholson et al.,
2014) and/or BteA effector protein (Panina, 2007, dissertation
thesis). The adaptation of T3SS of B. pertussis may have occurred
in signaling cascades activating T3SS and/or BteA effector
protein expression during in vivo infection. Alternatively, or in
combination, a functional divergence could originate in the level
of effector specific activities as recently described by Bayram
et al. (2020). The Bp BteA has only residual cytotoxic activity
as compared to Bb BteA, and the deletion of a differing A503
residue from the wild type Bp BteA (Figure 5A) increased T3SS-
mediated B. pertussis cytotoxicity. Besides, the mutant B. pertussis
bteAAA503 exhibited a higher virulence in the mouse model
of intranasal infection, while at a sublethal challenge dose it
accounted for a reduced pathology in B. pertussis-infected mouse
lungs. These data show that a more active BteAAA503 was able
to importantly intervene in the interactions of B. pertussis with
the host defense and its action shaped the course and outcome of
the infection (Bayram et al., 2020).

CONCLUDING REMARKS AND
OUTSTANDING QUESTIONS

Since 1906, when the founding member of the Bordetella genus,
B. pertussis, was isolated by Bordet and Gengou from Bordet’s son
suffering from pertussis, our comprehension of the bordetellae
species has come a long way. Nevertheless, many unknowns
remain and dozens of outstanding questions can be formulated
in the very specific area of research on the type III secretion
in bordetellae. Perhaps the most important question is the role
of T3SS activity in the pathophysiology of human pertussis.
Hopefully, the availability of a non-human primate in which the
human pathology of pertussis and transmission of the pathogen
can be reproduced in olive baboons will yield an answer (Pinto
and Merkel, 2017; Zimmerman et al., 2018). It remains to
be determined if the variation in the T3SS contributed to B.
pertussis evolution and pertussis pathogenesis. A better insight
into the regulation of the T3SS expression and injectosome
functionality is also needed. It remains unclear what are the
host signals that Bordetella spp. respond to and whether these
signals and/or signaling cascades are different for B. pertussis
and B. bronchiseptica. We still do not understand by which
mechanism do B. pertussis bacteria turn off the T3SS activity
upon passage on laboratory media (Gaillard et al, 2011) and
why despite the potent cytotoxicity in cultured cells the in
vivo B. bronchiseptica-colonized respiratory epithelia shows no
damage (Cotter and Miller, 1994; Panina et al., 2005). Future
research should also focus on the understanding of the Bordetella
injectosome that differs by the presence of the Bsp22 helical
assembly and YscX-like and YscY-like proteins from the well-
studied injectosomes of Salmonella enterica and Shigella spp. Last
not least, we need to get a better comprehension of the molecular
details behind the actions of Bordetella effector protein/s, their
function and interplay with other virulence factors of classical
Bordetella species.
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The type VI secretion system (T6SS) is a transmembrane multiprotein nanomachine
employed by many Gram-negative bacterial species to translocate, in a
contact-dependent manner, effector proteins into adjacent prokaryotic or eukaryotic
cells. Typically, the T6SS gene cluster encodes at least 13 conserved core components
for the apparatus assembly and other less conserved accessory proteins and effectors.
It functions as a contractile tail machine comprising a TssB/C sheath and an expelled
puncturing device consisting of an Hcp tube topped by a spike complex of VgrG and
PAAR proteins. Contraction of the sheath propels the tube out of the bacterial cell into
a target cell and leads to the injection of toxic proteins. Different bacteria use the T6SS
for specific roles according to the niche and versatility of the organism. Effectors are
present both as cargo (by non-covalent interactions with one of the core components) or
specialized domains (fused to structural components). Although several anti-prokaryotic
effectors T6SSs have been studied, recent studies have led to a substantial increase
in the number of characterized anti-eukaryotic effectors. Against eukaryotic cells,
the TBSS is involved in modifying and manipulating diverse cellular processes that
allows bacteria to colonize, survive and disseminate, including adhesion modification,
stimulating internalization, cytoskeletal rearrangements and evasion of host innate
immune responses.

Keywords: bacterial pathogenesis, secretion system, T6SS, host manipulation, effector

INTRODUCTION

Gram-negative bacteria depend on specific secretion systems, numbered Type I through Type VII,
to transport proteins outside the cell for survival and fitness. It has been estimated that >25%
of pathogenic and non-pathogenic proteobacteria encode between one and six Type VI secretion
systems (T6SS) (Bingle et al., 2008; Boyer et al., 2009). The T6SS is a dynamic contractile protein
nanomachine, evolutionarily related to bacteriophage tails, which delivers protein effectors in a
contact-dependent manner into diverse cellular types, including other bacteria, fungi, and host
eukaryotic cells. As reviewed elsewhere (Records, 2011; Basler, 2015; Cianfanelli et al., 2016b;
Nguyen et al., 2018; Cherrak et al., 2019; Navarro-Garcia et al., 2019; Hernandez et al., 2020), the
T6SS gene cluster encodes 13 core components for apparatus assembly. The system can be divided
in three substructures, (i) a membrane complex (TssJLM) anchored to the inner membrane and
associated to the outer membrane (Aschtgen et al., 2008; Ma et al., 2009b; Durand et al., 2015;
Logger et al., 2016; Rapisarda et al., 2019; Yin et al., 2019), (ii) a baseplate complex assembled
by a wedge (TssEFGK) (Brunet et al,, 2015; Cherrak et al., 2018; Nazarov et al,, 2018) and
a spike (VgrG and, in some cases PAAR proteins) (Shneider et al., 2013; Brunet et al., 2015;
Renault et al., 2018) and (iii) the dynamic tail complex that comprises the inner tube (Hcp)
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(Ballister et al., 2008; Brunet et al., 2014; Douzi et al., 2014) and
the contractile sheath (TssBC) that wraps around the Hcp tube
and propels the spike (Bonemann et al., 2009; Basler et al., 2012;
Broms et al., 2013; Zhang et al., 2013; Kube et al., 2014).

The T6SS can translocate effector proteins in two modular
ways: binding of an additional protein domain to structural
components of the needle, Hcp, PAAR, or VgrG (specialized
or evolved effectors) or by non-covalent direct or indirect
interactions, via adaptor proteins, with any of the components
of the needle (cargo effectors) (Shneider et al., 2013; Durand
et al, 2014; Whitney et al,, 2014; Alcoforado Diniz et al,
2015; Ma et al., 2017; Pissaridou et al., 2018). There are T6SS
effector chaperone (TEC), or adaptor (Tap-1), proteins that are
essential for toxin loading and delivery through binding to VgrG
and effector proteins (Liang et al, 2015; Bondage et al., 2016;
Flaugnatti et al., 2016; Jana and Salomon, 2019). TEC and Tap-1
proteins share a highly conserved domain of unknown function
(DUF4123) and are not secreted; they exhibit a low pI values
and are often genetically encoded upstream of their cognate
effector genes or downstream of vgrG genes (Liang et al., 2015;
Unterweger et al., 2015). Proteins containing DUF2169 domains
are commonly found downstream of vgrG and upstream of
DUF4150-containing effector genes and also serve as adaptor
or chaperone in binding the N-terminal PAAR or PAAR-like
domains of its cognate effector to the tip for translocation
(Bondage et al., 2016; Santos et al., 2019). The DUF1795
containing proteins, namely Eag proteins, bind and stabilize the
N-terminal PAAR-containing domains of their cognate effectors.
Eag chaperone family members are frequently encoded adjacent
to putative effectors with predicted transmembrane domains
(Cianfanelli et al., 2016a; Quentin et al., 2018).

It has been reported that the T6SS mainly functions as a
device for inter-bacterial competition to inject toxic antibacterial
proteins into rival bacterial cells, thus modulating polymicrobial
communities. More recently, the range of known functions of
the T6SS has extended, including action against microbial fungi,
biofilm formation and transport of ions. The T6SS also functions
as a classical virulence factor by delivering toxins that allow
bacteria to manipulate and subvert eukaryotic cells.

The T6SS toxins targeting eukaryotic cells are varied in
biological and biochemical functions (Hachani et al.,, 2016). In
general, different bacterial species use and adapt their T6SS for
specific roles according to the host, niche or survival strategy
of the organism and there is also considerable diversity in
effector portfolio. In this review, we discuss and summarize the
activity, target and mode of delivery of eukaryotic cell-targeting
T6SS toxins important in pathogenicity, which interact and
manipulate different components of the host cell. The effectors
below revised are categorized accordingly to the bacterial species
that encodes them.

T6SS EUKARYOTIC EFFECTORS

Table 1 and Figure 1 give a general overview of functionalities of
the eukaryotic T6SS effectors described in the text.

Vibrio
Vibrio cholerae is a natural free-living bacterium widely
distributed in aquatic environments and also the environment
within human hosts. V. cholerae is a non-invasive intestinal
pathogen; O1 and O139 serogroup cause the diarrheal disease
cholera. The first reported T6SS toxin targeting eukaryotic cells
was VgrG-1. Mutants unable to produce this protein lack the
ability to secrete Hcp or to infect amoebae and mammalian
macrophages, suggesting that rather in addition to be an essential
component of the T6SS apparatus, VgrG-1 is a genuine effector
(Pukatzki et al., 2007; Zheng et al., 2011). VgrG-1 carries a large
(395 amino acids) C-terminal extension with homology to the
actin cross-linking domain (ACD) of the RtxA toxin, a member
of the MARTX family (Durand et al,, 2012). VgrG-1 catalyzes
in vitro the covalent cross-linking of two G-actin monomers
in a Mg?"/Mn?**-ATP dependent manner and in vivo induced
massive cross-linking of cytosolic actin in macrophages and
from harvested intestines in an infant mice model of infection
(Pukatzki et al., 2007; Ma and Mekalanos, 2010; Durand et al.,
2012). Actin oligomers disrupt the normal inter-subunit interface
in the actin filament and prevent polymerization (Satchell, 2009;
Heisler et al., 2015). Bacterial internalization by endocytosis is
needed for VgrG-1 ACD domain translocation into phagocytic
cells to impair their function and cause cell death, preventing
bacterial clearance from the gut (Ma et al., 2009a). VgrG-1 also
possesses an actin binding motif (ABM) on the surface of the
ACD similar to WH2 domain. Actin nucleation is inhibited
by this ACD-ABM because the motif can bind and sequester
actin monomers; this binding domain is also indispensable for
ACD mediated actin cross-linking (Dutta et al., 2019). VgrG-1
forms homotrimeric and heterotrimeric complexes by interacting
with VgrG-2 and VgrG-3 (Pukatzki et al,, 2007). The crystal
structure of VgrG-1-ACD (PDB 4DTD) reveals a V-shaped
structure formed of 12 B-strands and 9 a-helices and an active
site composed of 5 residues; one of these, Glu-16, is the critical
residue for the cross-linking activity (Durand et al., 2012).

Another noteworthy T6SS V. cholerae protein is the virulence-
associated secretion protein X (VasX or VCA0020), encoded in
the T6SS gene cluster downstream of hcp and vgrG-2. The 121-
kDa protein VasX requires the T6SS transcriptional activator
VasH for expression, and a functional T6SS apparatus for
secretion with the VgrG spike as carrier for its delivery. VasX
plays a role in T6SS mediated virulence, killing amoebae by a
mechanism that depends on actin cross-linking (Zheng et al.,
2011; Dong et al., 2013). VasX carries an N-terminal Pleckstrin-
homology (PH) domain that binds to membrane lipids including
phosphatidic acid (PA) and each of the phosphatidylinositol
phosphates (PIP). Since inositol phosphates are rarely found in
bacteria the PH domain of VasX may have a role in binding
to host membrane lipids and is thought to form pores in lipid
bilayers (Miyata et al., 2011). VasX also carries a motif named
MIX (marker for type six effectors) and a C-terminal colicin
domain important for its secretion and T6SS assembly (Salomon
etal., 2014; Liang et al., 2019).

Vibrio proteolyticus (Vpr) is a marine bacterium that has
been previously isolated from corals with yellow band disease.
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TABLE 1 | List of anti-eukaryotic T6SS effectors and their functions.

Organism Effector Function (biochemical activity) References
Vibrio
V. cholerae VgrG1 Contains an actin cross-linking domain (ACD) that binds and covalently Pukatzki et al., 2007; Ma et al.,

cross-links actin, leading to an accumulation of toxic actin oligomers and altering
host cell morphology, preventing host cell cytoskeletal rearrangements and
disabling phagocytosis.
VasX Required for virulence toward Dictyostelium discoideum.
The PH domain binds host membrane lipids.
V. proteolyticus Vpr01580 Predicted MIX-effector with a C-terminal domain homologous to cytotoxic
proteins and other T6SS effectors that contain Rhs repeats.
Vpr01570 MIX V effector containing a CNF1 domain that targets Rho GTPases resulting in
actin cytoskeleton rearrangements in macrophages and toxicity to yeast.
Vpr00400 Predicted effector homologous to the C-terminal domain of the insecticidal toxin
Txp40 of Xenorhabdus and Photorhabdus.
Escherichia coli

Enterohemorrhagic KatN Mn?*-containing catalase secreted into the host cell’s cytosol after

E. coli phagocytosis. It decreases the level of intracellular reactive oxygen species,
enabling bacterial survival in macrophages.

Extra-intestinal VgrG1 Involved in bacterial adherence, multiplication, and evasion of innate immune

pathogenic E. coli responses.

Pseudomonas

P, aeruginosa PIdA Phospholipase D effector; it induces PI3K activation by interacting with Akt1 and

Akt2 and promotes bacterial internalization into non-phagocytic cells.

PidB Phospholipase D effector; it promotes bacterial internalization into epithelial cells
via the induction of the PI3K/Akt pathway.
VgrG2b Enables entry into non-phagocytic cells by interacting with members of the

microtubule y-TURC complex.

TplE Contains a eukaryotic PGAP1-like domain, which targets the host cell's ER
leading to an unfolded protein response through the IRE1a-XBP1 pathway,
which in turns induces stress and autophagy.

Klebsiella

K. pneumoniae Pld1 Essential phospholipase for bacterial virulence in mice that plays a role in
pathogenesis. It is encoded within a TBSS core gene cluster.

VgrG4 Plays a role in T6SS-mediated intoxication of fungal cells.
Francisella
F. tularensis PdpC Plays a role in phagosomal escape, trafficking to lysosomes, intramacrophage

replication and is important for virulence in vivo. It is required for replication of
bacteria in the liver and spleen of mice and for AIM2 inflammasome activation.

PdpD Contributes to intramacrophage growth and phagosomal rupture. It is required
to activate the AIM2 inflammasome.

OpiA Contributes to intramacrophage bacterial growth by promoting bacterial
endosomal escape into the cytoplasm. It belongs to a family of bacterial PI3K
enzymes and also plays a role in evasion of innate immunity in host cells by
reducing the levels of TNF-a.

OpiB Contributes to intracellular growth in phagocytic cells. The C-terminus is
homologous to the ankyrin repeat domains and the N-terminus corresponds to
an evolutionarily conserved cysteine protease.

IglE It is translocated into macrophages and associates to microtubule organizing
centers modulating membrane trafficking for bacterial intracellular growth.

Edwardsiella

E. tarda EvpP The C-terminal domain interacts with EvpC and suppresses activation of the
NLRP3 inflammasome by inhibiting the Ca*-dependent MAPK-Jnk pathway.
NLRP3 inhibition promotes bacterial colonization.

E. ictaluri EvpP Plays a role in host cell colonization, apoptosis and necrosis in macrophages.
Promotes adhesion and internalization.

2009a; Ma and Mekalanos, 2010;
Durand et al., 2012; Heisler et al.,
2015; Dutta et al., 2019

Miyata et al., 2011; Zheng et al.,
2011; Dong et al., 2013

Ray et al., 2017

Ray et al., 2017

Ray et al., 2017

Wan et al., 2017

Zong et al., 2019

Wilderman et al., 2001; Russell et al.,
2013; Bleves et al., 2014; Jiang et al.,
2014; Wettstadt et al., 2019

Bleves et al., 2014; Jiang et al., 2014

Sana et al., 2015; Wood et al., 2019

Jiang et al., 2016

Lery et al., 2014

Storey et al., 2020

Lindgren et al., 2013a,b; Long et al.,
2013; Uda et al., 2014; Eshraghi

et al., 2016; Ozanic et al., 2016;
Brodmann et al., 2017

Ludu et al., 2008; Eshraghi et al.,
2016; Brodmann et al., 2017

Eshraghi et al., 2016; Ledvina et al.,
2018; Cantlay et al., 2020

Eshraghi et al., 2016

Broms et al., 2012; Shimizu et al.,
2019

Zheng and Leung, 2007; Wang et al.,
2009; Hu et al., 2014; Chen et al.,
2017

Kalindamar et al., 2020

(Continued)
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TABLE 1 | Continued

Organism Effector Function (biochemical activity) References
E. piscicida EvpP EvpP-inhibits the Jnk-MAPK pathway and Jnk-caspy inflammasome signaling Tan et al., 2019; Qin et al., 2020
pathways suppressing recruitment of neutrophils to infection sites and promoting
bacterial colonization. Interacts with ribosomal protein S5 (RPS5) to regulate
apoptosis.
Burkholderia
B. cenocepacia TecA Disrupts macrophage actin cytoskeleton by deamidating Rho GTPases, which Aubert et al., 2016
results in the activation of the Pyrin inflammasome.
B. pseudomallei and VgrG5 The C-terminal domain is involved in mediating multinucleated giant cell Schwarz et al., 2014; Toesca et al.,
B. thailandensis formation, membrane fusion and virulence in mice. 2014
Serratia
S. marcescens Tfel Acts against fungal cells causing plasma membrane depolarization leading to cell Trunk et al., 2018
death.
Tfe2 Acts against target fungal cells, leading to fungal cell death. Disrupts nutrient Trunk et al., 2018
uptake and amino acid metabolism leading to the induction of autophagy.
Aeromonas
A. hydrophila VgrG1 Targets the actin cytoskeleton. Has a vegetative insecticidal protein-2 domain Suarez et al., 2010
with actin ADP-ribosyl transferase activity.
Yersinia
Y. pseudotuberculosis YezP Zn?*-binding effector that protects the pathogen from ROS and plays a role in Wang et al., 2015

virulence.

Three T6SS effectors with putative anti-eukaryotic activities were
identified by analyzing the Vpr secretome. Vpr01570 contains an
N-terminal MIX V domain and a C-terminal CNF1 (cytotoxic
necrotizing factor 1) deamidase domain that targets and activates
Rho GTPases. Vpr01570 exogenously expressed in macrophages
induces actin cytoskeleton rearrangements, including assembly
of contractile actin stress fibers and ruffles at the top of the
cells in a T6SS-dependent manner. Vpr01570 induces toxicity
when expressed in yeast and these effects depend on the CNF1
domain (Ray et al,, 2017). Vpr01580 is encoded next to the
Vpr01570 encoding gene and also contains a MIX V domain;
its homologous proteins are cytotoxic and contain Rhs repeats.
Vpr00400 is homologous to the C-terminal domain of the
toxic protein Txp40 which has insecticidal activity. Additional
studies are required to elucidate the role of Vpr01580 and
Vpr00400 (Ray et al., 2017).

Escherichia coli

Enterohemorrhagic Escherichia coli (EHEC) is a human
intestinal pathogen responsible for outbreaks of bloody diarrhea
and hemolytic uremic syndrome worldwide. KatN is 84%
identical to the Mn?*-containing catalase KatN of Salmonella
enterica and the specific activity of KatN is 268.3 U/mg
protein (Wan et al,, 2017). KatN contributes to the EHEC
response to oxidative stress in vitro; OxyR and RpoS are
involved in katN transcription activation and H-NS, a global
regulator, in its repression. After phagocytosis, EHEC induces
the expression of T6SS, and translocated KatN contributes
to the survival of intracellular bacteria in macrophages by
hydrolyzing and decreasing the levels of reactive oxygen species
(ROS) providing an ideal niche for bacterial growth and further
infection (Wan et al., 2017).

Extra-intestinal pathogenic Escherichia coli (ExPEC) strains
can cause urinary tract, bloodstream, prostate, and other
infections at non-intestinal sites, leading to disease in humans
and other animals. They are a serious threat to human
public health and high risk for food safety. Porcine ExPEC
causes meningitis, pneumonia, arthritis, and septicemia and is
multidrug-resistant. The VgrG protein, a core component and
a T6SS effector, performs diverse functions as an effector in
addition to its structural component role. ExXPEC VgrGl plays
a role in bacterial adherence, multiplication, and also a main
role in evasion of innate immune response. In the absence
of VgrGl, the serum level of IL-1f in mice is significantly
reduced (Zong et al., 2019).

Pseudomonas

One of the most virulent opportunistic pathogens is
Pseudomonas aeruginosa, commonly found in soil and water
as well as in plants and humans. P. aeruginosa is metabolically
versatile and can cause a wide range of severe opportunistic
infections in patients with cancer, cystic fibrosis and burns. The
P. aeruginosa genome encodes three evolutionary distinct T6SS
clusters, the H1-3-T6SSs, which are expressed simultaneously,
each secreting a variable set of toxins. The HI1-T6SS targets
bacteria, while H2-3-T6SS targets bacteria and are also involved
in internalization into eukaryotic cells (Mougous et al., 2006;
Sana et al., 2012, 2016).

Phospholipases D (PLDs) are found in only a very limited
number of prokaryotic organisms but, when present, they often
play a role in bacterial pathogenesis. The 122-kDa protein PIdA
(Tle5a) from P. aeruginosa has high homology with eukaryotic
PLDs; the protein is secreted via H2-T6SS and delivered as a
cargo effector via their cognate VgrG4b. PIdA possesses two
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FIGURE 1 | Schematic illustration of current models for the role of some anti-eukaryotic effectors. (A) P aeruginosa delivers PIdA and PIdB which bind Akt to allow
bacterial internalization via the induction of the PI3K pathway. VgrG2b enables bacterial internalization by interacting with members of the microtubule y-TuRC
complex. TpIE targets the endoplasmic reticulum (ER) and induces stress and autophagy. (B) B. cenocepacia TecA is a deamidase that disrupts actin cytoskeleton by
deamidating Rho GTPases and activates the Pyrin inflammasome. (C) The V. cholerae evolved VgrG1 interacts with and cross-link actin, leading to an accumulation of
toxic actin oligomers and altering host cell morphology. VasX binds the lipid membrane phosphatidic acid (PA) and is thought to form pores in lipid bilayers.

V. proteolyticus VprO1570 contains a deamidase domain that activates Rho GTPases. (D) . tularensis OpiA is a kinase able to phosphorylate phosphatidylinositol (Pl)
and binding to phosphatidylinositol trisphosphate [PI(3)P] for its recruitment to endosomal membranes. PdpC and PdpD activate AIM2 inflammasome. (E) E. tarda
translocates EvpP which modifies calcium flux and has an inhibitory role in NLRP3 inflammasome by reducing Jnk phosphorylation and ASC oligomerization.

E. ictalurid EvpP interacts with ribosomal protein S5 to negatively regulate apoptosis. (F) The EHEC effector KatN is a catalase that contributes to the survival in
macrophages by hydrolyzing and decreasing the levels of reactive oxygen species (ROS). VgrG1 is secreted by EXPEC that alters the IL-1B levels. This figure was
prepared using free templates on the Servier medical art website (https://smart.servier.com/).

Pyroptosis Apoptosis

HXKXXXXD catalytic motifs and it has phospholipase calcium-  role in toxicity. PIdA and P1dB do not share homology, suggesting
regulated activity in vitro. PIdA enzymatic activity resulting in ~ that they have developed similar functions by convergent
phosphatidylcholine hydrolysis depends on a catalytic histidine  evolution (Jiang et al.,, 2014; Wettstadt et al., 2019). A study
residue (H855) (Wilderman et al., 2001; Russell et al., 2013;  deciphering the prevalence of genes encoding T6SS effectors in
Wettstadt et al., 2019). PIdA can induce cell death through  clinical isolates found that the prevalence of pldA was increased
PA accumulation via PLD activity, primarily aimed against in isolates responsible for severe acute pulmonary infection
phosphatidylethanolamine (Russell et al., 2013; Jiang et al,  and septicemia. In contrast, pldB prevalence was high in all
2014). isolates (Boulant et al., 2018). PIdA and PldB are not involved

The 83-kDa protein PIdB (Tle5b) is a P. aeruginosa H2- and  in bacterial adhesion but promote intracellular invasion of host
H3-T6SS-dependent PLD effector delivered via their cognate  eukaryotic cells by activation of the phosphatidylinositol 3-kinase
VgrG5 and is able to translocate into human epithelial cells. PIdB (PI3K)/Akt signaling pathway that is crucial for cell growth,
possesses two HXKXXXXD catalytic motifs that play a crucial  proliferation, and programmed cell death. After injection into
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epithelial cells, PIdA and P1dB directly interact with Aktl and/or
Akt2 kinase, resulting in activation of the PI3K-Akt pathway.
Indeed, Akt phosphorylation at serine 473 promotes remodeling
of the apical membrane in which protrusions enriched in
phosphatidylinositol-3,4,5-triphosphate (PIP3) and actin enables
bacterial entry (Bleves et al., 2014; Jiang et al., 2014).

VgrG2b is conserved in all P. aeruginosa strains present
in the Pseudomonas genome database. VgrG2b is a 113-kDa
protein that contains the conserved VgrG domain homologous
to gp27 and gp5 phage-tail proteins followed by a domain of
unknown function, DUF2345, and a C-terminal extension with
a Zn>*-dependent metallopeptidase domain (LFIHEMTHVW).
It is an evolved VgrG with double function as a structural
component of the secretion machinery and a true effector
translocated via the H2-T6SS required for invasion of host
cells. VgrG2b injection precedes internalization; its C-terminal
domain interacts with o- and B-tubulin complexes and with
the y-tubulin complexes, such as the y-tubulin small complex
(yTuSC) and the y-tubulin ring complex (y-TuRC) involved
in microtubule nucleation. This interaction allows bacterial
uptake into epithelial cells to be mediated by actin cytoskeletal
rearrangement (Sana et al., 2015; Wood et al.,, 2019). The crystal
structure of Vgr2b C-terminal encompassing residues 833-1019
(PDB 6H56) presents a metallopeptidase fold (Wood et al., 2019).

Sana et al. (2016) proposed a working model for the interplay
of T6SS effectors PIdA, PIdB and VgrG2b in P. aeruginosa
internalization. First, VgrG2b is translocated via H2-T6SS,
causing the polarization of epithelial cells by targeting the
microtubule network, promoting microtubule nucleation at the
membrane by interacting with y-TuRC. These novel sites of
non-radial microtubule nucleation interfere with the transport
of microtubule-dependent cargoes in the cell, like PI3K.
Simultaneously, PIdA and PIdB are translocated by the different
H2 and H3-T6SSs, activating Akt which allows actin-dependent
membrane protrusion that enables bacterial internalization into
the epithelial cells.

Another effector, TplE, contains a eukaryotic PGAPI
(post-glycosylphosphatidylinositol attachment to proteins 1)-
like domain. TpIE is translocated into epithelial cells in an
H2-T6SS-dependent manner and localizes to host endoplasmic
reticulum (ER), causing a contraction of the ER surrounding the
nuclear periphery. TplE phospholipase activity is not involved
in localization but is required for disruption of ER structure.
TplE induces the upregulation of Bip and CHOP chaperones
that are biomarkers for ER stress and induces the splicing of
XBP1 mRNA, suggesting that the TplE-induced unfolded protein
response is dependent on the IRE1a-XBP1 signaling pathway. It
was also reported that autophagic flux is induced by TplE delivery
into human epithelial cells (Jiang et al., 2016).

Klebsiella

Klebsiella pneumoniae is a ubiquitous species in nature, a
gut commensal, and an opportunistic pathogen in humans.
As a prominent nosocomial pathogen, it can cause a wide
range of infections, including urinary tract, respiratory tract
or blood infections, bacteremia and liver abscesses. Due to
the regular occurrence of multiple antibiotic-resistant isolates,

K. pneumoniae is considered a global public health concern. In
K. pneumoniae three different T6SS loci were defined, and a gene
encoding a PLD family protein Pld1 is located within a type VI
secretion system locus (Sarris et al., 2011; Lery et al., 2014). P1d1
is a Tle5 homolog, has two conserved HXKXXXXD motif and
is expressed during K. pneumoniae virulence in a mouse model
of pneumonia. The pldl phospholipase mutant was strongly
attenuated in vivo, suggesting an effect on lipid metabolism in
K. pneumoniae pathogenesis (Lery et al., 2014).

VgrG4 encodes a C-terminal domain of unknown function
DUF2345. VgrG4 is needed for bacteria-induced killing of the
fungal pathogen Candida albicans and Saccharomyces cerevisiae,
implicating the T6SS in intoxication of fungal cells. The
DUF2345 domain is sufficient for the anti-eukaryotic activity
(Storey et al., 2020).

Francisella

Francisella tularensis is one of the most infectious intracellular
pathogens known. After entering the body via the skin, mucous
membranes, or respiratory or gastrointestinal tracts, it causes
tularemia, a necrotizing bronchopneumonia that leads to sepsis
and death. The T6SS encoded by the Francisella pathogenicity
island (FPI) is critical for the virulence of this bacterium. In
contrast F. tularensis subsp. novicida (F. novicida) has low
virulence in humans, but is highly virulent in mice and thus
often used as a laboratory model for tularemia (Eshraghi et al.,
2016). PdpC (pathogenicity determinant protein C) is a 156-kDa
protein encoded within the FPI that contributes to phagosomal
escape, trafficking to lysosomes and intramacrophage replication.
PdpC plays a role in virulence in the mouse model, as
demonstrated by the ApdpC mutant causing significantly lower
mortality in mice with a corresponding reduction in bacterial
burden in organs. PdpC is required to activate the AIM2
inflammasome and ApdpC induces lower levels of type I
interferon production (Lindgren et al., 2013a,b; Long et al,
2013; Uda et al., 2014; Eshraghi et al., 2016; Ozanic et al., 2016;
Brodmann et al., 2017).

PdpD is a protein encoded within the FPI; its export requires
VgrG and PdpA. This effector contributes to intramacrophage
growth and phagosome rupture. PdpD is also required to activate
the AIM2 inflammasome (Eshraghi et al., 2016; Brodmann et al.,
2017).

OpiA and OpiB are encoded by open reading frames located
outside of the FPI and recently identified as T6SS substrates.
They contribute to intracellular growth. There are no homologs
of OpiA found outside of Francisella, and in silico analyses were
unable to identify characterized domains or motifs within the
protein. The OpiB C-terminus is homologous to the ankyrin
repeat domains mediating protein-protein interactions that are
normally found in eukaryotic proteins. The OpiB N-terminus
constitutes an evolutionarily plastic cysteine protease (Eshraghi
et al., 2016). OpiA belongs to a family of wortmannin-resistant
bacterial PI3K enzymes with members found in a wide range
of intracellular pathogens. OpiA can phosphorylate PI but not
PIP,. OpiA binds phosphatidylinositol 3-phosphate [PI(3)P] in
a selective and high-affinity manner serving as a mechanism
for the specific recruitment of OpiA to endosomal membranes.
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OpiA acts on the Francisella-containing phagosome, leading to
efficient bacterial escape from late endosomes into the cytoplasm
of infected cells (Ledvina et al., 2018). The protein is translocated
into phagocytic cells and reduces the levels of TNF-a, a
pro-inflammatory cytokine from monocytes required to block
intracellular replication. OpiA contributes to the pathogenesis of
F. tularensis, as demonstrated using a chicken embryo infection
model (Cantlay et al., 2020).

The protein IgIE (intracellular growth locus E) is translocated
into macrophages (Broms et al, 2012). The Aigl[E mutant
has a slower intracellular growth rate in human macrophages,
suggesting a role for this protein in intracellular replication.
IglE interacts with B-tubulin, pericentrin and with microtubule
organizing centers. It inhibits the dynein- based intracellular
trafficking in host cells, allowing F. novicida to escape from fusion
with lysosomes (Shimizu et al., 2019).

Edwardsiella

Edwardsiella tarda infects a wide range of hosts including
fish, birds, reptiles and humans. In humans, it causes both
intestinal and extra-intestinal infections, mainly in individuals
with impaired immune systems. Edwardsiellosis in fish is
a devastating disease predominant in worldwide aquaculture
industries, making it of particular importance to the fishing
industry (Zheng and Leung, 2007). EvpP (E. tarda virulence
protein P) transcription is iron-dependent. EvpP is a 20-kDa
protein that is not conserved in other bacteria and contains no
conserved domains or motifs. It is secreted via T6SS and the
EvpP C-terminus interacts with EvpV (Hcp homolog) (Zheng
and Leung, 2007; Hu et al,, 2014). In an in vivo fish model,
EvpP plays a role in proliferation and infection. This toxin also
mediates hemolytic activity in sheep erythrocytes and contributes
to mucus adhesion and serum resistance of Japanese flounder.
EvpP is important for internalization into epithelial papilloma
of carp cells (Wang et al.,, 2009). The protein localizes in the
membrane after injection and has an inhibitory role in NLRP3
inflammasome activation by reducing Jnk phosphorylation and
ASC oligomerization. It was reported that AevpP induced higher
intracellular calcium flux than wildtype E. tarda indicating that
EvpP-mediated manipulation of the Jnk-ASC could be traced
upstream to intracellular Ca?* signaling (Chen et al., 2017).

Edwardsiella ictaluri causes enteric septicemia of catfish and
is the most important endemic infectious disease in catfish
aquaculture industry. EvpP toxin is involved in adhesion and
internalization of E. ictaluri in catfish ovary cells. EvpP plays a
role in growth regulation in the phagolysosome where oxidative
stress and limited nutrients are present, and also favors survival
and increases apoptosis and necrosis in catfish anterior kidney
macrophages (Kalindamar et al., 2020).

Edwardsiella piscicida is abundant in water and causes food
and waterborne infections in fish, animals and humans (Leung
et al,, 2019). Using an in vivo zebrafish larvae infection model
EvpP inhibits immune cells recruitment via Jnk-MAPK signaling
cascades. EvpP reduces the expression of cxcl8a (chemokine
ligand 8) and mmp13 (matrix metallopeptidase 13) transcripts,
indicating that EvpP plays a role in inhibiting the recruitment
of neutrophils. Meanwhile, EvpP also inhibits the Jnk-caspy
inflammasome and IL-1p expression to suppress neutrophil

recruitment, thereby promoting bacterial colonization (Tan et al.,
2019). EvpP is also able to reduce Annexin V binding and
activation of cleaved caspase-3 involved in apoptosis. This
effector interacts with ribosomal protein S5 (RPS5), most likely
resulting in downregulation of apoptosis-associated pathways in
macrophages (Qin et al., 2020).

Burkholderia

Burkholderia cenocepacia is widespread in the environment,
particularly within the rhizosphere. B. cenocepacia is
also an opportunistic pathogen causing chronic lung
infections in patients with cystic fibrosis as well as in other
immunocompromised patients (Loutet and Valvano, 2010). The
17-kDa protein TecA is a non-VgrG T6SS effector responsible
for actin disruption in vivo. TecA and other bacterial homologs
bear a cysteine protease-like catalytic triad, which inactivates
Rho GTPases by deamidating a conserved asparagine in the
GTPase switch-I region. RhoA deamidation induces Pyrin
inflammasome activation (Aubert et al., 2016).

Burkholderia thailandensis is a soil saprophyte of low
virulence. Burkholderia pseudomallei is the causative agent of
melioidosis, a serious and often fatal human infection. These
species, referred as the Bptm group, encode several T6SSs but
the type VI secretion system 5 (T6SS-5) is the one required
for virulence in mammalian infection models. VgrG-5 is a
substrate of T6SS-5 and is translocated into macrophages. VgrG-
5 C-terminal domain is involved in mediating multinucleated
giant cell formation, membrane fusion and virulence in mice
(Schwarz et al., 2014; Toesca et al., 2014).

Serratia

Serratia marcescens occurs naturally in soil and water. It is
associated with urinary and respiratory infections, endocarditis,
osteomyelitis, septicemia, wound infections, eye infections, and
meningitis. Tfel (T6SS antifungal effector 1) is an antifungal
small T6SS toxin (20 kDa), deletion of Tfel encoding gene
resulted in a four-fold increase in recovery of viable Candida
albicans target cells compared with the wild type bacteria.
Tfel causes cell distortion and lysis in both the budding
and filamentous forms of C. albicans. Tfel inhibits growth
of S. cerevisiae and induces abnormally large vacuoles and
cell lysis, confirming the fungicidal role of this effector. Tfel
intoxication results in membrane depolarization by loss of
membrane potential, which is not due to pore formation but
can lead to a loss of membrane integrity and cell death (Trunk
et al., 2018, 2019). Removal of Tfe2 (T6SS antifungal effector 2)
encoding gene, resulted in almost complete loss of activity against
S. cerevisiae or Candida glabrata and reduced activity against C.
albicans. Tfe2 is a small protein (26 kDa) which, when expressed
in S. cerevisiae, is able to inhibit its growth. Tfe2 intoxication
disrupts nutrient uptake and amino acid metabolism and causes
autophagy. Tfel and Tfe2 act on different cellular targets in fungal
cells (Trunk et al., 2018, 2019).

Aeromonas

Aeromonas hydrophila is common in freshwater environments
and causes disease in fish, reptiles, amphibians, and humans.
It causes a broad spectrum of infections (including septicemia,
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meningitis, endocarditis) in humans and severe motile
septicemia in warmwater fishes. The 103-kDa protein VgrGl
is translocated by the T6SS. VgrGl contains a vegetative
insecticidal protein domain at its C-terminus with actin
ADP-ribosyltransferase activity. This effector alters the
actin cytoskeleton and induces apoptosis in epithelial cells
(Suarez et al., 2010).

Yersinia

Yersinia pseudotuberculosis is an enteric pathogen, which usually
grows in the environment and can be transmitted to mammalian
hosts through ingestion of contaminated food or water. It
typically causes a broad range of gastrointestinal diseases,
from enteritis to mesenteric lymphadenitis (Yang et al., 2018).
Y. pseudotuberculosis contains four T6SS clusters. The T6SS-
4 secreted substrate YezP (Yersinia extracellular zinc-binding
protein) is a Zn?*-binding protein that has the ability to rescue
the sensitivity to oxidative stress exhibited by T6SS mutants when
added to extracellular milieu. YezP plays a role in virulence
for mice but its contribution to the infection process requires
additional investigation (Wang et al., 2015).

CONCLUDING REMARKS

Bacterial pathogens employ many strategies to invade
mammalian hosts, damage tissues, organelles and prevent
the immune system from responding. One strategy is the
secretion of proteins (effectors) across membranes. As we
described in this review, these toxins are secreted and injected
into host cells via the T6SS and exist both as evolved VgrGs and
cargo effectors. Translocated effectors can play many roles in
eukaryotic cells, which promote bacterial virulence ranging from
attachment to directly intoxicating target cells and disrupting
their functions to finally establishing a replicative niche and
successful colonization.

The clearance of pathogens depends on the host innate
immune responses that take place at early stages of infection
and in which macrophages and neutrophils are the essential
players. Once inside the macrophage, intracellular bacteria can
reside in vacuoles or in the cytosol, depending on their effector
repertoire which help them to evade host defense and continue
the infection cycle and replicate. Here, we described 27 T6SS
effectors employed by several bacterial species to promote
virulence in eukaryotic cells. These effectors can display similar or
complementary functions into host cells and modulate the same
central pathway of the host cell (e.g., inflammasome) or having
different roles. Moreover, a pathogen may secrete several proteins
to produce the same outcome (e.g., PIdA and P1dB).

Vibrio, Pseudomonas, Burkholderia and Aeromonas species
translocate toxins in a T6SS-dependent manner leading to
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GLOSSARY
ABM actin binding motif
ACD actin cross-linking domain
CNF1 cytotoxic necrotizing factor 1
EHEC enterohemorrhagic Escherichia coli
ER endoplasmic reticulum
ExPEC  extra-intestinal pathogenic Escherichia coli
FPI Francisella pathogenicity island
MIX marker for type six effectors
PA phosphatidic acid
PH Pleckstrin-homology
PI phosphatidylinositol
PI(3)P phosphatidylinositol 3-phosphate
PI3K phosphatidylinositol 3-kinase
PIP phosphatidylinositol phosphates
PIP; phosphatidylinositol-3,4,5-triphosphate
PLD phospholipase D
ROS reactive oxygen species
y-TuRC  gamma-tubulin ring complex
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The health of mammals depends on a complex interplay with their microbial ecosystems.
Compartments exposed to external environments such as the mucosal surfaces of the
gastrointestinal tract accommodate the gut microbiota, composed by a wide range
of bacteria. The gut microbiome confers benefits to the host, including expansion
of metabolic potential and the development of an immune system that can robustly
protect from external and internal insults. The cooperation between gut microbiome
and host is enabled in part by the formation of partitioned niches that harbor diverse
bacterial phyla. Bacterial secretion systems are commonly employed to manipulate the
composition of these local environments. Here, we explore the roles of the bacterial
type VI secretion system (T6SS), present in ~25% of gram-negative bacteria, including
many symbionts, in the establishment and perturbation of bacterial commensalism, and
symbiosis in host mucosal sites. This versatile apparatus drives bacterial competition,
although in some cases can also interfere directly with host cells and facilitate nutrient
acquisition. In addition, some bacterial pathogens cause disease when their T6SS leads
to dysbiosis and subverts host immune responses in defined animal models. This review
explores our knowledge of the T6SS in the context of the “host-microbiota-pathogen”
triumvirate and examines contexts in which the importance of this secretion system may
be underappreciated.

Keywords: gut microbiome, type six secretion system, commensal, symbiosis, dysbiosis, mucosal immunity,
tolerance, MAMPs

INTRODUCTION

The gut tissue is composed of hundreds of millions of cells whilst providing a home for a microbiota
containing trillions of bacteria (Sender et al., 2016). The association of the microbiota with our
tissues is central for homeostatic and developmental mechanisms and thus governs many aspects
of human health (Belkaid and Harrison, 2017). Due to this relationship, mammals in general may
be considered as holobionts from an ecological perspective, in which the microbiota assists host
metabolism and acts as an environmental training system for the associated tissues (Backhed et al.,
2005; Al Nabhani et al., 2019; Tsolis and Baumler, 2020). Microorganisms associate with the skin
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and mucosal surfaces such as the oral-nasal and vaginal cavities,
respiratory and gastrointestinal tracts; with the gut microbiota
constituting the best characterized community. We note that
although we focus on the gut microbial ecosystem, the concepts
may apply to all mucosal surfaces and potentially to other
complex symbiotic communities.

The composition and community structure of the gut
microbiota is complex and heterogenous. The distribution
of microbial species within the large intestine is to be
accounted with the diversity of residing immune cells, together
forming a biodynamic ecosystem (Human Microbiome Project
Consortium, 2012; James et al, 2020). Indeed, bacterial
communities and immune cell populations exhibit great diversity
in a niche-dependent fashion, with the latter displaying
a wide range of transcriptional profiles within T and B
cells of the adaptive immune system. The niches of gut
commensals are determined by their metabolic activities and
ability to stably associate with their local tissue environment
(Lee et al., 2013; Ost and Round, 2018; Vonaesch et al.,
2018). For example, some of the Bacteroides species are
present in the intestinal lumen while others tightly associate
with the mucus layering the epithelial surface of colonic
crypts (Johansson et al., 2011). Yet, niche residency is
not solely determined through dialogue with the host and
critically depends on interactions with other microbes sharing
nutritional niches (Garcia-Bayona and Comstock, 2018). Here,
bacteria vie for dominance, deploying a range of antibacterial
toxins, some of which are delivered via membrane-embedded
secretion systems.

The T6SS is prevalent in gram-negative bacteria, particularly
in the phyla Proteobacteria and Bacteroidetes (Bingle et al., 2008;
Russell et al., 2014b). This secretion apparatus is evolutionarily
related to the bacteriophage tail, wherein contraction of a
sheath propels a spiked-tube structure out of the bacterial
cell, piercing the cell membrane of their targets to inject
effector proteins (Pukatzki et al., 2007; Coulthurst, 2019). The
cytoplasmic T6SS sheath, composed of a polymeric helix of TssB-
TssC binds to a baseplate-like multi-protein platform, which
itself associates with an envelope-spanning membrane complex
of Tss], TssL, and TssM (Durand et al., 2015; Nazarov et al.,
2017). Phylogenetic analysis of TssC proteins found that type
VI secretion systems cluster into three main groups, where
subtypes I and II are proteobacterial, while subtype III is
restricted to Bacteroidetes (Russell et al., 2014b). The inner
tube is a stack of hexameric Hcp rings capped with a spike
complex of a VgrG trimer, further sharpened with a PAAR
protein tip; designed for effector and toxin delivery (Leiman
et al., 2009; Shneider et al., 2013). T6SSs can directly target both
prokaryotic and eukaryotic cells, as well as delivering effector
proteins into the extracellular milieu in a contact-independent
manner (Pukatzki et al., 2006; Hood et al., 2010; Si et al,
2017b). These effectors display a vast range of activities, including
hydrolysis of peptidoglycan of peptidoglycan, nucleic acids,
nucleotides, proteins, and lipids; membrane pore formation and
metal ion binding, thus conferring a competition advantage to
the T6SS-wielding bacterium and promoting its survival (Russell
et al, 2014a; Wang et al., 2015; Ahmad et al, 2019). This
review examines the relationship between the type VI secretion

system and the microbiome in the context of both symbiosis
and dysbiosis.

THE T6SS CONTRIBUTES TO THE
FITNESS OF THE MICROBIOTA

The majority of the mammalian microbiome is acquired at
birth, with the prevailing species seeded from the mother during
delivery and influenced by breastfeeding and environmental
exposure (Round et al., 2010). During the first year of life, the
composition of the gut microbiome is highly dynamic, in part
due to the weaning process, before stabilizing, and remaining
consistent through adulthood (Faith et al, 2013; Verster
et al., 2017; Al Nabhani et al,, 2019). The major constituents
of the gut community belong to the phyla Bacteroidetes,
Firmicutes, Actinobacteria, and Proteobacteria, with members
of the Bacteroides genus dominating the large intestine (Human
Microbiome Project Consortium, 2012). Subtype III of T6SS
(hereafter referred as T6SSH) is restricted to the Bacteroidetes
phylum and has been shown to deliver antibacterial effectors
resulting in microbial antagonism (Russell et al., 2014b).

Bioinformatic analyses of T6SS loci within the order
Bacteroidales has classified them into three distinct “genetic
architectures,” designated GA1-3 (Coyne et al,, 2016). GAI and
GA2 are found on integrative conjugative elements. Genomic
analysis of the co-resident Bacteroides spp. isolated from human
gut provided evidence of transfer of these elements between
species in situ, implying that T6SS loci are under positive
selection in the microbiome (Coyne et al, 2014). GA3 T6SSs
are confined to Bacteroides fragilis, an obligate anaerobe, while
GAl and GA2 loci are more widespread within the phylum
(Coyne et al, 2016). GAI1-3 display distinct repertoires of
effector-immunity pairs, possibly driving the incompatibility of
these T6SSs within a single niche of an individual (Coyne and
Comstock, 2019). One strain of B. fragilis tends to dominate
the microbiota of an individual due to strain exclusion as the
composition of the community stabilizes (Kostic et al., 2015;
Yassour et al., 2016; Verster et al., 2017). Indeed, metagenomic
analyses revealed that the abundance of GA3 T6SS loci is higher
in infants, suggesting that competition between B. fragilis strains
leads to stability of the microbial community in adulthood (Coyte
et al.,, 2015; Verster et al., 2017). These observations should
also be considered in light of the weaning process, wherein
dietary changes lead to the influx of new bacterial competitors
and dietary metabolites required for the host immune ontogeny
(Al Nabhani et al., 2019). Co-existence of strains with different
T6SS! “genetic architectures” does arise but solely when bacterial
species with overlapping nutritional niches become spatially
segregated in the presence of a dense and diverse microbiota
(Zitomersky et al., 2011; Hecht et al., 2016).

The use of gnotobiotic mouse models provided the empirical
evidence supporting the roles of the T6SS in Bacteroidetes as
ecological determinants, wherein T6SS expression and activity
have been directly detected in vivo (Russell et al., 2014b;
Chatzidaki-Livanis et al., 2016). In vivo competition assays have
demonstrated that B. fragilis employs the T6SS to displace
competitors from their niche in a contact-dependent manner,
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with several effector proteins supporting this elimination
(Table 1) (Chatzidaki-Livanis et al., 2016; Hecht et al., 2016;
Wexler et al,, 2016; Ross et al., 2019). Furthermore, in vitro
competition assays have found that T6SS-mediated antagonism
of Bacteroides spp. targeted a narrow range of species, with
most prey strains resistant to intoxication (Chatzidaki-Livanis
et al, 2016; Wexler et al, 2016). Thus, the susceptibility
to T6SS-dependent antagonism depends as much on the
belligerent’s identity as on the population distribution across
topological niches.

Horizontal gene transfer facilitates the evolution of bacterial
species in polymicrobial environments by enabling the positive
selection of genes conferring a competitive advantage, a
phenomenon also observed for T6SS loci (Unterweger et al.,
2014). The existence of “orphan” T6SS immunity genes
(conferring resistance to deleterious T6SS effector proteins;
bearing no connection to the host immune system) in the absence
of cognate effector genes was discovered in Vibrio cholerae
isolates, leading to the hypothesis that their acquisition would
subsequently protect the bearer against T6SS attacks from non-
kin opponents (Kirchberger et al., 2017). The functionality of
these orphan immunity genes was elegantly shown by Ross and
colleagues in a recent study of members of the microbiome
exhibiting extensive arrays called acquired interbacterial defense
(AID) clusters (Ross et al., 2019). Here, many members of
Bacteroidales were immune to T6SS antagonism by other species
and may even possess immunity genes conferring resistance
to anti-bacterial effectors associated to strategies beyond the
T6SS (Zhang et al., 2012; Ross et al., 2019). However, immunity
proteins are not the only way to mitigate the impact of
antagonistic effectors. Several studies showed the inability of
certain T6SS effectors to intoxicate prey cells lacking the cognate
immunity proteins (Altindis et al., 2015; Ringel et al., 2017; Wood
et al., 2019), and synergistic effector activities have also been
described (LaCourse et al., 2018). Further protection strategies
from T6SS-mediated killing, such as upregulation of envelope

stress responses and production of extracellular polysaccharides,
underscore the complexity of T6SS antagonism (Toska et al.,
2018; Hersch et al., 2020).

T6SS-mediated bacterial —antagonism targets specific
competitors in the gut, helping to dictate niche occupancy.
However, when considered in the broader ecological context of
the microbiota and symbiosis with the host, the T6SS may also
promote the symbiotic relationship with the host by enabling
metabolic cooperation (Hooper et al., 2012; Vonaesch et al,,
2018). Additionally, the presence of a stable microbiota provides
resistance to dysbiosis and outcompetes invading microbial
pathogens for nutrients. In terms of direct antibacterial warfare,
the T6SS should be considered as a major armament of the
microbiota in limiting infection (Kamada et al., 2013; Ducarmon
et al, 2019). Indeed, mouse models have shown that the
priority benefit of B. fragilis colonization may be protection
against infection by enterotoxigenic B. fragilis strains, in a
manner that depends on T6SS effector-immunity genotype
(Hecht et al., 2016).

PROMOTION OF IMMUNE HOMEOSTASIS
BY THE MICROBIOTA: A POTENTIAL ROLE
FOR THE T6SS?

The intestinal microbiota is also crucial for the development
of our immune system, as its absence leads to low antibody
titer, poor glycosylation of mucosal surfaces, overt T2 responses
and defective development of gut-associated lymphoid tissue in
germ-free mice (Smith et al., 2007). The resident microbiota
is proposed to train our immune system to actively tolerate
the presence of distinct commensals whilst providing robust
resistance against invading bacterial pathogens; presenting the
intriguing teleological argument that commensal bacteria co-
opt the host immune system to defend their niche (Round and
Mazmanian, 2009). Evidence now strongly supports the idea

TABLE 1 | T6SS' effectors of human symbionts.

Commensal bacterium Antibacterial T6SS Effector locus Immunity protein(s) Immunity locus References
effector tag tag(s)
Bacteroides dorei DSM 17855 “GA2_e14” BACDOR_RS22955 “GA2_i14” BACDOR_RS17020 Ross et al., 2019
Bacteroides fragilis 638R Bfe1 BF638R_1988 Bfi1 BF638R_1987 Chatzidaki-Livanis
etal., 2016
Bacteroides fragilis 638R Bfe2 BF638R_1979 Bfi2 BFBG38R_1978 Chatzidaki-Livanis
et al., 2016
Bacteroides fragilis 638R - - Orphan Bti1 (“GA3_i6") BFG38R_2042 Ross et al., 2019
Bacteroides fragilis 638R - - Orphan Bti2a,b (“GA3_i7ab”) BF638R_2053-4 Ross et al., 2019
Bacteroides fragilis 638R - - Orphan “GA2_i11” BF638R_1388 Ross et al., 2019
Bacteroides fragilis CLO3TO0C23 “GA2_e2” HMPREF1079_RS08215 “GA2_i2” HMPREF1079_RS08220 Ross et al., 2019
Bacteroides fragilis NCTC 9343  Btel1 (‘GA3_e6”) BF9343_1937 Bti1 (“GA3_i6") BF9343_1936 Wexler et al., 2016
Bacteroides fragilis NCTC 9343  Bte2 BF9343_1928 Bti2a,b (“GA3_i7ab”) BF9343_1927-6 Hecht et al., 2016;
Wexler et al., 2016
Bacteroides fragilis NCTC 9343 - - Orphan “GA1_i5" BF9343_1657 Ross et al., 2019
Bacteroides fragilis YCH46 “GA1_eb” BF2850 “GA1_i5" BF2851 Ross et al., 2019
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of tolerogenic immune responses to commensal flora, rather
than specifically ignoring these residents (Round et al., 2010).
Tolerance is fostered through the detection of microbe-associated
molecular patterns (MAMPs) and microbial metabolites, and
extends beyond the local environment of the gut to promote
appropriate systemic immune responses (Figure1) (Clarke
et al,, 2010; Chu and Mazmanian, 2013). The detection of
conserved MAMPs by pattern recognition receptors (PRRs) is
one of the foundations of the innate immune system. Innate
immune cells, particularly antigen-presenting dendritic cells
(DCs) sense their environment in peripheral organs through
continuous uptake and sampling of exogenously acquired
antigens (Iwasaki and Medzhitov, 2015). Upon microbial
encounter, the engagement of PRRs by MAMPs elicits an
inflammatory genes program, enhances antigen processing and
presentation processes in DCs; all critical for T cell mediated
immune responses against pathogens (Medzhitov and Janeway,
1999; Takeuchi and Akira, 2010; Iwasaki and Medzhitov,
2015). MAMPs include lipopolysaccharide (LPS), peptidoglycan,
lipoproteins and nucleic acids that trigger MAP kinase and NF-
kB signaling leading to pro-inflammatory responses (Fitzgerald
and Kagan, 2020). Yet, there is precedent for MAMPs to
assist in the development of tolerogenic signals. Mucosal
DCs interacting with commensal bacterial components directly
or through indirect acquisition of secreted outer membrane

vesicles (OMVs) prime host regulatory T cells (Tregs), a subset
of T cells promoting tolerance to both food and microbial
antigens, thus dampening immune responses to the resident
bacterial communities.

The homeostasis of the host-microbiota axis is maintained by
continuous immune system monitoring (Belkaid and Harrison,
2017). The best characterized example of immune modulation
is the production of polysaccharide A (PSA) by B. fragilis,
which signals via Toll-like receptor 2 (TLR2) on dendritic
cells. This stimulates the differentiation of Tregs, producing
an immunosuppressive environment through the secretion of
the cytokine IL-10 (Mazmanian et al., 2005; O’Mahony et al.,
2008; Round et al,, 2011). In IL-10 deficient mice, commensal
bacterium Helicobacter hepaticus exhibits colitogenic potential in
the presence of gut microbiota, which has been reported to be
suppressed by the T6SS of this e-proteobacterium (Mazmanian
et al., 2008; Chow and Mazmanian, 2010; Bartonickova et al.,
2013; Jochum and Stecher, 2020). This highlights the interplay
of tolerogenic signaling and the T6SS of resident members of the
microbiota; however, the mechanistic details of this interaction
are yet to be explored.

Tolerogenic immune signaling is also stimulated by
commensal metabolites including the short chain fatty acids
(SCFAs) acetate, propionate, and butyrate (Parada Venegas et al.,
2019); intermediates of vitamin B2 and B9; and amino acid
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FIGURE 1 | Roles of the T6SS in host-microbiota-pathogen interactions. In healthy steady state conditions (middle panel), commensal bacteria use the T6SS to
establish and maintain their niche in the host. The release of MAMPs through T6SS warfare can contribute to the establishment of immune tolerance, enhancing the
symbiotic relationship. In the case of host immune deficiency (right panel), for example due to a genetic polymorphism in the host, cross-talk with the microbiota is
compromised and the balance within the microbial community may be disrupted, resulting in chronic dysbiosis. The T6SS is likely to play a role in the modulation of
competing commensal populations and subsequent decrease in diversity of bacteria phyla, as well as potentially directly manipulating host cells. In the case of infection
by pathogenic bacteria wielding a T6SS (left panel), commensal bacteria are eliminated through both direct delivery of antibacterial effectors and indirect mechanisms
such as host manipulation and nutrient competition. The state of dysbiosis that follows is acute but may be resolved through elimination of the pathogen by the host
immune system. In both states of dysbiosis, the T6SS may play a determining role in eliciting the release of DAMPs, which influences the host immune response.
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metabolism (Kjer-Nielsen et al., 2012; Venkatesh et al., 2014;
Sasabe et al., 2016). Recent work has started to shed light on
the numerous benefits that production of SCFAs by commensal
bacteria confer to the host. One consequence is the upregulation
of oxidative host metabolism by utilization of SCFAs as a carbon
source, which bolsters the hypoxic microenvironment at the
colonocyte surface, favoring the growth of obligate anaerobes
(e.g., Bacteroides spp.) and limiting propagation of facultative
aerobes, such as invasive pathogens like Escherichia coli (Litvak
et al,, 2018; Zhang et al., 2019). In addition, SCFAs act directly
via immune cell receptors to modulate T cell subset expansion
and macrophage polarization (Schulthess et al., 2019). These
compounds commonly promote IL-10 production and suppress
inflammation; however, they may also contribute toward
effector T cell differentiation, depending on the overall local
immunological context (Zhang et al., 2019). On the other hand,
microbial metabolites in the intestine may stimulate virulence
programs of invading bacteria, with several two-component
signal transduction systems in T6SS-positive pathogens having
been shown to respond to SCFAs and other metabolites produced
by the microbiome (Lawhon et al., 2002; Gonzalez-Chavez et al.,
2010; Kohli et al,, 2018; Goodman et al., 2020). It is likely
that T6SS-mediated turbulent population dynamics occurring
during the microbiome development results in variation in
the levels of these metabolites. Indeed, bacteria activate diverse
antimicrobial programs upon non-kin recognition or danger
sensing, including an as-yet uncharacterized diffusible signal
from lysed Pseudomonas aeruginosa bacteria that heightens the
antibacterial T6SS activity in kin (LeRoux et al., 2015). This
antibacterial warfare would further alter levels of microbial
products in the local milieu, tipping the ecological balance
toward dysbiosis. Moreover, one could hypothesize that bacterial
products resulting from the aftermath of T6SS-mediated
bacterial antagonism may provide the ligands supporting the
development of tolerogenic immune responses. Several lines of
evidence from various models lend support to this hypothesis.
T6SS-dependent exclusion of Aliivibrio fischeri non-kin strains
has been reported during their colonization of the light organs
of the Hawaiian bobtail squid Euprymna scolopes (Speare et al.,
2018, 2020). The ensuing symbiosis results in morphogenesis
of the organs, a process that a combination of A. fischeri LPS
and specific monomeric peptidoglycan fragments, issued from
cell wall remodeling occurring during bacterial growth and
considered as a sign of bacterial viability (referred to as tracheal
cytotoxin; TCT), are sufficient to stimulate (Koropatnick et al.,
2004). In this case, the peptidoglycan fragments are actively
released during A. fischeri growth. In the fruit fly Drosophila
melanogaster, recognition of peptidoglycan by the peptidoglycan
recognition protein (PGRP) scavenger receptors stimulates the
Immune Deficiency (IMD) pathway, similar to that of tumor
necrosis factor (ITNF) in mammals (Kleino and Silverman,
2014). Alternative isoforms of PGRP can determine bacterial
viability: recognition of TCT activates the pathway; whereas
recognition of polymeric peptidoglycan fragments (issued from
bacterial killing) by a splice variant exerts an inhibitory effect
of signal transduction (Neyen et al, 2016). This effectively
results in a dampened immune response as reduced pathogen

viability could represent a reduced threat. Such interplay also
occurs in the intestinal lymphoid tissues, where the generation
of IgA-producing B cells is induced following the recognition
of gram-negative bacterial peptidoglycan by NODI1 in epithelial
cells (Bouskra et al., 2008). Other ligands provide additional cues
for microbial viability in host cytosol, such as cyclic dinucleotides
sensed by the cGAS-STING and RECON pathways (Moretti and
Blander, 2018; Whiteley et al., 2019); and bacterial RNA sensing
by TLR8 in the endosome of mammalian epithelial cells (Ugolini
etal., 2018).

Equally, it is reasonable to envision T6SS machineries and
their effectors as direct inducers of immune tolerance at mucosal
sites. In agreement with such possibility, host cells of the innate
immune system may forge tolerance by acquiring antigens
through OMVs (Shen et al., 2012; Kaparakis-Liaskos and Ferrero,
2015; Chu et al., 2016; Durant et al., 2020). The association of
TseF, an iron-acquiring T6SS effector of Pseudomonas aeruginosa,
with OMVs may represent an underappreciated role for T6SS
effectors in host-microbe interplay (Lin et al., 2017). A better
understanding of the activities of T6SS effectors deployed
by bacterial species at the interface of mucosal surfaces will
illuminate the innate immune sensing and response mechanisms
to bacterial molecules released into the host milieu, during
homeostasis or under stress conditions.

T6SS DEPLOYMENT BY BACTERIAL
PATHOGENS: UPSETTING THE
APPLECART

By its sheer density, the microbiota offers high resistance
to colonization by pathogens. Indeed, pathogens are vastly
outnumbered at the start of infection and must compete with
the host microbiota for space and nutrients, notwithstanding the
contact-dependent and -independent mechanisms of bacterial
warfare. Although the T6SS was initially associated with bacterial
virulence, the precise role of this apparatus in host infection has
not always been clear (Hachani et al., 2016). Recently, studies
have highlighted the role of the T6SS in bacterial antagonism
during infection, rather than through a direct interaction with
host cells. Early evidence for T6SS-mediated competition in vivo
emerged from a transposon library screen of Vibrio cholerae
strains for impaired colonization of the infant rabbit intestine
(Fu et al, 2013). The authors found that tsiV3, encoding the
immunity protein to the specialized peptidoglycan hydrolase
effector VgrG3, is necessary to alleviate a colonization bottleneck
in this model of intestinal infection. Further analysis of T6SS
dynamics during V. cholerae colonization found that its role
in commensal elimination is largely confined to the jejunum,
suggesting that this antibacterial activity may be targeted toward
specific microbial residents of this niche (Fu et al., 2018). The
T6SS of gastrointestinal pathogens Salmonella enterica serovar
Typhimurium and Shigella sonnei are also required for complete
virulence, with evidence supporting a role in antagonism of
members of the microbiota (Sana et al., 2016; Anderson et al.,
2017). Yet, similar to V. cholerae, S. Typhimurium exhibited a

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

91

October 2020 | Volume 10 | Article 587948


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Wood et al.

T6SS Warfare to Host Welfare

limited target range in bacterial competition assays against gram-
negative members of the microbiota, again hinting at specific
targeting during infection (Sana et al, 2016). Although the
abundance of proteobacterial commensals is low in comparison
to members of the Bacteroidetes and Firmicutes phyla, they
are enriched in many niches, for example Acinetobacter spp.
in colonic crypts, and Escherichia and Shigella species in the
sigmoid colon (Pédron et al., 2012; James et al., 2020). Due to
the clash of nutritional niches between many proteobacterial
gut residents and their pathogenic proteobacterial counterparts,
T6SS-mediated antagonism is likely to unfold between them.
Moreover, metagenomic analyses indicate the presence of species
possessing T6SS' components, which are absent from the
Bacteroidetes subgroup, thereby supporting the notion of T6SS!-
mediated warfare waged by commensal bacteria (Coyne and
Comstock, 2019).

The induction of inflammatory host responses is a common
mechanism of mass disruption by bacterial competitors, which
promotes elimination of the microbial community and dysbiosis
(Ackermann et al., 2008). For example, by triggering macrophage
pyroptosis, an invasive subpopulation of S. Typhimurium can
elicit a large inflammatory response leading to the release of
pro-inflammatory cytokines from epithelial cells (Thiennimitr
et al, 2012). Although this tissue-invasive S. Typhimurium
subpopulation is eliminated by the subsequent infiltration of
immune cells, the ensuing inflammatory response (notably the
IL-22 signaling axis) reduces iron availability in the lumen.
Due to its numerous metal ion acquisition systems, the luminal
S. Typhimurium subpopulation is able to outcompete the
commensal inhabitants and replicate in the lumen (Behnsen
et al, 2014). Similarly, the secretion of cholera toxin by
V. cholerae results in iron depletion to favor the pathogen’s
proliferation at the detriment of the microbiota (Rivera-Chavez
and Mekalanos, 2019). The antibacterial activity of the T6SS
itself can also stimulate host inflammation. Bacterial lysis
mediated by the V. cholerae T6SS in mice mono-colonized
with a commensal E. coli strain elicits a host transcriptional
response, elevating expression of antimicrobial peptides and NF-
kB signaling components (Zhao et al., 2018). NF-kB induction
could be recapitulated in vitro using supernatants from T6SS-
dependent killing assays, suggesting that MAMPs released from
T6SS-mediated bacterial lysis may be the factors supporting
the induction of this host response. Furthermore, El Tor
pandemic strains of V. cholerae display higher levels of T6SS gene
expression than reference clinical isolates, thus underpinning the
association of T6SS antibacterial activity with pathology (Zhao
et al,, 2018). In the TRUC murine model for ulcerative colitis,
the presence of a commensal bacterial population promotes
spontaneous disease onset in this susceptible host (Garrett et al.,
2007). Here, the presence of Proteus mirabilis and Klebsiella
pneumoniae in this commensal community correlated with
colitogenic potential (Garrett et al., 2010). Both of these species
possess T6SSs that display antibacterial activity (Alteri et al., 2013;
Hsieh et al.,, 2019), while this secretion system has also been
shown to contribute to the fitness of the pathogens in vivo (Lery
etal.,, 2014; Debnath et al., 2018). One can therefore contemplate
a role for this secretion system in the TRUC model whereby

T6SS-mediated elimination of commensal bacteria promotes an
inflammatory response that cannot be restrained due to the
immune genes deficiency of the host, resulting in colitis.

Non-mammalian models also support the notion of T6SS-
dependent dysbiosis as a driving force for disease symptoms and
pathology. A recent study found that Pseudomonas protegens
uses antibacterial effectors to antagonize the gut microbiota
of butterfly larvae, enabling tissue invasion and disease onset
(Vacheron et al,, 2019). Infection of D. melanogaster with V.
cholerae results in diarrheal symptoms and gut inflammation
(Blow et al., 2005), and the T6SS of the pathogen was found
to promote mortality in a manner dependent on the presence
of constituents of the microbiota (Fast et al., 2018). The IMD
pathway also contributes to this pathology, suggesting that
elimination of the fly gut commensal bacteria can be lethal due
to exacerbated host inflammatory response (Ryu et al., 2008;
Fast et al., 2018). T6SS-mediated depletion of the polymicrobial
community impacts tissue repair during fly infection, mirroring
the pioneering work establishing the role of the human gut
microbiota in tissue homeostasis (Rakoff-Nahoum et al., 2004;
Fast et al., 2020).

The competition for nutrients is a key aspect of colonization
resistance in the host environment. As discussed above,
microbiota niche occupancy is partly dictated by the ability to
use specific carbon and nitrogen sources. Around one fifth of
the genome of Bacteroides spp. encodes proteins involved in
polysaccharide catabolism, conferring great metabolic versatility
(Sonnenburg et al., 2005; Schwalm and Groisman, 2017). Besides,
the host accentuates the state of nutritional immunity by
sequestering metal ions upon infection to limit the replication of
pathogens. Recent work by the Shen laboratory and others has
revealed a role for the T6SS in nutrient acquisition, whereby the
secretion of metal ion-binding proteins facilitates the uptake of
zing, iron, copper or manganese (Wang et al., 2015; Lin et al.,
2017; Si et al.,, 2017a,b; Han et al., 2019). A T6SS-4 mutant of
Yersinia pestis exhibited reduced pathogenicity in an orogastric
mouse model, indicating the role of this virulence factor in
overcoming nutritional immunity during infection (Wang et al.,
2015). It is likely that members of the microbiota utilize the T6SS
for nutrient acquisition too; however, no T6SS effectors have been
described to date. The role of the T6SS of bacterial pathogens
in disrupting the steady state of microbiota-host ecosystems is
becoming increasingly clear and underscores the importance of
the microbiota in colonization resistance alongside the versatility
of this secretion system.

DIRECT HOST CELL CONTACT: T6SS
ENCOUNTERS OF THE THIRD KIND

The T6SS versatility extends beyond its prominent antibacterial
role in many gram-negative bacteria. As the most evolved
member of the contractile injection systems, it delivers effectors
into the extracellular milieu or directly into neighboring bacteria
and/or eukaryotic targets. Many anti-eukaryotic activities of
the T6SS have been described, including the manipulation of
biochemical processes governing the physiology of phagocytes
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and epithelial cells (reviewed in Hachani et al, 2016).
Furthermore, several studies have found that the T6SS can target
fungal cells, and whereas the human microbiota also harbors
fungi such as Candida albicans, these interactions within a host
remain unexplored (Haapalainen et al., 2012; Trunk et al., 2018;
Storey et al., 2020). A summary of T6SS effector proteins with
roles distinct from direct bacterial antagonism are listed in
Table 2.

Once pathogens gain a foothold by ousting the residing
microbiota in their desired niche, they must contend with the
microbial clearance mechanisms of the host. After phagocytosis
by immune cells, phagosomal bacteria are subjected to the
oxidative burst, where the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase membrane complex produces
superoxide radicals in the vacuole to destroy the engulfed
microbe. During oxidative stress, such as after uptake by
macrophages, enterohaemorrhagic E. coli (EHEC) secretes the
T6SS catalase effector KatN to detoxify the local environment
(Wan et al.,, 2017). Intriguingly, despite being important in the
survival of EHEC in macrophages, the absence of KatN did
not impact virulence in a streptomycin-treated mouse model.
However, the T6SS itself was required for complete virulence
suggesting the presence of other host cell-targeted effectors or
undescribed compensatory host cell mechanisms. The T6SSs
secreting metal binding effectors are upregulated upon oxidative
stress, suggesting they likely play a role in defense against reactive
oxygen species produced by immune cells (Wang et al., 2015;
Lin et al, 2017; Si et al., 2017a,b). Indeed, the zinc-binding

effector YezP of Y. pestis is required for intracellular survival in
macrophages (Wang et al., 2015).

Burkholderia cenocepacia, an opportunistic pathogen of cystic
fibrosis patients, resides primarily in alveolar macrophages
where it resists killing (Schwab et al., 2014). The delivery of
the T6SS effector TecA into the macrophage cytosol leads to
the deamidation of Rho GTPases, which hampers the activity
of the NADPH complex (Rosales-Reyes et al., 2012; Aubert
et al.,, 2016). Yet, this inactivation of Rho GTPases is detected
by the pyrin inflammasome, leading to caspase-1 activation,
pyroptosis and inflammation (Xu et al., 2014). Inflammasomes
are vital for enacting cell-autonomous immunity. Thus, they are
frequently targeted by invasive bacterial pathogens (Sanchez-
Garrido et al., 2020). The NLRC4 and NLRP3 inflammasomes
are activated by the type III secretion system of Edwardsiella
piscicida after phagocytosis. However, this bacterium is also able
to impair the activation of caspase-1 using its T6SS effector
EvpP (Chen et al., 2017). The mode of action of this effector
remains elusive but appears to prevent the induction of ASC-
mediated canonical inflammasome seeding by inhibition of
calcium-dependent JNK activation.

The facultative intracellular pathogen Francisella tularensis
avoids destruction by macrophages through the action of its
T6SS (Nano et al., 2004). Proteomics analysis identified several
T6SS effector proteins that are required for escape from the
phagosome, and cytosolic replication (Eshraghi et al, 2016).
One of these is the phosphatidylinositol 3-kinase (PI3K)-like
effector OpiA, which remodels the phospholipid content of

TABLE 2 | T6SS effectors with roles beyond bacterial antagonism.

T6SS Effector Bacterium Function References
VgrG14P Aeromonas dhakensis Cytoskeletal disruption Suarez et al., 2010
TecA Burkholderia cenocepacia Inhibition of Rho GTPases Rosales-Reyes et al.,
2012; Aubert et al., 2016
TseZ Burkholderia thailandensis Acquisition of Zn2+ Sietal., 2017a
TseM B. thailandensis Acquisition of Mn?* Sietal., 2017b
VgrG5 Burkholderia pseudomallei; B. thailandensis Formation of multi-nucleated giant cells Schwarz et al., 2014;
Toesca et al., 2014
EvpP Edwardsiella piscicida Inhibition of inflalmasome formation Chen et al., 2017
KatN Enterohaemorraghic Escherichia coli Protection against oxidative stress Wan et al., 2017
OpiA Francisella tularensis Phagosomal escape Eshraghi et al., 2016;
Ledvina et al., 2018
Azu Pseudomonas aeruginosa Acquisition of Cu?* Han et al., 2019
TseF P, aeruginosa Acquisition of Fe3*+ Linetal., 2017
PIdA P, aeruginosa Internalization into non-phagocytic cells Jiang et al., 2014
PldB P, aeruginosa Internalization into non-phagocytic cells Jiang et al., 2014
Tle4PA P, aeruginosa Disruption of ER homeostasis Jiang et al., 2016
VgrG2b P, aeruginosa Cytoskeletal manipulation Sana et al., 2012
Tfel Serratia marcescens Membrane depolarization Trunk et al., 2018
Tfe2 S. marcescens Metabolic dysregulation Trunk et al., 2018
VgrG1ve Vibrio cholerae Cytoskeletal disruption Pukatzki et al., 2007; Ma
et al., 2009
VasX V. cholerae Formation of membrane pores Miyata et al., 2011
YezP Yersinia pestis Acquisition of Zn?* Wang et al., 2015
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the phagosomal membrane to delay its maturation in the
endosomal compartment, thereby facilitating pathogen escape
prior to lysosomal fusion (Ledvina et al., 2018). The H2-T6SS
of Pseudomonas aeruginosa also delivers membrane targeting
effector proteins into host cells, namely the phospholipases
PIdA, PI1dB, and Tle4 (Jiang et al., 2014, 2016; Wettstadt et al.,
2019). While PIdA and PIdB promote internalization of P.
aeruginosa by manipulating the PI3K-Akt signaling axis, Tle4
fragments the endoplasmic reticulum, activating the unfolded
protein response and autophagy. However, the benefits of these
cellular modifications for the bacterium remain unclear. The
T6SS yielded by bacterial pathogens targeting host cells presents
a further risk to the microbiota, since the ensuing subversion
of host processes affects their ecological niche. Indeed, such
indirect impact has been demonstrated in the zebrafish model
of cholera, where the actin-crosslinking domain of VgrGl of
V. cholerae stimulates peristalsis, resulting in the collapse of
the resident microbial community (Logan et al., 2018). The
gradual repopulation by the commensal microbiota may evict
the invading pathogen despite the reversal of the numerical
advantage; yet the niche must still be conducive for this
repopulation to occur.

CONCLUSIONS

The extended versatility of the T6SS enriches both the panel
of virulence factors of bacterial pathogens, and the mutualism
toolkit of symbiotic bacteria. The T6SS plays an underappreciated
role in the maintenance of this synergistic steady state in
the microbiota. Notwithstanding its original designation as a
virulence factor, the T6SS is clearly beneficial to the host
in facilitating stable colonization of the microbiota. Further
investigation into the genetic architecture of the T6SS! of
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Mycobacterium tuberculosis (Mtb) is a very successful pathogen, strictly adapted to
humans and the cause of tuberculosis. Its success is associated with its ability to inhibit
host cell intrinsic immune responses by using an arsenal of virulence factors of different
nature. It has evolved to synthesize a series of complex lipids which form an outer
membrane and may also be released to enter host cell membranes. In addition, secreted
protein effectors of Mtb are entering the host cell cytosol to interact with host cell proteins.
We briefly discuss the current model, involving the ESX-1 type seven secretion system
and the Mtb lipid phthiocerol dimycoserosate (PDIM), of how Mtb creates pores in the
phagosomal membrane to allow Mtb proteins to access to the host cell cytosol. We
provide an exhaustive list of Mtb secreted proteins that have effector functions. They
modify (mostly inhibit but sometimes activate) host cell pathways such as: phagosome
maturation, cell death, cytokine response, xenophagy, reactive oxygen species (ROS)
response via NADPH oxidase 2 (NOX2), nitric oxide (NO) response via NO Synthase 2
(NOS2) and antigen presentation via MHC class | and class Il molecules. We discuss the
host cell targets for each lipid and protein effector and the importance of the Mtb effector
for virulence of the bacterium.

Keywords: Mycobacterium tuberculosis, effector, cell death, lipids, cytokines, phagosome maturation, NOX2,
ESX-1

INTRODUCTION

Mtb is the bacterium responsible for the highest number of deaths annually caused by an infection
disease. Its success as human pathogen is at least partially due to the ability of Mtb to evade the host
immune response (Liu et al., 2017; Queval et al., 2017; Upadhyay et al., 2018; Bussi and Gutierrez,
2019; Sia and Rengarajan, 2019). On the other side there was intense selective pressure on humans
to develop immune responses that could drive active tuberculosis infections into latent ones in
order for the host to survive (Moreira-Teixeira et al., 2018; Olive and Sassetti, 2018; Simmons
et al., 2018; Correa-Macedo et al., 2019). Ever since the first observation that intracellular Mtb
inhibits the normal progression of phagosome maturations in the 1970s (Armstrong and Hart,
1971), the “How” and “What” of Mtb-mediated host cell manipulation have been under intense
investigation. The translational research potential to exploit this knowledge, either for directly
targeting Mtb effectors or for developing host targeted therapeutics, is important due to the urgent
need of novel drugs to treat tuberculosis. Nevertheless, progress was limited for a long time due to
the absence of genetic tools to modify Mtb. This changed in the early 1990s when pioneering work
established the first tools to allow foreign gene expression in mycobacteria (Jacobs et al., 1987; Ranes
et al., 1990) and to create a specific gene deletion mutant (Bardarov et al., 2002). Recently, ORBIT
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and CRISPRi technologies have been developed to simplify
gene deletion/suppression approaches in Mtb (Rock et al,
2017; Murphy et al, 2018). The genetic toolbox was quickly
expanded to include high-throughput gene disruption capacity
via transposon (Tn)-mediated approaches which allowed for loss-
of-function genetic screens (Camacho et al., 1999; Cox et al.,
1999). The transposon approach was improved and combined
with advances in gene sequencing technology to generate the
TnSeq approach which allows for loss-of-function screens on
a population basis (Long et al., 2015). Furthermore, shuttle
cosmids were developed to be able to express large regions
of the Mtb genome in non-tuberculoid mycobacteria in order
to execute gain-of-function genetic screens (Bange et al., 1999;
Velmurugan et al., 2007). Similarly, the genetic modification
of host cells via siRNA and CRISPR/Cas9 allows for genome-
wide genetic screens that can be combined with high-throughput
readouts in order to identify host cell genes involved in
specific host responses to Mtb infections (Kumar et al., 2010).
The Collaborative Cross collection of mouse strains was used
to identify host susceptibility and resistance genes following
Mtb infections (Smith et al, 2019). These breakthroughs in
experimental approaches have already led to seminal findings
on Mtb lipid and protein effectors and their host cell targets.
The goal of this review is to provide an overview of the current
knowledge of secreted Mtb proteins and lipids, their mechanisms
of action and their importance for virulence of Mtb.

MTB EFFECTOR PROTEINS AND THEIR
TARGETS IN THE HOST CELL

What are some of the important characteristics of Mtb proteins
that interact with the host cell? Many effectors need to be secreted
by the bacterium and hence the secretion system for which
they are a substrate is an important feature of the effector.
The Mtb genome encodes for five type-seven secretion systems
(T7SS), ESX-1 to ESX-5. They mediate the secretion of two family
of proteins, EsxA-like proteins which are part of the Trp-X-
Gly (WXG) family, and proteins harboring a Pro-Glu (PE) or
Pro-Pro-Glu (PPE) N-terminal motif. The main substrates of
ESX-1 are EsxA and EsxB. The ESX-3 system transports the
EsxA/B paralogues EsxG/H. There is very little information on
the substrates of the ESX-2 and ESX-4 systems. Finally, ESX-
5 is responsible for secretion of a large number of proteins
many of which are part of the PE/PPE superfamily (Groschel
et al., 2016; Bosserman and Champion, 2017). The heterologous
expression of PE/PPE proteins in M. smegmatis (Msme) is a
commonly used approach to characterize these proteins since
they are absent in this mycobacterial species. Nevertheless, Msme
also does not express an ESX-5 system, so the transport of these
heterologously-expressed Mtb proteins is unknown. In order to
focus the scope of this review we have decided to not include a
discussion of Mtb PE/PPE effectors expressed in Msme, unless
there is additional experimental evidence derived from Mtb
deletion mutant or ectopic expression of the Mtb protein in a
host cell. Furthermore, we also decided to limit the review to
proteins that are secreted and released by Mtb which excludes

many PE/PPE family proteins because they remain associated
with the Mtb cell wall (e.g., PE-PGRS33). We point the reader to a
current and exhaustive review on PE/PPE Mtb proteins (De Maio
etal., 2020). In the absence of experimental data, we used SignalP
5.0 (Almagro Armenteros et al., 2019) to predict the presence of
a signal peptide which indicates secretion via the SecA1/2 or Tat
secretion systems.

Another important characteristic is the function of the
effector. Protein tyrosine phosphatases A and -B (PtpA, PtpB)
and the secreted acid phosphatase of Mtb (SapM) are the only
three phosphatases known to be secreted by Mtb (Koul et al,
2000; Saleh and Belisle, 2000) (for more detailed review see
Wong etal., 2013). The Mtb genome encodes 11 serine/threonine
protein kinases of which 9 have a single transmembrane domain,
an extracellular sensor domain and the intracellular kinase
domain (Av-Gay and Everett, 2000; Prisic and Husson, 2014).
PknG and PknK have no transmembrane domain but only
PknG has been shown to be secreted (Prisic and Husson, 2014).
In addition, Mtb encodes for the tyrosine kinase PtkA which
phosphorylates and activates the phosphatase PtpA (Zhou et al.,
2015; Jaiswal et al., 2019). In addition to kinases and phosphatases
there is a wide range of other enzymatic activities reported for
effectors (Table 1) but these are not always associated with their
function in host cell manipulation but rather with their primary
function in Mtb homeostasis (e.g., echA2 Truong and Penn,
2020). Finally, for many effectors no specific activity has been
determined yet.

One of the most interesting feature of a secreted effector
is its host cell target (Table1). The identification of a target
can be fairly straight forward if there is a strong binding
affinity which allows for co-immunoprecipitation or column-
based enrichment approaches. Interactions that are of low
affinity are much harder to characterize which is probably one
reason that for many Mtb effectors their host cell targets have
not been identified yet (Table 1). Related to the targeted host
cell protein is the impact of the Mtb effector on the host
cell signaling pathways. The manipulation of proinflammatory
cytokine responses, phagosome maturation, autophagy and host
cell death are the major pathways targeted by Mtb that have
been identified today (Table 1). Since these host cell pathways
are interconnected (for example, proinflammatory cytokine
signaling may affect host cell death) a specific Mtb effector may
affect more than one host cell signaling pathway.

Finally, what is the contribution of a given Mtb protein
effector to the virulence of the bacterium? The answer to that
question is complicated by many factors. One of them being
the redundancy of Mtb effector proteins for a given host cell
signaling pathway. For example, many proteins and some lipids
target the maturation of the Mtb phagosome (Tables 1, 2). So,
studying their individual effect on phagosome maturation will
show meaningful differences but when taken into context of an
infected mouse lung these differences observed during ex vivo
infections may not be important enough to affect the overall
survival of Mtb in the mouse lung. An approach to overcoming
this hurdle would be by generating double or even triple Mtb
gene deletion mutants. Another complicating factor is how to
be sure if the observed in vivo effect of a given Mtb mutant
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FIGURE 1 | Model of the mechanism of membrane lysis by the cooperation of ESX-1 and PDIM. ESX-1 secretes EsxA and EsxB in a 1:1 heterodimer. This dimer is
separated upon pH decrease and / or post-translational modifications, and free EsxA can induce pore formation. PDIM can potentiate EsxA membranolytic activity by
either synergizing the pore forming activity of EsxA or by acting on the EsxA/B heterodimer complex separation.

Pore formation

is actually due to the lack of manipulation of the specific host
cell signaling pathway and not instead due to some secondary
function of the Mtb protein during in vivo infections. In the
most extreme cases of moonlighting, Mtb effector proteins such
as echA2 (Truong and Penn, 2020) this is obvious because of
the known function of echA2 in bacterial homeostasis, but it
is actually a concern for any Mtb deletion mutant used during
in vivo infections. One way to address this question is to use a
genetic approach by infecting wild type mice but also a knock-
out mouse strain that is deficient in the host cell signaling
pathway that the Mtb effector is targeting. If the knock-out
mouse strain rescues the virulence of the Mtb mutant strain
when compared to wild-type Mtb, it is fair to assume that the
in vivo attenuation (or hypovirulence for that matter) is due
to the specific host cell signaling pathway that the Mtb effector
protein targets.

HOW DO MTB PROTEINS GAIN ACCESS
TO THE HOST CELL CYTOSOL?

In order for secreted Mtb proteins to reach host cell targets
they have to overcome at least two barriers: the first one
being the double membrane of Mtb (Hoffmann et al, 2008;
Zuber et al., 2008) and the second one being the phagosomal
membrane (Figure 1). The protein secretion systems of Mtb have
been extensively reviewed elsewhere (Ligon et al., 2012; Majlessi
et al, 2015). ESX-1 is arguably the most extensively studied
member of T7SS in Mtb as its crucial importance in pathogenesis
was described in numerous studies and reviewed extensively
(Groschel et al.,, 2016; Bosserman and Champion, 2017; Vaziri
and Brosch, 2019). It is likely that the tremendous importance of
ESX-1 for the virulence of Mtb is due to the fact that it allows Mtb
effectors to gain access to the host cell cytosol by permeabilization
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of the phagosomal membrane (Figure 1). Gaining access to the
cytosol via phagosomal membrane permeabilization in order to
target host cell targets with bacterial effectors is a successful
strategy shared with many other intracellular pathogens (Kumar
and Valdivia, 2009). The crucial virulence factor secreted by
ESX-1 for the permeabilization process is EsxA (also named
ESAT-6), which is secreted as a 1:1 heterodimer with EsxB (also
named CFP-10) (Renshaw et al, 2005). EsxA membranolytic
activity was first observed by Hsu et al. (2003). Since then
numerous studies aimed to dissect the mechanism of action
leading to membrane lysis (reviewed elsewhere Peng and Sun,
2016). But recently a study cast a doubt on published EsxA
in vitro studies suggesting that traces of detergent left from
the purification process were responsible for the membranolytic
activity observed (Conrad et al, 2017). Nevertheless, some
studies were performed with detergent-free purification process
and showed an EsxA pore-forming activity on membranes (de
Jonge et al., 2007; Ma et al., 2015; Zhang et al., 2016; Ray et al.,
2019; Aguilera et al.,, 2020; Augenstreich et al., 2020). Regardless
of this confounding issue, there is good agreement that one
crucial step for the lytic activity of EsxA is the separation of
EsxA from EsxB after the secretion of the heterodimer through
the ESX-1 system. That process can be mediated through an
acidification that can lead to EsxA release and membrane binding
(de Jonge et al., 2007). In contrast, other reports show that the
membrane lysis process seem to happen at a mildly acidic pH
and Mtb could rupture the phagosomal membrane even after
a bafilomycin treatment which inhibits phagosome acidification
(Simeone et al, 2015; Augenstreich et al., 2017). Hemolysis
studies also suggested that a RD1-mediated lysis can happen at
pH7 (Smith et al., 2008; Conrad et al., 2017; Augenstreich et al,,
2020). Thus, the separation of the EsxA/EsxB complex seems
to take place at neutral pH. A new study started to unravel
this mechanism by showing EsxA undergo acetylation through
secretion that increases EsxA/EsxB separation by decreasing
the complex stability and contributes to M. marinum (Mm)
phagosome escape (Aguilera et al., 2020). The lipidic virulence
factor PDIM also showed to be essential for phagosomal escape
during macrophages infection by Mtb (Augenstreich et al., 2017;
Barczak et al.,, 2017; Quigley et al., 2017; Lerner et al., 2018). It
is tempting to hypothesize that PDIM might also play a part in
this process, that would explain the membrane lysis observed
at neutral pH and that the lysis occurs at the contact point
between the bacteria and the target membrane. But this will
require additional studies to finally resolve the exact molecular
mechanism of EsxA-mediated membrane lysis. Finally, even if
EsxA is the main factor responsible for the lysis, other factors may
be participating in the process, like the sphingomyelinase SpmT
of Mtb (Speer et al., 2015) or uncharacterized ESX-1 associated
factor(s) in Mm (Lienard et al., 2020).

It was long thought that the EsxA/ESXI1-dependent
phagosomal rupture was restricted to Mtb and Mm, since
Msme despite encoding an ESX-1 system fails to escape the
phagosome in macrophages. But recently it was described
that M. abscessus was also able to rupture the phagosome, but
through the use of ESX-4 (Laencina et al., 2018). Interestingly,
eccB4 deficient M. abscessus strains failed to inhibit phagosome

acidification and to induce phagosomal rupture. It is linked to
a secretion defect of the EsxA/EsxB-like complex EsxT/EsxU
and one might speculate they act like their ESX-1 counterparts
(Laencina et al.,, 2018). Thus, for M. abscessus that lacks an
ESX-1 system, ESX-4 seems to perform the functions associated
with ESX-1 in Mtb. In a potentially analogous mechanism to
the EsxA/PDIM synergy described for Mtb, a new glycolipid
was characterized in M. abscessus and its transport to the
mycobacterial surface is required for phagosomal rupture
(Dubois et al., 2018).

ROLE OF MTB PROTEINS IN HOST
MANIPULATION (TABLE 1)

Phagosome Maturation

The uptake of Mtb by phagocytes generates a phagosome, the
Mtb-containing vacuole (MCV). The normal maturation process
of a phagosome is to fuse with early endosomes, then late
endosomes and finally lysosomes to gradually acidify its lumen,
acquire acidic protease and hydrolase in order to destroy the
phagosomal bacterium (Upadhyay et al, 2018). One of the
first immune evasion mechanisms assigned to Mtb was its
capacity to prevent the fusion of lysosomes with the MCV
(Armstrong and Hart, 1971). These excellent recent reviews
provide additional information of Mtb-mediated inhibition
of phagosome maturation (Upadhyay et al., 2018; Bussi and
Gutierrez, 2019).

EsxH: The ESX-3 secretion system has a limited set of
substrates comprised by EsxG-EsxH, PE5-PPE4, and the PE15-
PPE20 heterodimers (Tufariello et al., 2016). EsxG and EsxH are
EsxA and EsxB-like proteins respectively, which resolved in a
1:1 heterodimer structure is very similar to the EsxA/B complex
but with a different function (Ilghari et al., 2011). A yeast two-
hybrid (Y2H) screen identified the interaction of Mtb but not
Msme EsxH with HRS (Hepatocyte Growth Factor-Regulated
Tyrosine Kinase Substrate) (Mehra et al., 2013). HRS is important
in the initial assembly of the ESCRT machinery which functions
in transport of endosome to lysosomes for certain receptors
and cargo (Szymanska et al., 2018). This interaction could be
confirmed by co-immunoprecipitation experiments in HEK293
cells expressing EsxH and EsxG (Mehra et al., 2013). Importantly,
the overexpression of EsxG/EsxH in Mtb increased the capacity
of the bacteria to inhibit phagosome maturation (Mehra et al.,
2013). The knock-down of HRS as well as downstream effector
Tsgl01 (one component of the ESCRT machinery) both resulted
in a decreased MCV maturation showing that the host cell
target of EsxH is functionally important (Mehra et al., 2013).
It was subsequently shown that the inhibition of ESCRT by
EsxH also reduced the capacity of macrophages and dendritic
cells to present Mtb antigens and prime T-cells ex vivo and in
vivo (Portal Celhay et al., 2016). Finally, ESCRT is recruited to
the site of minor membrane damage and since Mtb, via ESX-
1 and PDIM, permeabilizes the phagosomal membrane it was
consistent with an ESX-1 dependent recruitment of ESCRT to
the MCV (Mittal et al., 2018). Mtb is required to permeabilize
the phagosomal membrane in order to manipulate the host cell.
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TABLE 1 | Summary overview of Mtb protein effectors.

Name Gene ID Secretion pathway  Function Host target Host cell process Impact of gene deletion on
Mtb virulence
PtpB Rv0153¢c ? Phosphatase ? ? Attenuated ex vivo and in vivo
(guinea pig)
HBHA Rv0475 ? ? Apoptosis (A) No effect in vivo
SodA Rv3846 SecA2 Superoxide dismutase ~ Phagosomal Apoptosis (I) Attenuated in vivo
Superoxides
Rv3654¢c Rv3654¢c Predicted TAT ? PSF Apoptosis (1) Attenuated ex vivo
Rv3033 Rv3033 Predicted SecA1/2 SP ? ? Apoptosis (1) Attenuated ex vivo but no data
for in vivo
GroEL2/HSP65 Rv0440 ? Chaperone Mortalin Apoptosis (1) ?
Eis Rv2416¢ ? lysine JNK Apoptosis (1), Not attenuated in vivo
Ne-acetyltransferase Xenophagy (1), Cytokine
activity response ()
MPT53/DsbE Rv2878¢c Predicted SecA1/2 Disulfide oxidoreductase Tak1 Cytokine response (A)  Hypervirulent in vivo
PPE13 ESX-5 ? NLRP3 Cytokine response (A)  ?
EchA1 Rv0222 ? Probable enoyl-CoA SHP1, TRAF6 Cytokine response (1) Attenuated in vivo
hydratase
EsxA Rv3875 ESX-1 ? TLR-2, SR-B1, B2M Cytokine response (),  Attenuated ex vivo and in vivo
Antigen presentation(l),
Invasion(A), Pore
formation (A)
Hip1 Rv2224¢c Predicted SecA1/2 Esterase and Protease =~ GroEL2 (a secreted Cytokine response (l),  Attenuated ex vivo and in vivo
activity Mtb protein!) Apoptosis (1)
LpaN Rv0583¢c Predicted SecA1/2 ? CBL Cytokine response (M)  Attenuated ex vivo and in vivo
CpnT/TNT Rv3903¢c ? hydrolyses NAD+ NAD-+ Necrosis (A) Not attenuated in vivo
PPE2 Rv0256¢ ESX-57 Transcriptional repressor inos gene promotor, NO and ROS Attenuated ex vivo
p67phox production (1)
SapM Rv3310 SecA2 Phosphatase Phosphatidyl-inositol-  Phagosome maturation  Attenuated ex vivo and in vivo
3-phosphate 0] (guinea pig)
PknG Rv0410c SecA2 Serine/Threonine kinase Rab7L1/Rab29 Phagosome maturation Attenuated ex vivo and in vivo
()
CpsA Rv3484 ? ?: contains LCP and ?: inhibits NOX2 Phagosome maturation Attenuated ex vivo and in vivo
LytR domains activation () (mouse and zebrafish model)
TiyA Rv1694 ? rRNA methylase, ? Phagosome maturation Attenuated ex vivo and in vivo
hemolysin ()
LpdC Rv0462 SecA2 Lipoamide Coronin-1 Phagosome maturation  Attenuated in vivo (probably due
dehydrogenase () to role on metabolism)
EsxH Rv0288 ESX-3 ? HRS Phagosome maturation Attenuated ex vivo and in vivo
()
PE_PGRS30 Rv1651c ESX-5 ? ? Phagosome maturation  Attenuated ex vivo and in vivo
()
NdkA Rv2445¢ SecA2 GTPase Activation Rab5, Rab7, Rac1 Phagosome maturation Attenuated ex vivo and in vivo
Protein (GAP) (1), Apoptosis (1) (SCID mouse model only)
PtpA Rv2234 ? Phosphatase VPS33B, Subunit H of Phagosome maturation Attenuated ex vivo not in vivo
V-ATPase, ubiquitin, (I), Cytokine Response
GSK3 (I, Apoptosis ()
Rv3364¢c Rv3364c ? ? Cathepsin G Pyroptosis (1) ?
PE_PGRS47 Rv2741 ESX-5 ?, Predicted ? ? Xenophagy (1) Attenuated ex vivo and in vivo

SecA1/2

All listed proteins have been shown to be secreted. If data is available, the secretion mechanisms is indicated. If the secretion pathway is not yet determined, we used SignalP-5.0 to
check for signal peptide prediction. The parentheses behind the host cell process indicate Activation (A), Inhibition (I) or Modulation (M). If not stated explicitly the virulence impact refers

to mouse studies.
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This damage can be recognized by the host cell ESCRT machinery
which could result in increased phagosome maturation and
antigen presentation. Hence, the bacterial adaptation to inhibit
ESCRT-recruitment via secretion of its own effector EsxH. The
importance of this system for Mtb virulence was demonstrated by
the strong attenuation of an esxH deletion mutant in the mouse
model with a 3-4 log reduction of CFU in the lungs (Portal
Celhay et al., 2016; Tufariello et al., 2016).

PE_PGRS30: The ortholog of this Mtb gene in Mm (mag 24-
1) is highly upregulated in bacteria present in the granuloma
and its deletion results in loss of bacterial virulence ex vivo and
in vivo (Ramakrishnan et al., 2000). Mag 24-1 is important for
the capacity of the bacteria to inhibit phagosome maturation and
exclusion of the vacuolar HY-ATPase from the MCV is a likely
mechanism (Hagedorn and Soldati, 2007). The investigation
of Mtb PE_PGRS30 led to very similar findings in regard to
virulence and the importance of this gene for the capacity to
inhibit phagosome maturation (Iantomasi et al., 2012).

TlyA: The TlyA protein has been shown to have rRNA
methylase activity which functions in the methylation of 16S
and 23R rRNA nucleotides (Johansen et al., 2006). Nevertheless,
TIyA of Mtb also showed hemolysin activity when expressed in
Msme (King et al., 1993; Wren et al., 1998). Consistently, purified
TIyA can form oligomers on purified phagosomes and red blood
cells leading to lysis (Rahman et al., 2010). TlyA peptides were
identified in the culture filtrate of Mtb via mass spec analysis
(Kelkar et al., 2011). The secretion of TlyA to the cell membrane
does not require Tat or SecA2 secretion systems and TIyA is
also included in membrane vesicles secreted by Msme (Kumar
et al,, 2015). In two gain-of-function approaches by expressing
Mtb TIlyA in Msme or coating latex beads with purified TlyA
it could be demonstrated that TlyA mediates the inhibition
of phagosome maturation by reducing Rab5, EEA1, and Rab7
recruitment to the phagosome but increasing Rab14 (Mittal et al.,
2014). What the actual target of TlyA in the host cell is or how
the phagosomal Iytic activity connects to phagosome maturation
inhibition remains to be determined. The Mtb TlyA mutant is
attenuated in ex vivo infected macrophages and in vivo in BALB/c
mice after aerosol infection but this study did not include a
complemented mutant strain (Rahman et al., 2015).

LdpC: Is a lipoamide dehydrogenase which has an important
function in the metabolization of branched-chain amino acids
(Venugopal et al, 2011). Nevertheless, besides its cytosolic
location and function, LdpC is also secreted via the SecA2
pathway (Zulauf et al., 2018). As such it was identified in the
host cell cytosol to bind to host cell coronin-1 protein (Deghmane
et al,, 2007). This binding resulted in the retention of coronin-1
on the MCV membrane which inhibits phagosome maturation
(Deghmane et al., 2007). The IdpC Mtb mutant is attenuated
in the mouse model but this might be due to its function in
Mtb metabolism which affects bacterial growth (Venugopal et al.,
2011).

PtpA: PtpA is one of the three secreted phosphatases of Mtb
(Koul et al., 2000; Saleh and Belisle, 2000). The tyrosine kinase
PtkA of Mtb phosphorylates and activates cytosolic PtpA (Zhou
et al., 2015; Jaiswal et al., 2019). Secreted PtpA affect three
different host cell response pathways: (1) It binds to host cell

ubiquitin which activates its phosphatase activity and leads to
dephosphorylation of the host cell kinases JNK and p38 which
reduces the pro-inflammatory cytokine response of the host cell
(Wang et al., 2015a). (2) PtpA binds to and dephosphorylates
host cell GSK3a which leads to less active caspase-3 and thus
reduced host cell apoptosis (Poirier et al., 2014). (3) Mtb is
able to inhibit recruitment of the host cell vacuolar-H™-ATPase
(V-ATPase) to the MCV (Sturgill-Koszycki et al., 1994). PtpA
binds subunit H of the V-ATPase (Wong et al.,, 2011) and it
also binds to and dephosphorylates VPS33B (Bach et al., 2008),
a protein enabling endosome to lysosome trafficking (Galmes
et al., 2015). How these two capacities of PtpA are linked is not
known but binding of PtpA to V-ATPase is a prerequisite for
the dephosphorylation of VPS33B (Wong et al., 2011). The PtpA
Mtb mutant is deficient in its capacity to inhibit the acidification
of the MCV, inhibit phagosome maturation and growth in ex
vivo infected macrophages (Bach et al., 2008; Wong et al., 2011).
Nevertheless, the absence of PtpA does not alter growth of Mtb in
the mouse model (Grundner et al., 2008). PtpA is phosphorylated
on two tyrosines by the tyrosine kinase PtkA of Mtb which leads
to activation of the phosphatase activity of PtpA (Zhou et al.,
2015; Jaiswal et al., 2019). Consistently, the deletion of PtkA in
Mtb leads to growth reduction in infected macrophages (Wong
et al., 2018).

SapM: This phosphatase was identified via an elegant screen
of Mtb culture filtrate fractions for acid phosphatase activity
(Saleh and Belisle, 2000). It is secreted via the SecA2 pathway
(Zulauf et al., 2018). SapM, unlike PtpA, has phosphatase activity
on the lipid phosphatidylinositol-3-phosphate (PI3P) in addition
to its tyrosine phosphatase activity (Vergne et al., 2005). The
PI3P phosphatase activity of SapM is required to reduce the
accumulation of PI3P on the MCV membrane which is key to
inhibiting phagosome maturation (Vergne et al., 2005; Koliwer-
Brandl et al., 2019). A point mutation abolishes phosphatase
activity of SapM and the mutated protein is unable to mediate
inhibition of phagosome maturation (Zulaufetal., 2018). A SapM
deletion mutant is attenuated for ex vivo growth in macrophages
(Saikolappan et al., 2012; Puri et al., 2013; Koliwer-Brandl et al.,
2019) and in vivo growth in guinea pigs (Puri et al., 2013).

PknG: Mtb genome encodes 11 serine/threonine protein
kinases of which 9 have a single transmembrane domain, an
extracellular sensor domain and the intracellular kinase domain
(Av-Gay and Everett, 2000; Prisic and Husson, 2014). PknG and
PknK have no transmembrane domain but only PknG has been
shown to be secreted (Prisic and Husson, 2014). The cytosolic
location of PknG reflects the location of its many intracellular
substrates (Baros et al., 2020) but PknG is also secreted via
the SecA2 pathway (van der Woude et al., 2014; Zulauf et al,,
2018). After infection of macrophages PknG can be found in the
host cell cytosol where it mediates the inhibition of phagosome
maturation and survival of bacteria (Walburger et al., 2004;
van der Woude et al., 2014; Zulauf et al., 2018). The human
RabGTPase protein Rab7L1 (Rab29 in mouse) is the host cell
target of PknG (Pradhan et al.,, 2018). At the Golgi apparatus to
PknG blocks the transition of inactive GDP-associated Rab7L1
to the active GTP-associated Rab7L1. This leads to the lack
of recruitment of Rab7L1-GTP to the MCV which helps to
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inhibit phagosome maturation (Pradhan et al., 2018). The pknG
Mtb mutant is attenuated in immunodeficient SCID mice and
immunocompetent BALB/c mice after intra venous injections
but not in the lungs of CD-1 mice after aerosol delivery (Cowley
et al., 2004).

NdkA: The nucleoside diphosphate kinase A is secreted
(Chopra et al., 2003; Malen et al., 2007) via the SecA2 pathway
(Zulauf et al., 2018) and it seems to be an essential gene since
it was not possible to generate deletion mutants neither in Mtb
nor BCG (Sun et al., 2010, 2013). NdkA has GTPase activation
protein activity which means that it accelerates the transition
of small GTPase proteins from the GTP-bound (active) state to
their GDP-bound (inactive) state (Chopra et al., 2004; Sun et al.,
2010, 2013). Rab5 and Rab7 are small GTPase involved in vesicle
trafficking and therefore also in the maturation process from
early phagosome to late phagosome (Rab5) and late phagosome
to phagolysosome (Rab7). Interestingly, NdKkA isolated from Mtb
but not NdkA from Msme can bind to Rab5 and Rab7 and
dephosphorylate associated GTP. The NdkA knock-down strain
of BCG is unable to inhibit the maturation process of the MCV
(Sun et al., 2010). Another target of NdkA is the small GTPase
Racl (Chopra et al., 2004; Sun et al., 2013). The inactivation
of Racl results in a deficiency of the macrophages to assemble
the functional NADPH oxidase (NOX2) complex on the MCV
(Sun et al., 2013). The NdkA knock-down Mtb strain is inducing
higher levels host cell ROS and host cell apoptosis. The strain is
also attenuated for growth in ex vivo infected macrophages and
in immunodeficient SCID mice (Sun et al., 2013).

Cell Death

There are many different ways that a cell may die but for the
purpose of this review we want to focus on apoptosis, necroptosis,
and pyroptosis (Galluzzi et al., 2018). In the case of Mtb the
current working model is that host cell apoptosis is detrimental
for the virulence of Mtb, whereas host cell necrosis favors the
pathogen (Behar et al., 2010; Srinivasan et al., 2014). It is thus
not surprising that Mtb inhibits extrinsic and intrinsic apoptosis
signaling pathways and has developed effectors to induces host
cell necrosis (Moraco and Kornfeld, 2014; Srinivasan et al., 2014;
Mohareer et al., 2018). The overall role of pyroptosis during the
course of Mtb infections is not yet determined.

Pyroptosis

Rv3364c: The Rv3361c-Rv3365¢ operon is upregulated in Mtb
after infection of macrophages and then the secreted Rv3364c
can enter the host cell cytosol. Rv3364c binds to and inhibits
expression and activity of Cathepsin G which leads to a reduced
activation of the inflammatory caspase-1 and consequently less
pyroptosis (Danelishvili et al., 2011).

Apoptosis

Rv3654c: This gene is expressed in an operon (Rv3654c-Rv3660c)
which is upregulated after Mtb infection of macrophages.
Rv3654c can reach the host cell cytosol where it binds to PSF
(protein-associated splicing factor) (Danelishvili et al., 2010).
The binding of Rv3654c to PSF leads to cleavage of the protein
and reduced expression which results in reduced expression
of caspase-8, a protease essential for signaling in the extrinsic

apoptosis pathway (Danelishvili et al., 2010). Consequently, the
Rv3654c Mtb mutant induced higher levels of TNF-mediated
apoptosis and showed less survival during ex vivo infection of
macrophages (Danelishvili et al., 2010).

Rv3033: A genome-wide screen for Mtb transposon mutants
that have reduced survival in macrophages identified Rv3033 as
important for survival in resting macrophages and macrophages
treated with IFN-y after infection (Rengarajan et al., 2005).
Overexpression of Rv3033 in Msme conferred a reduction in
host cell apoptosis (Zhang et al, 2018). The anti-apoptotic
capacity of Rv3033 could be confirmed by expressing Rv3033 in a
macrophage cell line and challenging with Mtb H37Ra infection
(Zhang et al., 2018). Mtb Rv3033 targets the intrinsic, caspase-9
dependent, apoptosis pathway (Zhang et al., 2018). The deletion
of Rv3033 reduces viability in ex vivo infected macrophages but
no in vivo data is available (Rengarajan et al., 2005).

SodA: Superoxide Dismutase A is secreted via the SecA2-
system and might be involved in the neutralization of superoxides
generated in the MCV by the NOX2 phagocyte oxidase
(Braunstein et al., 2003). The SodA gene is essential but an
antisense inhibition of SodA expression in Mtb led to an
important attenuation of the strain in vivo, marked by a high
induction of apoptosis in the lungs of mice (Edwards et al., 2001).
Later it was demonstrated that the absence of secreted SodA and
the increase in host cell apoptosis in vivo leads to an increase in
the presentation of Mtb-derived antigens (Hinchey et al., 2007).

Eis: The Enhanced Intracellular Survival protein was first
identified in a gain-of-function screen of Mtb genes expressed in
Msme that would increase survival of the bacteria after infection
of macrophages (Wei et al., 2000). Eis is secreted by Mtb but
it is unclear via which secretion pathway (Dahl et al., 2001)
and it is able to reach the host cell cytosol (Samuel et al,
2007). The deletion of eis in Mtb causes an increase in host
cell INK kinase activation which leads to increased NOX2-
mediated ROS generation, causing increased pro-inflammatory
cytokine secretion, autophagy and host cell death (Samuel et al.,
2007; Shin et al., 2010) The Mtb and Msme Eis proteins both
have aminoglycoside N-acetyltransferase activity which confer
resistance to antibiotics but on Mtb Eis also has lysine N®-
acetyltransferase activity (Kim et al., 2012). The latter activity
of Mtb Eis targets acetylation of the host cell phosphatase
DUSP16/MKP-7 which potentially increases its binding to JNK
and inhibits its activation (Kim et al., 2012). The deletion of eis
in Mtb does not reduce its virulence in mice (Samuel et al., 2007;
Shin et al., 2010).

Hipl and GroEL2: he Hipl protein is likely cell membrane
associated since it has a predicted lipoprotein signal peptide
but one transmembrane domain predicted (Krogh et al., 2001;
Almagro Armenteros et al., 2019) but was found in membrane
and culture filtrate fractions (Malen et al., 2010; de Souza et al.,
2011). Hipl has esterase and protease activity (Naffin-Olivos
etal., 2014) and GroEL2 is an Mtb chaperon that interacts among
others with Mtb DnaK protein. GroEL2 is found in the cytosol
and cell wall of Mtb and is one substrate for proteolytic cleavage
by Hip1 which results in the release of a shorter protein into the
supernatant (Rengarajan et al., 2008; Naffin-Olivos et al., 2014).
New data shows that after Mtb infection GroEL2 gets released
from the cell wall and can actually enter the host cell cytosol
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where ultimately it binds to the mitochondrial protein mortalin
which has homology to Mtb DnaK protein (Joseph et al., 2017).
Surprisingly, GroEL2 can access the host cell cytosol even in
cells infected with the M. bovis BCG vaccine strain which lacks
a functional ESX-1 system (Joseph et al., 2017). The interaction
of GroEL2 with host cell mortalin mediates the inhibition of host
cell apoptosis. There is no data available on the impact of GroEL2
deficiency on Mtb virulence, which is difficult to assess because
GroEL2 is essential for in vitro growth of Mtb (Dejesus et al.,
2017).

HBHA: eparin-binding hemagglutinin (HBHA) of Mtb is
found in the cell wall and culture filtrate and is important
of bacterial adhesion to epithelial cells but not macrophages
(Menozzi et al., 1996). The deletion of hbha in Mtb results
in a mutant strain that has similar virulence in the lungs of
mice after intranasal infection but strongly reduced the ability
for extrapulmonary dissemination as measured via CFU in the
spleen (Pethe et al., 2001). Either heterologous expression of
HBHA in Msme or the hbha Mtb deletion mutant demonstrated
that this protein may lead to the increase in host cell apoptosis
(Sohn et al., 2011). HBHA localizes to host cell mitochondria
where it leads to increased activation of the pro-apoptosis protein
BAX and increased levels of mitochondrial reactive superoxide
generation (Sohn et al., 2011). The impact of increased host cell
apoptosis during the context of in vivo infection in the lung is not
significant (Pethe et al., 2001).

Necrosis

Mtb needs to escape its intracellular niche at some point in order
to disseminate and infect other cells. Host cell necrosis favors
pathogenesis of Mtb as has been shown by modulating host
factors that tip the cell death modality toward necrosis instead
of apoptosis (Behar et al., 2010). Host cell necrosis can actually
stimulate the growth of Mtb (Dallenga et al., 2017; Lerner et al.,
2017). In addition, the deletion of a transcriptional repressor
(Rv3167c) resulted in an Mtb mutant strain that induced higher
levels of host cell necrosis due to increased PDIM expression
and was also hypervirulent in mice (Srinivasan et al., 2016).
Despite its importance for virulence very little is known about
Mtb effectors that induce host cell necrosis.

CpnT/TNT: The N-terminal domain of CpnT has pore
forming capacity which is involved in uptake of small molecules
through the mycomembrane (Danilchanka et al., 2014). The
C-terminal domain (Tuberculosis necrotizing toxin, TNT) can
be release after proteolytic cleavage and will target host
cell coenzyme NAD™ for hydrolysis (Sun et al, 2015). The
host cell depletion of NAD™ leads to necroptosis via the
RIPK3/MLKL pathway but without activation of upstream
signaling components such as RIPK1 (Pajuelo et al., 2018).
The c¢pnT Mtb deletion mutant is not attenuated in mice
(Danilchanka et al., 2014), suggesting that Mtb has redundant
pathways for inducing host necrosis and most likely additional
secreted effectors.

Xenophagy
Xenophagy is a specialized form of canonical autophagy which
results in the encapsulation pathogens by a double membrane

autophagosome (Upadhyay and Philips, 2019). Xenophagy is a
cell intrinsic defense mechanism against Mtb infection (Gutierrez
et al., 2004). The ubiquitination of Mtb is dependent on the
ESX-1 system and extracellular Mtb DNA (Watson et al,
2012). Ubiquitinated Mtb gets recognized by cytosolic autophagy
receptors p62 and NDP52 which initiates autophagosome
formation (Watson et al., 2012). The ubiquitin ligase Parkin 2 and
Smurfl are of critical importance for the ubiquitination of Mtb
and host resistance to Mtb in the mouse (Manzanillo et al., 2013;
Franco et al.,, 2016). Interestingly, Mtb expresses surface protein
(Rv1468c) containing a eukaryotic-like ubiquitin-associated
domain that binds ubiquitin and recruits p62 facilitating the
xenophagic clearance of Mtb (Chai et al., 2019). Importantly, Mtb
has yet to be defined mechanisms to inhibit host cell clearance
via xenophagy as described for an ESX-1 dependent inhibition
of autophagic flux (Romagnoli et al., 2012; Chandra et al., 2015;
Cardenal-Mufioz et al., 2017). Please refer to following review for
more background information (Khaminets et al., 2016; Upadhyay
and Philips, 2019).

PE_PGRS47

This protein was identified in a gain-of-function screen using
Msme for Mtb genes that mediated the inhibition of antigen
presentation (Saini et al., 2016). Expression of PE_PGRS47 in
Msme demonstrated that transport of the protein to the cell
wall fraction (Saini et al., 2016) although EM studies in infected
cells showed a location of PE_PGRS47 in the host cell cytosol
(Saini et al., 2016). Msme does not express an ESX-5 secretion
system and hence if it secretes PE_PGRS47 it has to be via a
different secretion system which is somewhat surprising since
ESX-5 is the major system for secretion of PE_PGRS proteins
(Abdallah et al., 2009). The ability of PE_PGRS47 to limit antigen
presentation is most likely indirect via its capacity to inhibit
xenophagy and associated phagosome-lysosome fusion which
results in the generation of Mtb peptides that can be presented at
the cell surface (Saini et al., 2016). The PE_PGRS47 Mtb mutant
is attenuated in immunodeficient and immunocompetent mice
(Saini et al., 2016). The molecular mechanism and host target of
PE_PGRS47 remain to be characterized.

Cytokine Response

Host cell cytokines have important functions in host defense
as demonstrated by the increased susceptibility of tnf~/~ and
ifn-y’/’ mice to Mtb infections (Flynn et al.,, 1993, 1995). In
contrast, IFN-B, a cytokine associated with anti-viral immunity,
is exacerbating Mtb infections in mice and humans (Antonelli
et al., 2010; Berry et al., 2010). Extracellular pattern recognition
receptors such as TLRs and intracellular PRR such as NLRs are
the sensors for pathogen associated molecular patterns (PAMPs)
and after binding of a PAMP initiate a signaling cascade that
leads to the production of cytokines. The importance of cytokines
for host immunity to Mtb is reviewed in more detail in these
excellent reviews (Mayer-Barber and Sher, 2015; Domingo-
Gonzalez et al., 2016; Sia and Rengarajan, 2019).
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Hip1and GroEL2

The interaction of Hip1 and GroEL2 have already been described
in a previous section. The hipl Mtb deletion mutant induces
increased pro-inflammatory cytokine production (TNE IL-
18, IL-18, IL-6) in macrophages and dendritic cells via a
TLR2/MyD88 signaling pathway (Madan-Lala et al., 2011, 2014).
Importantly, just the overexpression of the cleaved and secreted
GroEL2 fragment in the hipl Mtb mutant reverts the phenotype
of the mutant back to wild-type Mtb, suggesting that the GroEL2
fragment is blocking the host cell TLR2/MyD88 signaling
pathway (Naffin-Olivos et al., 2014). The hipI Mtb mutant is
attenuated in ex vivo infected macrophages and in vivo infected
mice (Rengarajan et al., 2008; Vandal et al., 2009) it is unclear to
date though, if the attenuation in vivo is only due to the observed
effect on GroEL2 or also due to the general susceptibility of the
hipI mutant to low pH and ROS (Vandal et al., 2009).

PPE13

This member of the PE/PPE protein family contains a NxGxNxG
motif which is characteristic for the major polymorphic tandem
repeat (MPTR) subfamily of PPE proteins (Hermans et al,
1992). PPE13 does not contain a signal peptide and is
secreted via the ESX-5 secretion system (Abdallah et al., 2009).
Heterologous expression of PPE13 in Msme or ectopic expression
in eukaryotic cells demonstrate that PPE13 activates the NLRP3
inflammasome leading to increased IL-1f secretion (Yang et al.,
2020). Furthermore, PPE13 binds to NLRP3’s NACHT and LRR
domains via its MPTR domain (Yang et al., 2020). The PPE13-
NLRP3 interaction facilitates homodimerization of NLRP3 and
recruitment of the NLRP3 activator protein NEK7 (Yang et al.,
2020). There is no data available on the impact of Mtb PPE13 on
bacterial virulence.

LpgN

The lipoprotein has a signal peptide suggesting secretion via
the SecAl/2 pathway and was found in the culture filtrate of
Mtb (Milen et al., 2007). It was identified to bind CBL during
a screening of 105 secreted Mtb proteins for host cell binding
partners (Penn et al,, 2018). CBL is a ubiquitin ligase that is
increasingly phosphorylated after Mtb infections (Penn et al,
2018). The Mtb IpgN deletion mutant is growing less efficiently
in ex vivo infected macrophages and in vivo (Penn et al., 2018).
Importantly, the growth deficiency of the mutant in macrophages
could be rescued by the deletion of host cell Cbl gene (Penn
et al., 2018). The study shows data in support of CBL being a
regulatorwhich suppresses anti-viral but supports anti-bacterial
host cell intrinsic defense pathways; for example, cbl~/~ derived
BMDMs are intrinsically more resistant to viral infection when
compared to wild-type BMDMs. It is proposed that Mtb, by
inhibiting CBL, induces an anti-viral host response which favors
its own survival because anti-bacterial defense mechanisms are
not induced (Penn et al., 2018).

EchA1

The enoyl-CoA hydratase Al is involved in the lipid metabolism
of Mtb but is also secreted via an unknown mechanism (no
predicted signal peptide) and reaches the host cell cytosol (Wang

etal., 2020). After ubiquitination of EchA1 by host cell ubiquitin
ligase ANAPC2, EchA1 binds TRAF6 and SHP1 which prevents
activation of TRAF6 and thus reduces the production of pro-
inflammatory cytokines (Wang et al., 2020). The echA1 deletion
mutant of Mtb is attenuated in the mouse model after aerosol
infection (Wang et al., 2020).

PtpB

This is a broad-spectrum phosphatase that dephosphorylates
phosphotyrosine, -serine and -threonine substrates in addition
to various phosphoinositides (Beresford et al., 2007). Ectopic
expression of PtpB in RAW264.7 murine macrophages conveyed
inhibition of IFN-y-mediated activation of the ERK1/2 and
p38 signaling pathway toward increased IL-6 production and
inhibition host cell apoptosis (Zhou et al., 2010). Nevertheless,
these findings need to be confirmed via infection of cells with Mtb
and a specific PtpB Mtb mutant. The deletion of PtpB resulted in
a mutant that was less virulent in ex vivo macrophages infection
models (Singh et al., 2003; Beresford et al., 2009; Koliwer-Brandl
et al, 2019). Furthermore, the Mtb deletion mutant had an
approximative 100 fold reduction in lung CFUs in the guinea pig
model when compared to Mtb (Singh et al., 2003).

MPT53/DsbE

The protein is found in the culture filtrate (Mélen et al., 2007)
and has a predicted signal peptide (Almagro Armenteros et al.,
2019) and is a disulfide bond-forming (Dsb)-like protein. In a
screen of 208 secreted Mtb effectors expressed in HEK293T cells
that changed NF-kB activation, DsbE was found to activate the
NF-kB reporter gene (Wang et al., 2019). DsbE was found to
bind to TGF-f-activated kinase 1 (TAK1) which is an important
signaling molecule downstream of the TLR/TRAF6/TAB2 or
TAB3 signaling pathway (Wang et al.,, 2019). TAK1 may activate
NF-kB and the kinases JNKs and p38 which leads to the
biosynthesis of pro-inflammatory cytokines (TNEF, IL-6, IL-12).
The binding of DsbE to TAK1 increased its phosphorylation
which is required for activation (Wang et al., 2019). The
enzymatic activity of DsbE is required for binding since a
disulfide-oxidoreductase inactive mutant of DsbE fails to activate
TAK1 (Wang et al., 2019). Consistent with this data the dsbE
Mtb deletion mutant induced less TNF and IL-6 production in
ex vivo infected macrophages and in the lungs of aerosol infected
mice. The mutant was also hypervirulent in the mice with a 10
to 100-fold increase in lung CFUs after 21 d of infection (Wang
et al,, 2019). The fact that the secreted DsbE actually activates
protective host responses suggest that its recognition by TAK1
is actually a host defense mechanism and the data that other
Mtb and E. coli proteins with disulfide-oxidoreductase activity
may also activate TAK1 supports this model (Wang et al., 2019).
Thus, the sensing of bacterial disulfide-oxidoreductase activity in
the host cell cytosol maybe a case of effector-triggered immunity
(Lopes Fischer et al., 2020).

NOX2/NOS2

The production of phagosomal ROS by the activated NOX2
and cellular NO by NOS2 are associated with cell intrinsic host
defense (Bedard and Krause, 2007; Bogdan, 2015). Mtb is relative
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resistant to direct killing by ROS but the increase in phagosomal
ROS observed after infection with nuoG and secA2 Mtb mutants
leads to an increase in host cell apoptosis which attenuates these
mutants and leads to increased host cell antigen presentation
(Hinchey et al., 2007; Velmurugan et al., 2007; Miller et al., 2010).
The proteasome of Mtb is important for resistance of Mtb to
killing via NO-derived reactive nitrogen intermediates (Darwin
et al., 2003). Nevertheless, a more complex role for NOX2 and
NOS2 during in vivo infections has emerged which associates
them with a role in host immune tolerance (Olive and Sassetti,
2018).

CpsA

The protein was found in the culture filtrate (Mélen et al.,
2007) but has no predicted signal peptide sequence (Almagro
Armenteros et al, 2019). A Y2H screen showed that CpsA
binds to TAX1BP1 and NDP53 which are two proteins involved
in xenophagy (Mehra et al.,, 2013), and SMCOL1 (Penn et al.,
2018). The use of knock-out host cells deficient in xenophagy,
LC3-associated phagocytosis (LAP; see this reference for review
Upadhyay and Philips, 2019) or both demonstrated that Mtb
CpsA is involved in the inhibition of LAP (Koster et al., 2017).
The precise host cell target of CpsA has not been determined
but the exclusion of activated NOX2 from the nascent MCV is
clearly an important aspect of the molecular mechanism of CpsA-
mediated host cell manipulation (Koster et al., 2017). Overall, the
end result is that a CpsA deletion mutant ends up in an MCV
that fuses with lysosomes which results in decreased intracellular
survival (Koster et al., 2017). The Mtb CpsA mutant is also
attenuated in the mouse model (Koster et al., 2017; Malm et al.,
2018) and deletion of the Mm homolog attenuated this pathogen
in the zebrafish model (Wang et al., 2015b). The CpsA mutant
induces increased ROS due to the activated NOX2 and it is thus
likely that host cell apoptosis levels are also increased as this was
shown before for several Mtb mutants that results in increased
phagosomal ROS (Hinchey et al., 2007; Miller et al., 2010; Sun
etal., 2013).

PPE2

This protein is secreted (Bhat et al, 2013) and since it is a
member of the PE/PPE family it most likely is a substrate of
the ESX-5 secretion system. PPE2 is targeted to the host cell
nucleus via a nuclear location signal and binds to the promotor
of the Nos2 gene (Bhat et al., 2017). Consequently, infection
of macrophages with the Mtb Ppe2 deletion mutant and Msme
overexpressing Mtb PPE2 result in increased or decreased NOS2
protein expression (Bhat et al., 2013, 2017). This activity resulted
in increased survival of the Msme-PPE2 strain compared to
Msme in ex vivo infected macrophages or in vivo infected mice
(Bhat et al., 2017). PPE2 contains an SH3-like domain that allows
for binding of the host cell p67phox NOX2 subunit. The binding
inhibits p67phox recruitment to the phagosomal membrane and
subsequent NOX2 assembly and activation (Srivastava et al,
2019). The overall result is that less ROS will be produced in the
MCV which helps survival of bacteria during ex vivo macrophage
infections (Srivastava et al., 2019).

Multiple Host Cell Targets of Mtb EsxA
EsxA

Due to the already discussed importance of EsxA on phagosomal
membrane permeabilization it is challenging to experimentally
dissociate phenotypes of the Mtb esxA mutant that are mediated
by a direct effector activity of EsxA and those due to a lack of
phagosomal membrane permeabilization and thus lack of access
of other effectors to their host cell targets. Consequently, we
focused this discussion on pathways in which a direct binding
of EsxA to an effector protein could be shown (Figure 2),
while acknowledging that other observed phenotypes of the
Mtb esxA mutant might still be due to direct activity of EsxA.
At the macrophages surface, EsxA inhibits TLR2 signaling by
antagonistic binding to the receptor (Pathak et al., 2007). The
inhibition of the downstream NF-kB pathway was also observed
after incubation of cells with EsxA protein alone or in complex
with EsxB (Ganguly et al., 2008). Both of these inhibitions lead to
a decreased cytokine response by the infected host cell (Figure 2).
EsxA can also interfere with antigen presentation to cytolytic T-
cells by binding to the p2-macroglobuline which is associated
with MHC class I. The binding of EsxA decrease the capacity of
the MHC class I to present peptides due to decreased cell surface
expression (Sreejit et al., 2014). A recent study found that EsxA
can physically bind to the scavenger receptor Bl (SR-B1) and
allow Mtb to cross the pulmonary epithelium through M cells
(Khan et al., 2020). An Mtb-human protein-protein interactome
screen identified several additional potential host cell binding
proteins for EsxA but they require further validation (Penn et al.,
2018). There have been many studies showing an impact of
deletion of Mtb esxA on the host cell death response (apoptosis,
necrosis, and pyroptosis) but in these studies it is difficult to
discriminate between a direct or an indirect effect of EsxA.

MTB LIPIDS AS EFFECTOR MOLECULES

Mtb produces a wide variety of unique lipids which are important
for host cell manipulation and virulence of Mtb (Neyrolles
and Guilhot, 2011; Arbues et al, 2014; Gago et al., 2017;
Queiroz and Riley, 2017). These lipids are localized in the
mycobacterial envelope and have a very unique structure and
role for pathogenesis (reviewed in Vincent et al., 2018; Dulberger
et al., 2020, Figure 3). Briefly, the envelope consists of: (1) a
plasma membrane which is mainly composed of phospholipids,
(2) a superstructure made up of a layer of peptidoglycan
covalently linked to arabinogalactan, and (3) a mycomembrane
which as its inner leaflet has mycolic acids that are esterified with
the underlying arabinogalactan (Figure 3). The outer leaflet of
the mycomembrane is made up of a wide variety of lipids and
almost all of them are involved in the host immune response
manipulation by Mtb (Vincent et al., 2018; Daffe and Marrakchi,
2019; Dulberger et al., 2020) (Figure 3).

HOW DO MTB LIPIDS GET INTO THE HOST
CELL?

Mtb lipids are able to reach other organelles and the plasma
membrane during infection providing evidence that some of
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FIGURE 2 | Host cell targets of EsxA and/or the EsxA/B complex. EsxA can antagonistically bind MHCI and TLR2, while it can bind to SR-B1 to enhance invading the

the Mtb surface lipids could be released (Beatty et al., 2000;
Rhoades et al., 2003). Mtb lipids are also found incorporated into
exosomes and can thus reach uninfected bystander cells (Beatty
et al,, 2000; Athman et al,, 2015). Thus, studying the way lipids
are released by Mtb and their impact on the host is crucial to
understand the pathogeny of Mtb. The section below summarizes
the advances in the study of release of lipids by Mtb (Figure 3).

Passive Release of Mtb Lipids

The first potential release mechanism is through direct contact
of the bacteria with the host membranes, or by mild shedding
of the capsular layer to which many lipids are loosely associated
(Ortalo-Magné et al., 1996; Chiaradia et al., 2017). Indeed, in
some phagosomes, mycobacteria are tightly surrounded by the
phagosomal membrane and this feature was associated with the

ability of M. avium to inhibit phagosome lysosome fusion (de
Chastellier et al., 2009). Recent work showed an IFN-y and
Rab20 dependent increase of MCV volume which correlated
with increased phagosome maturation (Schnettger et al., 2017).
Moreover gold immunolabeling of Lipoarabinomannan (LAM)
and phosphatidylinositol mannosides (PIM) suggested a transfer
of these lipids from Mtb to the macrophages membranes through
contact and/or release from the bacterial surface as the cryo
sections did not show any vesicles emission (Beatty et al,
2000). Supporting these results, another structural study of
Mtb found that the capsular layer can be removed through
agitation of Mtb (Sani et al., 2010). A passive secretion followed
by an insertion and diffusion supports their major impact
on the immune response by also affecting bystander cells.
PDIM, another major virulence lipid of Mtb, was found in
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cytoplasm

macrophages membranes during infection (Augenstreich et al.,
2019). Preliminary results on Mm coating with fluorescent
modified PDIM indicated a transfer and a diffusion of these lipids
upon contact with macrophages (Cambier et al., 2020). These
results also support a passive transfer of PDIM upon contact of
the bacteria with host cells. Such transfer by contact has also
been observed for another bacterial species, Borrelia burgdorferi,
where bacterial cholesterol-glycolipids were observed being
transfer from the bacterial surface to the host cells plasma
membrane (Crowley et al., 2013). Interestingly, the contact-
mediated transfer accounted for 50% of lipid transfer, while the
other part happened through membrane vesicles (MV) secretion
by the bacteria (Crowley et al., 2013). Therefore, it is conceivable
that for Mtb both contact dependent and independent transfers
of lipids occur during infection (Figure 3).

Active Release of Mtb Lipids

The second mechanism of lipid release that has been recently
described is through the release of MV (Prados Rosales et al.,
2011) (for extensive review on this topic Brown et al., 2015;
Layre, 2020) (Figure 3). These vesicles of &~ 150 nm of diameter
are apparently emitted by budding from the bacterial surface
mostly observed in culture (Prados Rosales et al., 2011, 2014b;
Athman et al., 2015), but production is also observed by bacteria
localized in the host cell phagosome (Prados Rosales et al,
2011). Proteomics analysis indicated that some characterized
antigenic factors were associated to the MVs also known for
their inflammatory properties (Prados Rosales et al., 2011) and
subsequent immunization of animals with Mtb MVs induced a
protective immune response (Prados Rosales et al., 2014a). The
lipid composition of the MV is still only partially characterized,
but phosphatidylinositol mannosides (PIM), lipoarabinomannan
(LAM), poly-acyltrehaloses (PAT), and phenol glycolipids (PGL)

(Prados Rosales et al., 2011). In addition, MVs include hundreds
of Mtb proteins as determined by the host antibody responses
to injected MVs (Prados Rosales et al., 2014a) and proteomics
analyses (Prados Rosales et al., 2011). The PIM and LAM in MVs
were associated to the lipid induced dampening of the acquired
immune response by inhibiting T-cell activation (Athman et al.,
2017). In contrast, some of these lipids were originally described
as pro-inflammatory by activating TLR2 signaling in the case of
lipomannan (Quesniaux et al., 2004). PGL are also present in
MVs and they are also known as antagonist inhibition of TLR2
signaling (Arbues et al., 2016). The abundance of virulence lipids
mainly present at the surface of the bacteria might indicate the
other lipids like PDIM and trehalose dimycolate (TDM) that
can diffuse out from the bacteria, may be present in the MVs
but further investigations will be needed to attest of that. Also,
the suggested lipid transfer from MV emission by Mtb to host
cell membranes (Athman et al., 2015), still need to be formerly
determined. The Mtb-produced MVs could potentially mediate
immune modulatory effects beyond the site of infection and
this might be of particular importance during the extracellular
replication of Mtb within necrotic regions of human granulomas.

Role of Mtb Lipids in Host Manipulation

(Table 2)
The main effect described so far of the lipid panoply produced

by Mtb is as inflammatory regulators (Table 2). An interesting
“lipidic immunostat” model was proposed in which lipids are
separated into pro- and anti-inflammatory (Queiroz and Riley,
2017). Indeed, the majority of the lipids produced are glycolipids
whose sugar moieties are recognized by a wide range of pattern
recognition receptors (PRR) (Ishikawa et al., 2017; Queiroz and
Riley, 2017).
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TABLE 2 | Summary overview of Mtb lipid effectors.

Known release
mechanism

Name Host target

Host cell process

Impact of gene deletion on Mtb
virulence

PIM, LM, LAM, ManLAM  Extracellular vesicles, TLR4, TLR2-TLR1-6,

shedding MR, DC-SIGN, Dectin-2
TMM / TDM Shedding Mincle
DAT/PAT Extracellular vesicles, ?
shedding
PGL Extracellular vesicles, TLR2
shedding
PDIM Shedding ?
SL-1 Shedding TLR-2
1-TbAd Shedding ?

Cytokine response (A/1),
Phagocytosis (A), phagosome
maturation (1), cell death (A)
Cytokine response (1),
phagosome maturation (1)

Cytokine response (1),
phagosome maturation (1), cell
death (A)

Cytokine response ()

Cytokine responses (1)

Essential, variability in acylations and
LAM capping sugar moiety linked to the
degree of virulence

Essential, but inability to form “cords”
which is dependent on TDM attenuates
the strains.

Decreased persistence in vivo in
PDIM-deficient strains, decreased
growth in human macrophages.

Attenuation in vivo

Attenuation ex vivo and in vivo

phagocytosis (A), phagosome
maturation (I), phagosome
escape (A), autophagy (A)
apoptosis (A), necrosis (A)
Cytokine reponse (1),
Phagosome maturation (1),
autophagy (1), cell death (A)

No attenuation in vivo, lack of coughing
and transmission in guinea pigs

Phagosome acidification () Attenuation in human macrophages

The parentheses behind the host cell process indicate Activation (A), Inhibition (I) or Modulation (M). If not stated explicitly the virulence impact refers to mouse studies.

PIM, LM, LAM

This group of lipids is composed of lipids synthesized
from phosphatidylinositol to generate the phosphatidylinositol
mannosides (PIM) intermediates followed by the lipomannan
(LM) and finally lipoarabinomannan (LAM) (Briken et al., 2004;
Guerin et al., 2010; Sancho-Vaello et al., 2017). PIM (Gilleron
et al., 2003) and to a lesser extent LAM/ManLAM (Nigou
et al., 2008) are TLR2 ligands with PIM species acting as
agonists, and LAM species acting as anti-inflammatory molecules
(Quesniaux et al., 2004). LM is also a TLR2 agonist leading to cell
signaling that induces IL-12 production and apoptosis (Dao et al.,
2004). These lipids can therefore regulate TLR2/MyD88/NF-«kB
dependent production and secretion of numerous inflammatory
cytokines such as TNF, IL12p40 or IL-8. A mannose-capped LAM
(ManLAM) dampens the immune response through binding
and inhibition of DC-SIGN signaling (Maeda et al., 2003).
Alternatively, ManLAM can bind to Dectin-2 receptor, inducing
an inflammatory response that appeared to be detrimental for
mycobacteria in mice (Yonekawa et al., 2014). The mannose
moieties of LAM can bind to the mannose receptor and stimulate
the phagocytosis of Mtb (Maeda et al, 2003; Torrelles et al.,
2006). Once in the bacteria are internalized, PIM (Vergne et al.,
2004) and LAM (Fratti et al., 2001, 2003) contribute to the
capacity of Mtb to inhibit phagosome maturation. PIM actually
stimulates the fusion of the MCV with early endosomes which
helps to avoid fusion with late endosomes (Vergne et al., 2004).
The recruitment of the early endosome autoantigen (EEAI)
protein to early phagosomes is an essential step in phagosome
maturation that Mtb LAM is able to inhibit (Fratti et al., 2001).
These excellent reviews provide a more in-depth overview on the
activity of PIM/LM/LAM Mtb glycolipids (Vergne et al., 2014;
Garcia-Vilanova et al., 2019).

TDM, DAT/PAT, SL-1

This group of Mtb lipids is composed of the trehalose-containing
lipids (Garcia-Vilanova et al., 2019). Probably the best known
lipid within this group is the essential lipid trehalose dimycolate
(TDM), also called “cord factor” because it is required for the
cording phenotype of Mtb which was originally described by
Robert Koch in 1882 (Glickman et al., 2000). TDM binds to the
host cell receptor Mincle and leads to macrophage and dendritic
cell activation (Ishikawa et al., 2009; Ostrop et al., 2015) and also
to the TDM-induced granuloma formation in the lungs of mice
injected with TDM (Ishikawa et al., 2009). Inside macrophages,
TDM contributes to enhance the survival of Mtb, as they are
involved in phagosome maturation inhibition (Indrigo et al.,
2003) and intracellular cording was recently associated to an
inhibition of cytosolic detection of Mtb in endothelial cells, thus
favoring persistence in lymphoid tissues (Lerner et al., 2020).
Accordingly, Mtb mutants which have a deficiency of cycloprane
modification in the mycolic acid chains of TDM show a defect
in cording and a decrease in the granulomatous response in vivo,
as well as the persistence in the host (Glickman et al., 2000; Rao
et al., 2005).

A second group of compounds are the di- / poly-acyltrehaloses
(DAT/PAT) (Garcia-Vilanova et al., 2019). They have no effect on
virulence of Mtb in the mouse and guinea pig model (Rousseau
et al., 2003a; Chesne-Seck et al., 2008; Passemar et al., 2014) but
in the absence of PDIM a role in virulence could be detected for
DAT/PAT in the mouse model (Passemar et al., 2014). At the
cellular level DAT/PAT stimulate binding and entry of Mtb into
macrophages and epithelial cells (Rousseau et al., 2003a). Mtb
DAT/PAT are also important for the Mtb-mediated phagosome
maturation inhibition (Brodin et al., 2010; Passemar et al.,
2014).
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The last member of this group is the Sulfoglycolipid-1 (SL-1)
is only synthesized by Mtb and M. canetti and characteristically
contains sulfated trehalose. Several studies demonstrated a role
of SL-1 in the phagosome-lysosome fusion inhibition by Mtb
(Goren et al., 1976; Brodin et al., 2010; Passemar et al., 2014). A
Tn-mutagenesis genetic screen in Mtb identified Mtb mutants in
genes involved in SL-1 biosynthesis to show increased activation
of NF-kB after THP-1 cell infection when compared to Mtb
(Blanc et al., 2017). Purified and synthetic SL-1 has antagonistic
binding activity to TLR-2 which mediates decreased NF-kB
activation, reduced pro-inflammatory cytokine production and
costimulatory molecule expression (Blanc et al, 2017). In the
same fashion, a report found that SL can inhibit autophagy
through MyD88 signaling (Bah et al, 2020). SL-1 have no
effect on virulence of Mtb in the mouse and guinea pig model
(Rousseau et al., 2003b; Chesne-Seck et al., 2008). Recently, a
study found a crucial role of SL-1 in the transmission process
of Mtb by stimulating cough in guinea pigs (Ruhl et al., 2020).
Indeed, SL-1 activates nociceptive neurons which triggers the
coughing reflex and consistently, guinea pigs infected with a SL-
1-deficient Mtb strain do not cough and do not transmit bacteria
to uninfected guinea pigs (Ruhl et al., 2020).

PDIM, PGL

Another group is composed of the lipid DIM/PDIM and its
glycosylated form the phenol glycolipids (PGLs). PDIM are only
produced by pathogenic mycobacteria in the MTB complex
(Goren et al., 1974; Vincent et al., 2018). PDIM-deficient strains
are attenuated in the Guinea pig model (Goren et al., 1974),
and these findings could be confirmed, two decades later,
after a screening of a transposon mutant library of H37Rv
for loss of in vivo virulence in the mouse model (Camacho
et al.,, 1999; Cox et al., 1999). The attenuation of Mtb PDIM-
deficient strains is more remarkable during the first weeks after
infection suggesting a function in defense against the innate
immune response (Rousseau et al., 2004; Murry et al., 2009;
Kirksey et al, 2011; Day et al, 2014). At the cellular level,
PDIM are anti-inflammatory lipids since a PDIM-deficient Mtb
strain causes increased proinflammatory cytokines responses
such as TNF and IL-6 in macrophages and dendritic cells
(Rousseau et al., 2004). Consistent with this anti-inflammatory
effect a PDIM-deficient Mm strain shows an increase in MyD88-
dependent recruitment of macrophages to the granuloma in
the zebrafish model (Cambier et al, 2014). Their presence
also stimulates Mtb phagocytosis mediated by CR3 (Astarie-
Dequeker et al., 2009), contributes to the phagosome maturation
inhibition (Astarie-Dequeker et al., 2009; Passemar et al., 2014),
modulates autophagic response (Bah et al., 2020), is required
for phagosomal escape and cell death induction (Augenstreich
et al., 2017; Barczak et al., 2017; Quigley et al., 2017). Studies
of infection of human endothelial cells also showed that PDIMs
are required for phagosomal escape (Lerner et al, 2018) and
intracellular cording (Lerner et al., 2020). Presently, no host
cell receptor for PDIM was identified, as the effect PDIM
on CR3-mediated phagocytosis did not reveal any binding
(Arbues et al., 2016).

PGLs are a glycosylated form of PDIM, with sugar
moieties varying depending on the mycobacterial strain that
produces the PGL (Arbues et al, 2014). The Mtb Beijing
strains that are highly prevalent in Asia (Huet et al, 2009),
M.leprae (Hunter and Brennan, 1981), Mm and M. ulcerans
produce PGL lipid species (Daffé and Lanéelle, 1988). Mtb-
or Mm-derived PGL have mostly an anti-inflammatory role
by inhibiting inflammatory cytokines secretion (Reed et al,
2004; Robinson et al., 2008) and also contribute to phagosome
maturation inhibition (Robinson et al., 2008). More recently
it was found that Mtb PGL or its trisaccharide domain
can bind to TLR2 and inhibit the NF-kB pathway (Arbues
et al., 2016). Interestingly, in the zebrafish model the PGL
of Mm are associated with a CCR2-mediated recruitment of
permissive macrophages in order to increase virulence of Mm
(Cambier et al., 2014).

1-TbAd

The 1-tuberculosinyladenosine (1-TbAd) was discovered using
an HPLC-mass spectrometry (MS)-based lipidomics approach
and by comparing lipid profile of H37Rv and the M. bovis-derived
vaccine strain BCG (Layre et al, 2014). This is a di-terpene
linked adenosine lipid which was detected both associated on
the bacteria and in the culture supernatant, suggesting a release
of the lipid by shedding (Layre et al., 2014; Buter et al., 2019).
This lipid was found in the vast majority of clinical isolates
tested and appeared highly abundant (Buter et al., 2019). More
interestingly, this lipid can act as an antacid when Mtb resides
in a phagosome, so it can counter the decrease in pH due to
phagosomal maturation (Buter et al,, 2019). 1-TbAd can also
diffuse out of the phagosome and induce swelling in lysosomes,
thus inhibiting their fusion to the mycobacterial phagosome
(Buter et al., 2019).

Mtb Lipids as Modifiers of Host Membrane
Biophysical Properties

In general, the role of lipids was mainly described as
pathogen associated molecular pattern (PAMP). Nevertheless,
their ability to transfer from the bacteria mycomembrane to
the host cell macrophages membranes during the infection
led to study their potential impact on host cell membrane
structure and organization. For example, Mtb-derived ManLAM
can disrupt microdomain (often called Raft) in artificial
membranes and vesicles fusion (Hayakawa et al., 2007).
They were also observed in these domains in ManLAM-
treated cells and associated with a defect in phagosomes-
lysosomes fusion (Welin et al., 2008). This property was also
observed during Mtb infection of macrophages (Fratti et al,
2003). More recently, ManLAM was also found to bind to
lactosylceramide in rafts at the plasma membrane and the
phagosomal membrane, to induce phagocytosis and to inhibit
phagosome-lysosome fusion, respectively (Nakayama et al,
2016).

An alteration of the membrane biophysical properties
were also found with TDM inserted into artificial and
isolated mitochondria (Sut et al, 1990; Harland et al,
2008) and they were able to decrease membrane fusion
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in liposomes model (Spargo et al, 1991). SL-1 increases
membrane polarity on THP-1 treated with the purified lipid
and that was associated with its autophagy inhibitory properties
(Mishra et al., 2019; Dadhich et al., 2020).

PDIM lipids may not have a host cell receptor that mediates
their effects because of their purely lipidic nature and it is thus
conceivable their broad effects on macrophage responses are
due to alterations in the membrane organization. Indeed, PDIM
were found to decrease membrane polarity in macrophages
infected with BCG (Astarie-Dequeker et al.,, 2009). Moreover,
it was recently characterized that PDIM can adopt a conical
shape in membranes that is responsible for an increase curvature
of artificial membranes (Augenstreich et al, 2019). PDIM
treatment of macrophages prior of infection can also rescue the
phagocytosis level of PDIM deficient strain of Mtb. Interestingly,
treating macrophages with the conical lipid Palmitoyl-Oleoyl
Phosphatidylethanolamine can restore the phagocytosis of a
PDIM-deficient strain of Mtb at the same level as a PDIM
treatment (Augenstreich et al., 2019). This strongly suggested
a tight link between PDIM conical shape and its effect on
macrophages responses. All these observations on PDIM reveal
that the biophysical impact of the insertion of Mtb virulence
lipids into the host cells membranes is potentially underestimated
for the other virulence lipids such as TDM, PGL, DAT/PAT or SL-
1, and could explain part of the crucial importance the lipids play
in Mtb virulence.

DISCUSSION

The knowledge of how Mtb effectors interact with the host
cell has increased tremendously over the last decade and the
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David R. Thomas, Patrice Newton, Nicole Lau and Hayley J. Newton™
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Melbourne, Melbourne, VIC, Australia

Autophagy is a fundamental and highly conserved eukaryotic process, responsible for
maintaining cellular homeostasis and releasing nutrients during times of starvation. An
increasingly important function of autophagy is its role in the cell autonomous immune
response; a process known as xenophagy. Intracellular pathogens are engulfed by
autophagosomes and targeted to lysosomes to eliminate the threat to the host cell. To
counteract this, many intracellular bacterial pathogens have developed unique
approaches to overcome, evade, or co-opt host autophagy to facilitate a successful
infection. The intracellular bacteria Legionella pneumophila and Coxiella burnetii are able to
avoid destruction by the cell, causing Legionnaires’ disease and Q fever, respectively.
Despite being related and employing homologous Dot/Icm type 4 secretion systems
(T4SS) to translocate effector proteins into the host cell, these pathogens have developed
their own unique intracellular niches. L. pneumophila evades the host endocytic pathway
and instead forms an ER-derived vacuole, while C. burnetii requires delivery to mature,
acidified endosomes which it remodels into a large, replicative vacuole. Throughout
infection, L. pneumophila effectors act at multiple points to inhibit recognition by
xenophagy receptors and disrupt host autophagy, ensuring it avoids fusion with
destructive lysosomes. In contrast, C. burnetii employs its effector cohort to control
autophagy, hypothesized to facilitate the delivery of nutrients and membrane to support
the growing vacuole and replicating bacteria. In this review we explore the effector proteins
that these two organisms utilize to modulate the host autophagy pathway in order to
survive and replicate. By better understanding how these pathogens manipulate this
highly conserved pathway, we can not only develop better treatments for these important
human diseases, but also better understand and control autophagy in the context of
human health and disease.
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Autophagy and Dot/lcm Effectors

INTRODUCTION

Autophagy is an essential cellular pathway which, at its most
basic, acts to degrade unwanted molecules and recover nutrients
for the cell. Autophagy is classified into three broad categories:
macroautophagy, microautophagy, and chaperone-mediated
autophagy. Microautophagy involves the direct engulfment of
cytoplasmic cargo by lysosomes and is largely non-specific (Li
et al., 2012b), while chaperone-mediated autophagy entails the
specific selection of cytosolic proteins by chaperones which
directly target them to lysosomes for degradation (Kaushik and
Cuervo, 2012). In contrast, macroautophagy (hereafter
autophagy) involves the targeted degradation of molecules or
organelles in the cell, which are first engulfed by a double-
membraned autophagosome that later fuses with a proteolytic
lysosome to degrade its contents. Autophagy is a fundamental
and highly conserved process in all eukaryotes, with common
autophagy proteins (ATG) found in plants, fungi, mammals, and
amoeba (King, 2012). It is also involved in a myriad of essential
cellular processes, including the elimination of damaged
organelles and protein aggregates, nutrient recovery, and
disease suppression (Codogno and Meijer, 2005; Nixon, 2013;
Anding and Baehrecke, 2015; Ravanan et al., 2017; Yun and Lee,
2018; Wang et al., 2019).

Autophagy is also an important host defence against
intracellular pathogens, where it acts to direct invading bacteria
to autolysosomes for degradation (a process known as xenophagy)
(Rikihisa, 1984; Gutierrez et al., 2004; Nakagawa et al., 2004).
Perhaps expectedly, this has led to an evolutionary arms race
between host and pathogens, which have developed a range of
mechanisms to evade destruction. These host-pathogen
interactions have been the subject of much research, providing
valuable information not only about key virulence factors and
important infections, but also about the underlying host molecular
mechanisms that they subvert (Campoy and Colombo, 2009;
Kimmey and Stallings, 2016; Casanova, 2017; McEwan, 2017;
Sharma et al., 2018; Siqueira et al., 2018; Sudhakar et al,, 2019;
Wu and Li, 2019; Xiong et al., 2019; Hu et al., 2020).

The autophagy pathway has been thoroughly reviewed
previously (Glick et al., 2010; Bento et al., 2016; Yin et al.,, 2016;
Dikic and Elazar, 2018; Yu et al., 2018; Levine and Kroemer, 2019;
Wang et al., 2019), however a summary of key events is provided
here (Figure 1). Autophagy is largely regulated by the mammalian
target of rapamycin (TOR) complex 1 (mTORC1), which when
active phosphorylates and inhibits autophagy initiation factors,
but is inactivated by physiological stresses such as energy
depletion, hypoxia, and starvation (Laplante and Sabatini, 2009;
Rabanal-Ruiz et al., 2017). Upon the inactivation of mTORCI, Unc-
51-like kinase 1 (ULK1) and ATG13 are dephosphorylated, forming
a stable complex with focal adhesion kinase family-interacting
protein of 200 kDa (FIP200) and ATG101 to form the ULK1
complex (Kim et al., 2011). The active ULK1 complex then activates
class III phosphatidylinositol 3-kinase (PI3K) complex I, consisting
of the lipid kinase VPS34, Beclin-1, VPS15, and ATG14L, recruiting
it and ATG9 to the isolation membrane (IM) - the precursor of the
autophagosome membrane (Mack et al., 2012; Russell et al., 2013).

The PI3K complex I produces phosphatidylinositol
3-phosphate (PI(3)P) at the site of autophagosome formation
by phosphorylating phosphatidylinositol (PI) (Ktistakis et al.,
2012). While the exact source of the IM is unknown, it is likely
that multiple sources contribute membrane (Chan and Tang,
2013). The association of the IM with markers of autophagosome
initiation at cup-shaped sites at the ER, termed omegasomes,
indicates that the ER plays an essential role (Ktistakis et al., 2008;
Karanasios et al., 2013). The transient interaction of ATGY-
containing vesicles at the IM promotes its expansion to a
phagophore (Orsi et al., 2012), potentially via the delivery of
lipids for membrane formation. Two ubiquitin-like (Ubl)
systems then work in concert to attach lipidated LC3 (ATGS8)
proteins to the phagophore. The first system is the ATG12 Ubl
conjugation system, consisting of ATG12, ATG7, ATG10, ATGS5,
and ATGI16L1, results in the formation of an ATGI12-ATGS5-
ATG16L1 complex which is recruited to PI(3)P positive
membranes by WIPI2 (Polson et al., 2010; Dooley et al., 2014).
The second system is the LC3 Ubl conjugation system, in which
ATGH4 cleaves the LC3 precursor to produce LC3-1, which is then
activated by ATG3 and ATG7 before being conjugated to
phosphatidylethanolamine (PE) by the ATGI2-ATG5-
ATGI16L1 complex to produce the membrane associated LC3-
PE (LC3-1I) (Klionsky and Schulman, 2014).

Cargo destined for autophagic degradation are bound to
LC3-II on the inner surface of the developing phagophore by a
range of adaptor proteins which bind specific targets (Johansen
and Lamark, 2020). In the case of xenophagy, invading
pathogens are ubiquitinated by a range of E3 ligases, which
acts as binding targets for adaptor proteins (Chen et al,
2019). Once cargo is bound, the crescent shaped phagophore
closes to become an autophagosome. At this time ATG4
disassociates external ATG proteins and PI(3)P kinases
convert PI(3)P to PI(3,5)P,, promoting maturation (Yu et al,
2012; Dall’Armi et al, 2013; Reggiori and Ungermann, 2017).
Autophagosomes can fuse with endosomes or directly with
lysosomes to create autolysosomes (Berg et al., 1998), where the
cargo is degraded by the acidic and proteolytic environment
provided by the lysosome. Fusion of the different vesicles is
controlled by three protein groups: Rab GTPases, membrane-
tethering complexes, and soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs). Rab
GTPases recruit tethering complexes to the target membranes
and SNAREs are required for the fusion of the lipid
membranes (Nakamura and Yoshimori, 2017; Lorincz and
Juhasz, 2020).

Coxiella burnetii and Legionella pneumophila are related
intracellular pathogens which take very different approaches to
replicating within the host cell. Both are Gram-negative
pathogens that possess a Dot/Icm Type IV secretion system
(T4SS) which they use to translocate hundreds of effector
proteins into the host and produce a replicative vacuole.
L. pneumophila uses a subset of its effectors to inhibit
autophagy and prevent delivery of the pathogen to lytic
autolysosomes and in stark contrast, C. burnetii uses its
effectors to co-opt host autophagy, using it to develop a vast
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FIGURE 1 | Summary of the autophagy pathway. Under normal conditions, active mTORC1 inhibits autophagy. However, under various stresses such as starvation,
mTORCH1 is inactivated, and autophagy initiation (1) can proceed. The ULK1 initiation complex consisting of ULK1, ATG13, FIP200, and ATG101 assembles, which
then activates the PISK complex |, containing VPS34, Beclin-1, VPS14, and ATG14L. Along with ATG9 containing vesicles, the PI3K complex | initiates the next step:
membrane nucleation and phagophore formation (2). At isolation membranes (IM) on omegasomes at the ER, the PI3BK complex | produces PI(3)P, while ATG9
vesicles promote membrane expansion into a phagophore. The ATG12 and LC3 ubiquitin-like (Ubl) conjugation systems act in concert to convert cytosolic LC3 to
membrane bound LC3-Il, mature LC3 conjugated to PE. WIPI2b recruits the ATG12 Ubl conjugation system to PI(3)P, leading to the accumulation of LC3-II at the
growing phagophore, leading to the expansion and maturation of the phagophore (3). Autophagy receptors, such as SQSTM-1 bind targets for degradation and
associate with LC3-Il at the growing phagophore, which then closes around the cargo. ATG4 then removes ATG proteins from the outside of autophagosome, while
PI(B)P kinases convert PI(3)P to PI(3,5)P, to favour autophagosome maturation. The remaining LC3-Il and PI(3,5)P, promote the accumulation of Rab GTPases,
membrane tethering complexes, and SNARES, which facilitate the fusion of autophagosomes to late endosomes/lysosomes (4). The autophagosome cargo is then
exposed to the proteolytic and acidic contents of the lysosome, resulting in its degradation (5).

replicative vacuole that can occupy the majority of the
cellular space.

L. pneumophila is the causative agent of the severe
pneumonia-like disease, Legionnaires’ Disease. The environmental
reservoir of L. pneumophila includes natural water sources, such as
rivers and lakes, as well as man-made sources, including, but not
limited to, cooling towers and air-conditioners, in which the bacteria
resides within a wide range of protozoan hosts (Rowbotham, 1980).
Opportunistic infection of humans occurs following the inhalation
of contaminated aerosols. L. pneumophila enters the human host via
phagocytic uptake by alveolar macrophages (Horwitz, 1983).
Immediately, L. pneumophila begins to remodel the phagocytic
vacuole, to avoid the host endocytic pathway and lysosomal
degradation, by creating an ER-like replicative niche for
replication, termed the Legionella-containing vacuole (LCV,
Figure 2) (Horwitz, 1983). A key virulence determinant in this
process is its T4SS and the repertoire of over 300 bacterial effectors
that are translocated into the host cell through this secretion system
(Segal et al.,, 1998; Vogel et al., 1998; Gomez-Valero et al,, 2011).
Translocation of L. pneumophila effector proteins is initiated upon
contact with the host cell plasma membrane (Chen et al., 2007;
Charpentier et al., 2009), enabling them to immediately manipulate
a range of host cell processes in a coordinated manner. Modulated
systems include host vesicle trafficking pathways, ubiquitin
machinery, autophagy and apoptosis, facilitating bacterial

replication (Hubber and Roy, 2010; Isaac and Isberg, 2014;
Prashar and Terebiznik, 2014; Ensminger, 2015; Omotade and
Roy, 2019). The plasticity of the Legionella effector repertoire has
been well documented, with comparative genomic studies revealing
large variability in effector cohorts between Legionella species, with
effectors largely unique to each species but presenting significant
functional redundancy (Burstein et al., 2016; Gomez-Valero et al.,
2019). This is likely a result of its association with a broad range of
amoebal hosts, which would drive the evolution of an array of host
specific genes that are redundant for infection in human
macrophages (Park et al., 2020). Given the conservation of
autophagy proteins within protozoan hosts (Calvo-Garrido et al,,
2010), there is likely significant evolutionary pressure to evolve and
maintain the subset of effectors that regulate host autophagy to
facilitate bacterial success.

C. burnetii requires delivery to mature endosomes and fusion
with lysosomes for a successful infection (Beron et al., 2002;
Gutierrez et al., 2005). C. burnetii is the causative agent of Q
fever, which although symptomatic in around 40% of cases, can
develop into chronic Q fever in 1-5% of cases, with a mortality
rate of up to 60% if left untreated (Kampschreur et al., 2015).
C. burnetii is globally distributed, assisted by its high infectivity
and broad host range including humans, fish, birds, arthropods,
and livestock (Heinzen et al., 1999). As with L. pneumophila, C.
burnetii infects alveolar macrophages where it enters the host cell
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to high numbers, eventually leading to cell lysis.

FIGURE 2 | L. pneumophila replication within macrophages. L. pneumophila (L.p.) activates the Dot/lcm secretion system (SS) upon contact with macrophages,
and following entry evades endocytic vesicles and autophagosomes to form a replicative niche termed the Legionella-containing vacuole (LCV). Initially surrounded by
vesicles derived from the endoplasmic reticulum and mitochondria, the LCV eventually resembles rough ER decorated with ribosomes, within which bacteria replicate

by phagocytosis, and its pathogenicity also relies on a functional
T4SS. However, C. burnetii does not avoid autophagy, instead
passing through the host endocytic pathway where the pathogen-
containing phagosome fuses with lysosomes. Only upon the
subsequent acidification of the phagosome is the C. burnetii
T4SS activated, translocating approximately 150 effector proteins
to modify the host cell and develop the mature phagolysosome
into the replication permissive Coxiella-containing vacuole
(Figure 3, CCV) (Howe et al, 2003; Mahapatra et al., 2010;
Newton et al., 2013; Burette and Bonazzi, 2020; Newton et al,,
2020). The CCV is a spacious vacuole due to its highly fusogenic
nature, with multiple CCVs in a cell fusing to form a single large
vacuole that promiscuously fuses with host autophagosomes,
lysosomes and endocytic vesicles. In this review we will discuss
the role that autophagy plays during infections with L. pneumophila
and C. burnetii, focusing on the effector proteins that they use to
interfere with the host autophagy system (Table 1).

MANIPULATION OF HOST AUTOPHAGY
BY LEGIONELLA EFFECTORS

Intracellular replication of L. pneumophila is dependent on its
ability to prevent the rapid fusion of the LCV with lysosomes, a
process requiring a functional T4SS (Marra et al., 1992; Berger
and Isberg, 1993; Roy et al., 1998; Wiater et al., 1998).
L. pneumophila was found to associate with the autophagy
proteins ATG7 and ATGS8 rapidly after infection in a T4SS-
dependent manner and to induce autophagosome formation
in the host cell (Amer and Swanson, 2005; Amer et al.,

2005). However, conflicting data has made it challenging to
understand the importance of host autophagy during
L. pneumophila infection. Early findings demonstrated that
inhibition of autophagy, by treatment with the PI3K inhibitor
3-methyladenine (3-MA), increased the degradation of
intracellular L. pneumophila (Amer and Swanson, 2005), while
starvation induced autophagy was found to favour intracellular
replication (Swanson and Isberg, 1995). A more recent study
found upregulation of autophagy, using the glycolytic inhibitor
2-deoxy-glucose (2DG) or starvation inhibited L. pneumophila
replication, while siRNA gene silencing of the autophagy protein
ATGS5 enhanced replication (Matsuda et al., 2009). It was later
found that 2DG treatment did not affect bacterial replication in
amoebae, and that L. pneumophila in macrophages were directly
sensitive to 2DG through the hexose-phosphate transporter
UhpC (Price et al, 2018). These studies suggest a complex
interaction between L. pneumophila and the host autophagy
pathway, encompassing both beneficial and detrimental aspects,
that may be influenced by host specific factors and LCV
maturation stage. However, given the observation that L.
pneumophila actively inhibits host autophagy (Choy et al.,
2012), it is likely that the degradative aspect of autophagy is
detrimental. In support of this, many L. pneumophila effectors
have now been identified which inhibit or modulate the host
autophagy pathway (Figure 4).

RavZ —Targeting LC3-Il to Inhibit
Autophagy

The first L. pneumophila effector recognized as a manipulator
of host autophagy was RavZ. RavZ was identified as the
Dot/Icm effector responsible for reducing levels of the lipidated
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FIGURE 3 | C. burnetii replication within macrophages. C. burnetii exists in two developmental stages; small cell variants (SCV) which are metabolically inactive but
highly stable, and the metabolically active large cell variants (LCV). SCVs enter alveolar macrophages through phagocytosis and proceed through the endocytic
pathway. Upon fusion of the pathogen containing phagosome with lysosomes, the SCVs convert to LCVs, and the Dot/Icm secretion system (SS) is activated.
Through the activity of effector proteins, the mature phagolysosome is converted into the replication permissive Coxiella containing vacuole (CCV). The CCV rapidly
expands through heterotypic fusion with autophagosomes, lysosomes, and endocytic vesicles, and homotypic fusion of multiple CCVs. As the CCV expands and fills
with bacteria, the LCVs convert back to SCVs, where they will be stable upon release from the cell via cell lysis or exocytosis.

TABLE 1 | L. pneumophila and C. burnetii effectors known to modulate autophagy.

Effector

Size: aa (kDa)

Known mechanism

Coxiella burnetii

Notes

Legionella pneumophila effectors
RavZ (Lpg1683)

LpSpl (Lpg2176; Lpp2128; LegS2)
Lpg1137

Lpg2936

LegA9 (Lpp2058)

SidE family (SidE, SdeA, SdeB, SdeC)

Lgt1, Lat2, Lgt3

SetA (Lpg2157)

502 (56.25)

608 (67.38)

322 (35.9)

244 (27.29)

580 (65.17)

SidE - 1514 (171.69)
SdeA — 1499 (169.08)
SdeB - 1926 (216.99)
SdeC - 1538 (172.93)
Lgt1 — 525 (59.59)
Lgt2 - 636 (71.65)
Lgt3 — 873 (99.67)
1506 (169.78)

Cysteine protease, cleaves LC3-II

Degrades sphingolipids

Degrades Stx17

Methyltransferase, modifies host DNA
Unknown

Creates non-canonical ubiquitin linkages

Glucosylates and inhibits eEF1A

Glucosylates to activate TFEB

Possesses PI(3)P binding domain and LIRs
Found in 4/41 Legionella species®

Found in 10/41 Legionella species®

Found in 4/41 Legionella species®

Found in 41/41 Legionella species®

Found in 18/41 Legionella species®

Found in 6/41 Legionella species®

Lgt1 found in 3/41 Legionella species®
Lgt2/3 found in 1/41 Legionella species®

Found in 2/41 Legionella species®

Coxiella burnetii effectors
CvpA (CBU0665)

CvpB (Cig2; CBU0021)
Cigh7 (CBU1751)

CvpF (CBU0626)

328 (38.01)
809 (93.1)

420 (48.85)
695 (79.58)

Interacts with AP2

Prevents conversion of PI(3)P to PI(3,5)P» by PIKfyve

Interacts with FCHO2
Interacts with Rab26

Contains endocytic sorting motifs

Contains endocytic sorting motifs
Contains endocytic sorting motifs

4Burstein et al., 2016).
LIR, LC3 interacting region.

form of LC3 (LC3-II) during infection, thereby inhibiting
2012). Infection with RavZ-
deficient L. pneumophila led to increased levels of LC3-II and
LC3-postitive puncta within the host cells however intracellular

autophagy (Choy et al,

bacterial replication was not impacted and vacuoles containing
AravZ mutant were not surrounded by LC3-positive puncta.
This provided foundational evidence that other effectors may be
secreted by L. pneumophila to aid bacterial evasion of the host
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autophagy machinery (Choy et al., 2012). RavZ acts as a cysteine
protease that specifically targets lipidated ATG8 family members,
including LC3-II. Cleavage of the amide bond between the
aromatic tyrosine and the PE-conjugated glycine residue by
RavZ results in the irreversible deconjugation of LC3, since the
reactive C-terminal glycine normally required for conjugation of
PE to LC3 has been removed, ultimately preventing
autophagosome formation (Choy et al., 2012) (Figure 4). This
reaction happens much more rapidly and efficiently compared to
its eukaryotic host counterpart, ATG4. ATG4 is also a cysteine
protease that deconjugates PE from LC3, although the cleavage
occurs after the C-terminal glycine, thereby allowing
reconjugation of LC3.

Several research teams have solved the crystal structure
of RavZ in order to fully elucidate how RavZ targets
membrane-associated ATG8 proteins and catalyses the
irreversible deconjugation reaction (Horenkamp et al, 2015;
Kwon et al., 2017; Yang et al., 2017). RavZ is composed of two
domains, an N-terminal catalytic domain that is responsible for
cleavage of LC3-II and a C-terminal domain that binds to PI(3)P
on membranes. Recognition of the LC3 substrate occurs through
the LC3-interacting region (LIR) motifs located at both the N-
and C-terminal regions of RavZ (Horenkamp et al., 2015; Kwon
et al,, 2017; Yang et al., 2017). Horenkamp et al. (2015)
demonstrated that RavZ preferentially binds to high-curvature
domains enriched with PI(3)P, commonly associated with
phagophore membranes, and that the structural fold of the N-
terminal catalytic domain is related to cysteine proteases of the

ATG
X

FIGURE 4 | L. pneumophila effectors that manipulate host autophagy pathway. L. pneumophila effectors interfere with the host autophagy pathway at multiple
stages including initiation, biogenesis and maturation stages. The conversion of spingosine-1-phosphate (S1P) to hexadecenal and ethanolamine-1-phosphate by
LpSpl prevents sphingosine accumulation resulting in mTORC1 activation, thereby inhibiting the initiation of autophagy. Lpg1137 acts to cleave Stx17, also interfering
with the initiation of autophagy. RavZ interrupts the maturation process of autophagy through irreversible cleavage of PE from LC3-Il. Finally, Lpg2936 results in
epigenetic modification of key autophagy components, including ATG7 and LC3B, resulting in their decreased expression. Grey box indicates effectors that result in
the initiation of autophagy, seemingly at odds with L. pneumophila’s intracellular niche. These including the SideE family of effectors which inhibits mMTORC1, SetA

Ubl-specific protease (Ulp) family, with the catalytic triad of
Cys258, His176 and Asp197 essential for the function of RavZ.
Using numerous biochemical, structural and cell-based analyses,
Kwon et al. (2017) observed that both the N- and C-terminal
contain LIR motifs that each bind LC3 suggesting that RavZ
forms a complex with two molecules of LC3. These LIR motifs
possess a higher binding affinity for LC3 than ATG4 and are
critical for autophagy inhibition by RavZ. Significantly, Yang
et al. (2017) generated semisynthetic LC3 proteins to solve the
structure of the RavZ:LC3 interaction and proposed a “lift and
cut” mode of action for deconjugation of LC3-II by RavZ.
Initially, RavZ targets PI(3)P associated with autophagosome
membranes via its C-terminal domain and a hydrophobic o3
helix and utilizes the N-terminal LIR motif to bind LC3-II. The
0.3 helix then aids extraction of the lipid PE moiety and docking
of the fatty acid chain within the lipid-binding site of RavZ. Both
the LIR interaction and lipid binding are essential for the
subsequent proteolytic cleavage of LC3-II (Yang et al, 2017).
Further clarification of the specific roles of the binding domains
of RavZ was elucidated recently using a series of mutational
analyses (Park et al,, 2019). Park et al. (2019) observed that
targeting autophagosome membranes occurs through two
complementary independent pathways: either through PI(3)P-
binding (found on early autophagic membranes) or through the
LIR motifs binding LC3-II (found on late autophagic
membranes), thereby maximising the efficiency of RavZ to
inhibit autophagosome formation. Notably, the absence of
either domain did not influence the protease function of RavZ.
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LpSpl—Influencing Autophagy Through
Sphingolipid Metabolism

Interestingly, L. pneumophila is also able to inhibit autophagy
indirectly by interfering with host sphingolipid metabolism
(Rolando et al., 2016). Sphingolipids, and their metabolites
sphingosine, sphingosine-1-phosphate (S1P), ceramide and
ceramide-1-phosphate, are important components of eukaryotic
cell membranes and key signalling molecules involved in a
number of host cell processes (Takabe et al., 2008). In particular
the leve of S1P, which is tightly regulated by the enzyme
sphingosine-1-phosphate lyase 1 (SGPL1), is critical for the
balance between sphingolipid induced autophagy and cell death
(Takabe et al., 2008).

The L. pneumophila effector LpSpl exhibits similarity to
eukaryotic SGPLI in both sequence and activity and has been
observed to localize to the mitochondria during infection (Degtyar
etal., 2009). Elucidation of the crystal structure of LpSpl confirmed a
high level of structural conservation within both the core domain and
active site when compared to human SGPLI, in particular, the
position of 11 catalytically important residues (Rolando et al.,
2016). The lyase activity of LpSpl was confirmed during infection
using an LpSpl mutant in mouse embryonic fibroblasts (MEFs)
missing endogenous Spl (MEFEspl”"), in which both wild-type and
complemented strains exhibited lyase activity, but not the Aspl
L. pneumophila strain. Additionally, mutations in key residues of
the active site also abolished the enzymatic function of LpSpl
(Rolando et al.,, 2016). In contrast to previous observations that
suggested LpSpl localizes to the mitochondria (Degtyar et al., 2009),
LpSpl was also observed at the ER (Rolando et al.,, 2016). The
observation of different subcellular localizations of ectopically
expressed LpSpl may reflect the different cell lines, expression levels
and tags used in these studies. The localization of endogenous,
L. pneumophila translocated LpSpl remains to be determined.

Using mass spectrometry, Rolando et al. (2016) observed
changes in host cell sphingolipid metabolism during infection
with L. pneumophila. In particular, during wild-type infection,
levels of sphingomyelin, ceramide and glycosphingolipids were
decreased compared to uninfected cells, although this was not
dependent on LpSpl. Cellular levels of sphingosine, however, were
significantly increased during infection with the Aspl strain
compared to wild-type and complemented strains. Given that
translocation of LpSpl by L. pneumophila prevents accumulation
of sphingosine during infection, and sphingosine stimulates
autophagy (Dall’Armi et al., 2013), the impact of LpSpl on the
host autophagy machinery was investigated further. Depletion of
LC3-II during the ectopic expression of LpSpl under starvation
conditions, and no difference in the ratio between
autophagosomes and autolysosomes, suggested that LpSpl
prevents autophagosome biogenesis, and not autophagosome
maturation like RavZ. This action was dependent on the
enzymatic function of LpSpl as catalytically inactive mutants did
not decrease host autophagy activity (Rolando et al., 2016). Finally,
an increase in LC3 puncta was observed during infection of host
cells with L. pneumophila Aspl compared to wild-type. This
increase in LC3 puncta was not as pronounced as the AravZ
mutant and the Aspl/ravZ double mutant strains, with RavZ

contributing more to autophagy inhibition than LpSpl (Rolando
et al, 2016). Deletion of LpSpl did not impact intracellular
bacterial replication in amoeba or macrophages, similar to RavZ
(Choy et al., 2012), but LpSpl is required for efficient replication in
a mouse model of infection (Rolando et al., 2016). Ultimately,
secretion of LpSpl interferes with SIP, limiting autophagosome
biogenesis in the host cell and aiding bacterial survival (Figure 4).

Lpg1137 —Eliminating the Role

of Syntaxin 17

The incidental observation that Syntaxin 17 (Stx17) is degraded
during L. pneumophila infection in a T4SS-dependent manner
led to the discovery of Lpgll37 as the responsible effector
(Arasaki et al., 2017). Stx17 is a SNARE protein initially
implicated in vesicle trafficking (Steegmaier et al., 2000) but
which also has a role in autophagy (Hamasaki et al., 2013; Diao
et al,, 2015; Kumar et al,, 2019; Xian et al., 2019). Stx17, along
with ATG14L, SNAP29 and VAMPS, facilitates the fusion of
autophagosomes with lysosomes to produce mature
autolysosomes (Itakura et al., 2012; Diao et al, 2015; Shen
et al.,, 2020). Additionally, Stx17 has been shown to promote
the assembly of the ULKI initiation complex (Kumar et al,
2019), and has also been found to recruit ATG14L to the
mitochondria-associated ER membrane (MAM), which has
been implicated in mitophagy (the autophagic degradation of
mitochondria) (Xian et al., 2019) and phagophore initiation
(Hamasaki et al.,, 2013). However, the exact role of Stx17 in
autophagy initiation is still not entirely known.

Lpgl137 was demonstrated to be a serine protease that localizes to
MAM, microsomes, and mitochondria, where it specifically interacts
with the cytoplasmic C-terminal of Stx17 (Arasaki et al., 2017). The
degradation of Stx17 during L. pneumophila infection results in the
blockage of autophagosome biogenesis in starvation-induced
autophagy (Figure 4). The formation of both ATG14-positive and
LC3-positive puncta is inhibited in the presence of ectopically
expressed Lpgl137 suggesting a failure of PI(3)P formation on
omegasomes, similar to silencing Stx17 using siRNA (Arasaki et al,,
2017). Despite this, deletion of [pgl137 did not negatively impact
intracellular bacterial replication (Arasaki et al., 2017).

Curiously, bioinformatic analysis and 3D-structure modelling
of Lpgl137 suggest this L. pneumophila effector is in fact a
homologue of mitochondrial SLC25 carrier proteins (Gradowski
and Pawlowski, 2017). The authors propose that the cleavage of
Stx17 observed by Arasaki et al. occurs through either indirect or
direct activation of an alternative serine protease in the
mitochondrial inner membrane by Lpgl1137, or that interaction
with Lpgl137 may make Stx17 more prone to cleavage from
endogenous proteases or other effector proteases (Gradowski and
Pawlowski, 2017). Ultimately, solving the crystal structure of
Lpgl1137 will be required to fully elucidate its molecular function
within host cells during infection.

Lpg2936 — Epigenetic Modulator

of Autophagy Components

The L. pneumophila effector Lpg2936 has recently been
implicated as a regulator of autophagosome formation (Abd El
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Maksoud et al.,, 2019). This finding arose from the observation
that during L. pneumophila infection, the expression of
autophagy-related genes ATG7 and LC3B was reduced,
alongside a decrease in the expression of unlipidated LC3-I,
lipidated LC3-II, and the ATG5-ATG12-ATG16L1 protein
complex. Using RNAi against Lpg2936, investigators were able
to restore expression of these autophagy-related genes
during L. pneumophila infection and consequently inhibited
bacterial replication (Abd El Maksoud et al., 2019).
Bioinformatic and structural analysis previously established
that Lpg2936 is a ribosomal RNA protein similar to RsmE-like
methyltransferases (Pinotsis and Waksman, 2017). Subsequent
examinations demonstrated that Lpg2936 is translocated into the
host nucleus where it recognizes the GATC motif in the
promoter regions of ATG7 and LC3B and induces irreversible
methyladenine changes in this motif from GATC to G(6 mA)TC
(Abd El Maksoud et al., 2019). Similar to RNAi against Lpg2936,
methylation inhibitors reduced L. pneumophila replication and
restored expression of autophagy-related genes (Abd El
Maksoud et al., 2019). Collectively, this data suggests that
Lpg2936 is a transcription factor that translocates into the host
cells to regulate autophagosome formation through epigenetic
modification of ATG7 and LC3 promoter regions thereby
enhancing bacterial replication (Figure 4). However, it is
worth noting that Lpg2936 may have an autophagy
independent role within the bacteria, and therefore silencing
Lpg2936 using RNAI or the use of methylation inhibitors has a
confounding impact on bacterial viability and replication.
Indeed, Pinotsis and Waksman (2017) suggest that the RsmE
fold of Lpg2936 is highly specific for bacterial 16S RNAs and
would likely target the Legionella 16S RNA subunit, rather than
eukaryotic ribosomes, enhancing the ability of the bacterium to
produce large amounts of effectors during infection. As such, the
modification of both ATG7 and LC3 could be inadvertent and
unrelated to an effector role for Lpg2936.

LegA9—the Odd One Out

Paradoxically, the L. pneumophila genome also encodes for a
T4SS effector, ankyrin-containing protein LegA9, that enhances
recognition of the LCV for autophagy uptake and clearance
(Khweek et al., 2013). The autophagic adapter SQSTM-1 (p62),
which binds to both LC3 on autophagosomes and ubiquitinated
cargo, is important for targeting intracellular material to the
lysosome for clearance (Komatsu et al., 2007; Kirkin et al., 2009)
(Figure 4). Deletion of legA9 led not only to a decrease in
lysosomal fusion of LCVs but also a reduction in the
accumulation of ubiquitin labelling and SQSTM-1 at LCVs
compared to wild-type, ultimately promoting bacterial
replication within human and mouse-derived macrophages—
the latter of which is normally restrictive to L. pneumophila
replication (Khweek et al, 2013). Although the presence of
LegA9 labels the L. pneumophila vacuole for autophagy uptake
through SQSTM-1 binding, LegA9 does not have a direct role in
autophagy activation as no difference in LC3-II levels was
observed between wild-type and mutant strains following the
stimulation of autophagy by rapamycin treatment (Khweek et al.,

2013). Further, the increase in replication of the LegA9 mutant
was eliminated by treatment with rapamycin. It is possible that,
as with the L. pneumophila effector LamA, LegA9 may be
adapted to favour infection in alternate hosts such as amoebae,
and its induction of autophagy in mammalian cells may be an
unintended consequence (Price et al., 2020).

Opposing Roles for the SidE Family

The observation of enhanced SQSTM-1 binding on LCVs has
recently been expanded on in a study by Omotade and Roy (2020).
Investigations into whether ubiquitin-marked LCVs recruit the
necessary adapter receptors for autophagy revealed that despite
enrichment of ubiquitin on the LCV, autophagy adapters such as
SQSTM-1, NBR1, optineurin and NDP52 are largely absent from
the LCV (Omotade and Roy, 2020). The authors proposed that the
unique non-canonical ubiquitin linkage created by the SidE family
of effectors on proteins on the LCV (Bhogaraju et al., 2016; Qiu
etal,, 2016), prevents recognition by autophagy adapters. Indeed, a
mutant in which all four family members (SidE, SdeA, SdeB, and
SdeC) were absent resulted in the increased recruitment of
SQSTM-1 to the LCVs. However, no significant increase in
LC3B localization to the LCV was detected, even in the absence
of RavZ confirming that other mechanisms exist in
L. pneumophila to block xenophagy (Omotade and Roy, 2020).
Additionally, co-infection studies with Listeria monocytogenes
revealed that the ability of the SidE family to exclude SQSTM-1
occurs specifically at the LCV and does not impact the ability of
the cell to target L. monocytogenes for autophagic removal through
SQSTM-1 binding.

Previously, in addition to the ubiquitylation activities of the
SidE family, an effector screen identified the ability of SidE, SdeA,
SdeB, and SdeC to promote nuclear translocation of TFEB
(transcription factor EB) through inhibition of mTORC1 (De
Leon et al, 2017). Active mTORC1 phosphorylates TFEB
resulting in retention of TFEB within the cytosol. However,
during nutrient limitation, mTORCI is inactive and the
subsequent dephosphorylated TFEB is translocated into the
nucleus to induce the transcription of autophagic and
lysosomal genes, thereby increasing nutrient availability
(Settembre et al., 2012; Roczniak-Ferguson et al., 2012). The
activation of TFEB by the SidE family of effectors seems
incongruous to the action of other L. pneumophila effectors,
especially in light of the same effector screen also identifying a
role for the Lgt family of effectors (Lgtl, Lgt2, and Lgt3) in
preventing TFEB translocation into the nucleus (De Leon et al,,
2017). The Lgt family were previously identified as
glucosyltransferases that inhibit translation by targeting host
elongation factor 1A (eEF1A) (Belyi et al., 2006; Belyi et al,
2008). The authors argue that the two opposing families work
together to provide enough nutrients for bacterial replication
without promoting autophagy. The SidE family directly
ubiquitinylate the Rag small-GTPases that are necessary for
mTORCI1 to respond to elevated levels of amino acids,
effectively blinding mTORC1 to the amino acids liberated by
translation inhibitors such as the Lgt effector family (De Leon
et al., 2017).
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Interestingly, when co-expression of both Lgt and SidE
effectors was attempted, expression of SidE was blocked,
suggesting temporal regulation of effector translocation is
necessary for these effectors to function synergistically during
infection (De Leon et al., 2017). Ultimately, inhibition of
mTORCI results in the induction of autophagy; however,
secretion of effectors such as RavZ and LpSpl ensure that
autophagy is inhibited allowing L. pneumophila to acquire
nutrients for replication without any detriment to survival.
Extensive study of L. pneumophila manipulation of Rabl has
demonstrated that a small subset of effectors can control
every aspect of Rabl activity and localization, with effector
pairs displaying opposing functions (Murata et al., 2006;
Ingmundson et al,, 2007; Machner and Isberg, 2007; Miiller
et al., 2010; Mukherjee et al., 2011; Neunuebel et al., 2011; Tan
et al,, 2011; Tan and Luo, 2011). Therefore it is possible other
effectors can advantageously temporally regulate other key host
processes including autophagy.

SetA—Providing Nutrient Control

Recently a similar screen identified a cohort of effectors that
promoted translocation of TFEB into the nucleus, including
members of the SidE family, SdeA (Lpg2157) and SdeC
(Lpg2153) confirming results observed by De Leon et al. (2017),
as well as identifying novel effectors: MavH (Lpg2425), VipD
(Lpg2831), Lpg2552, Lpg2828, Lpg2888, and SetA (Lpgl978)
(Beck et al., 2020). SetA is a mono-O-glucosyltransferase
containing a DxD catalytic motif that preferentially uses
UDP-glucose as a sugar donor targeting a range of host proteins
including the small GTPase Rabla, the chaperonin CCT5 and
actin (Jank et al., 2012; Wang et al., 2018; Levanova et al., 2019;
Gao et al,, 2019). Beck et al. (2020) show that translocation of
TFEB into the nucleus is dependent on the glucosyltransferase
activity of SetA and mass spectrometry revealed the sites on TFEB
that are modified by SetA. In particular, modification of S138
prevented nuclear export (and hence retention within the nucleus)
and modification of a cluster of serine and threonine residues near
the binding site of 14-3-3 prevents interaction between TFEB and
14-3-3, inhibiting the cytoplasmic retention of TFEB. Despite this,
it is currently unknown what role SetA may play during infection,
as these experiments were performed exogenously and not in the
context of infection.

With the Legionella genus predicted to contain >18,000
effectors (Gomez-Valero et al., 2019), it is unsurprising that a
significant number have been implicated in influencing
autophagy. The high amount of functional redundancy
observed in this extensive effector cohort poses a continuing
challenge to understanding their collective temporal actions, as
well as making it increasingly difficult to identify new effectors
modulating this pathway.

MANIPULATION OF HOST AUTOPHAGY
BY COXIELLA EFFECTORS

Following entry into a host cell, C. burnetii traffics through the
endocytic pathway to an acidified mature endosome, activating

its T4SS to facilitate development of the highly fusogenic CCV
(Figure 3) (Beron et al., 2002; Romano et al., 2007; Newton et al.,
2013; Newton et al., 2020). The CCV also accumulates markers
of autophagosomes and lysosomes (Heinzen et al., 1996; Beron
et al., 2002; Romano et al., 2007), as well as factors involved in
their transport and fusion (Campoy et al., 2011; Campoy et al.,
2013; McDonough et al.,, 2013).

Activation of host autophagy by starvation or rapamycin
has been shown to increase the replication and viability of C.
burnetii following infection (Gutierrez et al., 2005), as well as
increasing the size of CCVs (Latomanski and Newton, 2018;
Larson et al., 2019). Conversely, inhibition of autophagy by 3-
MA impairs the development of the CCV (Beron et al., 2002;
Latomanski and Newton, 2018), as does preventing vacuole
acidification with bafilomycin A; or chloroquine (Heinzen
et al,, 1996; Newton et al., 2013). Additionally, the essential
autophagy genes ATG5, ATG7, ATGI12 and STX17 are
required for homotypic fusion into one large CCV
(McDonough et al., 2013; Newton et al., 2014; Martinez
et al., 2016).

While the importance of autophagy to C. burnetii is well
established, the consequences of host-pathogen interactions on
this pathway are less clear. Infection with C. burnetii induces
an increase in total and lipidated LC3 indicative of an
induction of autophagy, although infection also results in an
increase in SQSTM-1 (Winchell et al., 2014; Latomanski and
Newton, 2018; Larson et al., 2019). The latter finding is curious
given that degradation of SQSTM-1 is often monitored as a
read out for autophagic flux. However, starvation during
infection can still induce autophagic degradation as seen by a
decrease in SQSTM-1 (Latomanski and Newton, 2018; Larson
et al., 2019). This suggests a more nuanced interference by C.
burnetii than overt hyperactivation of autophagy or inhibition
of autophagic degradation. Interestingly, while it is often
hypothesised that C. burnetii induces autophagy to delivery
nutrients to the expanding CCV, the difficulties in separating
out this activity from other actions of autophagy has left this
hypothesis without incontrovertible proof. Recent studies
have, however, identified several C. burnetii effectors proteins
involved in the modulation of autophagy (Figure 5), although
this pathway is likely targeted by more effectors that remain to
be characterized.

CvpB—Stabilizing PI(3)P to Facilitate CCV
Fusogenicity

One of the most thoroughly characterised C. burnetii effector
proteins is Coxiella vacuolar protein B, named for its association
with the CCV membrane (CvpB, Cig2, CBU0021). CvpB was
initially identified in a transposon screen as essential for the
normal biogenesis of the CCV (Newton et al., 2014). In contrast
to the single large CCV of WT C. burnetii, CvpB-deficient
bacteria instead formed multiple small vacuoles, suggesting a
role in the homotypic fusion of CCVs. Interestingly, replication
of CvpB transposon mutants was not impaired during infection
of HeLa cells, although CvpB mutants were better tolerated by
the Galleria mellonella infection model (Kohler et al., 2016).
Despite replicating to similar numbers as WT, CvpB-deficient
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endosome; LE, late endosome.

FIGURE 5 | C. burnetii effectors that manipulate host autophagy pathway. Effectors of C. bumetii co-opt the autophagy pathway to facilitate the development of an
extensive CCV. CvpA interacts with AP2, an adaptor involved in clathrin-mediated endocytosis (CME), and is required for CHC accumulation at the CCV. Cig57
associates with FCHO2, another protein involved in CME, and also promotes CHC accumulation at the CCV, as well as being required for C. burnetii-induced LC3
lipidation and the delivery of LC3-II positive vesicles to the CCV. CvpB associates with early endosomes and is essential for homotypic fusion of the CCV as well as
the accumulation of LC3 at the CCV. CvpB increases cellular PI(3)P by preventing PIKfyve phosphorylating PI(3)P to produce PI(3,5)P,, facilitating the fusion of
autophagosomes with the CCV. CvpF is also required for C. burnetii-induced LC3 lipidation, CCV formation, and LC3 delivery to the CCV via interactions with
Rab26. CvpC, CvpD and CvpE associate with the CCV, and are required for its expansion, Cpel colocalizes with autophagosomes, and CstK was found to localize
to vesicles and the CCV. These effectors (grey) have no confirmed activity, but their sub-cellular localizations suggests they may also manipulate autophagy. EE, early

C. burnetii induced slower Galleria death. This is a significant
observation that may implicate autophagy in disease pathology
associated with C. burnetii infection.

A multivacuolar phenotype, similar to that of the
cvpB mutant, was observed with gene silencing of Stx17
(McDonough et al.,, 2013). Silencing of key autophagy factors
ATGS5 and ATGI2 also produced a multivacuolar phenotype,
indicating that a functional host autophagy system is required
for homotypic fusion of CCVs (Newton et al., 2014; Kohler
et al., 2016). Likewise, C. burnetii engineered to translocate the
L. pneumophila effector RavZ, which inhibits autophagy by
cleaving lipidated LC3, also produced a multivacuolar
phenotype. LC3 has been observed to be associated with
CCVs, indicating the interaction of autophagosomes with the
CCV and defining an autolysosomal state for the mature CCV
(Beron et al., 2002; Kohler et al., 2016). However, in CvpB
transposon mutants LC3 was absent from CCVs, suggesting
that CvpB is required for autophagosome fusion with CCVs.
CvpB did not interfere with autophagic flux, the delivery of
endocytic cargo to the CCV, nor reduce the hydrolytic activity
of CCVs (Newton et al., 2014). This indicates that CvpB acts to
facilitate the fusion of CCVs and autophagosomes, but does not
modulate autophagy itself.

The subcellular localization of ectopically expressed CvpB
was examined in high detail using immuno-electron microscopy
confirming its localization to the membrane of early endosomes
(Figure 5). Based on this observation, in vitro assays were
performed which identified PI(3)P as a binding target for
CvpB (Martinez et al., 2016). CvpB lacks any predicted lipid-

binding domains but mutational analysis identified the first 500
amino acids as essential for its membrane localization, and that
PI(3)P was enriched at the CCV membrane in a CvpB-
dependent manner. It was also found that, even in the
presence of inhibitors of PI3K, PI(3)P was still detected on
vacuolar structures (Martinez et al., 2016). While not a PI3K
itself, CvpB instead was shown to inhibit the activity of the PI3
phosphate 5-kinase PIKfyve, which phosphorylates PI(3)P to
produce PI(3,5)P,. Consistent with this, siRNA silencing of
PIKfyve was able to correct the multivacuolar phenotype
observed in CvpB transposon mutants. Expression of CvpB
was found to disassociate PIKfyve from endosomes where it
would normally bind and act upon PI(3)P, while CvpB with
mutations in the membrane binding domain (MBD) were unable
to displace PIKfyve. However, the MBD alone (aa 1-500) was
also unable to relocate PIKfyve, suggesting that CvpB does not
simply outcompete it for binding to PI(3)P (Martinez et al.,
2016). Subsequent studies also found that CvpB is essential for
the accumulation of clathrin heavy chain (CHC) at the CCV
(Latomanski and Newton, 2018). Interestingly, in the absence of
CvpB, clathrin was found associated with LC3B positive
autophagosomes near the CCV, which did not fuse with the
CCV (Latomanski and Newton, 2018). It is not currently known
how CvpB prevents PIKfyve recruitment to PI(3)P positive
membranes leading to the accumulation of PI(3)P, nor how
this leads to the fusogenic CCV characteristic of C. burnetii.
However, increased PI(3)P may stabilize LC3 or other pro-fusion
molecules (i.e. SNARES) on the CCV membrane, which are
normally absent from mature autolysosomes.
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Cig57—Enhancing LC3B Lipidation and
Clathrin Localization at the CCV

Another effector identified through a transposon mutant screen
for CCV defects is Cig57 (CBU1751). Disrupting Cig57 was
found to impair the intracellular replication of C. burnetii and
produce a small CCV phenotype (Newton et al., 2014). Cig57
contains multiple endocytic sorting motifs (two dileucine
(DiLeu) and one tyrosine (Tyr)), suggesting it may also
interact with clathrin-mediated endocytosis. Indeed, a yeast
two-hybrid screen identified FCHO?2, a protein that acts to
curve the plasma membrane to initiate the formation of
clathrin coated vesicles (Henne et al, 2010), as a binding
partner of Cig57 (Figure 5) (Latomanski et al., 2016).

The identification of FCHO2 suggested an involvement of
clathrin, and indeed CHC localization at the CCV was dependent
on Cig57 containing functional endosomal sorting motifs
(Latomanski et al., 2016). Interestingly, the adapter protein
FCHO2 did not alter its sub-cellular localization in the
presence or absence of Cig57. FCHO2 knock-out cells
presented reduced, but not absent, CHC accumulation at the
CCV, suggesting that while FCHO2 enhances the CCV
accumulation of CHC, it is not essential. Immunofluorescence
imaging found that CHC concentrated in areas where LC3B
positive autophagosomes met the CCV, while siRNA silencing of
CHC prevented the accumulation of LC3B at CCVs (Latomanski
and Newton, 2018). Interestingly, in Cig57 mutants there were
no LC3B positive vesicles associated with CHC at the CCV
(Latomanski and Newton, 2018). This suggests that clathrin is
required for the fusion of autophagosomes to the CCV, while
Cig57 is required for the delivery of LC3B positive vesicles to
the CCV.

Cig57 was also found to be essential for the C. burnetii-
dependent LC3B lipidation observed during infection, although
Cig57 alone was unable to induce LC3B lipidation (Latomanski
and Newton, 2018). Furthermore, C. burnetii lacking Cig57 did
not accumulate SQSTM-1 during infection as seen in WT
strains. While starvation reduced the levels of SQSTM-1 in
WT infections to that of non-infected cells, no change was
observed in Cig57 transposon mutants. The size of Cig57
transposon mutant CCVs were also not altered by starvation-
induced autophagy, while WT CCVs more than doubled
(Latomanski and Newton, 2018). CCVs in HeLa cells with
siRNA silenced CHC or Stx17 were also unresponsive to
induced autophagy. This not only highlights the importance of
autophagy to C. burnetii infection, but also points to a central
role of CHC in mediating autophagy and Cig57 in exploiting this
role to support CCV expansion. However, it is currently unclear
how Cig57 facilitates LC3 lipidation, SQSTM-1 accumulation, or
the fusion of CHC and autophagosomes to the CCV.

CvpF—Inducing LC3 Lipidation via Rab26

More recently, an additional C. burnetii vacuolar protein, CvpF
(CBU0626) was identified as important for intracellular
replication of C. burnetii and CCV formation while being
dispensable for replication in axenic medium (Siadous et al,
2020). During infection of U20S osteosarcoma cells, both WT

and CvpF transposon mutant C. burnetii strains developed
acidified CCVs decorated with LAMP1, however CCVs
produced by CvpF mutants were deficient in LC3B. Further,
CvpF transposon mutants did not induce an increase in
lipidated LC3B as seen in WT infections (Siadous et al.,
2020). However, unlike Cig57, SQSTM-1 was still increased
during infection with CvpF transposon mutants and reduced by
starvation-induced autophagy. Ectopically expressed CvpF was
found to partially co-localize with endosomal sorting complex
required for transport (ESCRT), LAMP1, LC3B, and PI(3)P at
compartments clustered around the nucleus. Ectopically
expressed CvpF was also able to increase LC3B-II and
SQSTM-1 levels in bafilomycin A, treated cells, indicating an
induction of autophagy. Sequence analysis identified three
endocytic sorting motifs, of which a single Tyr motif was
responsible for CvpF membrane localization as well as
inducing LAMP1 and LC3B repositioning to vacuoles.
Finally, transfection experiments visualized CvpF localized
only to acidified autolysosomes, suggesting a role in
autolysosome development (Figure 5).

A yeast two-hybrid screen identified the GTPase Rab26 as a
binding partner of CvpF, with fluorescence microscopy
confirming their colocalization and also observing that CvpF
increases the membrane targeting of Rab26 (Siadous et al,
2020). CvpF was found to promote the accumulation of
Rab26 at the CCV, although low level accumulation was still
observed in CvpF mutants. Rab26 is involved in lysosomal
positioning, autophagosome maturation, and the degradation
of synaptic vesicles, and has been shown to interact with
ATGI16L1 (Li et al., 2012a; Jin and Mills, 2014; Binotti et al.,
2015). Cells expressing dominant-negative forms of Rab26
possessed reduced LC3 at the CCV, while Rab26 knock-out
cell lines supported smaller CCVs and impaired C. burnetii
intracellular replication (Siadous et al., 2020). Additionally,
exogenous expression of CvpF induced the formation of
LC3B positive endosomes in transfected cells, which was
inhibited by the co-expression of dominant negative Rab26.
This data suggests that CvpF interacts with Rab26 to stimulate
the accumulation of LC3B at the CCV. However, whether CvpF
alters the sub-cellular localization of ATG16L1 or other factors
involved in LC3B lipidation or autophagosome formation is
currently unknown.

Other Putative Autophagy Modulating
Effectors

One of the first CCV-associated effector proteins identified by
Larson and colleagues, CvpA, was identified from the C.
burnetii genome due to the presence of multiple eukaryotic
endocytic sorting motifs (Larson et al., 2013). As with other
important effector proteins, replication of a CvpA mutant
was not compromised in axenic medium, but was
significantly reduced during intracellular replication in THP-
1 macrophage-like cells (Larson et al., 2013). Additionally,
CCVs produced by CvpA mutants were significantly smaller
than WT C. burnetii. Ectopically expressed CvpA was observed
to colocalize at the plasma membrane with CHC and early
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endosome antigen 1 (EEA1), at pericentrosomal vesicles
labelled with LAMP1 (sorting endosomes and recycling
endosomes; SE, RE), and in infected cells at the CCV
membrane (Figure 5). At the plasma membrane, CvpA was
found to associate with the transferrin (Tf) receptor (TfR) and
inhibited the clathrin mediated uptake of Tf. Following up on
this observation, it was demonstrated that CHC accumulated at
the CCV in a CvpA-dependent manner.

CvpA contains a leucine-rich repeat associated with protein-
protein interactions, and three DiLeu and two Tyr endocytic
sorting motifs. Pull-down assays found that the clathrin adapter
protein AP2, but not AP1 or AP3, bound to all DiLeu motifs
and a peptide containing both Tyr motifs, while CHC was
found to associate only to the Tyr-containing peptide, likely
mediated by AP2. AP2 is an adaptor found exclusively at the
plasma membrane and is involved in clathrin-mediated
endocytosis. Cargo recognized by AP2 include the
autophagosome initiation factors ATG9 and ATGI6L1, and
knockdown of clathrin or AP2 inhibits autophagosome
formation (Ravikumar et al., 2010; Popovic and Dikic, 2014).
siRNA silencing of CHC or AP2 inhibited intracellular
replication and led to reduced CCV size in WT infections,
suggesting that CvpA co-opts, rather than inhibits clathrin and
AP?2 activity (Larson et al., 2013).

The exact mechanism by which CvpA facilitates the
accumulation of clathrin at the CCV is currently unknown,
but it may stabilize the interaction of clathrin/AP2 at
endosomes, retaining them to facilitate fusion at the CCV. It
is also currently unknown how CvpA may modulate the
induction or progression of autophagy, as well as how it may
regulate the endocytosis of molecules beyond Tf. Further, given
Cig57 and CvpA both interact with host factors early in the
endocytic pathway to facilitate the expansion of the CCV and
localization of CHG, it is of interest to determine if there is an
interaction between them, or if the activity of one effector is
reliant on another. It would also be valuable to observe if a more
severe defect develops in the absence of both effectors than in
the absence of either one alone.

In addition to CvpA and CvpB, Larson and colleagues also
identified CvpC-E, which localized to the CCV and whose
absence significantly impaired C. burnetii intracellular
replication and CCV development in THP-1 cells (Larson
et al,, 2015). The localization of these proteins to the CCV
membrane indicates that they may participate in CCV-
autophagosome/endosome fusion events, or the manipulation
of the autophagy pathway to promote CCV expansion.

CvpC (CBU1556, Cig50) was also identified by Weber et al.
(2013) in a screen for effectors required for intracellular
replication, where it was found that CvpC interfered with the
host secretory pathway in HEK293T cells. However, when HeLa
or J774A.1 cells were infected with a CvpC transposon mutant,
no defect in replication was observed (Weber et al., 2013). This
may suggest that CvpC activity is specific to human macrophage
cells, although further research is needed to confirm this.

CvpD (CBU1818) also appeared in a subsequent screen for C.
burnetii effector proteins (Lifshitz et al., 2014). CvpD was found

to inhibit yeast cell growth (Lifshitz et al., 2014), suggesting it
interferes with essential eukaryotic pathways. Interestingly,
Wachter et al. (2019) identified a C. burnetii SRNA CbsR12,
which downregulates CvpD transcripts (Wachter et al., 2019).
Absence of CbsR12 has a deleterious effect on both axenic and
intracellular replication of C. burnetii. Loss of CbsR12 also
reduced CCV size, although only early in infection; conversely,
its overexpression increases CCV size at both early and late time
points (Wachter et al.,, 2019). This may indicate that the activity
of effector proteins such as CvpD may be limited to specific
infection phases. However, as with CvpC and CvpE, further
information about the biochemical activity of CvpD is
currently lacking.

A recent screen by Crabill et al. (2018) also used a transposon
library to identify effectors required for efficient CCV biogenesis.
In addition to confirming previously identified effectors, seven
additional effector mutants were shown to produce small CCVs:
CBU0414, CBU0513, CBU0987, CBU1387, CBU1524, CBU1752,
and CBU2028, with all except CBU2028 also having impaired
intracellular replication. Of these, CBU0987, CBU1387,
CBU1524, CBU1752, and CBU2028 were shown to accumulate
at the CCV membrane. While the activity of these effectors was
not explored, it was observed that in CBU0513 mutants LC3 was
not present at the CCV as it was in other mutants and WT C.
burnetii (Crabill et al., 2018), suggesting a role for this effector in
autophagosome-CCV fusion.

Beyond those localizing at the CCV, additional proteins
within the C. burnetii effector repertoire are likely to interact
with the autophagy pathway through other mechanisms.
For example, when ectopically expressed the effector CpeB
(CBUAO0013) colocalizes with LC3B, and CpeL (CBUDA0024)
partially colocalized with autophagosomes (Voth et al., 2011;
Maturana et al., 2013). Additionally, the protein kinase CstK
(CBU0175) was found to localize at vesicles and the CCV and
interacts with a homologue of mammalian TBCID5 in an
amoeba model (Martinez et al., 2020). TBC1D5 is a GTPase
activating protein for Rab7, which is involved in lysosomal
biogenesis, positioning and function, as well as fusion with
autophagosomes (Guerra and Bucci, 2016). While the sub-
cellular localization of these effectors suggests they may be
involved in the manipulation of autophagy, further research
is needed to confirm whether they contribute to control of
this host pathway and what the functional implications of
this are.

CONCLUSIONS

Despite their phylogenetic relationship, L. pneumophila and
C. burnetii have adapted two very different approaches to
intracellular replication; however, both manipulate common
targets in the autophagy pathway in order to remodel the host
cell. The convergence of these targets, despite the unique effector
cohorts of L. pneumophila and C. burnetii, may be a result of
their shared ancestry, but can also be seen as an indication of key
checkpoints along the autophagic pathway and targets amenable
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to modifications. By better understanding how L. pneumophila
and C. burnetii effectors interact with the host autophagy
pathway, we may also identify approaches common to other
intracellular pathogens and uncover mechanisms with which to
better understand and control autophagy in the context of
human health and disease.

L. pneumophila is an intriguing intracellular pathogen whose
close association with a broad range of protozoan hosts in the
environment has enabled adaptation for survival within human
macrophages. Given the known functional redundancy that
exists within the large cohort of over 300 effectors translocated
by the T4SS, it is not unexpected to discover that multiple
effectors are able to influence the host autophagy machinery
using a variety of mechanisms (summarised in Figure 4). For
example, RavZ, which efficiently halts autophagosome
maturation through the irreversible cleavage of LC3-II, is not
present in all strains and yet the autophagy machinery is still
disrupted (Amer and Swanson, 2005). In this instance, it is easy
to speculate that the action of effectors such as LpSpl and
Lpgl137 that interfere with autophagosome biogenesis, and the
transcription factor Lpg2936 would play a greater role in
manipulation of host autophagy. It is also equally plausible
that these RavZ-deficient strains possess other, strain-specific,
autophagy modulating effectors.

Given the importance of evading autophagy to Legionella, the
existence of a common cohort of autophagy-related effectors
may be considered. However, the recent analysis by Gomez-
Valero and colleagues which identified a putative 18,000 effector
proteins found only eight were present in all Legionella genomes
assessed (Gomez-Valero et al., 2019). Further, the ability to infect
human cells arose independently multiple times throughout the
genus, and no specific set of effectors could be attributed to the
ability to infect human cells. Finally, 16 Rab-like proteins from
eight different Legionella species were found to have been
acquired by horizontal gene transfer from hosts (Gomez-
Valero et al., 2019). This suggests it is unlikely that a core of
autophagy-related effectors exists in the Legionella genus. Rather,
Legionella species will have evolved unique cohorts based on
genes acquired from their specific host range.

Since deletion of any of these individual autophagy related
effectors has no direct impact on intracellular bacterial
replication the coordinated interplay between these effectors
are important for L. pneumophila avoidance of the host
autophagic machinery and subsequent success within host
cells. The exact role for LegA9 in enhancing recognition of the
LCV for autophagy clearance is yet to be fully elucidated, and no
doubt controlling the temporal action of this effector is critical
for bacterial survival. Given the redundant nature of many
L. pneumophila eftectors, it would be interesting to remove all
known effectors that regulate host autophagy. Whether this
would affect intracellular survival and replication or not, and if
any changes in pathogenicity were host-specific would provide
valuable information about the evolutionary pressures that have
led to the retention of these effectors. Subsequent restoration of
individual autophagy modulating effectors could then also

provide a platform to assess the role of these effectors in
isolation. This huge assortment of effectors is almost certain to
contain more regulators of autophagy, potentially providing
a plethora of novel tools, similar to RavZ, that can be
used to explore, uncover and manipulate autophagy at a
molecular level.

In contrast, C. burnetii relies on a functional autophagy
pathway in host cells. However, there is also some evidence that
C. burnetii down-regulates aspects of autophagy, such as
increasing the pH of mature endosomes and decreasing
cellular lysosome activity and content (Mulye et al., 2017;
Samanta et al., 2019). Indeed, overexpression of TFEB was
found to decrease CCV size and bacterial replication during
infection (Samanta et al., 2019). Conversely, C. burnetii has been
found to activate TFEB and the related transcription factor
TFE3 via inhibition of mTORC1 (Larson et al., 2019;
Padmanabhan et al., 2020). Consistent with other studies, this
did not result in an increase in autophagy or inhibition of
autophagic flux, but TFE3/TFEB were required for efficient
CCV development. Macrophage cells with TFE3/TFEB
knocked out were curiously able to support higher levels of C.
burnetii replication despite producing smaller CCVs (Larson
etal., 2019), while HeLa cells with dual siRNA silencing of TFEB
and TFE3 showed no change in replication, despite still
exhibiting a significant decrease in CCV size (Padmanabhan
et al,, 2020). These results highlight the fine balance C. burnetii
maintains in modulating the host autophagy system to favour
infection and indicates the presence of a range of compensatory
and complementary modifications to the host cell. They also
highlight the uncertainties surrounding the role of autophagy in
the C. burnetii lifecycle. While it is often hypothesized that
autophagy is induced to supply nutrients to the replicating
bacteria, the inconsistent results observed regarding regulators
of autophagy suggest this may not be a crucial role. Indeed, the
capacity of C. burnetii to still replicate in the absence of
autophagy argues that this process is not required for bacterial
nutrient acquisition. It is possible that other functions of
autophagy, such as enhanced/altered vesicle trafficking and
fusion are important for reasons beyond the delivery of
nutrients. However, the interdependent nature of these two
roles has made it difficult to disentangle them experimentally.
As our understanding of how C. burnetii regulates autophagy
develops, it will be worth considering how we can adapt these
effectors as potential tools in the treatment of diseases associated
with the dysregulation of autophagy, including many
neurodegenerative disorders.
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Coxiella burnetii is an obligate intracellular pathogen and the causative agent of the zoonotic
disease Q fever. Following uptake by alveolar macrophages, the pathogen replicates in an
acidic phagolysosomal vacuole, the C. burnetii-containing vacuole (CCV). Effector proteins
translocated into the host cell by the type IV secretion system (T4SS) are important for the
establishment of the CCV. Here we focus on the effector protein AnkF and its role in
establishing the CCV. The C. bumetii AnkF knock out mutant invades host cells as efficiently
as wild-type C. bumnetii, but this mutant is hampered in its ability to replicate intracellularly,
indicating that AnkF might be involved in the development of a replicative CCV. To unravel
the underlying reason(s), we searched for AnkF interactors in host cells and identified
vimentin through a yeast two-hybrid approach. While AnkF does not alter vimentin
expression at the mRBNA or protein levels, the presence of AnkF results in structural
reorganization and vesicular co-localization with recombinant vimentin. Ectopically
expressed AnkF partially accumulates around the established CCV and endogenous
vimentin is recruited to the CCV in a time-dependent manner, suggesting that AnkF
might attract vimentin to the CCV. However, knocking-down endogenous vimentin does
not affect intracellular replication of C. burnetii. Other cytoskeletal components are recruited
to the CCV and might compensate for the lack of vimentin. Taken together, AnkF is essential
for the establishment of the replicative CCV, however, its mode of action is still elusive.

Keywords: Q fever, type IV secretion system, effector protein, vimentin, phagosome, Coxiella burnetii

INTRODUCTION

The obligate intracellular Gram-negative pathogen Coxiella burnetii is the causative agent of the zoonotic
disease Q fever (Maurin and Raoult, 1999). With the exception of New Zealand, C. burnetii is distributed
worldwide. The bacterium can infect a vast range of species (Maurin and Raoult, 1999; Gonzalez-Barrio
and Ruiz-Fons, 2019), but live-stock animals, such as cattle, sheep, and goats, are the most important
natural reservoirs and also the main source of human infections (Rodolakis, 2009). An acute infection
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might be symptom-free or cause a flu-like illness (Maurin and
Raoult, 1999). The development of pneumonia or granulomatous
hepatitis are also common symptoms of acute Q fever (Raoult et al,,
2005). Immunocompromised people with preceding cardiac valve
pathology and pregnant women are mainly at risk of developing
chronic Q fever. Its typical symptoms include endocarditis and
vascular infections (Maurin and Raoult, 1999). While good
treatment options are available for acute Q fever, they are missing
for chronic Q fever. Thus, chronic Q fever is treated by a
combination of doxycycline and hydroxychloroquine for at least
18 months (Kersh, 2013). This lengthy treatment comes with severe
side effects and, as a consequence, limited compliance.

Primary infection in humans occurs in alveolar macrophages after
inhalation of C. burnetii-contaminated dust particles or aerosols
(Khavkin and Tabibzadeh, 1988). However, non-phagocytic cells are
also susceptible to infection (Voth and Heinzen, 2007). Host cell
invasion of professional phagocytes by C. burnetii involves o, f3;
integrin receptors and actin-dependent membrane ruffling (Baca
et al., 1993; Capo et al,, 1999; Dellacasagrande et al., 2000; Aguilera
et al,, 2009). In non-professional phagocytes, the bacterial invasin
OmpA and cortactin are involved (Rosales et al., 2012; Martinez etal.,
2014). Following internalization, the bacteria reside within the C.
burnetii-containing vacuole (CCV), which develops into a
phagolysosomal-like compartment with an acidic pH (van Schaik
etal.,2013). Most bacteria are killed under these conditions, but for C.
burnetii they are optimal for proliferation (Hackstadt and Williams,
1981). Moreover, expression and activity of the type IV secretion
system (T4SS) is enabled under acidic conditions (Coleman et al,,
2004; Newton et al., 2013). The fact that bacteria lacking the T4SS are
unable to replicate intracellularly (Carey et al,, 2011) demonstrates
that the T4SS is a major virulence determinant. It is used to inject
virulence factors, so-called effector proteins, which allows
reprograming of the host cell for the benefit of the pathogen
(Lihrmann et al, 2017). Translocation of effector proteins starts
around 8 h post-infection and translocation rates increase in a time-
dependent manner (Newton et al., 2013). Several of the ~150
identified effector proteins interfere with vesicular trafficking or
localize to the CCV membrane. The activity of T4SS effector
proteins allows the massive expansion of the CCV, which can
occupy the majority of the host cell’s volume (Lithrmann et al,
2017). How C. burnetii ensures the stability of this huge compartment
is not understood, but galectins (Mansilla Pareja et al., 2017) and actin
(Colonne et al., 2016; Miller et al., 2018) might be involved.

Here we report that the T4SS effector protein AnkF (CBU0447)
is important for optimal intracellular replication of C. burnetii.
Ectopically expressed AnkF localized throughout the cytosol, the
nucleus and partially around the CCV. It also interacted with the
intermediate filament vimentin, which is recruited to the CCV in a
time-dependent manner. However, siRNA-mediated knock-down
of vimentin did not reduce C. burnetii replication.

MATERIALS AND METHODS

Reagents and Antibodies
Unless stated otherwise, reagents were purchased from Carl Roth,
Sigma-Aldrich or Thermo Fisher. The following primary antibodies

were used: anti-Coxiella, anti-AnkF (Davids Biotechnologie), anti-
vimentin (Cell Signaling #5741S, or Sigma-Aldrich, #V6630), anti-
tubulin (Cell Signaling, #3873) and anti-cytokeratin 18 (Thermo
Fisher, #MA5-12104). Actin was stained with the Phalloidin-Alexa
Fluor-647 conjugate (A2066, Sigma-Aldrich). The LAMP2 (ABL-
93) specific primary antibody was developed by J.T. August and
obtained from the Developmental Studies Hybridoma Bank,
University of Iowa, Department of Biology, Iowa City, IA, USA.
Secondary antibodies conjugated with Alexa Fluor-488 or -594 were
purchased from Dianova. For STED confocal microscopy, Alexa
Fluor-580-STAR antibodies (#2-0012-005-8, Abberior GmbH,
Gottingen, Germany) were kindly provided by Dr. Ralph
Palmisano, Optical Imaging Center Erlangen (OICE), Germany.

Bacterial Strains, Yeast Strains,

and Cell Lines

Escherichia coli DH10[ were cultivated in Luria Bertani (1% bacto
tryptone, 0.5% yeast extract and 1% NaCl) broth supplemented with
100 pg/ml ampicillin or 50 pg/ml kanamycin where appropriate.
Coxiella burnetii Nine Mile IT (NMII) RSA439 clone 4 were grown
in acidified citrate-cysteine medium (ACCM-2) at 37°C, 2.5% O,,
and 5% CO,. Axenic media were supplemented with 3 ug/ml
chloramphenicol where appropriate for selection. The leucine-
and tryptophan-auxotrophic Saccharomyces cerivisiae strains
Y187, AH109, and Y190 were grown in YPAD (1% yeast extract,
2% caseine peptone, 2% glucose, and 0.01% adenine hemisulfate) or
SCAD (2% glucose, 0.6% yeast nitrogen base, 0.06% amino acid
mix, pH 5.8) with medium shaking or on agar plates (media
supplemented with 1.5% agar) at 30°C.

CHO-FcR cells (Chinese hamster fibroblasts endogenously
expressing the macrophage-lymphocyte Fc receptor) were
maintained in Dulbecco's Modified Eagle’s Medium (DMEM,
Thermo Fisher). HeLa (human cervical carcinomal epithelial
cells), U20S and U20S-vimentin-rsEGFP (recombinant human
bone osteosarcoma cells endogenously expressing vimentin-
rsEGFP (Ratz et al., 2015)) were maintained in DMEM. HelLa
cells stably transfected with pWHEG644/655-AnkF were cultured
in DMEM supplemented with 1% Penicillin/Streptomycin
(Thermo Fisher), 0.3 mg/ml Geneticin (G418) and 0.25 pg/ml
puromycin (Berens et al., 2015; Bisle et al., 2016). All media were
supplemented with 5% heat-inactivated fetal bovine serum (FBS,
Biochrom, Berlin, Germany) during infection with C. burnetii or
10% FCS when cells were cultured in the absence of bacteria.

Analysis of ankF in 52 C. burnetii Strains

Genome assemblies of strains, which had been uploaded at the
complete genome, chromosome, scaffold and contig levels and for
which information on their genome group classification was known
(Hemsley et al.,, 2019), were identified using the search term
“Coxiella burnetii” in NCBI Genome (https://www.ncbi.nlm.nih.
gov/genome/), downloaded and used to create a Coxiella-WGS
database in Geneious Prime 2019.2.3 (Biomatters, New Zealand).
Only a single sequence was taken from strains with multiple entries
or passage variants. The respective ankF sequences were identified
by BLAST analysis of Coxiella-WGS using the ankF coding
sequence from the RSA493 Nine Mile strain as reference and the
Geneious default parameters. Sequences from two strains were
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discarded due to sequence ambiguity (Cb171_QLYMPHOMA;
CDBG01000000) and a partial sequence at the end of a contig
(Q321; AAYJ01000000), so that 52 sequences remained for the
mutational analysis.

Analysis of C. burnetii ankF::Tn

C. burnetii and the transposon mutant C. burnetii ankF:Tn
(ankF: Tn) were analyzed by PCR for the presence of ankF and
the insertion of the transposon with the primers 608 and 609
amplifying the ankF codon sequence.

Infection With C. burnetii

Infection of cell lines with C. burnetii was performed as described
elsewhere (Schulze-Luehrmann et al.,, 2016). Briefly, C. burnetii
were cultured axenically for 3 days at 37°C, 2.5 % O, and 5 %
CO; and 1 day at RT and normal atmosphere. To infect cell lines,
bacteria were pelleted and adjusted spectrophotometrically in
PBS to yield respective MOIs. Bacteria were then added to 300 pl
or 600 pl of cell culture media used for cells seeded 24 h earlier in
24-well or 6-well plates, respectively.

Immunofluorescence

Cells seeded in 24-well plates were washed three times with 1 ml
PBS and fixed with 4% paraformaldehyde (Alfa Aesar, Karlsruhe,
Germany) in PBS for 15 min at RT. Following three wash steps
with PBS, cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) in PBS for 3 min, washed again, and blocked
and quenched with PBS containing 50 mM NH,Cl (Roth,
Karlsruhe, Germany) and 5% Goat serum (Thermo Fisher) for
30 min at RT. Cells were subsequently incubated with primary
antibodies in 5% Goat serum in PBS for 45 min at RT. Primary
antibodies were washed off three times with PBS, and cells were
incubated for 30 min at RT with fluorophore-coupled secondary
antibodies in 5% Goat serum in PBS. Secondary antibodies were
washed off three times with PBS, and stained cells were mounted
on glass slides with ProLong Diamond containing DAPI to stain
nuclei or bacterial DNA.

Human Peripheral Blood-Derived
Macrophages

From three healthy donors (Ethical Committee Erlangen
approval number 111-12B) peripheral blood were obtained,
and macrophages were derived as previously described (Hayek
et al., 2019).

Colony-Forming Units (CFU)

The infected primary macrophages were washed with PBS,
incubated for 40 min in ice-cold H,O and pipetted repeatedly
with a syringe carrying a 25G needle (25 G 1" 0.5 mm X 25 mm,
BD Microlance 3, Spain) to lyse the cells. The lysates were
centrifuged (10 min, 1000 rpm, 4°C) and the supernatant was
pelleted (1 min, 14000 rpm, 4°C) and resuspended in 200 ul PBS
pH 7.4. A serial dilution was performed and pipetted in
triplicates on ACCM-D/0.5% agarose plates. The plates were
incubated for 2 weeks at 37°C, 5% CO, and 2.5% O, and the
CFUs were counted.

Phenotypic Screening

For phenotypic screening, samples were imaged with an
ArrayScan VTI Live epifluorescence automated microscope
(Cellomics) equipped with an ORCA-ER CCD camera
(Hamamatsu). Twenty-five fields per well were acquired for
image analysis. Phenotypic profiles (expressed as z-scores)
were calculated using CellProfiler, from triplicate experiments
as previously described (Martinez et al., 2015) following median
based normalization of 96-well plates. Plate effects were
corrected by the median value across wells that are annotated
as control.

Labeling of DQ-Red BSA-Positive
Proteolytic Organelles

HeLa cells were infected with C. burnetii or the transposon
mutant ankF::Tn at an MOI of 50. Following infection, cells were
incubated with 10 pg/ml DQ-Red BSA (Life technologies) for
16 h. Cells were subjected to immunofluorescence staining
as described.

Generation of the C. burnetii AankF
Mutant and the Complemented Strain
C. burnetii Nine Mile phase II was electroporated with 10 pug
pJC-CAT::ankF-5'3"-lysCA as previously described (Beare and
Heinzen, 2014). Co-integrants were selected by culturing the
bacteria in ACCM-D media lacking lysine, but containing 2%
sucrose for 5 days as previously described (Beare et al., 2018).
Surviving transformants were expanded in ACCM-D media
lacking lysine for 7 days. After spreading the diluted culture on
0.25% ACCM-D agarose without lysine, clonal AankF mutants
were picked after 10 days of culture. The picked clones were
expanded in ACCM-D media without lysine.
Complementation of AankF was achieved by electroporation
of the mutant strain with 10 pg pMiniTn7T-ankF::AnkF.
Integrants were selected by culturing the bacteria in ACCM-D
media lacking lysine and lacking arginine, but containing
citrulline for 5 days as previously described (Beare et al., 2018).
The diluted culture was spread on 0.25% ACCM-D agarose
without lysine and arginine, but containing citrulline for 10
days. Individual clones were picked and expanded in ACCM-D
medium lacking lysine and arginine, but with citrulline.

Preparation of a HeLa cDNA Library for
the Yeast Two-Hybrid Assay

A cDNA library (Clontech, #HL4000AA) from the HeLa S3 cell
line was kindly provided by Prof. Dr. Hashemolhosseini
(Institute for Biochemistry, University of Erlangen-Nuremberg).
The cDNA library was restricted with EcoRI and Xhol and ligated
into the de-phosphorylated and likewise-digested vector
pGAD-GH.

Transformation of S. cerevisiae Y187 With
Plasmid DNA

To transform the tryptophan- and leucine-auxotrophic S.
cerevisiae Y187 with pGBT9-AnkF (prey-construct), a single
yeast colony was grown on complete YPAD agar at 30°C. The
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next day, a colony was used for inoculation of YPAD medium at
30°C and 170 rpm shaking. The culture was grown to mid-
logarithmic growth phase and sequentially washed in sterile
ddH,O and twice in Lithium-acetate (LiAc). After another
centrifugation step the pellet was re-suspended in 50% PEG
3350, 1 M LiAc, 5 pl of 10 mg/ml salmon sperm DNA
(Invitrogen) and 3 pg of pGBT9-AnkF plasmid DNA. The
transformation was performed via the heat-shock method at
42°C for 20 min. Next, the culture was pelleted, re-suspended in
ddH,O0, plated dropwise onto SCAD agar plates lacking
tryptophan (SCAD™) for selection and incubated 2 to 3 days
at 30°C.

Transformation of S. cerevisiae AH109
With a HeLa Genomic Library

S. cerevisiae AH109 were grown as described above. The next
day, the mid-log phase culture was washed sequentially in sterile
ddH,O and TE/LiAc-buffer (10 mM Tris pH 7.4, 1 mM EDTA,
100 mM LiAc) including 10 mg salmon sperm DNA and 3 mg of
purified HeLa genomic Library. The yeast suspension was
subsequently incubated for 30 min at 30°C and another 15
min at 42°C supplemented with 10% dimethyl sulfoxide
(Sigma-Aldrich). Following a 2-min incubation on ice, the
suspension was re-suspended in ddH,O, plated on SCAD
plates lacking tryptophan (SCAD™) and incubated for 3 days
at 30 °C. The colonies were pooled in YPAD medium with 20%
w/v glycerol and further cultured at 30°C for 2.5 h. Respective
cultures were aliquoted and stored at —80°C.

Yeast Two-Hybrid Screen

The Yeast Two Hybrid screen was performed by mating the
yeast strain S. cerevisiae Y187-pGBT9-AnkF with the strain S.
cerevisiae AH109 containing the HeLa genomic library. For
this purpose, a pre-culture of S. cerevisiae Y187-pGBT9-AnkF
was inoculated and cultivated in SCAD "-medium at 30°C and
170 rpm shaking. Next, a SCAD™" over-night (ON) culture
was inoculated and incubated at 30°C and 170 rpm shaking
until reaching an ODy, of approximately 0.8 to 1.2. Cultures
were pelleted at 4,500g at RT. Meanwhile, two aliquots of the
S. cerevisiae AH109 strain containing the HeLa genomic
library were thawed in a 30°C water bath and subsequently
added to the pelleted S. cerevisiae Y187-pGBT9-AnkF culture.
The culture mix was vortexed, pelleted again, re-suspended in
residual supernatant and subsequently plated onto YPAD
plates. Following a 4.5-h incubation at 30°C, clones were
washed off the YPAD plates twice with medium and
pelleted. Next, the pellet was re-suspended in water, plated
onto selective SCAD plates lacking histidine, leucine, and
tryptophan (SCAD ™) and incubated for five days at 30°C
for clonal isolation.

LacZ Filter-Lift Assay

Clones of the mated yeast strains S. cerevisiae Y187-pGBT9-AnkF
and S. cerevisiae AH109 grown on selective SCAD T plates were
considered to harbor both bait- and prey plasmids and to express

the GALA4 transcription factor and the HIS3 gene. GAL4 initiates
expression of the lacZ reporter gene serving as a read out for bait
(AnkF) and prey (HeLa genomic library) interaction. HIS3 serves to
complement the histidine auxotrophy.

Mated yeasts were plated onto nitrocellulose membranes
placed on SCAD™ plates and incubated at 30°C for 3 days.
To read out the LacZ reporter activity, nitrocellulose membranes
were drowned in liquid nitrogen and then placed onto filter
paper soaked in 2 ml LacZ buffer (60 mM Na,HPO,, 40 mM
NaH,PO,, 10 mM KCl, 1 mM MgSO,, pH 7.0), supplemented
with 66.2 ul 2 % X-Gal (Biomol) in dimethylformamide and
5.4 pl beta-mercaptoethanol). Following another incubation step
of 3 to 5 h at 30°C, respective clones were checked for blue dye
precipitation on nitrocellulose membranes.

Reverse Transcription-Quantitative Real-
Time PCR (RT-qPCR) of Vimentin in
Presence of AnkF

Forisolation of RNA, 1.2 x 10° stably-transfected HeLa-pWHE644/
655-AnkF cells were seeded in 6-well plates in 3 ml per well and
induced for AnkF expression with 1 plg/ml doxycycline. Cells were
washed with PBS and lysed with RLT buffer (RNeasy® Plus Mini
Kit, Qiagen, Germany) supplemented with B-mercaptoethanol.
Total RNA was isolated using the RNeasy® Plus Mini Kit
(Qiagen) and the QIAshredderT kit according to manufacturer's
instructions. RNA was eluted from columns in RN Ase-free ddH,O.
The reverse transcription of RNA into cDNA was performed with
the SuperScript' * II Reverse Transkriptase kit (Thermo Fisher)
with random Oligo(dT);,. ;5 primers (Thermo Fisher). QPCR was
performed to quantify the amount of vimentin cDNA using primers
936 and 937 and quantification of actin cDNA using primers 827
and 828 (Table 1) with the QuantiFast SYBR Green PCR kit
(Qiagen, Germany). Amplification of cDNA was performed in
384-well optical plates in an ABI Prism 7900HT. Relative amounts
of vimentin cDNA were calculated by the AACT method using the
housekeeping gene GAPDH for normalization.

Immunoblot Analysis

Proteins were separated by SDS-PAGE Bolt' " Bis-Tris Plus
gradient 4% to 12% polyacrylamide gels (Thermo Fisher) and
transferred to 0.45 um pore size Immobilon-P PVDF
membranes (Merck Millipore) by the semi-dry transfer
method. Blotted membranes were incubated with respective
primary antibodies and HRP-conjugated secondary antibodies.
Immunodetection was performed with the Pierce ECL Western
Blotting Substrate (Thermo Fisher) according to the
manufacturer's instructions and exposure of X-ray films (GE
Healthcare) to chemiluminescence.

Transient Transfection of CHO or HelLa
Cells

2 x 10* C. burnetii-infected or uninfected cells were seeded on
coverslips in a 24-well plate in 1 ml medium and incubated at
37°C, 5% CO, for 24 h. Cells were transfected with 250 to 500
ng of plasmid DNA using the X-tremeGENE 9 DNA
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TABLE 1 | Primers used in this study.

No. Sequence (5'->3')* Restriction site
40 AAGGATCCCTACCGCTGGAAGCCGC BamHI
53 CCGGATCCATGAGACAGCGTGAAATTAATG Pstl
79 CCGGTACCCTACCGCTGGAAGCCGC Kpnl
608 ATGCGCCAGCGTGAAATTAATGATGAAGCTAT

609 CTACCGCTGGAAGCCGCGATTATTGTGTTTTT

650 CCGGATCCTTAGACAGCGTGAAATTAATGAT BamHI
672 AATTTCATCGTTCCCGGCAG

673 GCCGCGTTTACTAATCCCCA

710 GCGAATTCATATGTCCACCAGGTCCGTGT EcoRl
711 GCCGGTACCTTATTCAAGGTCATCGTGATGC Kpnl
827 CCAACCGCGAGAAGATGA

828 CCAGAGGCGTACAGGGAT

936 TCCAGCAGCTTCCTGTAGGT

937 CCC TCACCTGTGAAGTGGAT

1063 CAGGAAACAGAATTCATGGTGTCAAAAGGAGAAGAAG EcoRl
1065 AGAGGTACCGAGCTCTTATTTATAAAGTTCATCCATGCC Sacl

*Restriction sites are underlined.

Transfection Reagent (Roche, Switzerland) following the
manufacturer’s protocol.

Confocal Microscopy

Fixed and stained cells on cover slips were mounted on glass
slides and visualized with a Zeiss LSM 700 confocal laser
scanning microscope. Image acquisition was performed with
Zeiss Zen software (Carl Zeiss, Oberkochen, Germany).

STED Microscopy

For high-resolution STED microscopy, fixed and stained cells on
cover slips (12 mm radial cover slips, 0.17+ 0.005 mm) were
visualized with use of an Abberior 3D STED 2-Channel Super
Resolution- and resolft microscope (Abberior Instruments
GmbH, Gottingen, Germany). Images were acquired with the
Imspector software (Abberior GmbH, Géttingen, Germany).

Live Cell Imaging

U2-0OS-vimentin-rsEGFP cells infected with C. burnetii-
tdTomato were cultivated in p-slides (Ibidi, Planegg, Germany)
and visualized with a Zeiss Spinning Disc Axio Observer Z1 (Carl
Zeiss, Oberkochen, Germany).

siRNA-Mediated Knock-Down of Vimentin
in HeLa Cells and Quantification of
Intracellular C. burnetii

Transfection of 1 x 10° HeLa cells in 12-well plates was performed
by transfection of a 50 nM On-Targetplus human siRNA pool
(Dharmafect) specific for human vimentin (vim) or a non-targeting
siRNA pool as a control with the DharmaFECT 1 transfection
reagent (Thermo Fisher) according to the manufacturer's
instructions. Following a 24-h incubation at 37°C and 5% CO,,
cells were infected with C. burnetii. At the indicated time-points
post-infection, C. burnetii was isolated from HeLa cells by osmotic
lysis in sterile ddH,O. In detail, C. burnetii infected HeLa cells were
washed and subsequently lysed with 2 ml sterile ddH,O for 30 min
at 37°C and 5% CO,. Lysed cells were re-suspended thoroughly, and
bacteria were isolated by differential centrifugation at 300g for 10

min at RT and afterward at 20.000¢ for 2 min at RT. For isolation of
C. burnetii genomic DNA (gDNA), pelleted C. burnetii were
processed using the Illustra Bacteria Genomic Prep Mini Spin Kit
(GE Healthcare) according to the manufacturer's instructions.
Isolated gDNA from axenically-grown C. burnetii was used as a
genomic equivalent (GE) standard ranging between 10° and 107
copies for absolute quantification. Calculation of GEs for the
standard was performed as described elsewhere (Schulze-
Luehrmann et al, 2016). Amplification of the ISI111 insertion
sequence was performed in 384-well optical plates in an ABI Prism
7900HT using primers 672 and 673 (Table 1).

Plasmid Construction

Restriction enzymes were purchased from NEB or Thermo
Scientific. The antarctic phosphatase and T4-ligase were
purchased from Thermo Fisher. Primer sequences and
constructed plasmids are listed in Table 2 and Table 3,
respectively. For creation of pCMV-HA-vimentin, the vimentin
coding sequence was amplified for cloning from isolated HeLa
genomic DNA with the primers 710 and 711 by PCR with Q5-
Phusion polymerase (NEB), purified, restricted with EcoRI and
Kpnlandligated into the likewise-restricted and de-phosphorylated
vector pPCMV-HA. To create pEGFP-C2-AnkF, the AnkF coding
sequence was amplified from C. burnetii NMII genomic DNA with
primers 53 and 79, restricted with Pstl and KpnIand ligated into the
likewise-restricted and de-phosphorylated vector pEGFP-C2. For
construction of pKM244mod.-tdT, a Coxiella-codon optimized
coding sequence of tandem-di-tomato (tdT..), synthesized and

TABLE 2 | Plasmids constructed in this study.

Plasmid Primers Reference
pPCMV-HA-vimentin No. 53 and No. 79 This study
pPEGFP-C2-AnkF No. 710 and No. 711 This study
pKM244mod.-td T No. 1063 and No. 1065 This study
pJC-CAT::ankF-5'3'-lysCA This study
pMini-Tn7T-ankF::AnkF This study
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TABLE 3 | Analysis and grouping of the ankF gene in 52 C. burnetii strains.

Genome Group Strain AnkF group Accession # Sequence Reference
1 RSA493 (NM-I) 1 AEO16828 (Seshadri et al., 2003)
RSA315 (Turkey) 1 NOLOO00000000 (Beare et al., 2017b)
RSA435 (Dyer) 1 NOLQO0000000 (Beare et al., 2017b)
RSA270 (Ohio314) 1 NOLT00000000 (Beare et al., 2017¢)
RSA329 (California33) 1 NOLV00000000 (Beare et al., 2017¢)
RSAB50 (California16) 1 NOLUO0000000 (Beare et al., 2017¢)
RSA514 (NM-Crazy) 1 NOVG00000000 (Beare et al., 2018)
Cb_C2 1 CCAJ010000000 (Sidi-Boumedine et al., 2014)
(0] Cb175_Guyana 1 HG825990 (D’Amato et al., 2015)
lla RSA331 (Henzerling) 1 CP000890, CP014559 (Beare et al., 2006; Kuley et al., 2017)
Heizberg 1 CP014561 (Kuley et al., 2017)
RSA461 (M44_Clonet) 1 NOVIO0000000 (Beare et al., 2018)
Cb185 1 CBTHO01000000 (Million et al., 2014)
b CbCVIC1 1 CP014549 (Kuley et al., 2017)
73055 1 LK937696 (D’Amato et al., 2014b)
NL-Limburg 1 JZWLO1 (Hammerl et al., 2015)
NL3262 1 CP013667 (Kuley et al., 2016)
NLhu3345937 1 CP014354 (Kuley et al., 2016)
602 (14160-002) 1 CP014836 (Kuley et al., 2017)
42785537 1 CP014548 (Kuley et al., 2017)
EV-Cb_C13 1 CCAMO010000000 (Sidi-Boumedine et al., 2014)
Q540 1 PPFP0O1000000 (Hemsley et al., 2019)
Cb_D2 (DSTL_2) 1 RQJT0O1000000 (Hemsley et al., 2019)
Cb_D8 (DSTL_8) 1 RQJS01000000 (Hemsley et al., 2019)
Cb_D10 (DSTL_10) 1 RQJR0O1000000 (Hemsley et al., 2019)
Cb109 1 AKYP01000000 (Rouli et al., 2012)
1] Idaho Goat_Q195 1 NOLR00000000 (Beare et al., 2017¢)
2574 1 CP014555 (Kuley et al., 2017)
601 (14160-001) 1 CP014551 (Kuley et al., 2017)
18430 1 CP014557 (Kuley et al., 2017)
701CbB1 1 CP014553 (Kuley et al., 2017)
Cb_B1 1 CCAHO010000000 (Sidi-Boumedine et al., 2014)
Cb_B18 1 CCAI010000000 (Sidi-Boumedine et al., 2014)
EV-Cb_BK18 1 CCALO10000000 (Sidi-Boumedine et al., 2014)
Q532 1 PPFQ01000000 (Hemsley et al., 2019)
Q545 1 PPFO01000000 (Hemsley et al., 2019)
Cb_D1 (DSTL_1R) 1 RQJUO1000000 (Hemsley et al., 2019)
Q556 1 PPFNO1000000 (Hemsley et al., 2019)
Q559 1 PPFMO01000000 (Hemsley et al., 2019)
v Schperling 4 CP014563 (Kuley et al., 2017)
Cbu_K154 4 CP001020 (Beare et al., 2009)
‘MSU Goat Q177 (Priscilla) 4 CP018150 (Walter et al., 2016) Unpublished
Leningrad-2 4 PDLP0O0000000 (Freylikhman et al., 2017) Unpublished
Namibia 5 CP007555 (Walter et al., 2014)
AuQO1 (Arandale) 4 JPW01000000 (Walter et al., 2014)
Cb196_SaudiArabia 4 CCX001000000 (D’Amato et al., 2014b)
Cb_0184 4 CCAKO010000000 (Sidi-Boumedine et al., 2014)
Vv Cbu G_Q212 2 CP001019 (Beare et al., 2009)
Scurry S_Q217 2 CP014565 (Kuley et al., 2017)
Ko_Q229 2 NOLP0O0000000 (Beare et al., 2017b)
Dog Utad 2 CCNR01000000; CCYB01000000 (D’Amato et al., 2014a)
Vi Dugway 5J108-111, 7D77-80, 7E65-68 3 CP000733; NOLNO1000000, NOLMO0O1000000  (Beare et al., 2009; Beare et al., 2017a)

cloned into pEX-K4 (pEX-K4-tdT,.), was ordered from Eurofins
(Luxemburg). The tdT .- coding sequence was amplified by PCR
from pEX-K4-tdT . with the primers 1063 and 1065 and cloned
into the EcoRI-digested vector pKM244mod with use of the
GeneArt® Seamless Cloning and Assembly Kit (Thermo Fisher)
according to the manufacturer's instructions to create
pKM244mod.-tdT .. The plasmid pGBT9-AnkF was cloned by
PCR from the AnkF coding sequence of C. burnetii NMII
genomic DNA with the primers 650 and 40 followed by fragment

purification, restriction with BamHI and ligation into the likewise-
restricted and de-phosphorylated vector pGBT9.

For construction of pJC-CAT::ankF-5'3'-lysCA, the 5’ and
3’ regions of ankF were amplified by PCR from NMII
genomic DNA using the specific primer sets (5'-CGGTACCC
GGGGAT CCCATATCGATAATGTGTTGATGG and 3'-
CACCCATATGCGACGCGAGCGTCGA GTTCTTTCTCTA
CCTAATTAAACTTTATG) and (5'-CGTCGCATATGGGTG
CGCATG TACGTCTCCGCTAAGTAGCCCGTATG and 3'-GAA
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CCTGTTTGTCGACGCTTGAGA TTCAGCGGGTGG),
respectively. The 5 and 3" PCR products were cloned into BamHI/
Sall-digested pJC-CAT by In-Fusion, resulting in formation of an
internal Ndel site between the 5" and 3’ fragments and creation of pJC-
CAT:ankF-5'3". The 1169"-lysCA cassette was amplified from pJC-
CAT:1169-lysCA (Beare et al., 2018) by PCR with specific primers
a450 and a451 and cloned by In-Fusion into Ndel-digested pJC-CAT::
ankF-5'3" to create pJC-CAT:ankF-5'3'-lysCA.

For construction of pMini-Tn7T-ankF::AnkF the ankF gene
and its native promotor were amplified by PCR from NMII
genomic DNA using the specific primers (5-GATGAATT
CGACGAGCAAAGGAGCCCT and 3'-GTAGAATT
CTTCGCCATCTTC TTAGCGCAC) followed by fragment
purification, restriction with EcoRI and ligation into the
likewise-digested and de-phosphorylated vector pMini-Tn7T-
ArgGH (Sandoz et al., 2016; Beare et al., 2018).

Statistical Analysis
Statistical analysis was conducted with Prism 8 (GraphPad
software). Bar graphs depict mean data + standard deviation

from three independent experiments. An unpaired Student's t-
test was performed to determine significance of each data point.
A p-value of < 0.05 was considered significant.

RESULTS

AnkF Is a Highly Conserved Effector
Protein

The T4SS effector protein AnkF was one of the first C. burnetii
T4SS effector proteins identified (Pan et al., 2008). However, its
function has not been studied in detail so far. In a previous
publication, the ankF sequences from four different C. burnetii
isolates were analyzed. As the ankF gene appeared to be highly
conserved (Voth et al., 2009), it was suggested that AnkF might
be an important virulence factor. In the meantime, additional C.
burnetii isolates have been sequenced. Thus, we compared the
ankF sequences from 52 C. burnetii strains (Table 3). Our
analysis demonstrates that these strains encode five different
alleles of the ankF gene (Figure 1). Isolates assigned to the

AnkF group
aa1 14

3 Ankyrin repeat domains

member of genome group |, lla, lIb and Il

aa1 14 24

2

I 3 Ankyrin repeat domains

aa1 14 24

3 hl | 3 Ankyrin repeat domains

Namibia (genome group IV);

silent SNP at Lys121

FIGURE 1 | Schematic diagram of five alleles of the ankF gene. The sequences of

member of genome group V; silent SNP at Gly24 (GGT — GGC; transition)

member of genome group VI; silent SNP at Gly24 (GGT — GGC; transition),
amino acid substitution Thr116 to Ala (ACC — GCC; transition)

aa1 14 24 66 74 102 116 121 184
4 _I I 3 Ankyrin repeat Iiorrlains
member of genome group IV; silent SNP at Gly24 (GGT — GGC; transition),
silent SNP at Gly74 (GGG — GGA,; transition),
silent SNP at Lys121 (AAG — AAA; transition),
amino acid substitution Pro66 to His (CCT — CAT, transversion),
amino acid substitution Thr116 to Ala (ACC — GCC; transition)
*
aa1 14 24 66 74 95 102 116 121 184
5 I 3 Ankyrin repeat I!onlains Z

silent SNP at Gly24 (GGT — GGC,; transition),
silent SNP at Gly74 (GGG — GGA,; transition),

amino acid substitution Pro66 to His (CCT — CAT; transversion),
amino acid substitution Thr116 to Ala (ACC — GCC,; transition),
1bp deletion (T) at the wobble position of Gly95, altered sequence:
RSTOPam; truncated protein of 96 residues

Depicted are the three ankyrin repeat domains (in yellow), silent nucleotide polymorphisms (in green), nucleotide exchanges (in red) and a frameshift mutation leading to a
premature stop (in purple; marked with *). Beneath the diagram of the alleles, the corresponding C. burnetii genome group and the nucleotide substitutions are given.

102 184

——

102 184

———
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!

(AAG — AAA, transition),

the respective ankF gene from 52 C. burnetii strains (Table 3) were analyzed.
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genome groups I, IIa, IIb, and III (Hemsley et al., 2019; Long
et al., 2019) express the wild-type sequence of the Nine Mile
reference strain. All genome group V members contain a silent
single-nucleotide polymorphism (SNP) at Gly24, thus, also
encode a wild-type protein. The Dugway strain, representing
genome group VI, encodes a full-length protein with the Gly24
SNP and an additional amino acid substitution from threonine to
alanine at residue 116. The ankF genes from strains classified as
belonging to genome group IV contain the latter two mutations.
In addition, they also contain silent SNPs in the codons for Gly74
and Lys121 as well as a mutation leading to a proline to histidine
exchange at position 66. There is only one exception to this
sequence/genome group correlation in genome group IV. Here,
the Namibia strain has an additional frameshift mutation at
residue Gly95, resulting in a protein of 96 residues. Overall, our
analysis suggests that ankF is highly conserved between the
different isolates, which supports the assumption that AnkF
might be an essential virulence factor.

AnkF Transposon Mutants Are Infectious
but Fail to Establish a Replicative CCV

In order to determine whether AnkF is involved in C. burnetii
pathogenesis, we analyzed AnkF mutants in their ability to
infect cells and to replicate intracellularly. To this end we used
an ankF transposon mutant of C. burnetii (ankF::Tn), which
harbors a transposable element integrated between bps 507
and 508 of the ankF coding sequence (Figure 2A). First, we
confirmed clonality by performing a PCR of wild-type and
ankF:'Tn C. burnetii (Figure 2B). Next, we analyzed the
capability of the transposon mutant to grow in axenic
culture. As shown in Figure 2C, axenic growth of the
mutant is comparable to that of the wild-type strain over
seven days. In order to elucidate the role of AnkF during
infection, the transposon mutant was characterized regarding
internalization and intracellular replication. Thus, HeLa cells
were infected with the ankF mutant and wild-type C. burnetii
and immunofluorescence was performed at 4 and 48 h post-
infection. At 4 h post-infection, roughly 40% to 50% of the
cells contained intracellular bacteria for each condition,
implying that the ankF:Tn and wild-type strains are equally
infectious (Figure 3A). However, ankF::Tn failed to replicate
intracellularly in HeLa cells (Figure 3B), primary human
monocyte-derived macrophages (Figure 3C), and in U20S
cells (Figure 3D), demonstrating that this replication defect is
not cell-type specific. Next, to further investigate the
replication defect of ankF::Tn mutants, we performed multi-
parametric phenotypic profiling. For this purpose, we resorted
to U20S cells, as their morphology simplifies phenotypic
characterization. In addition to their replication defect
within infected cells, the AnkF::Tn mutants were impacted
in their ability to develop CCVs (Figure 3E). Accordingly,
CCVs formed by the ankF::Tn mutants harbored less bacteria
as compared to wild-type. Other parameters were largely
unaffected, with the exception of the area occupied by
lysosomes in infected cells, which is consistent with a defect
in CCV biogenesis. Thus, the ankF::Tn mutant has a defect in

A
555b
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—_— gDNA
Transposon Insertion
(bp 507) ankF:Tn
l Py Pieo gDNA

ITR ITR
s
, 2757bp i
| |
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i = 2757 bp
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FIGURE 2 | The ankF::Tn mutant has no replication defect in axenic culture.
(A) Scheme of the genomic region of wild-type C. burnetii and C. burnetii-
ankF::Tn at the ankF locus. The transposable element is inserted between bp
507 and 508 of the ankF coding sequence and contains a GFP reporter
under the control of the C. burnetii promotor Ps;; and a chloramphenicol
resistance cassette under the control of the C. burnetii promotor P;;e9.

(B) Agarose gel of PCR products from wild-type C. burnetii and ankF::Tn
generated with primers specific for the ankF coding sequence (shown as
halved arrows in A). (C) Wild-type C. burnetii and ankF::Tn were inoculated at
an ODggo of 0.01 in ACCM-2 medium and incubated at 37°C, 2.5% O, and
5% CO,. ODggp Was determined by spectrophotometric analysis at the
indicated time-points post-inoculation. Error bars represent the mean
standard deviation of three independent experiments.

intracellular replication, which might be caused by disturbed
CCV development.
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FIGURE 3 | The C. burnetii TASS effector AnkF is essential for intracellular replication. (A, B) HelLa cells were infected with wild-type C. burnetii (WT) and ankF::Tn
(@ankF::Tn) at an MOI of 50. (A) 4 h post-infection the number of intracellular bacteria was determined from 100 infected cells. Error bars represent mean standard
deviations of three independent experiments. (B) 48 h post-infection, the cells were fixed and stained with antisera against C. burnetii (green). Nuclei and bacterial
DNA were stained with DAPI (blue). Representative LSM images are shown. (C) Human monocyte-derived macrophages were infected with wild-type C. burnetii
(WT) and ankF::Tn (ankF::Tn) at an MOI of 10 for 4, 96, and 120 h. The bacterial numbers were determined by colony-forming unit (CFU) counts. Error bars
represent the mean standard deviation of three independent experiments. (D, E) U20S cells were challenged either with wild-type C. burnetii or the ankF::Tn mutant
strain, both expressing GFP, at an MOI of 100. Six days post-infection, cells were fixed and labeled with an anti-LAMP1 antibody (red) and Hoechst (blue) to visualize
CCVs and host cell nuclei, respectively. (D) Images were acquired with an Arrayscan VTl Live epifluorescence automated microscope equipped with a 20x objective
and an ORCA ER CCD camera. Representative images are shown. (E) An average of 50,000 cells were then automatically imaged and analyzed from triplicate
experiments for each condition and the phenotypic profile of the ankF::Tn mutant was compared to that of wild-type C. burnetii and expressed as z-scores over 11

independent features.

AnkF Is Dispensable for CCV Maturation,
but Might Act on CCV Characteristics

C. burnetii requires the maturation of the CCV into a lysosomal-
like compartment with an acidic pH (van Schaik et al., 2013;
Lihrmann et al., 2017; Newton et al., 2020). Thus,
immunofluorescence was performed with infected HeLa cells
to monitor the presence of the lysosomal marker LAMP2 on the
CCV. Additionally, the degradative activity of the CCV lumen

was visualized by fluorescent fluorophore-coupled BSA (DQ-Red
BSA) using LSM. DQ-Red is a self-quenched substrate that emits
fluorescence after cleavage by proteases. The presence of LAMP2
around the CCV and fluorescent DQ-Red BSA inside the CCV
was prominent at 24 h post-infection in HeLa cells infected with
wild-type C. burnetii (Figures 4A-D). Importantly, the small
CCVs formed by ankF:Tn were also decorated with LAMP2 and
possessed a degradative lumen (Figures 4A-D). These data
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FIGURE 4 | The C. burnetii TASS effector AnkF is dispensable for CCV maturation. (A, B) HelLa cells were infected with wild-type C. burnetii (\WT) and the ankF::Tn
(ankF::Tn) mutant at an MOI of 50. At 24 h post-infection the cells were fixed and stained with an anti-LAMP2 antibody (red) and with antisera against C. burnetii
(green). Nuclei and bacterial DNA were stained with DAPI (blue). Cells were visualized using LSM. (A) Representative LSM images are shown. (B) 100 infected cells
were analyzed for the association of LAMP2 with the CCV. Error bars represent mean standard deviations of three independent experiments. (C, D) Hela cells were
infected with wild-type C. burnetii \WT) and ankF::Tn (ankF::Tn) at an MOI of 50. Cells were incubated with DQ-Red BSA for 16 h. At 24 h post-infection, the cells
were fixed and stained with antisera against C. burnetii (green). Nuclei and bacterial DNA was stained with DAPI (blue). Cleaved DQ-Red BSA emits fluorescence
(red). Cells were visualized using LSM. (C) Representative LSM images are shown. (D) 100 CCVs were analyzed for red fluorescence using an epifluorescence
microscope. Error bars represent mean standard deviation of three independent experiments.
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suggest that the inability of ankF:Tn to replicate intracellularly
was not mediated by altered maturation of the CCV.

The Replication Defect of AnkF Mutants
Can Be Partially Complemented

Confirmation of loss-of-function studies by transposon
mutagenesis requires phenotypic complementation. For this

DAPI tdT

WT-tdT

ankF:Tn

ankF:Tn
and WT-tdT

10 um

purpose, we infected HeLa cells with an equal MOI of both
tdTomato-expressing wild-type C. burnetii and ankF:Tn
mutants expressing GFP and analyzed CCV formation and
bacterial replication by immunofluorescence. In cells infected
with only a single bacterium we observed at 72 h post-
infection either a spacious CCV in case of wild-type bacteria
or small CCVs in case of the transposon mutant (Figure 5).

eGFP

merge

FIGURE 5 | The AnkF transposon mutant replicates inside a CCV harboring wild-type bacteria. Hela cells were infected with C. burnetii expressing IPTG-inducible
tdTomato (WT-tdT) in the presence of 2 mM IPTG and/or ankF::Tn (ankF::Tn) endogenously expressing GFP at an MOI of 50 each as indicated. At 72 h post-
infection, the cells were fixed and nuclei and bacterial DNA was stained with DAPI (blue). Representative LSM images of two independent experiments are shown. A
red box represents a close-up without DAPI staining of the merged image. White arrows indicate single ankfF::Tn cells.
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However, if wild-type and ankF::Tn bacteria share the same
vacuole, we observed high numbers of wild-type and ankF::Tn
bacteria (Figure 5). Importantly, we never detected such high
numbers of ankF::Tn bacteria if the wild-type C. burnetii were
in a different CCV, but still in the same cell. Thus, we reasoned
that AnkF might be altering the CCV in a way, which allows
bacterial replication.

Next, we generated a clean AnkF deletion mutant (AankF)
and the respective complemented strain to prove the importance
of AnkF for intracellular replication. Thus, we infected HeLa cells
with wild-type, AankF and AankF::AnkF and analyzed the size of
the CCVs and the infection rates at 14 and 60 h post-infection by
immunofluorescence microscopy. As shown in Figure 6A at 60 h
post-infection, wild-type C. burnetii establishes large CCVs,
while the size of the CCVs harboring C. burnetii lacking AnkF

were significantly smaller and the CCVs containing the
complemented strain showed an intermediate vacuole size. In
addition, while the infection rate at 14 h post-infection was 80%
to 90% and did not differ between the three different strains (data
not shown), at 60 h post-infection the infection rate of cells
infected with the AnkF deletion mutant were reduced by ~40% in
comparison to cells infected with wild-type C. burnetii. The
complemented strains showed an intermediate phenotype
(Figure 6B). These data supports the assumption that the
T4SS effector protein AnkF is involved in intracellular
replication of C. burnetii.

Taken together, our results demonstrate that AnkF is also
important for C. burnetii replication in macrophages and, thus,
in the primary host cell of C. burnetii. In addition, our results
suggest, that AnkF might influence CCV properties.
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FIGURE 6 | The replication defect of AankF C. burnetii can be complemented. Hela cells were infected with C. burnetii wild-type (WT), AankF or AankF::AnkF at an
MOI of 100. At 60 h post-infection, the cells were fixed and stained with an anti-LAMP2 antibody (green) and with antisera against C. burnetii (red). Nuclei and
bacterial DNA were stained with DAPI (blue). (A) Representative LSM images of three independent experiments are shown. (B) The percentage of infected cells were
determined by analyzing 100 cells per experiment in three independent experiments. Error bars indicate + SD. *p < 0.01, **p < 0.001.
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AnkF Binds Vimentin and Alters Its
Localization

To learn how AnkF might alter the CCV to allow bacterial
replication, we performed a yeast two-hybrid assay to identify
potential host cell interaction partners. Using a HeLa genomic
library, the intermediate filament vimentin was found to bind
AnkF. Performing a LacZ filter-lift assay, X-Gal dye precipitation
by interaction of AnkF and vimentin exceeded the signal obtained
with the positive control (p53 and t-antigen (Figure 7A). Next, we
determined how the AnkF-vimentin interaction might influence
vimentin function. Modification of vimentin by bacterial products
has been reported before. Thus, Mycobacterium tuberculosis
down-regulates vimentin expression (Garg et al., 2006; Mahesh
et al., 2016). In order to test whether vimentin was modified at the
level of gene expression or steady-state protein in the presence of
ectopic AnkF, quantification of vimentin expression at both
mRNA and protein levels was performed. Stable HeLa-ankF cell
lines harboring a doxycycline-inducible AnkF expression system
(Berens et al., 2015) were used to quantify vimentin mRNA
expression by RT-PCR and protein synthesis by immunoblot
analysis. While we detected increasing protein levels of AnkF
starting from 4 h post-induction, we did not observe an influence
of AnkF on the vimentin protein level or stability (Figure 7B). No
change in mRNA expression occurred in the presence of expressed
AnkF (Figure 7C). Thus, AnkF does not influence vimentin
transcriptionally or translationally.

Next, we performed co-localization studies. Over-expression
of GFP-tagged AnkF and HA-tagged vimentin in CHO cells
showed a clear co-localization (Figure 7D). Moreover the co-
expression alters the filamentous appearance of HA-vimentin
into a punctate-like localization (Figure 7D), suggesting that
AnkF might alter vimentin assembly and localization within
the cell.

Vimentin Is Recruited to the CCV

Physiologically, vimentin is involved in intracellular trafficking
events (Styers et al, 2005). Depending on the intracellular
conditions and the stresses involved, vimentin can either be
flexible, but also of stabilizing nature (Janmey et al., 1991). Thus,
vimentin provides a stabilizing scaffold for C. trachomatis
inclusions during infection (Kumar and Valdivia, 2008).
Additionally, siRNA-mediated knock-down of vimentin was
shown to reduce the number of CCVs in host cells
(McDonough et al., 2013). This led us to investigate whether
vimentin is recruited to the CCV during infection. Thus, HeLa
cells were infected with C. burnetii and localization of
endogenous vimentin and LAMP2 was visualized by
immunofluorescence. At 24 h post-infection, vimentin
recruitment to the CCV was visible, as judged by co-
localization with LAMP2 (Figure 8A). In order to underline
the close association of vimentin filaments around the CCV,
STED-LSM was performed, demonstrating the close localization
of vimentin around the CCV (Figure 8B). We quantified the
acquisition of vimentin at the CCV and demonstrate that
vimentin was recruited to the CCV in a time-dependent
manner (Figure 8C). The recruitment of vimentin to the CCV

correlated with CCV growth, suggesting that association of
vimentin with the CCV depends on bacterial replication.
However, vimentin filaments are highly dynamic. Thus,
analyzing vimentin in fixed cells might be prone to artifacts.
Therefore, we infected U20S-rseGFP-vimentin cells (Ratz et al.,
2015) with tdTomato-C burnetii and tracked vimentin
recruitment to the CCV by live-cell-imaging. Figure 8D
depicts polymerization of vimentin fibers around the surface of
the CCV within a timeframe of 1 h, confirming recruitment of
vimentin to the CCV in living cells.

AnkF Partially Accumulates Around

the CCV

In the next step, we investigated whether AnkF, like vimentin, is
localized at the CCV. In uninfected cells, GFP- and HA-tagged
AnkF exhibit cytoplasmic and nuclear localization when
ectopically expressed in HeLa cells (Rodriguez-Escudero et al.,
2016). Here, we determined the subcellular localization of AnkF
in C. burnetii infected cells. In agreement with previous reports
(Rodriguez-Escudero et al., 2016), ectopically expressed AnkF
localized in the cytosol and within the nucleus. However, we also
detected ectopically expressed AnkF in proximity to the CCV
(Figure 8E), which led us to hypothesize that AnkF might be
involved in the recruitment of vimentin to the CCV.

Vimentin Is Dispensable for C. burnetii
Replication

While we have demonstrated that AnkF is important for efficient
intracellular replication, the role of vimentin for bacterial
progeny was uncertain. Vimentin is involved in host cell
invasion of pathogenic bacteria and supports bacterial
replication by providing stability for the bacteria-containing
vacuole (Janmey, 1991; Mak and Bruggemann, 2016). To
determine the role of vimentin in the host-pathogen-
interaction, a siRNA-mediated knock-down of vimentin was
conducted in C. burnetii-infected HeLa cells. An efficient
knock-down of vimentin was detected by immunoblot analysis
(Figure 9A). Our immunofluorescence analysis, in contrast,
revealed the presence of smaller vimentin fragments (Figure
9B). These fragments might represent soluble tetrameric
vimentin (Soellner et al, 1985), which lack the stabilizing
activity of filamentous vimentin. Thus, siRNA-mediated
knock-down of vimentin allows to determine the role of
stabilizing vimentin for C. burnetii replication. The knock-
down of vimentin reduced the number of C. burnetii at 4 h
post-infection (Figure 9C). At 24 and 48 h post-infection, the
absence of vimentin did not seem to influence bacterial
replication. These results suggest that the stabilizing function
of vimentin is dispensable for intracellular replication of
C. burnetii.

Other CCV-Associated Structural
Components Are Not Influenced by AnkF
Expression

However, it might be possible that other intermediate filaments,
microfilaments or microtubules compensate for the lack of
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FIGURE 7 | AnkF binds the type Il intermediate filament vimentin. (A) A yeast-two-hybrid assay was performed with the Matchmaker Gold Yeast Two-Hybrid
System (Clontech) and a HelL.a cDNA library. Recombinant, leucine-tryptophan auxotrophic yeast Y190 were grown on SCAD agar plates in the absence (1, 2, 5 and
6) and presence of leucine and tryptophan and X-Gal (3, 4, 7 and 8). (1 and 3) Recombinant yeast carrying the empty vector pGADH with the GAL4 activation
domain and the vector pGBT encoding ankF fused to the GAL4 binding domain. (2 and 4) Recombinant Y190 carrying the empty vector pGBT and the vector
pGADH-vimentin. (5 and 7) Recombinant Y190 carrying the vector p53pBD and vector pSV40-pAD-gal4 containing the large T-antigen of the SV40 virus fused to
the Gal4 activation domain as positive control interaction partners. (6 and 8) Recombinant Y190 carrying the vector pGBT9-ankF and the vector pGADH-vimentin.
The image is representative of three independent experiments. (B, C) Stably-transfected Hel.a-AnkF cells (HelLa-pWHE644/655-AnkF), harboring a doxycycline-
inducible AnkF-expression system, were incubated without or with 1 pg/ml doxycycline for the indicated durations. (B) Cell lysates were separated by SDS-PAGE,
transferred to a PVDF membrane, and probed with antibodies against AnkF, vimentin and actin as loading control. A representative image of three independent
experiments is shown. (C) Total isolated RNA was reverse-transcribed using SuperScript Il reverse transcriptase according to the manufacturer’s protocol and a
qRT-PCR was performed with primers specific for vimentin (936 and 937) and actin (827 and 828) as a housekeeping gene. Vimentin was normalized to actin and is
depicted as fold change compared to non-induced cells. (D) CHO-FcR cells were transiently transfected with plasmids pCMV-HA-vimentin (red) together with pGFP
(green) alone (upper panel) or together with pEGFP-ANkF (lower panel). 24 h post-transfection, cells were fixed and HA-vimentin was stained with specific antibodies
by indirect immunofluorescence (red). Nuclei were stained with DAPI (blue). Transient expression of HA- and GFP-containing proteins was visualized by
epifluorescence microscopy. Images are representative of three independent experiments.
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FIGURE 8 | Vimentin and AnkF associate with the CCV. (A) HelLa cells were infected with C. burnetii at an MOI of 50 for 24 h. Cells were fixed and stained with
vimentin- and LAMP2-specific antibodies by indirect immunofluorescence (red and green, respectively). Nuclei and bacterial DNA were stained with DAPI (blue). Cells
were visualized using LSM. (B) Infected cells were fixed and stained with a vimentin-specific antibody by indirect immunofluorescence (green). Nuclei and bacterial
DNA were stained with DAPI (blue). Cells were visualized using LSM or Stimulated Emission Depletion (STED) high-resolution laser scanning fluorescence microscopy
to highlight the close association of vimentin with the CCV. (C) HelLa cells were infected with C. burnetii at an MOI of 50 for up to 72 h. At the time points indicated,
cells were fixed and vimentin and C. burnetii were stained with specific antibodies by indirect immunofluorescence. Using LSM, 100 cells were counted per each of
three independent experiments for association of vimentin with the CCV. Error bars indicated + SD. **p < 0.01, **p < 0.001. (D) Stable U2-OS-rseGFP-vimentin
cells were infected with recombinant, inducible td-Tomato-expressing C. burnetii in the presence of 2 mM IPTG at an MOI of 100. At 72 h post infection, live-cell
imaging was performed using Spinning Disc Confocal Microscopy. Z-stack images were acquired in a 15-um range in 0.2-um intervals every 10 min during a time
period of 1 h. 3D re-construction was performed using ZEN software (Carl Zeiss AG) to visualize rseGFP-vimentin (green) and C. burnetii-tdTcc (red). Black arrows
indicate the growing tip of vimentin filaments on the CCV. Scale bar: 5 um. (E) HelLa cells were infected with C. burnetii at an MOI of 50. After 6 days, cells were
transfected with pcDNA-ANKF. 24 h post-transfection, the cells were fixed and stained with an anti-AnkF-serum (green). Nuclei and bacterial DNA were stained with

DAPI (blue). A representative LSM image from three independent experiments is shown.

vimentin. Indeed, cytokeratin 8 and 18 as well as actin act in concert
with vimentin to ensure stability of the C. trachomatis inclusion
(Kumar and Valdivia, 2008). Furthermore, actin was shown to
associate with the CCV, and network disruption might result in
smaller CCVs (Aguilera et al, 2009; Miller et al., 2018). It was
proposed that actin stabilizes the CCV (Colonne et al., 2016) and
participates in vesicular trafficking events (Aguilera et al., 2009;
Miller et al,, 2018). In order to elucidate the association of
microfilaments, microtubules, and cytokeratins with bacterial

compartment, immunofluorescence of C. burnetii-infected HeLa
cells was performed. At 72 h post-infection, actin forms a punctate-
like pattern around the bacterial compartment, whereas tubulin and
cytokeratin 18 associate around the bacterial compartment in a
filamentous pattern (Figure 10). Thus, these cytoskeletal
components might be involved in stabilizing the CCV and might
compensate for vimentin deficiency.

In order to elucidate whether AnkF expression might also
influence the subcellular localization of these cytoskeletal
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components, we ectopically expressed GFP-AnkF or GFP as control
in HeLa cells and analyzed the structure of actin, tubulin, and
cytokeratin by immunofluorescence. As demonstrated in Figure 11,
the expression of GFP-AnkF did not disturb the localization of these
cytoskeletal components, suggesting that AnkF might specifically
modify vimentin localization.

DISCUSSION

The C. burnetii protein AnkF was shown to be injected into
the host cell in a T4SS-dependent manner (Pan et al., 2008).
The chaperone IcmS, which is required for the translocation
of a subset of C. burnetii T4SS effector proteins (Larson
et al., 2019), however, is dispensable for AnkF translocation
(Voth et al., 2009). Where AnkF localizes within the host
cell is still unclear. Ectopically expressed AnkF was found in
the host cell cytoplasm, the nucleus (Rodriguez-Escudero
etal., 2016) and in the vicinity of the CCV (Figure 8E). This
multiple and diverse localization may explain why our
attempts to localize translocated AnkF have failed so far.
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FIGURE 9 | Vimentin is dispensable for C. burnetii replication. (A-C) HeLa cells were transfected with 50 nM non-targeting (nt) or vimentin-targeting (vim) siRNA.
After 24 h post-transfection, cells were infected with C. burnetii (WT) at a MOI of 50. (A) At the time points post-infection indicated, total cell lysates were separated
by SDS-PAGE and analyzed by immunoblot analysis using antibodies against vimentin and actin as loading control. The immune blot is representative of four
independent experiments. (B) 48 h post-infection, cells were fixed and stained with an anti-vimentin antibody (green). Nuclei and bacterial DNA were stained with
DAPI (blue). Images are representative of two independent experiments. N: nucleus, C: C. burnetii-containing vacuole. (C) At the time-points indicated, cell lysates
were prepared by osmotic lysis. Bacteria, isolated by differential centrifugation, were used for preparation of genomic DNA (GDNA). Absolute quantification of
bacterial genomic equivalents was performed by quantitative real-time PCR with primers specific for genomic IS7777 sequences. gDNA, prepared from axenically-
grown C. burnetii cultures served as standard for genomic equivalents. Error bars represent mean standard deviations of four independent experiments. “*p < 0.01.

Another reason might be the short intracellular half-life of
AnkF (Pan et al., 2008).

By comparing five different isolates, AnkF was identified as a
highly conserved eftector protein (Voth et al., 2009; Larson et al.,
2016). Our analysis of 52 isolates confirmed this assumption
(Figure 1). This is an interesting observation, as the majority of
genes encoding for effector proteins were characterized by
considerable heterogeneity between different C. burnetii
isolates (Bisle et al., 2016; Larson et al.,, 2016). Conserved
effector proteins might therefore be important virulence
determinants. Indeed, the insertion of a transposon in the
ankF gene at position 507 results in a markedly reduced ability
to replicate intracellularly (Figures 3B-E, 4A, C). In a previous
publication, a different transposon mutant carrying a transposon
insertion at base pair 291 in ankF showed no effect on bacterial
intracellular replication (Martinez et al., 2014). However, our
experiments indicate that this transposon mutant is not clonal
and contains wild-type AnkF (data not shown), which might
explain the lack of phenotype. Importantly, while we observed an
inability of the ankF transposon mutant to replicate
intracellularly, we only noted a moderate reduction in
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intracellular replication of the ankF deletion mutant (Figures
6A, B). The underlying reason for this difference might be
transposon-mediated off-target effects in the genomic
neighborhood of ankF. Indeed, a transposon insertion within
cbu0446, a gene flanking ankF (cbu0447), was shown to cause a
strong replication defect (Martinez et al., 2014). Further
experiments are required to elucidate whether AnkF and
CBU0446 are influencing each other.

While the activity of AnkF is still unclear, we showed that it
binds vimentin (Figure 7A) and modulates vimentin
filamentous assembly (Figure 7D). We propose that AnkF
recruits vimentin to the CCV, as AnkF partially localizes to the
CCV (Figure 8E) and the timing of recruitment of vimentin to
the CCV (Figure 8C) correlates with effector protein
translocation, which starts not earlier than 8 h and peaks
around 24 h post-infection (Newton et al., 2013). While the
domain important for binding to vimentin was not identified in
this study, it is tempting to speculate that the ankyrin repeat

cytoskeleton

merge

FIGURE 10 | Cytoskeletal filaments decorate the CCV. Hel a cells were infected with C. burnetii at an MOI of 50. At 72 h post-infection, cells were fixed and stained
with Phallotoxin-647 for actin, or with tubulin- and cytokeratin 18-specific antibodies by indirect immunofluorescence (green). Nuclei and bacterial DNA were stained
with DAPI (blue). Cells were visualized using LSM. N: Nucleus. CCV: C. burnetii-containing vacuole.

domains in AnkF (Voth et al., 2009) might be involved. Ankyrin
repeats are important protein-protein interaction domains
(Mosavi et al., 2004), and the protein Ankyrin 1 was shown to
bind to vimentin and mediate the association of vimentin with
erythrocyte membranes (Georgatos and Marchesi, 1985).
Vimentin belongs to the class of intermediate filaments (IF),
which are major elements of the cytoskeleton (Herrmann et al.,
2009). Assembly and disassembly of vimentin filaments is
mediated by post-translational modifications (Eriksson et al.,
2004). In comparison to actin and tubulin, vimentin fibers are
less rigid but more resistant to tensile forces (Janmey, 1991).
Vimentin plays an important role in stabilizing cellular
organelles and in organelle-positioning within the cytoplasm
(Minin and Moldaver, 2008). In addition to its role as a cytosolic
protein, vimentin has been reported to be cell surface-located
and extracellularly localized (Mor-Vaknin et al., 2003). Vimentin
is also involved in bacterial infections. Thus, vimentin and
keratin 18 bind to the Shigella flexneri type III secretion system
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FIGURE 11 | Cytoskeletal filaments are not modified by AnkF expression. Hel a cells were transiently transfected with pGFP alone or with pEGFP-ANkF (green). 24 h
post-transfection, cells were fixed and stained with Phalloidin-Alexa647 for actin, or with tubulin- and cytokeratin 18-specific antibodies by indirect immunofluorescence
(red). Nuclei and bacterial DNA were stained with DAPI (blue). Cells were visualized using LSM. Representative images from two independent experiments are shown.

(T3SS) translocon pore protein IpaC. This interaction facilitates
the docking of the bacteria to the host cell and enables effector
protein translocation, which is crucial for virulence (Russo et al.,
2016). Vimentin not only influences the translocation of effector

proteins, it also influences bacterial invasion, the stability of the
replicative niche and innate immune responses (Mak and
Bruggemann, 2016). Thus, surface-located vimentin mediates
invasion of Group B streptococci, Listeria monocytogenes,
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Escherichia coli K1 and Propionibacterium acnes (Mak et al.,
2012; Huang et al,, 2016; Bastounis et al., 2018; Ghosh et al,,
2018; Deng et al., 2019). Vimentin is also important for cell entry
of several viruses, including SARS-CoV (Mak and Bruggemann,
2016; Yu et al., 2016). Our data suggest that vimentin might also
be involved in the entry of C. burnetii in non-phagocytic cells
(Figure 9C). Whether vimentin plays a role in C. burnetii
invasion in phagocytic cells requires testing. Complement
receptor 3 and o, f3; integrin are involved in the phagocytosis of
C. burnetii by phagocytic cells (Capo et al, 1999). Vimentin
interacts with P integrin, which is proposed to increase [3;
integrin clustering at the plasma membrane and to support 3;
integrin-ligand binding (Kim et al., 2016). This makes it likely that
vimentin participates in C. burnetii uptake into phagocytic cells.

Moreover, expression of vimentin influences immune
signaling, including activation of NF-xB (Mor-Vaknin et al.,
2013) and the MAP kinase ERK1/2. Thus, vimentin promotes
ERK1/2 signaling during S. enterica infection (Murli et al., 2001).
Similarly, vimentin-induced ERK1/2 activation facilitates an A.
phagocytophilum infection (Sukumaran et al., 2011). Likewise, a
C. burnetii infection leads to the activation of the MAP kinase
ERK1/2 (Boucherit et al., 2012; Graham et al., 2013), which is
required for the anti-apoptotic activity of C. burnetii (Voth and
Heinzen, 2009). Whether ERK1/2 activation during C. burnetii
infection is mediated by vimentin is unknown. It is possible that
vimentin is not only required as scaffolding for the CCV, but also
as an inducer of immune signaling.

In addition, vimentin stabilizes or positions bacteria-
containing vacuoles (Guignot and Servin, 2008; Kumar and
Valdivia, 2008; Mak and Bruggemann, 2016; Truchan et al.,
2016). Thus, vimentin contributes to the stability of the C.
trachomatis inclusion. However, while the absence of vimentin
influences the stability and morphology of the inclusion, it does
not seem to affect bacterial replication (Kumar and Valdivia,
2008). The Anaplasma phagocytophilum-containing vacuole is
also encased by vimentin (Truchan et al., 2016). In contrast to
infection with C. trachomatis (Kumar and Valdivia, 2008) and
C. burnetii (Figures 7B, C), the infection with A.
phagocytophilum resulted in increased vimentin expression
(Truchan et al., 2016). Pharmacologic inhibition of soluble
vimentin did not reduce bacterial replication when
administered to A. phagocytophilum-infected cells (Truchan
et al,, 2016). Similarly, siRNA-mediated knock-down of
vimentin did not influence Salmonella Typhimurium
replication (Guignot and Servin, 2008). Thus, our observation
that the lack of vimentin does not influence bacterial replication
(Figure 9C) is in line with previous publications (Guignot
and Servin, 2008; Kumar and Valdivia, 2008; Truchan et al.,
2016). The reason why vimentin seems to be dispensable for
bacterial replication is elusive. One explanation might be
functional redundancy. Thus, other intermediate filaments or
microfilaments might be able to compensate for the lack of
vimentin. Of note, the recruitment of vimentin to the C.
trachomatis inclusion is dependent on actin microfilaments,
which also decorate the inclusion. In addition, the intermediate
filaments cytokeratin 8 and 18 were also recruited to the

inclusion providing stability (Kumar and Valdivia, 2008).
Our data demonstrate that microtubules and the intermediate
filament cytokeratin 18 associate around the bacteria
(Figure 10), making it possible that microtubules and other
intermediate filaments compensate for the vimentin knock-
down. The functional redundancy might explain the lack of a
replication-defect in the absence of vimentin (Figure 9C)
(Guignot and Servin, 2008; Kumar and Valdivia, 2008;
Truchan et al.,, 2016). Furthermore, actin patches surrounded
the CCV (Figure 9), as reported previously (Miller et al., 2018).
Miller and colleagues showed that the lack of actin patches did
not affect C. burnetii replication. However, actin filaments
produced in an Arp2/3-dependent manner were required for
vesicular trafficking events, and, thus, for CCV generation
(Miller et al., 2018). Based on these data, we suggest that
microfilaments and different intermediate filaments, including
vimentin and cytokeratin 18, are recruited to the CCV to
provide stability; at the same time they provide a platform for
fusion and fission events, which allows the replicative CCV
to form.
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Campylobacter jejuni express the high temperature requirement protein A (HtrA), a
secreted serine protease, which is implicated in virulence properties of the pathogen.
Previous studies have shown that C. jejuni HtrA can cleave the epithelial transmembrane
proteins occludin and E-cadherin in the tight and adherens junctions, respectively. In the
present report, we studied the interaction of HtrA with another human tight junction
protein, claudin-8. Confocal immunofluorescence experiments have shown that C. jejuni
infection of the intestinal polarized epithelial cells in vitro leads to a relocation of claudin-8.
Wild-type C. jejuni induced the downregulation of claudin-8 signals in the tight junctions
and an accumulation of claudin-8 agglomerates in the cytoplasm, which were not seen
during infection with isogenic AhtrA knockout deletion or protease-inactive S197A point
mutants. Western blotting of protein samples from infected vs. uninfected cells revealed
that an 18-kDa carboxy-terminal fragment is cleaved-off from the 26-kDa full-length
claudin-8 protein, but not during infection with the isogenic AhtrA mutant. These results
were confirmed by in vitro cleavage assays using the purified recombinant C. jejuni HtrA
and human claudin-8 proteins. Recombinant HtrA cleaved purified claudin-8 in vitro giving
rise to the same 18-kDa sized carboxy-terminal cleavage product. Mapping studies
revealed that HtrA cleavage occurs in the first extracellular loop of claudin-8. Three-
dimensional modeling of the claudin-8 structure identified an exposed HtrA cleavage site
between the amino acids alanine 58 and asparagine 59, which is in well agreement with
the mapping studies. Taken together, HtrA operates as a secreted virulence factor
targeting multiple proteins both in the tight and adherens junctions. This strategy may
help the bacteria to open the cell-to-cell junctions, and to transmigrate across the
intestinal epithelium by a paracellular mechanism and establish an acute infection.
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INTRODUCTION

Campylobacter jejuni is a Gram-negative, microaerophilic, spiral-
shaped, flagellated proteobacterium that commensally colonizes
the mucus layer in the lower intestinal tract of many birds and
various mammals (Burnham and Hendrixson, 2018). The genus
Campylobacter is evolutionarily related to the gastric pathogen
Helicobacter pylori and considered to be the most common
bacterial cause of human gastroenteritis in the world (Marder
etal., 2017). C. jejuni represents a major zoonotic pathogen, which
can be transmitted via a fecal > oral route through the
consumption of contaminated poultry meats as well as other
animal-derived food products (Hale et al., 2012). The rates of
gastroenteric infections caused by C. jejuni are very high both in
developed and developing countries (Kaakoush et al., 2015). Upon
infection, C. jejuni appears to present lipooligosaccharides (LOS)
at the bacterial cell surface, which in some patients can cross-react
with human gangliosides resulting in autoimmune disorders such
as the Guillian-Barre or Miller-Fisher syndromes (Ang et al., 2002;
Yuki et al., 2004; Charles et al., 2017). Furthermore, in some cases
this pathogen can promote colorectal cancer tumorigenesis
through the action of microbial cytolethal distending toxin
(CDT) (Brauner et al,, 2010; He et al,, 2019). Interestingly, CDT
from C. jejuni was also extensively studied as an anti-cancer
therapeutic agent for potential clinical applications (Lai et al.,
2016). The pathogenic process generated by C. jejuni in the human
intestine develops upon reaching the gut, where the bacteria attach
to and then invade into epithelial cells, resulting in host tissue
damage (Van Spreeuwel et al., 1985 Wooldridge and Ketley,
1997). Various bacterial adhesion proteins (adhesins) provide
stable attachment through specific interaction with host cell
receptors, which is a necessary requirement for subsequent host
cell entry (Hermans et al., 2011; Backert et al., 2013). Several major
adhesins were identified and have been reported to provide
effective C. jejuni adhesion to a host cell, with the CadF
(Campylobacter adhesin to fibronectin) protein being central in
this process (Konkel et al., 1997; Schmidt et al., 2019). However,
other adhesins also play important roles in cell attachment and
include FlpA (fibronectin like protein A), JIpA (jejuni lipoprotein
A), PEBI (periplasmic binding protein 1), MOMP (major outer
membrane protein), and some others (O Croinin and Backert,
2012). Upon attachment, C. jejuni can enter host target cells via a
signaling process involving the small Rho GTPases Racl and
Cdc42 (Krause-Gruszczynska et al., 2007a; Krause-Gruszczynska
et al., 2007b; Boehm et al., 2011; Krause-Gruszczynska et al., 2011;
Eucker and Konkel, 2012). In addition, C. jejuni utilizes its
flagellum as a type III secretion system (fI3SS) for the secretion
or injection of effector proteins that interfere with host cell
functions (Young et al., 1999; Christensen et al., 2009; Barrero-
Tobon and Hendrixson, 2012). Furthermore, C. jejuni can
transmigrate to the basolateral site of the intestinal epithelium
by disrupting the host cellular junctions, and serine protease HtrA
appears to play a driving role in this process (Boehm et al., 2018;
Harrer et al.,, 2019).

HtrA proteins represent ATP-independent serine type
proteases and are widely distributed both in prokaryotic and

eukaryotic organisms (Clausen et al., 2002; Neddermann and
Backert, 2019). Many bacteria can encode either one or more
HtrA homologs (Li et al., 1996; Humphreys et al., 1999; Cortes
et al., 2002; Purdy et al., 2002; Mo et al., 2006; Wilson et al., 2006;
Ye et al, 2016). HtrA proteins due to their structure combine
both protease and chaperone functions (Clausen et al., 2011).
Bacterial HtrAs consist of an amino-terminal signal peptide, a
trypsin-like serine protease domain and one or two PDZ-
domains at the carboxy-terminus that regulate interactions
with itself or other proteins (Kim and Kim, 2005; Skorko-
Glonek et al., 2013). Escherichia coli is considered to be the
best studied model organism concerning HtrA. This species
encodes as many as three HtrA homologs, namely, DegP,
DegQ, and DegS (Kim and Kim, 2005; Clausen et al., 2011).
Their main function is to protect the bacterium against heat and
other stresses, as well as to remove misfolded proteins. For
example, inactivation of the htrA gene in Streptococcus mutans
has been shown to affect its resistance to low and high
temperatures, low pH as well as oxidative and DNA damaging
agents (Biswas and Biswas, 2005). HtrAs can also play a major
role in the pathogenesis of other Gram-positive and Gram-
negative microbes (Backert et al, 2018). For example, the
human pathogen Streptococcus pyogenes with impaired HtrA
function expressed reduced amounts of mature streptococcal
pyrogenic exotoxin B (SpeB), as it was shown by Western blot
analysis and protease assays (Cole et al., 2007). In addition,
H. pylori was the first bacterium shown to secrete HtrA into the
extracellular environment, which was associated with the
paracellular transmigration of the pathogen through cleavage
of the host adherens junction protein E-cadherin (Harrer
et al., 2018).

Campylobacter jejuni encodes one HtrA homolog, whose
function was analysed by biochemical assays in vitro and in
the bacteria in vivo (Brondsted et al., 2005; Zarzecka et al., 2020).
Cryo-electron microscopy revealed the architecture of C. jejuni
HtrA defined as a dodecamer, assembled by four trimers
(Zarzecka et al., 2020). However, HtrA of C. jejuni can be also
secreted into the extracellular space, where it has been shown to
cleave the extracellular domain of E-cadherin at various
positions (Boehm et al., 2012; Hoy et al, 2012). As a result,
this helps C. jejuni to transmigrate between neighbouring host
cells to the basal side of polarized gut epithelium. However, prior
to the reach adherence junctions, C. jejuni faces the tight
junction barrier, consisting of several proteins including
tricellulin, occludin, claudins, and junction adhesion molecules
(JAMs) (Guttman and Finlay, 2009; Gunzel and Yu, 2013; Van
Itallie and Anderson, 2014; Slifer and Blikslager, 2020). This
multiprotein junctional complex maintains “fence” tasks
providing cell polarity and “gate” function, which provides
selective transport of small molecules through the apical-basal
barrier (Zihni et al., 2016). In addition, tight junction
transmembrane proteins bind to intracellular scaffold proteins
such as zonula occludens (ZO) -1, -2, and -3 forming tight
connection with the actin cytoskeleton (Zihni et al., 2016). More
recently, we have shown that C. jejuni can disrupt the tight
junction protein occludin in an HtrA-dependent manner
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(Harrer et al., 2019). However, it is still unclear, whether other
tight junction proteins such as the claudins may also be affected
during C. jejuni paracellular transmigration.

Claudins represent tight JAMs responsible for the paracellular
barrier function and account for at least 27 members in
mammals (Tsukita et al, 2019). Based on their sequence
homology, claudin family members consist of four putative
transmembrane segments, a large extracellular loop (ECLI)
containing a consensus sequence motif, and a second shorter
extracellular loop (ECL2) also known as extracellular segments 1
and 2, respectively (Gunzel and Yu, 2013). Interestingly, C. jejuni
has been shown to disrupt tight junctions during bacterial
invasion of non-tumorigenic canine intestinal epithelial cells
through claudin-4 cleavage (Lamb-Rosteski et al., 2008).
Fluorescence microscopy revealed that infection of the
epithelial monolayer with C. jejuni results in disruption of
pericellular claudin-4, while Western blotting showed
significantly less total claudin-4 (Lamb-Rosteski et al., 2008).
However, the molecular background of claudin degradation
during C. jejuni infection remained unclear. C. jejuni has been
already shown to disrupt the major junction proteins occludin
and E-cadherin during paracellular migration in an HtrA-
dependent manner (Boehm et al, 2012; Harrer et al, 2019),
which may be associated with shedded outer-membrane vesicles
(Elmi et al, 2018). The results presented here suggest that
claudin-8 is a major novel cleavage target for C. jejuni HtrA,
and besides occludin, the second target protein in the tight
junctions, which may help the pathogen to disrupt the
epithelial barrier during infection.

MATERIALS AND METHODS

Campylobacter Strains and Infection
Assays

The C. jejuni wild-type (wt) strain 81-176 and its isogenic knockout
mutant C. jejuni AhtrA, the complemented mutant AhtrA/htrA and
protease-inactive S197A point mutation in the htrA gene were used
throughout this study (Boehm et al., 2012; Boehm et al,, 2015).
Bacterial cells were cultured using Campylobacter blood-free
selective agar base including Campylobacter growth supplement
provided by Oxoid (Wesel, Germany). Alternatively, the bacteria
were grown on Mueller-Hinton (MH) agar supplemented with
chloramphenicol (20 ng/ml) or kanamycin (30 pg/ml), respectively.
Incubation was for 48 h at 37°C in jars using microaerobic
conditions provided by the CampyGen'" system from Oxoid. All
C. jejuni strains were harvested using sterile cotton swabs and
resuspended in liquid BHI medium. The optical density (OD) was
measured at 600 nm in an Eppendorf spectrophotometer to
calculate the number of bacterial cells followed by host cell
infection of C. jejuni using a multiplicity of infection (MOI) of 100.

Cell Culture and Immunofluorescence
Staining

The human intestinal cell lines Caco-2 (ATCC HTB-37) and T84
(ATCC CCL-248) were seeded into 75 cm? cell culture flasks and

finally in 12-well plates using DMEM medium including 10% FCS
(Invitrogen) and 4 mM glutamine (Invitrogen, Karlsruhe,
Germany). The cells formed proper monolayers and were
incubated for 14 days to allow proper cell polarization. After a
12-h co-incubation with C. jejuni, the infected cells were washed
twice with sterile PBS buffer followed immunofluorescence staining
according to a previous protocol (Krause-Gruszczynska et al,
2007a). In brief, the cells have been fixed for 10 min in 4% PFA
(paraformaldehyde) at 20°C. Afterwards, the cells were
permeabilized for 1 min using 0.25% Triton-X100 and then
blocked for 1 h in PBS buffer containing 5% BSA. Immunostaining
of the cells was performed with the following antibodies: ¢i-claudin-8
(#710222 and #40-0700Z, Invitrogen) and o-occludin (#sc-133256,
Santa Cruz Biotechnology). The C. jejuni bacteria were visualized by
o-Campylobacter antibody (Dako, Glostrup, Denmark). The DNA in
the nucleus was stained by DAPI (4-6-diamidino-2-phenylindole
dihydrochloride) (Thermo Fisher Scientific). TRITC
(tetramethylrhodamine isothiocynate)-conjugated o.-rabbit, TRITC-
conjugated o-mouse, FITC (fluorescein isothiocyanate)-conjugated
o-rabbit and Alexa-633-conjugated o.-rabbit (Thermo Fisher
Scientific) were utilized as secondary antibodies. All samples were
investigated by confocal fluorescence microscopy using a Leica SP5
(Leica Microsystems, Wetzlar, Germany). Excitation/emission of the
fluorescence from DAPI, FITC and TRITC was processed at 405/
413-460 nm, 488/496-550 nm, and 561/571-630 nm wavelengths,
respectively. The obtained data were visualized using LAS AF
computer software (Leica Microsystems). All microscopic
experiments were performed at the Optical Imaging Centre
Erlangen (OICE, Erlangen, Germany).

Quantification of the Fluorescence
Intensities of Claudin-8 and Occludin

The images of T84 cells after confocal immunofluoresence
microscopy were subjected for further analysis in the Fiji
platform (Schindelin et al., 2012). Cellular localization of
claudin-8 and occludin in the T84 cell monolayers was
analyzed by segmentation of the tight junctions area and the
cytoplasm area into regions of interest (ROIs). In the defined
ROIs (tight junctions or cytoplasm), we quantified the relative
fluorescence units (RFUs) of claudin-8 and occludin,
respectively. The mean value of RFUs for each condition
(claudin-8 in tight junctions vs. claudin-8 in the cytoplasm,
occludin in tight junctions vs. occludin in the cytoplasm) was
calculated from 10 cells in the T84 monolayer and presented as
mean * standard deviation. In addition, the fluorescence
intensity of cells was assessed in single representative T84 cells
(mock control cells or cells infected with wt C. jejuni). The RFUs
were counted within a straight line passing through a cell
including tight junctions and the cytoplasm areas, as marked,
between the yellow arrows of Figure 3B.

Cloning, Expression, and Purification

of C. jejuni HtrA

Recombinant C. jejuni HtrA was purified under native
conditions as described previously (Zarzecka et al., 2018).
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For this purpose, C. jejuni HtrA of strain 81-176 without the
signal peptide (amino acids 17-472) was amplified from genomic
DNA and cloned in the expression plasmid pGEX-6P-1 (GE
Healthcare Life Sciences, Munich, Germany) as a GST-fusion
protein using the restriction sites BamHI and Xmal. The
expression was performed in Escherichia coli BL21 and the
purification protocol was described previously in detail (Lower
et al., 2008). E. coli LPS has been removed by incubating 100 ug/
ml of HtrA for 1 h using 10 ug/ml of polymyxin B (Sigma
Aldrich) at 20°C (Brisslert et al., 2005). The final purity of HtrA
was determined to be more than 95% by SDS-PAGE
electrophoresis and Coomassie staining (Moese et al., 2001).

In Vitro HtrA Cleavage Assays

Cleavage assays were performed with recombinant C. jejuni
HtrA and purified human full-length Claudin-8 coupled to
GST (# H00009073-P01, Abnova, Taipei City, Taiwan). For
this purpose, 100 ng of GST-claudin-8 were incubated with 30
ng of purified C. jejuni HtrA in 25 ul 50 mM HEPES buffer (pH
7.4) for 16 h at 37°C. The resulting cleavage products were
analysed by SDS-PAGE and Western blotting using o.-claudin-8,
0-GST, and o-HtrA antibodies as described below.

Western Blotting Studies

Proteins derived from infected cells and in vitro HtrA cleavage
assays were loaded on 8% SDS-PAGE gels and blotted on PVDF
membranes as described (Hartung et al., 2015). Afterwards, the
membranes were prepared for blocking for 1 h using either 3%
BSA or 5% skim milk in TBST (25 mM Tris-HCl pH 7.4, 140
mM NaCl, 0.1% Tween-20) buffer at 20°C. The following
antibodies were used: rabbit o-claudin-8 (#710222, Invitrogen),
mouse 0-GAPDH (Sigma Aldrich, Taufkrichen, Germany), or
rabbit o-HtrA (Brondsted et al., 2005). These antibodies were
incubated overnight at 4°C using the manufacturer’s or
published protocols. Horseradish peroxidase-conjugated o-
rabbit or polyvalent o-mouse immunoglobulin were utilized as
secondary antibodies (Life Technologies, Darmstadt, Germany).
The detection of bound antibodies was accomplished using the
ECL Plus chemiluminescence Western Blot kit (GE Healthcare)
(Hirsch et al., 2012).

Bioinformatics

The sequence logo describing the HtrA cleavage site was
generated using the “frequency plot” option of WebLogo
(Crooks et al,, 2004). The search for HtrA cleavage sites in
claudin-8 was done with ScanProsite (de Castro et al., 2006).
Modeling of the claudin-8 structure was performed with HHpred
(Zimmermann et al., 2018) and Modeller (Webb and Sali, 2017)
using the structure of Claudin-9 (Vecchio and Stroud, 2019) as a
template. RasMol (Sayle and Milnerwhite, 1995) was used for
structure analysis and visualization.

Statistics

All data were evaluated via two-tailed Mann-Whitney test with
GraphPad Prism 6 (Version 6.01). The obtained p-values p <
0.001 (***) and p < 0.0001 (****) were defined as statistically
significant; ns, non-significant.

RESULTS

Rearrangement of Claudin-8 in the Tight
Junctions of Polarized Intestinal Epithelial
Cell Lines by C. jejuni HtrA
To evaluate whether C. jejuni HtrA affects the claudin-8
distribution in the cellular tight junctions, immunofluorescence
microscopy has been applied. For this purpose, confluent Caco-2
epithelial cells were grown in monolayers for 14 days to achieve
proper polarization and detectable expression of claudin-8. The
cells were then infected either with C. jejuni wt strain 81-176 or
its isogenic AhtrA knockout mutant. As control experiments,
Caco-2 cells were infected with C. jejuni 81-176 AhtrA
complemented either with wt htrA (AhtrA/htrA™") or a
protease-inactive S197A point mutant (AhtrA/htrA®Y). After
12 h of infection, Caco-2 cells were fixed in PFA and
immunostained with antibodies against claudin-8 and C. jejuni
as labelled with green and red fluorophores, respectively.
Immunofluorescence microscopy revealed that non-infected
Caco-2 monolayers are characterized by the uniform
distribution of claudin-8 in the tight junction areas (Figure
1A), while infection with wt C. jejuni or the wt complemented
strain (AhtrA/htrA™) led to mislocalization of claudin-8 out of
the tight junctions to form agglomerates in the cytoplasm
(Figures 1B, E, white arrows). Interestingly, when Caco-2
monolayers were infected with C. jejuni carrying deleted htrA
or the protease-inactive htrA®'®’* point-mutated gene, claudin-8
localization within cellular tight junctions was not or only
slightly affected (Figures 1C, D).

To corroborate the above findings with claudin-8, we utilized
a second intestinal epithelial cell line, T84. To this end, T84 cell
monolayers were grown for 14 days and then infected with the
above described C. jejuni strains under identical conditions.
Besides claudin-8, we additionally counterstained the cells with
the tight junction protein occludin, which we have shown
recently to be cleaved by C. jejuni HtrA (Harrer et al., 2019).
As expected, in non-infected T84 control cells or cells infected
with C. jejuni carrying a defective htrA gene, both proteins
(occludin and claudin-8) revealed similar staining patterns in
the cellular tight junctions (Figures 2A, C, D). In contrast,
infection with wt C. jejuni or the wt complemented strain
(AhtrA/htrA™) led to the disruption of both occludin and
claudin-8 in tight junctions along with their appearance in the
cytoplasmic area (Figures 2B, E, white arrows). The inlays on
top of each panel show enlarged sections of tight junctions from
corresponding areas marked with smaller white boxes.

Quantification of Claudin-8 Signals in the
Tight Junctions and Cytoplasm During

C. jejuni Infection

To further analyze the distribution of occludin and claudin-8 in
the host cells, we quantified the mean fluorescence intensity of
the proteins in the areas of membrane-associated tight junctions
and cytoplasm within the overall cell population. In mock
control cells, both occludin and claudin-8 revealed a higher
fluorescence intensity within the tight junctions compared to
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FIGURE 1 | Infection of polarized Caco-2 epithelial cell monolayers by C. jejuni 81-176 results in the disruption of claudin-8 patterns. Epithelial cells were
immunostained with o-claudin-8 (green) and o.-C. jejuni (red) without infection (A), or after infection with C. jejuni wild-type (wt) strain (B), AhtrA knockout mutant (C),
AhtrA complemented with protease inactive SA mutant (D) or wt htrA (E). Infection was performed for 12 h at an MOI of 100. DAPI staining (blue) was used for the
nuclear DNA counterstaining. White arrows indicate claudin-8 redistribution to agglomerates.

the cytoplasmic proteins (Figure 3A). Similar patterns of
occludin and claudin-8 in the tight junctions were found in
T84 cells infected with C. jejuni carrying an impaired htrA gene.
In contrast, infection of T84 cells with wt C. jejuni or the wt
complemented strain led to a significant drop of fluorescence
intensity of occludin and claudin-8 in the cellular tight junctions.
In particular, the mean fluorescence of cytosolic occludin slightly
increased when infected with wt C. jejuni (p < 0.0001) or with the
wt complemented strain (p < 0.01), which is in agreement with
our previous studies (Harrer et al., 2019). The mean fluorescence
of cytosolic claudin-8 upon infection did not change significantly
within overall cell populations. However, the bright fluorescent
aggregates of the cytosolic claudin-8 were only detected in T84
cells infected with wt C. jejuni carrying an intact htrA gene,
confirming the re-distribution of the protein from the cell
membrane (Figure 2, white arrows and Figure 3B). The
fluorescence intensity of cells was further assessed in
representative single cells between the yellow arrows as marked
in Figure 3B. In non-infected T84 cells the peaks of fluorescence
for occludin and claudin-8 appeared in the cell periphery,
suggesting their prevailing membrane localization (Figure 3C).
After infection of T84 cells with wt C. jejuni, the fluorescence
intensity of occludin and claudin-8 at the cell periphery was
significantly reduced. Moreover, in infected T84 cells the strong
fluorescence signals of claudin-8 (comparable to the fluorescence
of the protein in the membrane of non-infected cells) were also
detectable in the cytoplasm (Figure 2, white arrows, and Figure
3C). Based on these immunofluorescence experiments, we can
conclude that HtrA is involved in the disturbance of claudin-8

and its translocation from tight junctions into the cytoplasm
during infection with C. jejuni.

HtrA Induces Claudin-8 Cleavage During

C. jejuni Infection of Polarized Intestinal
Epithelial Cells

Since infection by C. jejuni expressing intact HtrA leads to
disorganisation of claudin-8 in Caco-2 cells, we came into
assumption that HtrA might have a specific proteolytic activity
against claudin-8. To test whether C. jejuni HtrA is inherently
involved in claudin-8 proteolytic cleavage, immunoblotting
assays were used. Polarized Caco-2 monolayers were infected
with either wt C. jejuni, expressing intact HtrA or AhtrA deletion
mutant. After 12-h infection, immunoblotting was applied by
using o-claudin-8, o-HtrA and a-GAPDH antibodies (Figure
4A). When infected with wt C. jejuni we observed full-length
claudin-8 at about 26 kDa, and an additional band of lower
intensity that appeared at approximately 18 kDa. In contrast,
Caco-2 cells that were exposed to htrA-deficient C. jejuni, an 18-
kDa band was not detected, assuming the absence of cleavage.
The immunogenicity of a-claudin-8 antibody is directed against
amino acids 206-225 at the carboxy-terminus of the protein,
which corresponds to the QKSYHTGKKSPSVYSRSQYV
sequence. Since the antibody recognized an 18-kDa claudin-8
fragment, we proposed that this fragment corresponds to the
carboxy-terminus and cleavage of claudin-8 by C. jejuni HtrA
takes place at the amino-terminus of the protein, presumably
located in the first extracellular loop (Figures 4B, C). We were
not able to detect the remaining very small amino-terminal

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

164

December 2020 | Volume 10 | Article 590186


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Sharafutdinov et al.

Cleavage of Claudin-8 by HtrA
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FIGURE 2 | Infection of polarized T84 epithelial cell monolayers by C. jejuni 81-176 leads to disruption of claudin-8 and occludin in the tight junctions. Epithelial cells
were immunostained with a-occludin (red), a-claudin-8 (green) and o.-C. jejuni (magenta) without infection (A), or after infection with C. jegjuni wild-type (wt) strain (B),
AhtrA knockout mutant (C), protease inactive SA mutant (D) or AhtrA complemented with wt htrA (E). White arrows indicate occludin and claudin-8 redistribution to
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cleaved peptide of claudin-8 due to lack of antibodies against this
part of the amino-terminal tail.

C. jejuni HtrA Cleaves Claudin-8

by an In Vitro Cleavage Assay

To confirm whether the carboxy-terminal 18-kDa fragment of
claudin-8 cleavage is the result of direct HtrA proteolytic activity,
and not by any other bacterial or cellular protease, an in vitro
cleavage assay using the recombinant proteins was conducted.
For this purpose, we utilized recombinant amino-terminally
GST-tagged claudin-8 (rGST-Claudin-8, about 51 kDa), which
was incubated with purified C. jejuni HtrA for 12 h at 37°C. The
in vitro cleavage reactions were subjected to immunoblotting
using o-claudin-8, o-GST and o-HtrA antibodies.

The immunostaining with o.-claudin-8 revealed the appearance
of the same sized carboxy-terminal 18-kDa fragment of claudin-
8 through cleavage by HtrA (Figure 5A). GST is a protein of 25
kDa. The remaining N-terminal fragment was detected after
staining with a-GST at 33 kDa, which corresponds to the GST
protein fused to the cleaved 8-kDa amino-terminus of claudin-8
(Figures 5A, B).

Mapping of the C. jejuni HtrA Cleavage
Site for Claudin-8 Proteolysis

The sequence preferences for C. jejuni HtrA cleavage were
identified recently based on the cleavage sites detected in the
B-casein and lysozyme substrates by mass spectrometry
(Zarzecka et al., 2020). This analysis revealed that the cleavage
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site exhibits a rather large sequence heterogeneity and that the
highest conservation is observed for the P1 and P1’ sites. Based
on the three predominant residues observed at the P1 and P1’
site, we defined the pattern [VAL]-[SKN] to search for HtrA
cleavage sites in the extracellular domain 1 (ECD1) of claudin-8.
A frequency plot of the HtrA cleavage sites was established
(Figure 6A). The height of each character is proportional to the
frequency of the amino acid residue at the individual position of
the cleaved peptide. This analysis revealed that there are three
instances of this pattern in ECD1, namely, V32-§33, A58-N59,
and L73-S74. The location of these sites in the claudin-8
structure is shown in Figures 6B, C. The V32-S33 site is
buried in a B-sheet and therefore only hardly accessible to
HtrA cleavage. The L73-S74 site is located in the immediate
vicinity to a transmembrane helix; therefore, cleavage is sterically
hindered by the presence of the membrane. In contrast, A58-N59
is located in an exposed turn connecting two [B-strands and
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FIGURE 3 | Localization of occludin and claudin-8 proteins in tight junctions and cytoplasm of T84 cells. The mean florescence intensity of the proteins was
assessed separately in the membrane (m)-associated tight junctions and cytoplasm (c), and was calculated from 10 T84 cells per sample (A). Single cell analysis of
representative T84 cells without or with infection by wt C. jejuni. Infection of T84 cells leads to the drop of fluorescence intensity of claudin-8 in tight junctions along
with its appearance in the cytoplasm (B). Corresponding fluorescence intensity plots for occludin and claudin-8 within single cells between two yellow arrows, as
marked in panel (B). When infected with wt C. jejuni, a strong fluorescence intensity can be found in the cell cytoplasm (C). RFU, relative fluorescence units of
membrane and cytoplasmic localization. **p < 0.001, ***p < 0.0001, ns, non-significant.

therefore is accessible. Thus, the A58-N59 position represents
the most likely site for C. jejuni HtrA cleavage in claudin-8.

DISCUSSION

The tight junctions in the intestine play a major role both in
epithelial cell monolayer integrity and in selective transport of
molecules across neighboring epithelial cells. The key proteins
building the tight junction net include claudin family members,
occludin and tricellulin that localize at the upper tricellular
contacts facing the lumen. During infection, some microbial
pathogens can target the tight junction complex leading to
protein dysregulation, which results in the disruption of
intestinal barrier homeostasis in order to support microbial
survival, spread and sometimes persistence (Vogelmann et al.,
2004). For example, the human pathogen Vibrio cholerae secretes
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a metalloprotease, haemagglutinin/protease (HA/P), which
degrades the occludin extracellular domain and subsequently
affects the host cell actin cytoskeleton due to impaired
interactions with the scaffold protein ZO-1 (Schubert-Unkmeir
et al., 2010). Neisseria meningitidis was shown to activate matrix
metalloproteinase 8 in human brain microvascular endothelial
cells, resulting in cleavage of occludin. This resulted in
disappearance of occludin from the cell periphery and cleavage
to a lower-sized 50-kDa protein (Schubert-Unkmeir et al., 2010).
Finally, multiple Gram-negative bacteria including C. jejuni,
H. pylori, Escherichia coli, and Shigella flexneri secrete the
HtrA protease towards adherence junctions, where it cleaves
the adherens junction receptor protein E-cadherin (Schmidt
et al., 2016). Recently, C. jejuni HtrA was shown to cleave E-
cadherin and occludin upon infection of intestinal polarized
Caco-2 cells (Harrer et al., 2019). In our previous analysis, we
have identified the cleavage sites of H. pylori HtrA in the E-
cadherin protein with a consensus cleavage sequence occurring
at the [VITA]-[VITA]-x-x-D-[DN] motif (Schmidt et al., 2016).
We have then identified a simplified pattern [VITA]-[VITA]-x
(2,4)-[DN] of an HtrA cleavage site in occludin, which occurred
in the second extracellular loop and was characterized by lack of
secondary structure (Harrer et al., 2019). The present results
shown here demonstrate that HtrA from C. jejuni can cleave
another major tight junction protein, claudin-8, as this has been
shown both in vitro with purified proteins and upon infection of
cultured polarized Caco-2 and T84 cells in vivo.

Claudins represent highly conserved 20- to 27-kDa proteins
that are differentially expressed along the various epithelial
compartments of the gastrointestinal tract (Kim et al, 2019).

Claudin-8

Qp
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FIGURE 4 | HtrA cleaves claudin-8 during C. jejuni infection in vivo. (A) Immunoblotting of protein extracts from polarized Caco-2 cell monolayers infected with

C. jejuni wild-type (wt) or AhtrA mutant. The blots were stained with polyclonal o.-claudin-8 antibodies recognizing the carboxy-terminus of the protein. The a-HtrA
and o-GAPDH blots served as controls. Besides the full-length protein (~26 kDa), a cleaved carboxy-terminal fragment (~18 kDa) was visualized with o.- claudin-8
antibodies upon infection with C. jejuni wt. (B) Proposed cleavage site position in the amino-terminus of claudin-8 for HtrA protease according to the size of protein
cleavage products determined by SDS-PAGE marker proteins. (C) A model for claudin-8 cleavage in the first extracellular loop (ECL1) by HtrA protease.

Claudins are composed of four transmembrane regions including
a short intracellular amino-terminal sequence (~1-7 residues), a
large first extracellular loop (~52 residues), a shorter second
extracellular loop (16-33 residues), and a cytoplasmic carboxy-
terminal domain that varies considerably in length between
different isoforms (21-63 residues) (Kim et al., 2019). The
function of these proteins is mainly determined by their
extracellular loops ECL1 and ECL2 (Krause et al., 2008). When
the larger ECL1 is supposed to provide paracellular tightness and
the selective ion permeability, the smaller ECL2 might contribute
in narrowing of the paracellular cleft and hold neighboring cell
membranes (Wen et al., 2004; Piontek et al.,, 2008). The
decreased barrier function due to disruption of tight junctions
leads to alterations in levels of pro-inflammatory signaling that
apparently results in variety of pathologies (Harhaj and
Antonetti, 2004; Turner, 2006). Thus, dysregulation of claudins
in the gastrointestinal tract can lead to various illnesses such as
inflammatory bowel disease, celiac disease and gastroesophageal
reflux disease (Zeissig et al., 2007; Szakal et al., 2010;
Monkemuller et al., 2012). Claudin-8, in particular, has been
shown to be expressed in the small and large intestines, liver and
gallbladder and to be involved in the tight junction barrier
function (Jeansonne et al., 2003; Kim et al., 2019).
Downregulation and redistribution of claudin-8 along with
claudin-5 lead to alterations in tight junction’s structure and
pronounced barrier dysfunction both in mild and moderately
active Crohn’s disease (Zeissig et al., 2007).

Since claudin-8 plays an important role in barrier function of
intestinal epithelial cell monolayers, we aimed to elucidate if
this tight junction protein could be a target for C. jejuni HtrA.
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FIGURE 5 | HtrA cleaves claudin-8 in a cleavage assay in vitro.

(A) Recombinant GST-tagged human claudin-8 was incubated with either
purified rHtrA in vitro. Immunoblotting against o.-claudin-8 showed cleavage
of the full-length GST-tagged claudin-8 protein, when incubated with
recombinant HtrA resulted in the appearance of an 18-kDa claudin-8
fragment. In addition, a cleaved 33-kDa fragment was visualized in the blot
with a-GST antibodies. (B) Mapping of the GST-claudin-8 cleavage
fragments. The full-length GST-tagged claudin-8 protein (51 kDa) is cleaved
into a carboxy-terminal 18-kDa fragment of claudin-8 and a 33 kDa amino-
terminal fragment containing the GST-tag and the remaining 8-kDa amino-
terminal fragment of claudin-8.

We have previously shown that upon infection of Caco-2 wt
cells, C. jejuni exploits the secreted serine protease HtrA to cleave
the adherens junction protein E-cadherin (Boehm et al., 2012).
Then, we have demonstrated that both the apical tight junction
proteins occludin (Harrer et al., 2019) and claudin-8 (this work)
are also disrupted by HtrA during C. jejuni infection facilitating
pathogen entry into the intercellular space between neighboring
cells of the gut epithelium. This approach may help the bacteria
to transmigrate across the intestinal epithelium by a paracellular
mechanism and reach basal surfaces and the fibronectin-integrin
complex that connect epithelial cells with underlying tissue
(Backert et al., 2013; Backert et al.,, 2018). In particular,
C. jejuni uses the fibronectin and integrin receptors to enter

P4 P1" P2 P3 P4
5 ECD2 V32-S33
ECD1
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V32-833
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FIGURE 6 | Identification of candidate HtrA cleavage sites in human claudin-
8. (A) Sequence logo derived from the HtrA cleavage sites in B-casein and
lysozyme. The height of the letters is proportional to the relative frequency of
the amino acid at the respective sequence position (P4 to P4’) denote the
individual positions of the HtrA cleavage site. (B) Model of the claudin-8
structure indicating the position of candidate cleavage sites (blue) in the
extracellular domain 1 that confer the pattern [VAL]-[SKN]. (C) The space-
filled-presentation of claudin-8 shows that only the A58-N59 site is fully
accessible for recognition by a protease.

host cells in a CadF/FlpA-dependent manner (Boehm et al.,
2011; Krause-Gruszczynska et al., 2011; Eucker and Konkel,
2012). While some major junctional proteins such as claudin-
8, occludin and E-cadherin are targeted by HtrA, htrA-deficient
bacteria do not and are strongly diminished in transmigration,
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adhesion and invasion of polarized Caco-2 cells (Harrer
et al., 2019).

While tight junctions are essential in regulating the
permeability across the epithelia, tight junctions can also
mediate signaling pathways in response to other factors, for
instance, through phosphorylation (Nunbhakdi-Craig et al.,
2002; Fujibe et al., 2004). This can directly regulate the
permeability of the cell monolayer, by promoting the barrier
function or increasing Mg** transport (Ishizaki et al., 2003; Ikari
et al, 2008). For example, a mutant protein kinase WNK4
present in patients with the pseudohypoaldosteronism type II
disorder was found to phosphorylate claudins 1-4 resulting in
elevated paracellular permeability (Yamauchi et al, 2004). In
general, phosphorylation of claudins appeared as a vital process
required for the maintenance of cell homeostasis but this also
makes it an attractive target for the pathogens. Though we did
not determine the claudin-8 phosphorylation status in the
present report, due to lack of corresponding antibodies, C.
jejuni HtrA could either potentially affect phosphorylation-
mediated downstream signaling via claudin-8 or directly cleave
target proteins. This idea should be studied in more detail in
future experiments. Finally, tight junction proteins such as the
claudins can be targeted not only by C. jejuni, but also other
microbial pathogens. For instance, H. pylori HtrA can also cleave
claudin-8 resulting in the same 18-kDa carboxy-terminal
fragment (Tegtmeyer et al., 2017). This suggests that H. pylori
and C. jejuni HtrAs most likely cleave the same sequence
between the A58-N59 position in claudin-8. In addition,
Clostridium perfringens has been shown to destroy the
epithelial cell layer through the interaction of an enterotoxin
with the claudin-4 protein by using it as a host cell receptor
(Eichner et al.,, 2017). In a similar way, C. perfringens enterotoxin
has been found to interact with other claudin members including
claudin-5, -6, -8 and -14, confirming that they share a similar
structural topology (Lal-Nag et al., 2012; Shrestha and McClane,
2013; Liao et al., 2016). Thus, the claudins in the tight junctions
represent preferred targets by multiple microbial pathogens.

Taken together, we found that C. jejuni, in addition to
occludin and E-cadherin, is capable to cleave claudin-8, which
results in the disruption of major junction proteins in an HtrA-
dependent manner. Thereby, this microbial pathogen can reach
the basal side of polarized epithelial cells by transmigration
through the tight and adherens junctions disrupted by secreted
HtrA. However, cleavage of occludin and claudin-8 by C. jejuni
HtrA might be just one option for the paracellular
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Porphyromonas gingivalis (P. gingivalis) is a keystone pathogen in periodontitis. However,
several clinical studies have revealed an enrichment of P. gingivalis in the stool samples
and colorectal mucosa of colorectal cancer patients. Thus, the goal of this study was to
determine whether P. gingivalis can promote colorectal cancer progression in vitro. We
established an acute infection model (24 h, multiplicity of infection =100) of P. gingivalis
invasion of colorectal cancer cells to study the alterations induced by P. gingivalis in the
proliferation and cell cycle of colorectal cancer cells. We observed that P. gingivalis can
adhere and invade host cells a few hours after infection. Once invaded, P. gingivalis
significantly promoted colorectal cancer cell proliferation, and the percentage of S phase
cells was increased in the cell cycle assay. However, KDP136, a gingipain-deficient
mutant of P. gingivalis 33277, showed a decreased ability to promote colorectal cancer
cell proliferation, indicating that gingipain is associated with colorectal cancer cell
proliferation. Furthermore, we extracted RNA from colorectal cancer cells for high-
throughput sequencing analysis and reconfirmed the results by quantitative polymerase
chain reaction and western blot analyses. The results suggested that the MAPK/ERK
signaling pathway is significantly activated by P. gingivalis, while these changes were not
observed for KDP136. In conclusion, P. gingivalis can invade cells and promote the
proliferation of colorectal cancer cells by activating the MAPK/ERK signaling pathway.
Gingipain is an essential virulence factor in this interaction.

Keywords: gingipain cysteine endopeptidases, cell cycle, cell proliferation, colorectal neoplasms,
Porphyromonas gingivalis
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INTRODUCTION

The oral microbiota is one of the most complex human
microbiomes, second only to that of the gastrointestinal tract,
containing 26% of the bacterial species associated with the
human body (Group et al., 2009). Furthermore, the results of a
recent clinical trial demonstrated that the vast majority of oral
microbial species can be transmitted from the oral cavity to the
large intestine (Schmidt et al., 2019). Oral bacteria are closely
associated with many oral diseases and systemic diseases outside
the oral cavity. As the most common opportunistic pathogen in
periodontal diseases, Fusobacterium nucleatum (F. nucleatum) is
associated with oral squamous cell carcinoma (OSCC) (Al-
Hebshi et al., 2017), pregnancy complications (Han et al.,
2010), and colorectal cancer (CRC) (Rubinstein et al., 2013).
Interestingly, a mixed infection of F. nucleatum and
Porphyromonas gingivalis (P. gingivalis) has been shown to be
much more effective than mono-infection in experimental
periodontitis (Polak et al., 2009). In addition, P. gingivalis, a
major pathogen of periodontitis, is also associated with OSCC
(Geng et al,, 2017; Lafuente Ibanez de Mendoza et al., 2020; Wen
et al., 2020), esophageal squamous cell carcinoma (Gao et al,
2016), pancreatic cancer (Michaud et al., 2013), cardiovascular
disease (Gibson et al., 2004) and rheumatoid arthritis (Wegner
et al, 2010). In the mucosa-adherent and fecal microbiota,
Porphyromonas has been shown to be enriched in CRC
patients (Chen et al., 2012; Ahn et al,, 2013; Wu et al,, 2013;
Zackular et al., 2014).

The virulence factors of P. gingivalis include fimbriae,
hemagglutinin, capsule, lipopolysaccharide and gingipain.
Specially, gingipain plays an essential role in the pathogenicity
of the organism in periodontal disease. As a family of unique
cysteine endopeptidases, gingipain are abundantly expressed and
located on the outer membranes of P. gingivalis or secreted into
the extracellular milieu (Pike et al., 1994). The gingipain family
consists of two types of arginine-specific protease (Rgp; encoded
by rgpA and rgpB) and a lysine-specific protease (Kgp; encoded
by kgp). Among them, RgpB has been the focus of structural
studies aimed at elucidating post-translational processing and
maturation of these enzymes because of its simple structure
(Eichinger et al, 1999; Nguyen et al, 2007). Gingipain can
provide a general proteolytic tool for the degradation of
proteinaceous nutrients to P. gingivalis for growth. Besides,
gingipain had also been proven to be essential in the
processing of fimbrial proteins to facilitate bacterial adhesion
to the host tissues (Njoroge et al., 1997; Weinberg et al., 1997).
Gingipain can also enable bacterial evasion of the host immune
response by surface receptor cleavage and cytokine degradation

Abbreviations: F. nucleatum, Fusobacterium nucleatum; OSCC, oral squamous
cell carcinoma; CRC, colorectal cancer; P. gingivalis, Porphyromonas gingivalis;
Rgp, arginine-specific protease; Kgp, lysine-specific protease; CFU, colony
forming units; MOI, multiplicity of infection; FITC, fluorescein isothiocyanate;
TEM, transmission electron microscope; PI, propidium iodide; CCKS, cell
counting kit-8; AP1, activator protein-1; U/L, unit/L; KEGG, Kyoto
Encyclopedia of Genes and Genomes; DEG, differentially expressed genes; WB,
western blot; qPCR, quantitative polymerase chain reaction; proMMP-9,
promatrix metalloproteinase-9; PAR2, proteinase-activated receptor 2.

(Brien-Simpson et al., 2003). Previous studies showed that
gingipain can activate the ERK1/2-Etsl, p38/HSP27, and
PAR2/NFxB pathways to promote cellular invasion and
metastasis in OSCC cells (Inaba et al., 2014).

Consequently, we hypothesized that P. gingivalis is probably
associated with CRC progression and that gingipain is a keystone
virulence factor in this process. To test this hypothesis, in this
study, we used an acute in vitro model of P. gingivalis infection of
CRC cells.

MATERIALS AND METHODS

Bacteria and Cell Culture

The bacterial strains, P. gingivalis ATCC 33277, P. gingivalis
W83 and F. nucleatum 25586 were purchased from ATCC. P.
gingivalis KDP136 (ArgpAArgpBAkgp), a gingipain-deficient
mutant of P. gingivalis 33277, were kindly provided by Dr.
Jinlong Gao from Faculty of Medicine and Health,
the University of Sydney. P. gingivalis were grown in BHI
broth supplemented with yeast extract (5 mg/ml), cysteine (1
mg/ml), vitamin K1 (0.5 ug/ml) and hemin (5 pg/ml) in the
anaerobic chamber (oxygen concentration < 1%). Human CRC
cell line S1 (a clone of LS174T cells) and murine colon cancer
MC38 cells were purchased from ATCC. The cells were cultured
in DMEM medium (Thermo Fisher Scientific Inc., MA, USA)
supplemented with 10% fetal bovine serum (FBS) at 37°C in
5%CO,,

Cell Adhesion Assay

To detect the adhesive ability of P. gingivalis, immunofluorescence
microscopy and flow cytometry were used. Cells were infected with
P. gingivalis at a MOI of 100 for 6 h incubation. Then infected cells
were washed with PBS three times and fixed with 4%
paraformaldehyde for 30 min at room temperature. The primary
antibody against RgpB (a kind gift from Jinlong Gao, 1:200) were
added to cells at 4 T overnight. Cells were incubated with Alexa
Fluor 488 Goat anti-Mouse IgG(H+L) (EMAR, Beijing, China,
1:100) for 1 h at room temperature and photographed by
fluorescence microscope (Zeiss Axio observer Z1). Nuclei were
stained with DAPI (Solarbio, Beijing, China, 1:100) for 5 min.

P. gingivalis were incubated with FITC (0.1mg/ml) for 30 min
at room temperature, followed by washing with PBS three times.
Cells were infected with the P. gingivalis labeled with FITC
(MOI=100) at 4°C for 30 min, then washed with PBS three times
to remove the P. gingivalis in supernatant. The cells were
harvested by trypsinization and processed by flow cytometry
(Beckman Coulter Cytoflex).

Cell Invasion Assay

S1 and MC38 cells (6x10°) were seeded in 6-well plates and
infected with P. gingivalis (MOI=100) for 24 h. Cells were
washed three times with PBS and harvested by trypsinization,
then fixed with 2.5% glutaraldehyde in 0.1 M PBS (PH=7.4) at
4 °C overnight. Thin sections were cut and stained with uranyl
acetate-lead citrate. Followed by observing in transmission
electron microscope (TEM, H7650 Hitachi, Japan). Three fields
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(1000 %, 30-50 CRC cells per fields) were selected randomly and
the number of CRC cells with P. gingivalis invasion and without
P. gingivalis were counted separately.

The invasion ability of P. gingivalis toward CRC cells were
also measured by an antibiotic protection assay (Lamont et al.,
1995; Yilmaz et al., 2002). Cells were plated in 6-well plates at a
density of 3x10° cells/well in complete medium for 12 h,
following incubating with P. gingivalis (MOI=100) for 24 h.
Remaining external bacteria were killed with gentamicin sulfate
(Solarbio, Beijing, China, 1 mg/ml) for 90 min. Cells were
washed with PBS three times and lysed with sterile distilled
water for 30 min. Internal bacteria were released and plated on
blood agar supplemented with hemin and menadione and
cultured anaerobically. Colony forming units (CFU) of invasive
P. gingivalis were then enumerated and invasion efficiency
(Invasion efficiency (%) = CFU of P. gingivalis inside CRC
cells/CFU of P. gingivalis in initial inoculum) were expressed
to assess the invasive ability of P. gingivalis (Arjunan et al., 2020).

Cell Counting Kit-8 Assay

Cell proliferation was determined using cell counting kit-8 assay
(Telenbiotech, Guangzhou, China). S1 and MC38 cells (3000
cells per well, 100pL culture medium) were seeded in 96-well
plates. After 8 h incubation, the cells were infected with P.
gingivalis at a MOI of 100 for 24 h. The growth medium in
each well was removed, and then filled with cck-8 solutions. After
incubated for 1 h at 37 C, the optical density value was detected
at 450nm with a versatile microplate absorbance reader (Tecan
sunrise, Untersbergstrasse, Austria).

We detect the cell viability of colorectal cancer cells pretreated
with P. gingivalis 33277 (MOI=100) for 0-96 h. the results
showed that P. gingivalis can promote the proliferation of CRC
cells in a time dependent manner in 0-24 h, and the cell viability
of CRC cells reached a plateau in 24-96 h incubation. So the
acute infection model in this study was designed as 24 h
cocultivation (Supplementary Figure 1).

The exogenous gingipains were kindly provided by Prof. Min
Liang (Guanghua School of Stomatology, Sun Yat-Sen
University), they exogenous it from P. gingivalis W83 strain as
described in previous report (Sheets et al., 2005; Zhang et al.,
2017; Mo et al., 2020).

Colony Formation Assay

S1 and MC38 were infected with P. gingivalis (MOI=100) for
24 h. Cells were then seeded in 6-well plates (500 cells per well)
and cultured for 14 days. Cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and stained
for 5 min with 0.1%(w/v) crystal violet for 20 min. The number
of eukaryotic cell colonies were counted using image processing
software (Image] 1.48v).

Cell Cycle Analysis

Cells were harvested and fixed with 70% ice-cold ethanol at 4°C
for 16-18 h. Cells were washed with cold PBS then re-suspended
with mixed medium (PI: 50ug/ml, RNase: 100ug/ml) for
incubation at 37°C; for 30 min. The percentage of the cells in

each cell cycle phases were detected by a flow cytometer (ModFit
LT 4.0).

RNA Extraction and Quantitative

Real-time PCR

Cells were infected with P. gingivalis at a MOI of 100. Cells were
washed by PBS and harvested at 3, 6, 12 and 24 h. Total RNAs were
extracted using Trizol reagent (Thermo Fisher Scientific Inc, MA,
USA). The concentration and quality were measured using a
Nanodrop (Thermo Fisher Scientific Inc, MA, USA). The RNAs
were then converted into cDNA using primerscript RT-polymerase
(Takara, Shanghai, China). The quantification of selected genes was
measured using LightCycler96 (Roche, Shanghai, China) and the
data was analyzed using the 2"**“ method. The primers of KRAS,
BRAF, MEK2, ERK2, C-Fos, AP1, and GAPDH (Tsingke,
Guangzhou, China) are all listed below in Supplementary Table
1. GAPDH was used as an endogenous control and the mRNA
levels were normalized to GAPDH.

Western Blot and Antibodies

The total protein was extracted using RIPA Lysis Buffer (Beyotime
Biotechnology, Shanghai, China) containing protease and
phosphatase inhibitor cocktail (CWBIO, Beijing, China). BCA
Protein Assay Kit (BIOTEKE, Beijing, China) was used to
quantify the protein. Extracted protein were separated with
8~12% SDS-polyacrylamide gel electrophoresis and transferred to
0.2 um PVDF Membrane (Roche, Shanghai, China). The
membrane then blocked with 5%BSA and incubated with
primary antibodies against p-MEK1/2 (CST), t-MEK1/2 (CST),
p-ERK1/2 (CST), t-ERK1/2 (CST), p-Akt (308) (CST), p-Akt (473)
(CST), Akt (CST), and GAPDH (CST) at 4 T overnight. Following
washing with TBST three times and exposing to secondary
antibodies (CST) for 1 h at room temperature. The blots were
visualized using an imaging system (BIORAD ChemiDoc Touch)
and quantified by an image processing software (ImageJ 1.48v).
GAPDH was used as an endogenous control and the protein levels
were normalized to GAPDH.

Statistical Analysis

All experiments were repeated at least three times independently
and the results were presented as mean * standard error of mean
(SEM). In Figures 1C, D and 3B, C, F, H, comparison between
two groups was carried out with student’s t-test. In Figures 2A,
C, 3D, and 5A-D, Supplementary Figures 4B, 2A, B, 3B and
5A, B, comparison among three or more groups was determined
using one-way ANOVA. All data analyses were performed using
IBM SPSS Statistics 20 (SPSS Inc. Chicago, IL) and GraphPad
Prism 6 (GraphPad Software Inc. la Jolla, CA).

RESULTS

P. gingivalis Can Adhere to and Invade
CRC Cells

To assess the adhesive and invasive capabilities of P. gingivalis,
we established an acute infection model in vitro. Two CRC
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FIGURE 1 | P. gingivalis exhibits high adhesion and invasive abilities toward colorectal cancer (CRC) cells. (A) Immunofluorescence micrographs show that P.
gingivalis (green) can adhere to S1 and MC38 cells. (B) -Transmission electron microscopy (TEM) results indicate that P. gingivalis can intracellularly invade S1 and
MC38 cells. (C) Percentage of CRC cells with P. gingivalis invasion were counted in 3 random fields (1000 x, 30-50 CRC cells per fields)) by TEM and there is no
significant difference between P. gingivalis 33277 and P. gingivalis W83. (D) Antibiotic protection assay shows that P. gingivalis can invade S1 and MC38 cells and
survive inside the cell at 24 h after infection. The invasion efficiency of P. gingivalis 33277 and P. gingivalis W83 showed no significant difference. Invasion efficiency
(%) = CFU of P. gingivalis inside CRC cells/CFU of P. gingivalis in initial inoculum. CFU, colony forming units. Red arrows, P. gingivalis infection in the cytoplasm.
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cell lines, MC38 and S1, were infected with P. gingivalis at a
multiplicity of infection (MOI) of 100 for 6 h. Immunofluorescence
tests of MC38 and S1 cells revealed colocalization of P. gingivalis
marked by Alexa Fluor 488-labeled primary antibodies
(Figure 1A).

To further verify the subcellular localization of internalized P.
gingivalis and quantify the frequencies of invasion, we observed
the changes in P. gingivalis-infected CRC cells by transmission
electron microscopy (TEM). P. gingivalis appeared as electron-
dense objects (0.3 to 0.5-um in diameter) surrounded by an outer
membrane in the cytoplasm of CRC cells (Figure 1B). The
percentage of CRC cells infected with P. gingivalis 33277 and
W83 showed no significant difference in CRC cells (Figure 1C).
It is shown that around 19.3% S1 cells (S1+P. g 33277: 19.6%; S1
+P. g W83: 19.1%) and 16.0% MC38 cells (MC38+P. g 33277:
16.3%; MC38+P. g W83: 15.6%) were infected with P. gingivalis
after 24 h cocultivation. But the percentage will be higher in fact

because ultrathin sections (100 nm) cannot present the whole
picture of cells.

Antibiotic protection assay was carried to determine the
number of P. gingivalis survive successfully inside the cell. The
results showed that P. gingivalis 33277 and W83 can survive
inside the cell after 24 h infection and the invasion efficiency of
P. gingivalis 33277 and W83 showed no significantly difference
(Figure 1D). There are 2.6% P. gingivalis survive successfully in
S1 cells after 24 h cocultivation and it is 1.0% in MC38 cells. The
invasion efficiency of P. gingivalis showed a wide variation in
different CRC cell lines.

P. gingivalis Promotes CRC Cell
Proliferation and Increases the Percentage
of CRC Cells in S Phase In Vitro
We performed a cell counting kit-8 (CCK8) assay and found
changes in the proliferation of MC38 and S1 cells following
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FIGURE 2 | Cell proliferation and cell cycle analyses of CRC cells pretreated with P. gingivalis. (A) CCK8 assay examination of the proliferation of S1 and MC38 cells
pretreated with P. gingivalis 33277 and W83 for 24 h. (B) Colony formation assay examination of the proliferation of S1 and MC38 cells pretreated with P. gingivalis
33277 and W83. (C) Cell cycle analysis of S1 and MC38 cells pretreated with P. gingivalis 33277 and W83 detected by flow cytometry. The results showed that the
fraction of S phase cells was significantly increased. *P < 0.05, **P < 0.01, ***P < 0.001. ns, nonsignificant.

infection with P. gingivalis 33277 and W83. The results indicated
that P. gingivalis can significantly promote S1 and MC38 cell
proliferation (P < 0.05), and no significant difference this activity
was observed between the two P. gingivalis strains (Figure 2A).

Colony formation assays were performed to investigate the
proliferative abilities of the CRC cell lines. Interestingly, S1 and
MC38 cells co-cultured with P. gingivalis formed significantly
more total colonies compared with that observed when CRC cells
were cultured alone (P < 0.05), while no significant difference was
observed among the experimental groups in MC38 cells
(Figure 2B).

The S phase fraction is an important measure of cell proliferative
activity. To determine whether P. gingivalis specifically associated
with CRC cells of a specific cell cycle phase, cells were stained with
propidium iodide, and the cell cycle was analyzed by flow cytometry.
The ratio of S1 and MC38 cells in S phase was notably higher in the P.
gingivalis infected groups than that observed in the uninfected control
group (P < 0.05). No significant difference was observed between the
percentage of S phase cells in the P. gingivalis 33277 and P. gingivalis
W83 groups (P > 0.05) (Figure 2C). Remarkably, P. gingivalis 33277
and W83 could promote CRC cells proliferation and increase the
percentage of CRC cells in S phase.
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FIGURE 3 | The invasion ability and pro-proliferation ability of KDP136 to S1 and MC38 cells. (A, B) TEM results indicate that P. gingivalis 33277 and KDP136 can
intracellularly invade S1 and MC38 cells and the percentage of CRC cells with P. gingivalis invasion showed no significant difference between P. gingivalis 33277 and
KDP136 groups. (C) Antibiotic protection assay shows that P. gingivalis 33277 and KDP136 can survive inside the cell at 24 h after infection and the invasion
efficiency of P. gingivalis 33277 and KDP136 showed no significant difference. (D) CCK8 assay examination of the proliferation of S1 and MC38 cells pretreated with
P. gingivalis 33277 and KDP136 for 24 h. (E, F) Colony formation assay examination of the proliferation of S1 and MC38 cells pretreated with P. gingivalis 33277
and KDP136. (G, H) Cell cycle analysis of S1 and MC38 cells pretreated with P. gingivalis 33277 and KDP136 detected by flow cytometry. Invasion efficiency (%) =
CFU of P. gingivalis inside CRC cells/CFU of P. gingivalis in initial inoculum. CFU, colony forming units. Red arrows, P. gingivalis infection in the cytoplasm. N,
nucleus. *P < 0.05, “*P < 0.01, **P < 0.001. ns, nonsignificant. KDP136, a gingipain-deficient mutant of P. gingivalis 33277.
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P. gingivalis Gingipains Play an Important
Role in Promoting the Proliferation

of CRC Cells

To assess the effect of gingipains on CRC cell lines, we used
the gingipain-deficient mutant KDP136 (ArgpAArgpBAkgp). The
invasion ability of KDP136 was assessed by TEM, and the results
indicate that KDP136 can intracellularly invade S1 and MC38
cells and the percentage of CRC cells infected with P. gingivalis
showed no significant difference between P. gingivalis 33277 and
KDP136 groups (Figures 3A, B). To further quantify the
invasion ability of P. gingivalis, we performed antibiotic
protection assay. The results showed that KDP136 can survive
successfully inside the S1 and MC38 cells and the invasive
efficiency of KDP136 and P. gingivalis 33277 showed no
significant difference after infection of 24 h (Figure 3C).

For CCKS8 assay, the cell viability of the KDP136 group
showed no significant differences with that observed in the
control group, whereas a significant (P<0.05) difference was
observed between the KDP136 and P. gingivalis 33277 groups
(Figure 3D). To further verify the role of gingipain, we added
exogenous gingipains with different concentrations of 1, 2, 3, 4
and 5 U/L. Exogenous gingipains were added at the beginning of
infection. We found that the cell vitality of KDP136 group with
exogenous gingipains (5 U/L) is significantly higher than control
group (Supplementary Figure 2).

For the colony formation assay, KDP136 had a lower ability to
promote S1 and MC38 cell proliferation compared with P.
gingivalis 33277 (Figures 3E, F). The percentage of S phase
cells in the KDP136 group was significantly lower than that
observed in the P. gingivalis 33277 group (Figures 3G, H).
KDP136 can invade CRC cells and survive successfully inside
cytoplasm after 24 h cocultivation and the invasive ability of
KDP136 are similar to P. gingivalis 33277. But as a gingipain-
deficient mutant strain of P. gingivalis 33277, KDP136 has less of
an ability to enhance cell viability and stimulate the cell cycle of
CRC cells. Thus, gingipain plays an important role in promoting
the proliferation of CRC cells.

P. gingivalis Can Potentially Promote
Pathways Associated With Cell
Proliferation

RNA was extracted from MC38 cells infected with P. gingivalis
33277 (24 h, MOI=100) for RNA-Seq analysis, the results of
which were used to perform functional enrichment analysis,
including Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses. The results showed that there were
3292 differentially expressed genes (DEGs) between the P.
gingivalis 33277 and control groups, of which 1893 were
upregulated and 1399 were downregulated (Figure 4A). To
determine the functions of the identified DEGs, these genes
were analyzed using the Gene Ontology database, resulting in the
identification of three ontologies, namely, biological process,
cellular component and molecular function (Figure 4B). We
further analyzed the significantly enriched pathways using the
KEGG database. When comparing the P. gingivalis 33277 and
control groups, 51 pathways were upregulated and 44 pathways

were downregulated (Figure 4C), and the top 20 pathways are
shown in Figure 4D. Included among these pathways were
proliferation related pathways, including the PI3K-Akt
signaling and MAPK signaling pathways (Fang and
Richardson, 2005; Schmidt et al., 2020). Moreover, as shown in
Figure 4E, we compared DEGs associated with the PI3K-Akt
and MAPK signaling pathways between P. gingivalis 33277 and
the control groups (the Log2 Fold Change” and “Adjusted P-
Value” information are shown in Supplementary Table 2). In
addition, compared to P. gingivalis 33277, KDP136 lost the
ability to activate MAPK pathway-related genes (Figure 4F,
the Log2 Fold Change” and “Adjusted P-Value” information
are shown in Supplementary Table 3). Thus, we observed that
the PI3K-Akt and MAPK signaling pathways are potentially
involved in the interaction between P. gingivalis and CRC cells.

P. gingivalis Promotes CRC Cell
Proliferation via Activation of the MAPK/

ERK Pathway

Overexpression and activation of the MAPK/ERK pathway plays
an important role in the progression of CRC. Furthermore,
activation of the RAS/RAF/MEK/ERK axis is crucial for the
ability of the MAPK/ERK pathway to regulate various cellular
responses, including the stimulation of C-fos and AP1 (Fang and
Richardson, 2005). The RNA-Seq results showed that Raf1, Braf,
and Fos levels were upregulated in the P. gingivalis 33277 group,
whereas changes in the expression of RAS, MEK, ERK and API
were unclear (Figures 4E, F). We extracted RNA from MC38
and S1 cells exposed to three P. gingivalis stains for quantitative
polymerase chain reaction (qQPCR) analysis (Gene count of all
groups are shown in Supplementary Material). In general, our
results showed that KRAS, BRAF, MEK2, ERK2, C-fos and API
levels in the P. gingivalis 33277 and P. gingivalis W83 groups
were higher than those observed in the control group after
exposure to bacteria for different amounts of time. Specifically,
the expression levels of KRAS and BRAF, upstream components
of the MAPK/ERK pathway, were upregulated at the early stage
(3 and 6 h) of the infection. MEK2 and ERK2 levels were
significantly higher at 6 and 12 h after infection. As downstream
components of the MAPK/ERK pathway, C-fos and activator
protein-1 (API) levels were upregulated at 12 and 24 h after
infection (Figures 5A, B). To assess the protein level and
phosphorylation at the early stage of infection, we isolated protein
from S1 and MC38 cells after infection with P. gingivalis for 3h. The
expression of total MEK1/2 (t- MEK1/2), phospho-MEK1/2 (p-
MEK1/2), total ERK1/2 (t- ERK1/2), and phospho-MEK1/2 (p-
ERK1/2) was measured by western blot (WB). No significant
difference was observed between the experimental and control
groups in t- MEK1/2 and t- ERK1/2 expression. However,
regarding the phosphorylation levels of these proteins, p-MEK/t-
MEK and p-ERK/t-ERK levels were significantly increased (Figures
5C, D). Thus, the transcription of genes encoding components in
the entire MAPK/ERK pathway was gradually activated by P.
gingivalis during the first 24 h after infection, while the
phosphorylation of components in this pathway was stimulated
in the first 3 h after infection.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

179

December 2020 | Volume 10 | Article 584798


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mu et al.

Porphyromonas gingivalis and Colorectal Cancer

Control Pg33277

Finc

MAPK Pathway

genes. (C) The significantly enriched Kyoto Encyclopedia of Genes

genes in the MC38, P. gingivalis 33277 and KDP136 groups.

A Volcano Plot for MC38 Pg33277 vs MC38 B ——
[ i . I
© ]
—
N
—
40 I
£ —
) . —
E —
» ————¢
e
I
"
| — < I
up GO category
C D
Term P-Value Corrected P-Value
Lysosome 1.10E-06 3.20E-04
Toxoplasmosis 3.70E-06 5.20E-04
. Focal adhesion 5.20E-05 5.00E-03
i Transcriptional misregulation in cancer  1.70E-04 1.20E-02
Pathways in cancer 2.30E-04 1.30E-02
PI3K-Akt signaling pathway 2.80E-04 1.30E-02
Synaptic vesicle cycle 3.90E-04 1.60E-02
- SES == Arginine and proline metabolism 5.10E-04 1.80E-02
up regulated KEGG pathway TNF signaling pathway 5.20E-04 1.60E-02
R Platelet activation 5.60E-04 1.60E-02
: Glycerophospholipid metabolism 5.80E-04 1.50E-02
=: Glutathione metabolism 7.00E-04 1.60E-02
7 Toll-like receptor signaling pathway 7.80E-04 1.70E-02
IM Proteoglycans in cancer 9.50E-04 1.90E-02
; s ECM-receptor interaction 1.20E-03 2.30E-02
o HTLV-I infection 1.40E-03 2.40E-02
¢ * Collecting duct acid secretion 2.00E-03 3.20E-02
[\ Apoptosis 2.00E-03 3.20E-02
. . Rheumatoid arthritis 2.60E-03 3.80E-02
down regulated KEéG pathway MAPK signaling pathway 3.60E-03 5.00E-02
E F

Control Pg33277

FIGURE 4 | RNA-Seq results of MC38 cells pretreated with P. gingivalis for 24 h. (A) Volcano plot of gene expression differences between the P. gingivalis and
control groups. (B) The distribution of differentially expressed genes (DEGs) within the Gene Ontology (GO) categories. Left, upregulated genes; right, downregulated

(D) Genes with significant differences were analyzed with the KEGG database, and the top 20 pathways that were significantly altered are shown. (E) Differentially
expressed genes (DEGs) between P. gingivalis 33277 group and Control group in the MAPK and PI3K pathways. (F) The expression of MAPK pathway-related

|

T e

Braf
Map2k3
Map2k1
Mapk7

Fos
Map2ké
Mapk8ip1

Map3k2
Mapk8ip3

-Map3k4

Mapk9

-Mapks

PI3K Pathway

and Genomes (KEGG) pathways. Top, upregulated pathways; bottom downregulated pathways.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

180 December 2020 | Volume 10 | Article 584798


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mu et al.

Porphyromonas gingivalis and Colorectal Cancer

Fold induction of mRNA
Fold induction of mRNA

Fold induction of mRNA
Fold induction of mRNA

Fold induction of mRNA
Fold induction of mRNA

PEES

~

Fold induction of mRNA

Fold induction of mRNA

S1-3H
+33277 +W83 +KOP1%6

con

p-MEK1/2 ‘——*-‘
—
| ——— —

...q

MC38-3H
con +33277 +W83 +KDOPL3%

t-MEK1/2

p-ERK1/2

Relative protein level

t-ERK1/2

GAPDH

D

p-MEK1/2

t-MEK1/2

Relative protein level

p-ERK1/2

t-ERK1/2

GAPDH

phospho-ERK1/2. t-MEK1/2, total ERK1/2. *P < 0.05, **P < 0.01, **P < 0.001.

(p-MEK / t-MEK)
o = 2on
o o w o

o
o

(p-MEK / t-MEK)

N
o

»
>

o

o

2
H
£
5
c
§
g
g
5
3
£
3 05
2

S§1-Con
S1+P.g 33277
S1+P.g W83
S1+KDP136

Fold induction of mRNA

=

w

MC38-Con
MC38-P.g 33277
MC38-P.g W83
MC38-KDP136

Fold induction of mRNA
~

Fold induction of mRNA

Relative protein level
(p-ERK / t-ERK)

Relative protein level
(p-ERK / t-ERK)

FIGURE 5 | P. gingivalis can promote the proliferation of S1 and MC38 cells through the MAPK/ERK pathway. (A, B) The mRNA levels of KRAS, BRAF, MEK2,
ERK2, C-Fos and AP1 in S1 cells (A) and MC38 cells (B) were detected by quantitative polymerase chain reaction (QPCR) at 3, 6, 12 and 24 h after infection.

(C, D) Western blot analysis was performed to assess the levels of the MAPK/ERK pathway-related proteins p-MEK1/2, t-MEK1/2, p-ERK1/2, t-ERK1/2 in S1 cells
(C) and MC38 cells (D) at 3 h after infection. The protein levels were normalized to GAPDH. p-MEK1/2, phospho-MEK1/2. t-MEK1/2, total MEK1/2. p-ERK1/2,

Furthermore, the expression of PI3K-Akt pathway-related
proteins in the S1 and MC38 cells was measured by WB, and
the results showed that P. gingivalis 33277 had no effect on p-Akt
(308), p-Akt (473) and Akt (pan) levels after 3, 6 and 12 h of
infection (Supplementary Figure 3).

Unsurprisingly, KDP136 failed to stimulate the transcription
of KRAS, BRAF, MEK2, ERK2, C-fos, API in S1 and MC38

cells (Figures 5A, B). In addition, the levels of p-MEK1/2 in
the KDP136 group and p-ERK1/2 in the S1+KDP136 group
were significantly lower than those observed in the P. gingivalis
33277 and W83 groups (Figures 5C, D). Gingipain plays an
important role in regulating the MAPK/ERK pathway.
Remarkably, KDP136 can significantly increase MEK1/2 and
ERK1/2 phosphorylation, prompting the expression of other
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P. gingivalis virulence factors that may also influence MEK1/2
and ERK1/2 phosphorylation in addition to gingipain (Figures
5C, D). Previous studies showed that P. gingivalis-LPS, a
bacterial endotoxin located on the lateral lobule of bacterial
adventitia, can activate Toll like receptor 4 (TLR4) and Toll
like receptor 2 (TLR2) simultaneously after recognized (Darveau
et al., 2004; Nichols et al., 2009; Jia et al., 2019). As one of the
adaptors of TLR2/4, MYD88 can activate MAPK pathway
indirectly (Liu et al., 2014). So the LPS of KDP136 may
increase the expression of p-MEK and p-ERK here.

DISCUSSION

P. gingivalis is capable of adhering to and invading host cells, and
epithelial cells of the oral mucosa are considered to be the most
important intracellular niche for P. gingivalis (Colombo et al., 2007;
Lee et al, 2018). There are four phases of successful bacterial
invasion: (a) entry, (b) survival, (c) replication, and (d) exit from
the host cell (Casadevall, 2008). Thus, entering cells is the first step
to interact with host cells for intracellular pathogens. Once invaded,
this intracellular opportunistic pathogen can manipulate the host
machinery to promote its long-term survival. In our results, P.
gingivalis 33277 could tightly adhere to CRC cells after cocultivation
at 4°C for 30 min. Over time, an increasing number of P. gingivalis
cells entered the host cells, and almost all of them were located in the
cytoplasm at 24 h after infection. This finding was consistent with
that of a previous study on the invasion ability of P. gingivalis toward
epithelial cells using a wide-field deconvolution microscopy
technique (Belton et al., 1999).

Interestingly, the adhesion ability of P. gingivalis W83 and
KDP136 which is detected by flow cytometry are obviously lower
than P. gingivalis 33277 (Supplementary Figure 4), but there is
no significant difference between P. gingivalis 33277 and W83 in
invasion detection, promoting the proliferation and activating
MAPK/ERK signaling pathway of CRC cells (Figures 1B, C,
Figure 2, Figure 5). Firstly, the adhesion ability of P. gingivalis is
related to fimbriae, which is composed of FimA and Mfal. P.
gingivalis gingipain were also involved in the biosynthesis
process of fimbriae (Weinberg et al., 1997). It is reported that
FimA and Mfal, major subunit proteins of long and short
fimbriae, were abundant components of 33277 but not W83
(Mantri et al, 2015). This is why the adhesion ability of P.
gingivalis W83 (less FimA and Mfal) is similar to KDP136 (lack
of gingipain). Secondly, the cultivation system of P. gingivalis and
CRC cells in vitro is stable while P. gingivalis will be washed away
by silva and intestinal content in human digestive tract. We
supposed that P. gingivalis can invade host cells without adhesion
in vitro, which is different with it in vivo. Finally, P. gingivalis
were co-cultured with CRC cells for 24 h (37°C) in invasion assay
while the adhesion assay was carried in 30 min (4°C) after
infection. So the variation of adhesion ability after 30 min
infection has no influence on our acute infection model (24 h
co-culture) in vitro. It is reported that around 9-10% of osteoblasts
were infected by P. gingivalis 33277 after cocultivation (7 d,
MOI=200) detected by confocal fluorescence microscopy (Zhang

et al,, 2010). Another research indicated that 5.4% of gingival
fibroblasts were infected by P. gingivalis 33277 after cocultivation
(4 h, MOI=1000) detected by confocal fluorescence microscopy
(Jang et al., 2017). In this study, around 19.3% S1 cells and 16.0%
MC38 cells were infected with P. gingivalis (S1+P. g 33277: 19.6%,
S1+P. g W83: 19.1%, MC38+P. g 33277: 16.3%, MC38+P. g W83:
15.6%) after cocultivation (24 h, MOI=100) which is higher than
previous study (Figures 1C, 3B). The percentage will be higher in
fact because ultrathin sections (100 nm) cannot present the whole
picture of cells. We supposed that CRC cells are one of the desirable
niches for P. gingivalis.

P. gingivalis has been reported to activate the p38MAPK/
HSP27, ERK1/2-Ets1, and PAR2/NF-kB pathways to stimulate the
expression of promatrix metalloproteinase-9 (proMMP-9), and its
ability to invade OSCC cell lines was promoted by gingipain (Inaba
et al,, 2014). Furthermore, P. gingivalis was shown to improve the
proliferation ability and upregulated the percentage of S phase cells
in human immortalized oral epithelial cells using a long-term
infection model (MOI=1, 5-23 weeks) (Geng et al., 2017).
Considering that long-term exposure to aerobic environment will
dramatically reduce the viability of P. gingivalis, we established an
acute infection model (MOI=100, <24 h) to ensure that the majority
of cells for this obligate anaerobe were alive.

Proteomic analysis showed that P. gingivalis elevated the level of
Cyclin A to promote the proliferation of gingival epithelial cells
(Kuboniwa etal., 2008). Increased expression of cyclin D1 were also
detected in OSCC cells infected with P. gingivalis. Cyclin D1
contribute to the enhanced proliferation of OSCC cells, which
was recognized as an early event of oral carcinogenesis (Ramos-
Garcia et al.,, 2019). Another research showed that P. gingivalis
promotes the G1/S transition from 6 h to 12 h after infection by up-
regulating the expression of cyclin D and cyclin E (Pan et al., 2014).
Overall, P. gingivalis can regulates cell cycle to enhance the
proliferation of OSCC cells and gingival epithelial cells
(Kuboniwa et al,, 2008). In our model, P. gingivalis could also
promote the proliferation and improve the percentage of CRC cells
in S phase at 24 h after infection. The expression of AP1, a dimer
combined with proteins from Fos and Jun sub-families, is up-
regulated by P. gingivalis in our study (Figures 5A, B). As an
important transcription factor, AP1 can influence the expression of
cyclin D1 (Vartanian et al.,, 2011) and regulate the cell cycle of
CRC cells.

Gingipain is a potent P. gingivalis virulence factor that targets
several essential components in the human immune system,
coagulation cascade, and regulatory pathways (Imamura et al.,
2003). P. gingivalis can activate the ERK1/2-Ets1, p38/HSP27, and
PAR2/NFkB pathways to induce promatrix metalloproteinase-9
expression after invading OSCC cells. Then, proMMP-9 is released
into the extracellular environment by gingipain from P. gingivalis
via PAR2 activation to promote cellular invasion and metastasis
(Inabaetal., 2014). MMP-9 isknown as a type IV collagenase that is
associated with various physiological and pathological processes,
including reproduction, growth, development, inflammation, and
vascular and proliferative diseases (Van den Steen et al., 2002).
MMP-9 transcription is positively regulated by E-26 transcription
factors, NF«B, polyomavirus enhancer A-binding protein-3, and
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AP1 (Crawford and Matrisian, 1996). AP1 was upregulated by
gingipain in our acute model in the present study (Figures 5A, B).
Thus, gingipain may activate proMMP-9 by improving AP1
expression to promote CRC progression.

Increasing evidence has revealed that the MAPK/ERK signaling
pathway plays a key role in CRC cell proliferation, migration,
invasion, apoptosis and differentiation (Sun et al,, 2019; Cheng
et al,, 2019; Pan et al, 2019). It has been reported that RAF,
including its three isoforms (ARAF, BRAF, and CRAF), is
activated by RAS and then activates MEK1/2 by increasing its
phosphorylationlevel. Activated MEK1/2 (p-MEK1/2) can increase
ERK1/2 phosphorylation. Finally, p-ERK1/2 can increase the
expression of AP1, a transcription factor that consists of FOS and
JUN, to regulate cell processes (Kim and Choi, 2015; Baxter et al,
2017). According to our RNA-Seq, gPCR and WB results, the RAS/
RAF/MEK/ERK signaling pathway was stimulated by P. gingivalis
through gingipain within 24 h. In addition, the phosphorylation of
MEK1/2 and ERK1/2, the core pathway components, was
upregulated within 3-6 h. Thus, we can conclude that P.
gingivalis probably promotes the proliferation of CRC cells by
regulating the MAPK/ERK signaling pathway.

Itis reported that F. nucleatum are always work together with P.
gingivalis in mouse experimental periodontitis model (Polak et al.,
2009). We compare the pro-proliferation ability of Fusobacterium
nucleatum (F. nucleatum) and P. gingivalis using CCK8 assay. The
results showed there is no significant synergism or summation
action between F. nucleatum and P. gingivalis in our acute infection
model in vitro (Supplementary Figure 5). So we haven’t focus on
the interaction between F. nucleatum and P. gingivalis in our study.
It is our next step to explore the synergism or summation action
between F. nucleatum and P. gingivalis.

Overall, this study provides a direct evidence for the association
of P. gingivalis and CRC cells in vitro. Animal experiment and
retrospective analysis of clinical cases are required to confirm our
conclusion. It suggests that P. gingivalis can potentially promote
CRC progression and CRC patients with P. gingivalis infection
requires extra attention in clinical work.
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Many Gram-negative bacterial pathogens employ translocated virulence factors, termed
effector proteins, to facilitate their parasitism of host cells and evade host anti-microbial
defenses. However, eukaryotes have evolved to detect effector-mediated virulence
strategies through a phenomenon termed effector-triggered immunity (ETI). Although
ETI was discovered in plants, a growing body of literature demonstrates that metazoans
also utilize effector-mediated immunity to detect and clear bacterial pathogens. This mini
review is focused on mechanisms of effector-mediated immune responses by the
accidental human pathogen Legionella pneumophila. We highlight recent
advancements in the field and discuss the future prospects of harnessing effectors for
the development of novel therapeutics, a critical need due to the prevalence and rapid
spread of antibiotic resistance.

Keywords: effector-triggered immunity, effector-mediated immunity, Legionella pneumophila, innate
immunity, macrophage

EFFECTOR-MEDIATED IMMUNITY ENHANCES HOST DEFENSE
AGAINST BACTERIAL PATHOGENS

The evolutionary arms race between host and pathogen has necessitated the use of several
complementary innate immune pathways to detect and eradicate pathogens. Initial pathogen
recognition occurs through engagement of pathogen associated molecular patterns (PAMPs) by
host pattern recognition receptors (PRRs) (Janeway, 1989). PRRs include toll-like-receptors (TLRs),
located on either the plasma membrane or endosomal membranes (Medzhitov and Janeway, 20005
Massis and Zamboni, 2011). PRR recognition of PAMPs activates signaling cascades that culminate
in production of pro-inflammatory cytokines that contribute to controlling infection (Janeway and
Medzhitov, 2002). Inflammasomes are multimeric intracellular protein complexes that activate
inflammatory caspases in response to cellular damage or pathogen infection [reviewed in (Martinon
et al., 2002)]. Bacterial pathogens have evolved diverse repertoires of virulence factors to promote
their survival within hosts by acquisition of host-derived nutrients and avoidance of host defenses.
Bacterial effectors are directly injected into host cells through specialized secretion systems and
functions within the host cells to facilitate pathogen survival in close association with host cells
(Cambronne and Roy, 2006; Galan, 2009). Both intracellular and extracellular pathogens utilize

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 186

February 2021 | Volume 10 | Article 593823


https://www.frontiersin.org/articles/10.3389/fcimb.2020.593823/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.593823/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.593823/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.593823/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:sshames@ksu.edu
https://doi.org/10.3389/fcimb.2020.593823
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.593823
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.593823&domain=pdf&date_stamp=2021-02-03

Ngwaga et al.

Legionella pneumophila Effector-Mediated Immunity

effector proteins, emphasizing their importance in the virulence
strategies of diverse bacterial pathogens.

Multiple effector-mediated virulence processes are similar
between seemingly diverse bacterial pathogens. Multicellular
eukaryotes are able to detect bacterial effectors and/or their
virulence processes via effector-triggered immunity (ETI)
(Stuart et al., 2013; Rajamuthiah and Mylonakis, 2014; Fischer
et al, 2019). ETT was first described in immune defense against
pathogens in plants as “gene-for-gene resistance” where
resistance (R) genes in plants recognize bacterial effectors
(Avr) within the plant cell and trigger an immune response
(Flor, 1971; Chisholm et al., 2006). However, animals also detect
pathogen infection through ETI and effector-mediated responses
[reviewed in (Fischer et al., 2019)]. Plant ETI results from either
direct recognition of the effector itself or sensing of intracellular
effector activity, whereas only the latter has been observed in
metazoans (Stuart et al., 2013). In plants, several models have
been described of how resistant strains directly or indirectly
detect pathogen effectors. The “receptor-ligand model” describes
direct recognition of bacterial effectors whereby a host R protein
binds and inactivates a bacterial Avr effector (Stuart et al., 2013).
The Pseudomonas syringae effector AvrPto blocks host pathogen
recognition through subversion of receptor-mediated signaling.
In resistant plants, AvrPto is directly inactivated by the R protein,
Pto (Xiang et al., 2008). The “guard hypothesis,” “decoy model,”
and “bait-and-switch model” are indirect models through which
resistant plants detect pathogen effector function (Dangl and
Jones, 2001; Stuart et al., 2013). In animal cells, effector function
is detected indirectly though cell-autonomous sensing of
homeostatic perturbations elicited by the effectors to the
benefit of the pathogen (Colaco and Moita, 2016). Examples
include cellular detection of effector-mediated translation
inhibition, inhibition of Rho GTPases, and pore formation
(Fischer et al., 2019). This mini review is focused specifically
on mechanisms of effector-mediated and -triggered host defense
against the accidental human pathogen Legionella pneumophila.

USE OF THE “ACCIDENTAL” PATHOGEN
L. PNEUMOPHILA AS A MODEL TO
UNDERSTAND EFFECTOR-MEDIATED
IMMUNE RESPONSES

Several mechanisms of effector-mediated immunity have been
uncovered by studying the accidental human pathogen
Legionella pneumophila. Legionella spp. are Gram-negative
intracellular bacteria that are ubiquitous in aquatic and soil
environments, where they parasitize free-living protozoa
(Rowbotham, 1980; Fliermans et al., 1981; Barbaree et al., 1986).
Anthropomorphic fresh-water environments such as cooling
towers, water fountains and any system that allows for
aerosolization of water droplets, have potential to be the source of
Legionella infection, collectively termed legionellosis (Barbaree et al.,
1986). Inhalation or aspiration of L. pneumophila can result in an
inflammatory pneumonia called Legionnaires’ disease, which is fatal
in ~10% of cases (Soda et al., 2017). Legionnaires’ disease primarily

affects elderly and immunocompromised individuals and was
named for the initial outbreak, which occurred at the 1976
American Legion Convention in Philadelphia (Fraser et al., 1977;
McDade et al,, 1980). In immunocompetent individuals, L.
pneumophila can cause a mild self-limiting flu-like illness called
Pontiac Fever (Glick et al., 1978). Legionellosis is a consequence of
L. pneumophila replication within alveolar macrophages (Nash
et al, 1984; Friedman et al., 2002); however, the infection is
readily cleared by innate immune responses in vivo, owing in part
to orchestrated production of pro-inflammatory cytokines (Shin,
2012; Liu et al, 2020). The opportunistic colonization of built
freshwater environments, rarity of person-to-person transmission
and susceptibility to innate immune responses has led to description
of L. pneumophila as an “accidental pathogen” (Borges et al., 2016;
Boamah et al., 2017).

Virulence strategies evolved by L. pneumophila to parasitize
free-living protozoa have conferred the ability to replicate within
mammalian macrophages (Park et al., 2020). Upon phagocytosis,
L. pneumophila rapidly remodels its vacuole to prevent lysosomal
degradation and establish an intracellular replicative niche called the
Legionella containing vacuole (LCV) (Horwitz, 1983). For
biogenesis of LCV and intracellular replication, L. pneumophila
employs over three hundred individual effector proteins
translocated into host cells by a Dot/Icm type IVB secretion
system (T4SS) (Berger and Isberg, 1993; Zhu et al, 2011;
Ensminger, 2016). L. pneumophila encodes the largest arsenal of
translocated effector proteins identified to date, due to its broad and
diverse tropism for free-living protozoa (Park et al., 2020). Armed
with these effectors, L. pneumophila proliferates to high numbers
within host phagocytes. Effectors are essential for biogenesis of the
LCV and intracellular replication through facilitating nutrient
acquisition and prevention of lysosomal degradation. However,
several L. pneumophila effectors that perform these essential
functions paradoxically amplify pro-inflammatory immune
responses in macrophages. Thus, L. pneumophila has become a
useful model pathogen to delineate mechanisms of effector-
mediated immune detection and clearance. Legionella have also
served as a valuable model to study molecular basis of
inflammasome activation; however, this aspect of Legionella
biology has been reviewed previously and will not be discussed
here (Mascarenhas and Zamboni, 2017).

Below, we discuss mechanisms of effector-mediated immune
defense against L. pneumophila and the potential for effector-
mediated immunity to be harnessed for development of novel
therapeutics to combat infectious diseases.

L. PNEUMOPHILA EFFECTOR-MEDIATED
TRANSLATION INHIBITION ENHANCES
MACROPHAGE INFLAMMATORY
RESPONSES

Effector-mediated host protein translation inhibition, a virulence
strategy employed by multiple pathogens, enhances inflammatory
signaling in L. pneumophila infected macrophages (Fontana et al.,
2011; Barry et al., 2013). To replicate intracellularly, L. pneumophila
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is reliant on host-derived amino acids (George et al., 1980; Bruckert
et al., 2013; Price et al., 2014; Schunder et al., 2014). Since free amino
acid levels are tightly regulated in eukaryotic cells, L. pneumophila
utilizes several effectors to facilitate acquisition of amino acids from
host cells. The effectors Lgtl-3, Sidl, SidL, LegK4, and RavX
collectively inhibit host protein translation [recently reviewed in
(Belyi, 2020)]. The mechanisms by which RavX, SidL, and SidI
inhibit translation have not been fully elucidated. However, Lgt1-3
glycosylation of the host translation elongation factor eEF1A on a
conserved Ser residue inhibits host polypeptide elongation (Belyi
et al, 2006; Belyi et al, 2008) and LegK4 impairs polypeptide
refolding through phosphorylation of host Hsp90 (Moss et al,
2019). SidI interacts with eEF1A and eEF1BY; however, this
interaction is not sufficient for translation inhibition (Shen et al.,
2009; Joseph et al., 2020). The collective activity of this redundant
family of effectors enhances the inflammatory response to L.
pneumophila (Shin and Roy, 2008; Barry et al., 2013).
Effector-mediated protein translation inhibition synergizes
with PAMP-mediated signaling to enhance inflammation in L.
pneumophila-infected macrophages. Fontana and colleagues
originally discovered that activity of the effectors Lgt1-3, Sidl,
and SidL induced selective mitogen activated protein kinase
(MAPK)-mediated upregulation of interleukin (IL)-l1o in L.
pneumophila-infected macrophages (Fontana et al., 2011;

glycolysis
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MAPKK

MAPK

Fontana et al., 2012). MAP kinase signaling cascades culminate
in activation of the dimeric activating protein (AP-1)
transcription factor—made up of Jun and Fos—which
facilitates pro-inflammatory gene expression (Fujioka et al.,
2004; Hess et al., 2004; Alonso et al., 2018; Gazon et al., 2018).
Interestingly, complementation of a L. pneumophila mutant
lacking lgt1-3, sidL, and sidl with just lgt-3 is sufficient to
restore MAPK activation during infection (Figure 1) (Fontana
et al.,, 2012). Translation inhibition results in selective
upregulation of IL-1c, which is critical for host defense against
L. pneumophila (Barry et al, 2013; Copenhaver et al.,, 2015;
Mascarenhas et al., 2015). The selective upregulation of Illa is a
consequence of mRNA superinduction, a phenomenon whereby
increased de novo transcription of specific genes overcomes
bacterial blockade of protein translation and initiates a pro-
inflammatory response (Barry et al., 2017). This selective
production of IL-lo. by infected macrophages results in
amplification of pro-inflammatory cytokine production by
uninfected translation-competent bystander cells (Copenhaver
et al.,, 2015; Liu et al., 2020) (see below). Translation inhibition
also occurs via an effector-independent mechanism, which may
be a consequence of metabolic reprogramming (Barry et al.,
2017; Price et al., 2020) (see below). However, effector-mediated
restriction of host protein translation, which liberates amino
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FIGURE 1 | Schematic representation of L. pneumophila effector-mediated host defense in macrophages. From the LCV, L. pneumophila (purple) translocates
hundreds of individual effector proteins (red squares/rectangles) into the host cytosol through the Dot/lcm T4SS (orange). Multiple effectors inhibit host translation
elongation (RavX, Sidl, SidL, LegK4, and Lgt1-3), which results in activation of MAPK signaling and pro-inflammatory cytokine expression [AP-1 (Jun, Fos)]. The
activity of Lgt1-3 also activates the mTORC1 complex, which results in downregulation of pro-inflammatory genes. However, in macrophages, mTOR signaling is
attenuated by detection of pathogen-derived molecules. Activation of NF-kB downstream of PRR (TLRs shown) engagement is enhanced by LegS2, LnaB, and
LegKT1, the latter of which phosphorylates IkBo. L. pneumophila replication within macrophages is also impaired by LegA9 and LegC4, the latter of which augments
cytokine-mediated restriction. Finally, LamA, a recently characterized L. pneumophila effector, degrades cellular glycogen, leading to increased aerobic glycolysis and
proinflammatory cytokine production. For clarity, the SidE family of effectors and the role of IL-1 production by infected macrophages are not shown. Question marks
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acids for use by L. pneumophila (De Leon et al., 2017),
contributes to a highly orchestrated pro-inflammatory response
in accidental hosts and is an example of canonical ETL

L. PNEUMOPHILA EFFECTOR-MEDIATED
TRANSLATION INHIBITION IMPACTS
MECHANISTIC TARGET OF RAPAMYCIN
(mTOR) SIGNALING

Modulation of host protein translation also impacts activity of
the mechanistic target of rapamycin (mTOR). mTOR is central
to many cellular processes and regulates host amino acid
metabolism, where availability and dearth of amino acids
results in activation or inactivation of mTOR signaling,
respectively [Figure 1; reviewed in (Condon and Sabatini,
2019)]. Several viral pathogens and protozoan parasites, such
as Leishmania, have evolved to directly target this pathway and
its processes for their own benefit (Buchkovich et al., 2008;
Jaramillo et al., 2011; Leroux et al., 2018).

Recent work has revealed the central, albeit complex, role of
mTOR in L. pneumophila pathogenesis and host defense.
Ivanov and Roy initially reported that macrophages detect
cytosolic “pathogen signatures,” which results in suppression
of mTOR and selective production of pro-inflammatory
cytokines and independently of translocated effectors (Ivanov
and Roy, 2013). Concomitantly, L. pneumophila virulence is
attenuated in the lungs of mice with mTOR-deficient
macrophages. However, subsequent studies uncovered a role
for effectors in mTOR regulation during L. pneumophila
infection (Abshire et al., 2016; De Leon et al., 2017). The
mTORCI complex (a multiprotein complex containing
mTOR) is both suppressed and activated by distinct families
of L. pneumophila effectors (De Leon et al., 2017). Translation
inhibition, through the activity of the Lgt effector family (see
above), and consequent increases in free amino acids, activates
mTORCI1 in macrophages. However, mTORCI is suppressed
through ubiquitination and suppression of Rag GTPases by the
SidE effector family (SidE/SdeABC), which also inhibit host
protein translation (De Leon et al., 2017). Thus, the SidE family
of effectors may prevent mTORCI sensing amino acids that are
liberated downstream of Lgtl-3 activity. In macrophages,
mTOR activation by the Lgts is downstream of potent
translation inhibition. As discussed above, inhibition of
protein translation in macrophages results in selective
production of a subset of pro-inflammatory mediators, such
as IL-1o. Thus, inhibition of mTOR would contribute to
selective production of cytokines that orchestrate a robust
inflammatory response in the lung through engagement of
bystander cells (see below) (Ivanov and Roy, 2013;
Copenhaver et al., 2015; Barry et al.,, 2017; Liu et al., 2020).
Together, these studies collectively emphasize the central and
complex role of mTOR in Legionella pathogenesis and the
inflammatory response elicited in accidental hosts.

AN EFFECTOR-MEDIATED STRATEGY
FOR REPLICATION IN AMOEBAE LEADS
TO PRO-INFLAMMATORY
MACROPHAGE RESTRICTION

L. pneumophila is ubiquitous in freshwater environments
where it parasitizes and replicates within unicellular
eukaryotes, including amoebae (Molmeret et al., 2005;
Albert-Weissenberger et al.,, 2006). When environmental
conditions are not optimal for growth and survival,
amoeboid trophozoites undergo encystation, a condition
where the amoeba turns into a metabolically inactive cyst
containing cellulose rich cell wall that is resistant to hostile
environmental conditions (Moon and Kong, 2012; Aqeel et al.,
2013). Although L. pneumophila survives in amoebal cysts,
encystation is restrictive to intracellular replication (Kilvington
and Price, 1990; Bouyer et al,, 2007). Prior to encystation,
amoebae accumulate glycogen, which is used for biogenesis of
the characteristic cellulose-rich cell wall (Weisman et al., 1970;
Fouque et al., 2012; Moon and Kong, 2012; Schaap and
Schilde, 2018).

To maintain amoebae as replication-permissive trophozoites,
L. pneumophila utilizes the effector LamA, an amylase that
catalyzes glycogenolysis to limit glycogen accumulation in
infection amoebae (Price et al, 2020). LamA alone is not
required for L. pneumophila replication in the natural hose
Acanthamoeba polyphaga, likely due to functional redundancy
with other effectors (Ghosh and O’Connor, 2017; Park et al.,
2020). However, other natural host amoebae were not examined
in this study. Thus, it is tempting to speculate that LamA activity
is individually important in other species, such as A. castellanii,
in which encystation is highly restrictive to L. pneumophila
(Weisman et al., 1970; Bouyer et al., 2007).

LamA-mediated metabolic reprogramming is deleterious to
L. pneumophila in accidental hosts (Price et al., 2020). Excess
cellular glucose results in increased aerobic glycolysis in both
A. polyphaga and human monocyte-derived macrophages
(hMDM) (Price et al., 2020). Aerobic glycolysis in
macrophages promotes their activation, M1 polarization and
secretion of pro-inflammatory cytokines (Langston et al,
2017). Thus, LamA activity enhances secretion of pro-
inflammatory cytokines from hMDMs during infection
[Figure 1 (Price et al,, 2020)] and impairs L. pneumophila in
hMDM through IFN-y-mediated indolamine-2,3-dioxygenase
(IDO) activity (Murray et al., 1989; Price et al., 2020). This
result is intriguing since translation inhibition during L.
pneumophila infection limits production of most cytokines
(see above). The authors propose that the amount of IFN-y
produced is sufficient for IDO activation; however, it would be
interesting to determine if IFN-y activation is indeed required
for LamA-mediated restriction. In the mouse lung, IL-1o
production is severely decreased following infection with a
lamA mutant compared to wild-type bacteria. However, the
lamA mutant strain presumably still translocates effector
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translation inhibitors (see above). Thus, macrophage metabolic
reprogramming may contribute to effector-independent
translation inhibition and concomitant inflammation (Barry
et al., 2017). Moreover, LamA-mediated macrophage
activation is a direct consequence of its enzymatic activity,
distinguishing this response from canonical ETL

EFFECTOR-MEDIATED AUGMENTATION
OF CYTOKINE-MEDIATED RESTRICTION
OF L. PNEUMOPHILA

Pro-inflammatory cytokines activate resting macrophages and
are critical for restriction of L. pneumophila in mammalian hosts
(Archer and Roy, 2006). The effector LegC4 was initially
identified in a high-throughput forward genetic screen for
individual effectors that impact L. pneumophila virulence in
amoeba and mammalian infection models (Shames et al., 2017;
Rolando and Buchrieser, 2018). This screen identified LegC4 as
conferring fitness disadvantage on L. pneumophila relative to the
isogenic parental strain in a mouse model of Legionnaires’
disease but not BMMs ex vivo (Shames et al, 2017; Ngwaga
et al., 2019). Interestingly, LegC4 is individually important for L.
pneumophila replication in the natural host, A. castellanii
(Shames et al., 2017). Further investigation revealed that LegC4
is deleterious to L. pneumophila specifically within cytokine-
activated macrophages (Ngwaga et al, 2019) (Figure 1). In
cultured mouse BMMs, LegC4-mediated restriction is
contingent on autocrine and paracrine TNF receptor 1
(TNFR1)-mediated signaling. However, loss of TNFR1 is
insufficient to rescue LegC4-mediated replication defects in the
mouse lung, likely due to LegC4-mediated exacerbation of IFN-
v-mediated restriction (Ngwaga et al., 2019). LegC4 additionally
enhances secretion of several pro-inflammatory cytokines,
including IL-12, IL-6, and TNF-a, from L. pneumophila-
infected BMMs despite global translation inhibition (Shames
et al, 2017; Ngwaga et al, 2019). Whether LegC4-mediated
increases in cytokine production from L. pneumophila-infected
macrophages is due to enhanced transcription or translation is
unknown. Revealing the influence of LegC4 on production of IL-
1o, TNF-o, and IFN-y in the lung will provide a foundation for
understanding the mechanism of LegC4-mediated restriction.
Interestingly, LegC4 is also augments cytokine-mediated
restriction of L. longbeachae, and the second leading cause of
Legionnaires’ disease globally (Gobin et al., 2009). L. longbeachae
is lethal to mice and is reliant on a Dot/Icm T4SS for intracellular
replication; however, L. longbeachae does not encode a homolog
of legC4 (Cazalet et al., 2010; Wood et al., 2015; Massis et al.,
2016). LegC4 is sufficient to attenuate L. longbeachae replication
within BMMs activated with either TNF-o or IFN-y (Ngwaga
et al,, 2019), demonstrating that LegC4-mediated restriction is
not specific to L. pneumophila. LegC4—like LamA—enhances L.
pneumophila virulence in a natural host, but its activity in
macrophages is deleterious. The mechanism by which LegC4
impacts L. pneumophila fitness in natural and accidental hosts,
respectively, and its potential to enhance cytokine-mediated

restriction of other intracellular pathogens are currently under
investigation in our lab.

EFFECTOR-MEDIATED ACTIVATION OF
INFLAMMATORY GENE EXPRESSION
AND AUTOPHAGY

Many bacterial pathogens actively attenuate inflammatory
signaling by restricting activation of the NF-«B transcription
factor (Brodsky and Medzhitov, 2009). However, NF-xB is
activated in mammalian cells infected with L. pneumophila.
Within L. pneumophila-infected cells, NF-xB activation occurs
in two waves; effector-independent TLR-dependent activation
when bacteria first make contact with host cells and effector-
mediated activation after several hours of infection (Losick and
Isberg, 2006; Asrat et al., 2014). Several L. pneumophila effectors
contribute to NF-xB activation in mammalian cells (Figure 1).
LegK1 is a eukaryotic-like serine/threonine kinase that
phosphorylates the inhibitor of kBow (IkBo), which results in
nuclear localization of NF-kB and consequent upregulation of
pro-inflammatory and pro-survival gene (Ge et al., 2009;
Rahman and McFadden, 2011). However, LegK1-mediated NF-
KB activation occurs only upon ectopic expression of legKI in
epithelial cells (Ge et al., 2009). LnaB enhances NF-kB-mediated
gene expression by an unknown mechanism following ectopic
expression and during L. pneumophila infection of epithelial cells
(Losick et al., 2010). LegK1 does not contribute to NF-«B activity
in L. pneumophila-infected epithelial cells (Losick et al., 2010),
which raises the possibility that this phenotype is a consequence
of dose-dependent effect, or mislocalization due to ectopic
expression. Neither [naB nor legKl are required for L.
pneumophila replication in mouse macrophages individually or
in combination (Losick et al., 2010). Since amoebae lack NF-xB
signaling components, direct effector-mediated activation of this
pathway is perplexing. It is possible that IkBo. phosphorylation
by LegK1 is due promiscuous enzymatic activity and/or presence
highly conserved target motifs. Identification of LegK1 substrates
in amoebae would shed light on this possibility. Effector-
mediated NF-kB activation enhances L. pneumophila survival
in macrophages through prevention of premature apoptosis but
also results in expression of pro-inflammatory cytokines,
including IL-1o (Losick and Isberg, 2006). NF-xB plays a
multifaceted role in L. pneumophila infection of accidental
hosts, but the evolutionary basis for its activation has yet to
be elucidated.

Autophagy is central to cell-autonomous restriction of
intracellular bacterial pathogens in phagotrophs. L.
pneumophila has evolved several effectors capable of regulating
host autophagy and two, LegS2 and LegA9, are deleterious to L.
pneumophila in accidental hosts (Khweek et al., 2016; Rolando
et al,, 2016; Sherwood and Roy, 2016). LegS2 is a mitochondria-
targeted sphingosine-1-phosphate lyase that restricts L.
pneumophila replication in macrophages, suppresses
autophagy, and enhances NF-kB activation (Degtyar et al,
2009; Khweek et al., 2016; Rolando et al., 2016). Suppression of
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starvation-induced autophagy by LegS2 is facilitated by
modulation of host sphingosine metabolism (Rolando et al,
2016), but whether amplification of NF-kB is linked to LegS2-
mediated sphingosine metabolism and suppression of autophagy
is unknown. LegA9 enhances L. pneumophila macrophage
clearance by upregulating autophagy in BMMs (Khweek et al.,
2013); however, further investigation is required to define the
mechanism by which LegA9 augments L. pneumophila
macrophage clearance.

CONSEQUENCES OF EFFECTOR-
MEDIATED IMMUNITY IN A MOUSE
MODEL OF LEGIONNAIRES’ DISEASE

L. pneumophila replicates robustly in macrophages derived from
permissive mice but is efficiently cleared from the lung just days
after infection. Restriction of L. pneumophila in the mouse lung
is due to a rapid and robust pro-inflammatory response
orchestrated through engagement of multiple cell types
(Blanchard et al., 1987; Blanchard et al., 1989; Brieland et al.,
1998; Archer and Roy, 2006). L. pneumophila-infected alveolar
macrophages are poor producers of TNF-o,, IL-6, and IL-12 in
vivo due to effector-mediated translation inhibition (Copenhaver
et al.,, 2014; Copenhaver et al., 2015). However, selective
upregulation of IL-1ot by infected translation-impaired cells
ultimately results in pro-inflammatory cytokine production by
uninfected bystander cells, namely Ly6C™ monocytes and
neutrophils (Copenhaver et al., 2015; Barry et al., 2017; Casson
et al., 2017). A central role for IL-1o in immune defense against
L. pneumophila has been well established and is contingent on
MyD88-mediated signaling (Barry et al., 2013; Asrat et al., 2014;
Copenhaver et al., 2015; Mascarenhas et al., 2015). However, the
mechanism by which IL-1a facilitates bacterial clearance in vivo
was only recently uncovered. IL-1o. produced by infected
alveolar macrophages engages IL-1R on alveolar epithelial cells,
which in turn secrete granulocyte colony stimulating factor
(GM-CSF) (Liu et al., 2020). Consequent GM-CSF signaling in
inflammatory monocytes upregulates aerobic glycolysis leading
to pro-inflammatory cytokine production (Liu et al., 2020). This
work exemplifies how effector-driven virulence mechanisms,
such as translation inhibition, trigger a highly orchestrated
inflammatory response to L. pneumophila in the lung.

HARNESSING EFFECTOR-MEDIATED
IMMUNITY TO COMBAT
BACTERIAL INFECTION

Antimicrobial resistance comprises a major global public health
challenge. Thus, to control the emergence and spread of
antimicrobial-resistant pathogens, innovative therapeutic
strategies are desperately needed. Anti-virulence therapy a
promising alternative approach to combat resistant pathogens
via targeting virulence pathways of the pathogen (Rasko and

Sperandio, 2010; Martinez et al., 2019). As pathogen-centric
therapeutics are susceptible to evolution of resistance, host-
centric therapeutics are an attractive alternative to control
bacterial infection. Information gleaned from effector-
mediated immune response and the effectors themselves have
potential to combat infection by regulated amplification of
host immunity.

Bacterial products, including effectors, modulate host
immunity. Bacterial PAMPs are promising innate
immunologicals, but whether immune-activating effectors can
be harnessed directly or indirectly to combat infectious diseases
has not been investigated. CpG oligodeoxynucleotides (ODN), a
TLRY agonist, have been used as vaccine adjuvants and can
amplify immune responses to multiple bacterial, parasitic and
viral pathogens, including Leishmania major, Mycobacterium
tuberculosis, Francisella tularensis and, more recently, SARS-
CoV-2, the etiological agent of COVID-19 (Zimmermann et al.,
1998; Elkins et al., 1999; Juffermans et al., 2002; Scheiermann and
Klinman, 2014; Oberemok et al., 2020). Moreover, multiple
effectors from well-adapted human pathogens that dampen
host immunity have attracted attention as potential drug
candidates for the treatment of inflammatory diseases (Riiter
and Hardwidge, 2014).

Use of effectors that amplify immunity directly into host cells
as possible host-specific therapeutics has not been evaluated.
Effector-mediated subversion of host homeostasis triggers ETI
but perturbation of host cellular processes poses a major
challenge. Global inhibition of translation as a means to
enhance anti-microbial immunity would be impractical.
However, based on insight from the response to ETI, treatment
with IL-1a could initiate an early and robust immune response
in the lung against diverse pathogens (see above). The effector
LegC4 is an intriguing candidate for host-specific therapeutics
based on its ability to amplify cytokine-mediated pathogen
restriction. However, further investigation is required to
determine the mechanisms of LegC4 function within immune
cells and if immune-activating effectors can be harnessed as host-
specific therapeutics.

To exert their functions, effectors require access to the cytosol
of host cells. Current use of effectors as therapeutics is
accomplished by autonomous translocation into host cells via
fusion to cell-penetrating peptides (Riiter and Schmidt, 2017).
However, the N-terminal domain of anthrax lethal factor (LFn),
when co-delivered with the anthrax protective antigen, facilitates
translocation of cargo protein directly into mammalian cells
(Rabideau and Pentelute, 2016). LFn fusion has been successfully
utilized to deliver bacterial proteins into host cells and mice
(Kofoed and Vance, 2011; Shi et al.,, 2015). In addition,
nanoparticles can be used for specific delivery of nucleic acids
for orthologous expression of effectors within target cells or
direct delivery of protein cargo (Avila et al, 2016; Rincon-
Restrepo et al., 2017).

Thus, potential exists for bacterial effectors to function as
therapeutic agents. Effector based therapeutics offer several
advantages over conventional biologics such as autonomous
translocation, enhanced specificity, efficacy at low concentrations,
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targeted and topical applications, comparatively fewer side effects,
cost-effective and stability at variable pH and temperatures.
Moreover, further understanding of novel effectors, mechanisms
of effector-mediated immunity, and the development of selective
delivery mechanisms offers potential for improved combinatorial
therapeutics in the future.

CONCLUSIONS

In addition to sensing pathogens through PRRs, the mammalian
immune system has developed additional mechanisms to detect
the activity of virulence factors secreted by pathogens. Effector-
mediated immunity facilitates detection and/or enhanced
clearance of pathogens. This additional mechanism to detect
pathogens is important because pathogenic microorganisms
have evolved ways to avoid, modulate and hide from the first
line of immune defense offered by triggering of PRRs. As an
accidental human pathogen, L. pneumophila continues to serve
as a useful model used to study innate immune mechanisms
without the complications of evasion strategies used by
mammalian-adapted pathogens. L. pneumophila has provided
valuable insight into mechanisms of innate immune defense
against intracellular bacterial pathogens, including how effector-
mediated virulence strategies trigger inflammation. Further
investigation of L. pneumophila effector function will
undoubtedly reveal yet additional mechanisms by which cells
of the innate immune system restrict intracellular pathogens.
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Bacterial effector proteins, delivered into host cells by specialized multiprotein secretion
systems, are a key mediator of bacterial pathogenesis. Following delivery, they modulate a
range of host cellular processes and functions. Strong selective pressures have resulted in
bacterial effectors evolving unique structures that can mimic host protein biochemical
activity or enable novel and distinct biochemistries. Despite the protein structure-function
paradigm, effectors from different bacterial species that share biochemical activities, such
as the conjugation of ubiquitin to a substrate, do not necessarily share structural or
sequence homology to each other or the eukaryotic proteins that carry out the same
function. Furthermore, some bacterial effectors have evolved structural variations to
known protein folds which enable different or additional biochemical and physiological
functions. Despite the overall low occurrence of intrinsically disordered proteins or regions
in prokaryotic proteomes compared to eukaryotes proteomes, bacterial effectors appear
to have adopted intrinsically disordered regions that mimic the disordered regions of
eukaryotic signaling proteins. In this review, we explore examples of the diverse
biochemical properties found in bacterial effectors that enable effector-mediated
interference of eukaryotic signaling pathways and ultimately support pathogenesis.
Despite challenges in the structural and functional characterisation of effectors, recent
progress has been made in understanding the often unusual and fascinating ways in
which these virulence factors promote pathogenesis. Nevertheless, continued work is
essential to reveal the array of remarkable activities displayed by effectors.

Keywords: bacterial effectors, secretion systems, structure-function, pathogenesis, protein organization,
host-pathogen

INTRODUCTION

The pathogenesis of many Gram-negative bacteria is highly dependent on specialized multiprotein
machines that deliver a repertoire of bacterial effectors in a spatiotemporally coordinated manner
into the host cell, where they modulate a range of eukaryotic cellular processes. These specialized
multiprotein machines are known as secretion systems. Of the seven known secretion systems found
in Gram-negative bacteria, the direct delivery of effectors across a host cell membrane can only be
achieved by the type III, type IV, and type VI secretion systems (T3SS, T4SS, and T6SS respectively)
(Galan and Waksman, 2018). The type VII secretion system present in Gram-positive bacteria and
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mycobacteria will not be discussed here. Through horizontal
gene transfer (HGT) and selective pressure from the host(s),
pathogenic bacteria have acquired bacterial effectors, mainly
encoded on pathogenicity islands and virulence plasmids. The
function of bacterial effectors is varied but broadly they promote
bacterial invasion and colonisation of host cells, as well as
bacterial survival, growth, and replication. Other key effector
functions include modulating host immune signaling and
establishing a bacteria-beneficial niche within the host. This
alters the relationship between pathogen and host, with bacterial
effectors reprogramming complex eukaryotic processes to
promote a parasitic relationship, where the pathogen is
supported by its host. Parasitic relationships result in injury,
disease, and potentially death of the host. However, host cells
detect pathogen-associated molecular patterns (PAMPs) from
invading organisms, and this activates a cascade of pro-
inflammatory signaling and defence mechanisms that can
protect the host from the invading pathogen (Janeway, 1989). In
addition, effector-triggered immunity (ETI), which is well
characterized in plant cells, is now reported in metazoans and
refers to the initiation of a protective immune response upon
detection of bacterial toxins, secreted proteins or the detection of
their activities (Lopes Fischer et al., 2020). In this way, ETI
provides another layer of immune defence that detects pathogen
manipulation of key cellular processes, including the subversion of
host immune responses. This refocuses the relationship from
being parasitic to one where the host gains immunity, in order
to resist and clear the pathogen. As a result of adaption and the
evolution of this bacteria-host relationship, different bacterial
species have acquired specific repertoires of effectors.
Nevertheless, common themes, related to effector structure and
function, exist among effectors from diverse pathogens.

In general, bacterial proteins that are not secreted, have an
individual biochemical activity associated to a physiologically
relevant function and structure within the bacteria. This follows
the structure-function paradigm, where the function of a protein is
directly related to its three-dimensional structure. However,
effectors are distinct from other bacterial proteins, as they
primarily function and exert their biochemical activity within
the target cell, rather than within the bacteria. Of the different
secretion systems that deliver bacterial proteins across a
mammalian cell membrane, the T6SS is the most recently
identified and still remains poorly described in terms of effector
delivery and the action of T6SS effectors within eukaryotic host
cells. Therefore, we will not discuss T6SS effectors further here.
Prior to effector delivery through the multiprotein T3SS, many but
not all T3SS effectors are chaperoned to the base of the secretion
system. Here, they are secreted in an ATP-dependent, unfolded or
partially folded and inactive state, which allows passage through
the narrow secretion system tunnel (Radics et al., 2014; Dohlich
etal,, 2014). Once delivered into a eukaryotic host cell, the folding
of effectors into their active conformation may or may not require
host proteins and additional, host-mediated, post-translational
modifications. This supports a hypothesis whereby T3SS
effectors primarily function within host cells. However, there is
at least one example describing effector catalytic activity within the

pathogen (Qaidi et al., 2020). The T3SS effector and N-
acetylglucosamine transferase, NleB, from pathogenic
Escherichia coli, modifies bacterial glutathione synthetase (GshB)
to promote GshB activity and bacterial survival to oxidative stress
(Qaidi et al., 2020). Given this unexpected observation, further
experiments should investigate how widespread this
phenomenon is.

T4SSs are versatile systems capable of secreting protein and
DNA into target cells that include other bacteria and eukaryotic
cells. Relevant to this review is the delivery of proteins through the
T4SS into host eukaryotic cells from pathogens such as Legionella
pneumophila and Helicobacter pylori. The translocation of T4SS
effectors is similar to T3SS effectors; most effectors are unfolded or
partially folded and in complex with a chaperone for secretion
(Costa et al., 2015; Sgro et al., 2019). There are also examples of
folded proteins that need to be unfolded for T4SS translocation
(Trokter and Waksman, 2018).

Secretion systems have evolved to deliver bacterial effectors in a
spatiotemporally regulated and coordinated manner (Selkrig et al.,
2020), which enables effectors to work in concert with each other.
For example, the Salmonella T3SS effectors SseF and SseG,
function together to anchor Salmonella-containing vacuoles
(SCV) to the Golgi Network (Yu et al, 2016) and the global
mapping of Salmonella-host protein-protein interactions revealed
that SseJ and SseL collaborate in order to redirect cholesterol to the
SCV (Walch et al,, 2020). Effectors working in opposition to each
other have also been described, for example, Legionella LubX
targets the bacterial effector SidH for degradation via the host
proteasome in the later stages of infection and this finding gave
rise to the term “meta-effectors”, or “effectors of effectors” (Kubori
et al,, 2010; Urbanus et al., 2016). Another key difference between
bacterial proteins and secretion system effectors is that many
effectors have more than one host cellular target and hence may
have multiple biochemical activities and biological functions
(Galan, 2009; Walch et al., 2020).

The relatively low concentration of many effectors within host
cells is likely to drive the evolution of enzymatic activities, yet
some effectors appear to function as adaptors. Many effectors that
lack their own enzymatic activity function by recruiting and
redirecting host enzymes to indirectly modify target protein(s)
and modulate host cell signaling (Ohlson et al., 2008; Bayer-Santos
et al,, 2016; Panagi et al, 2020). Like eukaryotes, prokaryotes
exploit the use of post translational modifications (PTMs) to
increase the functional diversity of their proteome in a dynamic
way. However, the repertoire of PTMs is divergent to that found in
eukaryotes. For example, prokaryotes lack the full array of
enzymes required for the conjugation of ubiquitin to target
proteins. Nevertheless, bacteria have evolved to exploit host
machinery to carry out ubiquitination via bacterial E3 ligase
effectors as well as various other PTMs that are not required for
the regulation of bacterial physiology.

In this review, we will examine common themes of effectors
from diverse bacterial species in terms of structure and
biochemical activity. We will take examples from several
pathogens that utilize type III and type IV secretion systems
yet acknowledge that we are unable to review the vast array of
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effector-mediated functions and biochemical activities. The first
group of effectors we will consider are those that have adopted
structural similarities to eukaryotic proteins that enable them to
mimic the biochemical activities of host proteins. For example,
effectors that act as proteases, phosphatases, kinases, glycosylases,
and more, have been described. Other bacterial effectors have
unique structures that lack homology to our current knowledge of
eukaryotic proteins and have interesting biochemical activities that
perform unique and alternative PTMs and functions in
comparison to those exhibited by normal eukaryotic processes.
The final structural property of bacterial effectors we will consider
is the occurrence of intrinsically disordered regions (IDRs). In
general, prokaryotic proteomes show a low degree of IDRs when
compared to eukaryotes (Dunker et al., 2000). However, bacterial
effectors seem comparatively enriched with IDRs that mimic those
found in mammalian proteins (Iakoucheva et al., 2002; Marin
et al,, 2012). As described below, these IDRs are likely to mediate
specific host-pathogen protein-protein interactions. Together,
these structural aspects enhance the potency of the effector.
Enzymatic mimicry and novel biochemistry are unlikely to be
directly inhibited or reversed by the host and precise protein-
protein interactions ensure a high degree of specificity for
effector activity.

We will end our review by highlighting some of the current
challenges in characterising the structure and function of effectors in
different bacterial species as well as the advances in experimental
techniques that may be used to improve our knowledge and
characterization of bacterial effectors. Understanding the structures
and functions of diverse effectors improves our understanding of the
mechanisms that drive bacterial pathogenesis. Furthermore,
uncovering unique biochemical mechanisms, which appear to be
absent from normal host cell biology, provides potentially new targets
for the development of antimicrobials that will not interfere with
host biochemistry.

STRUCTURED “ORDERED” BACTERIAL
EFFECTORS MIMICKING HOST
PROTEIN FUNCTION

A large majority of characterized bacterial effectors are well-
defined, structured, and ordered proteins with a stable, fixed
three-dimensional structure that influences the effector function.
Within this group of structured effectors, there are numerous
examples where effectors have evolved to mimic the biochemical
activity or structural properties of host cell proteins without
significant sequence or structural homology to any particular
host protein. The use of eukaryotic-like domains to mimic
endogenous cellular proteins could represent a selective
advantage for bacteria as the activity of these effectors might
not be directly inhibited by host proteins and the diversification
in protein structure might also result in additional physiological
functions that enhance the virulence potential of the effector. In
addition, bacterial effectors that fine-tune host cell processes
using eukaryotic-like biochemistry might promote the silent
manipulation of host cell signaling without triggering ETL

Finally, it is interesting to consider that some effectors have also
evolved that mimic eukaryotic-like protein biochemistry but act
towards other bacterial proteins as well as host proteins. The
Legionella meta-effector and E3 ubiquitin ligase, LubX, acts to
spatiotemporally regulate the activity of the effector SidH (Kubori
et al., 2010). LubX contains two U-box domains, one that serves as
an E2-binding site and a second U-box that functions as a
substrate binding site. In this way, LubX has evolved to exploit
the host ubiquitination machinery and proteasome in order to
regulate one of its own effectors within host cells (Kubori
et al., 2010).

The Salmonella T3SS eftector SopA and the Enterohemorrhagic
E. coli (EHEC) effector NleL represent homologous proteins that
both exhibit ubiquitin ligase activity. SopA and NleL, which do not
share any sequence homology, contain some structural similarities
to each other and the host cell protein domain, eukaryotic E3
ubiquitin ligase homologous to E6-AP carboxy terminus (HECT),
which mediates the addition of ubiquitin on to target proteins
(Zhang et al., 2006; Lin et al., 2011). Crystal structures of both SopA
and NleL show the distinguishing bi-lobal structure of HECT
domains (Lin et al., 2012) (Figure 1A). Both SopA and NleL also
contain a conserved C-terminal region cysteine residue that is
required to form the thioester-linked intermediate prior to
ubiquitin transfer to the substrate. The N-lobe contains the E2-
binding site and is attached to a structurally flexible C-lobe in SopA
and NleL (Figures 1B, C). Similar to the HECT domain, the
structural flexibility between N- and C-lobes most likely enables
SopA and NleL to interact with E2 ubiquitin-conjugating enzymes
and to ubiquitinate target host proteins. Through molecular
mimicry, both SopA and NleL bind the canonical surface of the
E2 UbcH?7, hijacking the host ubiquitination machinery despite
showing little similarity to the E2-interacting surface of eukaryotic
HECT E3 ligases (Lin et al., 2012). In comparison to the HECT
domain, there is an additional N-terminal 3-helix domain in SopA
and NleL (Figure 1C). While functionally uncharacterized, this 3
helix domain may act as a substrate binding site (Fiskin et al., 2017).
The lack of sequence similarity between SopA and NleL results in
differing molecular surfaces which might explain the functional
differences observed (Diao et al, 2008; Lin et al, 2012). SopA
modulates Salmonella-induced intestinal inflammation and
stimulation of transepithelial migration of polymorphonuclear
leucocytes (Lin et al., 2011; Kamanova et al., 2016). SopA appears
to function through interaction with and ubiquitination of TRIM56
and TRIM65, however the precise molecular mechanism remains
controversial (Kamanova et al., 2016; Fiskin et al., 2017). In contrast,
NleL inhibits formation of actin membrane protrusions, called
pedestals, on the surface of host cells by the EHEC effector Tir by
an unknown mechanism (Piscatelli et al., 2011). Alternatively, NleL
might promote EHEC adherence by targeting host c-Jun NH2-
terminal kinases (JNKs) (Sheng et al.,, 2017) and overexpressed NleL
inhibits NF-xB signaling (Sheng et al., 2020). This highlights that
although effectors might share structural and biochemical
similarities, unique physiological functions are likely to
have evolved.

Another example of effectors exploiting molecular mimicry is
the family of effector zinc metalloproteases. This family consists

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

198

February 2021 | Volume 11 | Article 608860


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mak and Thurston

Structures and Functions of Bacterial Effectors

N-terminal
domain
phosphate
backbone
contacts

Major
groove

FIGURE 1 | Continued

Eukaryotic HECT E3

GtgA-p65 NTD
W N-terminal domain

p65-DNA (PDB 2RAM)
[ N-terminal domain
[ Dimerization domain

B-helix

B-helix
&

o X,

Dimerization

phosphate
backbone

b

domain

contacts

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

199

February 2021 | Volume 11 | Article 608860


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mak and Thurston

Structures and Functions of Bacterial Effectors

FIGURE 1 | Structured bacterial effectors mimicking host cell proteins. (A) Structural comparison between Enterohemorrhagic E. coli (EHEC) effector NleL (residue
170-782) and Salmonella effector SopA (residue 163-782) in ribbon cartoon representation. Structures consist of the N-lobe (magenta), the C-lobe (yellow) and the
B-helix domain (cyan). The catalytic cysteine (Cys) residue 753 are labelled in red. The hinge helix is labelled and shown in green (taken from Lin et al., 2011).

(B) Structural superposition of two bacterial HECT-like ES ligases, SopA from Saimonella and NleL from EHEC, bound to human E2 protein UbcH7 (shown in dark
blue). The E3 ligase N-lobes and B-helix domains are shown in pink and light blue respectively, as ribbon representation and transparent surface. The C-lobe is
structurally flexible and shown in orange for NleL and in yellow for SopA. The catalytic cysteine (Cys) residues are shown in red (taken from Lin et al., 2012).

(C) Schematic of structural comparison between eukaryotic HECT ES ligases and bacterial HECT-like E3 ligases. Eukaryotic HECT E3 ligases include EBAP, Smurf2,
WWP1, and NEDDA4L. Bacterial HECT-like E3 ligases include SopA from Saimonella and NleL from EHEC. Structural flexibility is shown in the C-lobe of NleL and
SopA (taken from Lin et al., 2012). (D) Structural mimicry of DNA by Saimonella effector GtgA. Top structure shows GtgA in complex with the N-terminal domain
(NTD) of p65. Bottom structure shows DNA in complex with the NTD and the dimerization domain of p65. GtgA is shown in surface representation and coloured
according to its electrostatic surface potential (red is negative; white is neutral; blue is positive). The NTD of p65 is shown in green and the dimerization domain of
p65 is shown in cyan. The cleavage site residues in p65 (Gly-40/Arg-41) are shown with yellow sticks (taken from Jennings et al., 2018).

of GtgA, GogA, and PipA from Salmonella enterica, NleC, and
NleD from enteropathogenic E. coli and EHEC and RipAX2
from Ralstonia solanacearum, which all contain a conserved
short metal binding HEXXH motif essential for catalytic activity.
Although these proteins do not share significant sequence
homology to known host zinc metalloproteases, they structurally
retain the catalytic core of the Zincin superfamily (Jennings et al.,
2018). Due to the diverse sequence homology found within the
family, its members target different host proteins. NleD directly
cleaves mitogen-activated protein kinases (MAPKs), JNK, and
p38, in the flexible activation loop, thereby inhibiting activator
protein-1 (AP-1)-dependent gene transcription and the JNK-
dependent apoptosis (Baruch et al., 2011; Gur-Arie et al., 2020).
In contrast, GtgA, GogA, PipA, and NleC specifically and directly
cleave subunits of NF-xB to suppresses host pro-inflammatory
immune responses (Baruch et al., 2011; Sun et al., 2016; Jennings
et al, 2018) and NleC also cleaves and degrades the host
acetyltransferase and transcriptional coactivator, p300 (Shames
et al, 2011). Despite superficial similarity in targeting NF-xB
subunits, GtgA, GogA, and PipA only cleave p65, RelB and cRel,
whereas NleC can also hydrolyse pl105/p50 and p100/p52
(Jennings et al., 2018). This molecular specificity arises from
different cleavage sites, with GtgA, GogA, and PipA cleaving
p65 between Gly40 and Arg4l (Sun et al, 2016). Arg4l, in the
P1’ position, is conserved in p65, RelB and cRel and is
accommodated by a negatively charged pocket within GtgA, but
p105/p50 and pl00/p52 encode a proline at the corresponding
residue which prevents cleavage (Jennings et al., 2018). In contrast,
NleC cleaves p65 between residue Cys-38 and Glu-39 and the P1’
residue is conserved in all five NF-xB subunits. Despite these
differences, both NleC and GtgA target NF-xB subunits through
mimicry of the major groove of DNA (Figure 1D), which
represents the normal binding target for nuclear NF-xB (Turco
and Sousa, 2014; Jennings et al., 2018). Therefore, GtgA, GogA,
PipA, and NleC show two forms of structural mimicry; first,
functionally they act as zinc metalloproteases without sharing
significant sequence homology to other known zinc
metalloproteases and second, they mimic DNA in order to
mediate substrate binding.

Although many bacterial effectors do not resemble eukaryotic
host cell proteins in their overall structure, they might share
short sequence motifs that are found in both eukaryotic proteins
and effectors from different bacterial species. For example, a
group of T3SS effectors that arose from convergent evolution

share a conserved tryptophan (W)-xxx-glutamine (E) motif,
which is found among effectors from diverse species and
among TIR (Toll/Interleukin-1 receptor)-domain containing
eukaryotic proteins (Felix et al, 2014). The WxxxE family of
T3SS effectors include Shigella effectors IpgBl and IpgB2,
Salmonella effectors SifA and SifB (Alto et al., 2006), and
EPEC and EHEC effectors Map (Kenny et al, 2002), EspM
(Arbeloa et al.,, 2008), and EspT (Bulgin et al., 2009). In
addition, despite not containing a WxxxE motif, Salmonella
effectors SopE and SopE2, and BopE from Burkholderia share
similar 3D structures to the WxxxE effectors and are therefore
grouped into a larger family of effectors, known as the WxxxE
effector and SopE-like family (Bulgin et al., 2010). Within this
family of effectors, the WxxxE motif appears to have a structural
role in maintaining the conformation of the putative catalytic
loop, which mediates intrinsic guanine nucleotide exchange factor
(GEF) activity towards Rho GTPases (Felix et al., 2014).
Mechanistically, GDP to GTP exchange appears to mimic the
“push and pull” mechanism exhibited by certain eukaryotic Rho
GTPase GEFs. That is, interactions between the effector catalytic
motif with the switch I and switch II regions on the target Rho
GTPase lead to a conformational change that ejects GDP.
Functionally, this effector-mediated manipulation of Rho
GTPases controls host actin dynamics, with each effector
showing specificity for different GTPases that mediate
differential function (Bulgin et al., 2010). Interestingly, although
SifA contains the conserved WxxxE motif in its C-terminal
domain, SifA lacks the catalytic residues in the putative catalytic
loop required for GEF activity, and does not show GEF activity in
vivo (Ohlson et al., 2008). Instead, the N-terminal domain and C-
terminal domain of SifA interact with protein partners
independently, suggesting that SifA may have evolved from a
GEF to an adaptor protein related to GTPase activity (Ohlson
et al,, 2008; Jennings et al., 2017). As in the above examples, the
study of the WxxxE/SopE-like effectors illustrates how functional
mimicry, in this case Rho GTPase GEF activity, is achieved
without structural homology to host enzymes.

Of note, some bacterial effectors share modular sequence
homology with diverse effectors and have more than one
biochemical activity. For example, the Salmonella effector SptP
contains two biochemical activities; the N-terminal domain
contains a GTPase-activating protein (GAP) domain that is
similar to YopE of Yersinia and ExoS of Pseudomonas aeruginosa,
whereas the C-terminal domain shows sequence similarity to the
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protein tyrosine phosphatase YopH of Yersinia (Zhou and Galan,
2001). Both the GAP and tyrosine phosphatase activity contribute
to SptP inhibiting Raf activation and the subsequent ERK MAPK
signaling pathway (Lin et al., 2003). This dual activity is key in
promoting proinflammatory cytokine release and dampens innate
immune signaling and pathogen clearance in the host. Such dual
activity is rare among non-secreted and non-virulent
bacterial proteins.

In this section, we have highlighted examples whereby
bacterial effectors with ordered structures mimic host cell
protein biochemical activity and function but in the absence of
significant sequence similarity. Next, we will consider effectors
that mediate eukaryotic-like covalent modification through
entirely novel protein folds as well as previously unseen post-
translational modifications that have not been described in the
study of eukaryotic biochemistry.

STRUCTURED “ORDERED” BACTERIAL
EFFECTORS WITH NEW PROTEIN FOLDS
AND BIOCHEMISTRY

In recent years, an array of distinct and novel biochemical
mechanisms that are catalyzed by bacterial effectors, but
seemingly not eukaryotic proteins, have been identified. This
may be advantageous to the pathogen as the effectors and/or
their modified host targets are less likely to be controlled by host
feedback loops and/or regulatory proteins and evolution of host
resistance mechanisms is likely to require significant time. These
PTMs manipulate host cell signaling and cause detrimental
downstream effects to host responses.

Effector-Mediated Ubiquitination and
Phosphorylation

Protein ubiquitination is key in regulating many eukaryotic (but
not prokaryotic) cellular processes. Interestingly however,
bacteria have evolved different types of effector biochemistry
that uniquely mediate, target and modify eukaryotic protein
ubiquitination. The first example we will consider is the
evolution of a family of “novel E3 ligases” (NELs) found
among effectors that are structurally unique from mammalian
E3 ligases (Figure 2A). This diversifies the repertoire of ubiquitin
ligases that target host proteins, in addition to the bacterial E3
ligases mimicking eukaryotic E3 ligase domains (Ashida and
Sasakawa, 2017). The NEL family contains members from at
least six pathogenic bacteria, including Salmonella eftectors SIrP
(Bernal-Bayard and Ramos-Morales, 2009), SspH1 and SspH2
(Haraga and Miller, 2006; Quezada et al., 2009; Levin et al., 2010;
Keszei et al., 2014), YopM of Yersinia (Soundararajan et al.,
2011), and the IpaH effector family from Shigella (Singer et al.,
2008). Although structurally unlike known eukaryotic E3 ligases,
NELs show three key similarities that support ubiquitination.
Similar to eukaryotic HECT E3 ligases, NELs contain a
conserved catalytic cysteine residue that forms the ubiquitin
thioester intermediate prior to ubiquitin transfer onto the

substrate. NEL domains also contain a potential E2-interacting
surface (Quezada et al., 2009), which enables these NEL effectors
to bind to host E2 enzymes charged with ubiquitin, and compete
with host E3 ligase proteins. Finally, representing a defining
point of NEL family effectors is the presence of a canonical
leucine-rich repeat (LRR) domain (Figure 2B) that interacts with
the NEL domain to form an autoinhibitory fold. This prevents
premature activation of the ligase, providing exquisite control of
effector activity and might also prevent cellular toxicity induced
by the NEL domain, which when expressed alone is toxic
(Quezada et al,, 2009; Chou et al., 2012; Keszei et al., 2014).
This highly specific target bound activity might enable NEL
effectors to limit the degree of ETI in mammalian and plant-
adapted pathogens. Mechanistically, structural studies reveal that
target binding causes the NEL effector to undergo a substantial
conformational change, exposing the catalytic site. In addition,
the variable length of the LRR domain enables the recognition of
a range of different host targets, supporting target diversification
(Quezada et al., 2009). Whether NEL effector activity is detected
and/or regulated by host proteins remains to be determined, but
their unique structural properties represent an opportunity for
the development of inhibitors that specifically target the bacterial
virulence factors without affecting host E3 ligases.

In contrast to NEL ligases mediating ubiquitination through
hijacking of host machinery, Legionella effector MavC uses a
remarkable El-independent ubiquitin ligation method to block
eukaryotic ubiquitination mediated via a specific E2 protein,
Ube2N. Although MavC has some structural and functional
similarities to the bacterial deamidases Cif from EPEC and
CHBP from Burkholderia pseudomallei, MavC also contains a
unique “insertion” domain which recognizes and interacts with
the Ube2N-ubiquitin conjugate (Figure 2C) (Yao et al., 2009;
Cui et al., 2010; Valleau et al., 2018; Puvar et al., 2020). Rather
than exhibiting deamidase activity, MavC catalyzes an
intramolecular covalent transglutamination reaction between
ubiquitin (Ub) and the host E2 Ube2N, resulting in a -
glutamyl-e-Lys (GIn40Y>-Lys92Y**N) isopeptide crosslink.
Functionally, this inactivates the E2-ubiquitin conjugate in the
Uevla:Ube2N-Ub complex, where Uevla is a non-catalytic
partner protein, preventing Lys63-linked poly-ubiquitin chains,
and ultimately NF-kB (nuclear factor k-light-chain-enhancer of
activated B cells) activation (Valleau et al., 2018; Puvar et al.,
2020). Notably, structural analysis and biochemical functional
assays were key in revealing how the deamidase core appended to
an insertion domain enabled ubiquitination in a MavC-
dependent manner without nucleotide-dependent activation
of ubiquitin.

The Legionella effector SdeA, part of the SidE effector family,
adopts another novel variation of ubiquitination known as
phosphoribosyl-linked (PR) ubiquitination. SdeA catalyzes the
conjugation of ubiquitin to a target protein on serine residues in
an E1 and E2 independent manner (Bhogaraju et al., 2016; Qiu
et al., 2016; Akturk et al., 2018; Kim et al., 2018). Structural
analysis showed that the mono-ADP-ribosyltransferase (mART)
and phosphodiesterase (PDE) domains are the key catalytic
domains in SdeA. The mART domain binds to ubiquitin with
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FIGURE 2 | Novel structures and biochemical activities mediated by bacterial effectors. (A) Structural comparison between the Novel E3 Ligase (NEL) domain in
Salmonella effector SspH2 with bacterial E3 ligases that mimic eukaryotic E3 ligase domains: the homologous to E6-AP carboxy terminus (HECT) domain in SopA
from Salmonella and the Really Interesting New Gene (RING/U-box) domain in AvrPtoB from Pseudomonas Syringae. Catalytic cysteine residues are shown in blue
(taken from Quezada et al., 2009). (B) Crystal structure of Salmonella effector SspH2 shown in ribbon representation (top) and molecular surface representation
(bottom). The Novel E3 Ligase (NEL) domain is shown in red and the leucine-rich repeat (LRR) domain in orange. The catalytic cysteine residue in SspH2 (C580) is
shown in blue. Hydrophobic patches are labelled and shown in yellow for the NEL domain and in green for the LRR domain (taken and adapted from Quezada et al.,
2009). (C) Crystal structure of the Legionella effector MavC bound to E2 Ube2N-ubiquitin conjugate. MavC is shown in dark pink, Ube2N in green and ubiquitin (Ub)
in blue. The domains of MavC are labelled: helical extension (HE), core globular domain (CG), and insertion domain (INS). The active site residues in MavC (C74,
H231, and Q252) are shown as red sticks (taken from Puvar et al., 2020). (D) Phosphocholination and dephosphocholination of Rab GTPase protein by the
Legionella effector AnkX and Lem3. AnkX catalyzes phosphocholination, the transfer of the phosphocholine moiety from cytidine diphosphate (CDP)-choline onto the
hydroxyl group of a serine residue in certain Rab GTPase proteins. Lem3 catalyzes the dephosphocholination by removing the phosphocholine (PC) (adapted from
Heller et al., 2015).

a novel binding model that is distinct from known eukaryotic ~ Interestingly, this non-canonical PR serine ubiquitination in
ubiquitin-protein interactions and undergoes significant  the host cell is tightly regulated and can be reversed by
conformational changes in order to ADP-ribosylate arginine-  Legionella effectors encoding deubiquitinases for PR-linked
42 of ubiquitin (Ub™?) with cofactor NAD". Subsequently, the ubiquitination (DUPs; DupA and DupB) (Shin et al., 2020).
PDE domain cleaves the phosphodiester bond of ADP-  Meta-effectors also regulate SidE family member activity. SidJ, a
ribosylated ubiquitin, resulting in phosphoribosyl ubiquitin ~ pseudokinase that is activated upon calmodulin binding in the
(PR-Ub), which can be linked to the hydroxyl group of serine  host cell, polyglutamylates SidE ubiquitin ligases, regulating the
residues in target substrate proteins (Dong et al., 2018).  function of these effectors within the host. Structural analysis
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convey that the protein kinase fold in Sid] catalyzes the ATP-
dependent isopeptide bond formation between the free
glutamate amino group and the SidE active site glutamate y-
carboxyl group (Black et al., 2019).

Other effectors also show a high degree of specificity in terms of
activity, only becoming activated upon binding to host proteins.
Shigella T3SS effector OspG, and its homologous effectors NleH1
and NleH2 from EPEC, are atypical serine/threonine kinases that
share sequence homology to eukaryotic kinase subdomains I-VII
(Zhou et al, 2013). However, they appear to lack other kinase
components, including the kinase core and the activation loop. This
results in a low or undetectable kinase activity that makes the
protein inactive in the bacteria and may prevent non-specific
activity in host cells that could initiate ETL. Only upon binding to
host ubiquitin, including poly-ubiquitin chains and ubiquitin-
conjugated proteins, through hydrophobic interactions mediated
by the C-terminal region, is the autophosphorylation and intrinsic
ATP hydrolysis activity of OspG stimulated (Zhou et al., 2013). This
stimulation enables OspG to phosphorylate host ubiquitin-
conjugating enzyme (e.g., UbcHS5), which subsequently prevents
canonical degradation of phosphorylated inhibitor of NF-xB type o
(phospho-IkBat) and TNF-o. stimulated NF-xB activation (Kim
et al., 2005; Zhou et al., 2013). In contrast, NleH1 and NleH2, which
also contain an atypical kinase in the C-terminal domain,
autophosphorylate serine and threonine residues in their N-
terminal domain independent of ubiquitin binding (Zhou et al,
2013). Autophosphorylation promotes interaction with and
phosphorylation of target proteins. The substrate specificities and
functional differences may be a result of sequence variation in the
N-terminal domains NleH1 and NleH2. NleH1 phosphorylates and
inhibits host MAPK (mitogen-activated protein kinase) proteins,
ERK1/2 (extracellular signal-regulated kinase 1/2) and p38, to
suppress NF-kB activation and apoptosis, whereas NleH2 only
inhibits p38 and apoptosis (Zhou et al., 2013; Kralicek et al,
2018). As well as atypical kinases, canonical serine/threonine
effector kinases, such as Yersinia spp. effector YpkA are also
regulated by autophosphorylation. Stimulated YpkA binds and
phosphorylates the heterotrimeric G protein complex (Goq),
inhibiting G protein-coupled receptor signaling in the host cell
(Navarro et al, 2007; Pha et al, 2014). Overall, it is clear that
regulation of effector activity via interaction with host proteins and
PTM represents a key mechanism by which effector function is
tightly regulated within host cells.

Novel Effector-Mediated Post-
Translational Modifications

NEL family E3 ligases and kinase effectors carry out biochemical
processes (ubiquitination and phosphorylation respectively) that
are found in eukaryotic cells and can therefore be reversed by host
cell enzymes. In contrast, other effectors have evolved biochemical
activities that appear to mediate irreversible PTMs. For example, the
Shigella T3SS eftector OspF was identified as a phosphothreonine
lyase through mass spectrometry of host targets (Li et al., 2007).
OspF shares 63% sequence identity with the Salmonella T3SS
effector SpvC and both proteins catalyze an irreversible phosphate
elimination reaction (Mazurkiewicz et al., 2008). Phosphate

elimination converts phosphothreonine or phosphoserine to
dehydrobutyrine or dehydroalanine respectively and prevents re-
phosphorylation of the residue, unlike dephosphorylation. Residues
in various MAPKs, including ERK, p38 and JNK, with the dual-
phosphorylated pT-X-pY motif, are targeted (Zhu et al.,, 2007;
Mazurkiewicz et al.,, 2008). This leads to the impairment of
MAPK signaling and blocks the activation of pro-inflammatory
NF-xB regulated genes and the expression of pro-inflammatory
cytokines (Li et al., 2007; Mazurkiewicz et al., 2008). This is likely to
be a highly potent method for interference of host cell signaling as
the protein cannot be reactivated and instead requires de novo
protein synthesis. Of the phospholyases described to date, there is a
high degree of homology, with the residues required for catalysis
fully conserved. However, there is substrate specificity among this
effector family which presumably reflects the differing niches of the
pathogens that encode them.

Another family of bacterial effectors mediating a variation to
known eukaryotic biochemistry is the family of NleB
glycosyltransferases. EPEC T3SS effector NleB and the orthologs,
SseK1, SseK2 and Ssek3 from Salmonella, catalyze the transfer of
N-acetylglucosamine (GIcNAc) (Gao et al., 2013; Pearson et al.,
2013; Li et al., 2013). In the case of NleB, modification of various
host death domain-containing proteins, such as FADD, TRADD,
and RIPK1, disrupts NF-xB signaling and apoptosis, presumably
by preventing host protein dimerization (Pearson et al., 2013; Li
et al,, 2013). The conserved DXD motif is key in coordinating a
metal divalent cation required for the transfer of GIcNAc onto the
guanidino group of a target arginine residue (Esposito et al., 2018;
Park J. B. et al., 2018). Mechanistically, this is divergent to other
known enzymes, which mediate N-linked or O-linked
GlcNAcylation in eukaryotes, with GIcNAc attached to the
amide nitrogen in asparagine residues or the hydroxyl oxygen of
serine or threonine residues respectively. Structurally, SseK3
displays a classical retaining glycosyltransferases-A (GT-A)
Rossman like fold, where substrates are retained until the
transfer reaction is complete (Esposito et al, 2018; Newson
et al,, 2019). Functionally, some substrates of NleB and SseK
family members overlap, for example SseK1 modifies FADD and
TRADD, whereas SseK3 modifies only TRADD. Together, SseK1,
and SseK3 prevent necroptosis of infected macrophages,
suggesting some redundancy in effector function (Giinster et al.,
2017). In addition, SseK3 appears to have evolved to modify small
Rab GTPases such as Rabl (Meng et al, 2020). Intriguingly,
during macrophage infection, SseK2 does not appear to show
significant arginine-GlcNAcylation at all (Giinster et al,, 2017).
Differences in the surface electrostatic charge distribution between
the SseK and NleB family members likely mediates the observed
variation in host targets (Giinster et al., 2017; Newson et al., 2019).
Therefore, as seen with the NEL family of effectors, shared
structural and biochemical activities do not always result in
functional homology from effectors of different species. This
underpins the importance of characterising each bacterial
effector in the physiologically relevant context and not relying
on the structure-function model to predict the function of any
individual effector. In summary, effector-mediated arginine-
GlcNAcylation represents a highly potent PTM, irreversible by
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host cell enzymes. Therefore, as with NEL effectors, inhibitors can
be developed to target this unusual and distinct modification,
providing a potential alternative to antibiotic therapy that targets
virulence factors of the pathogen.

FIC (family of filamentation induced by cyclic adenosine
monophosphate) domains, which typically bind ATP and
transfer adenosine monophosphate (AMPylation) onto target
proteins (Yarbrough et al., 2009), are found in bacterial effectors
from diverse species including Vibrio, Legionella, and Bartonella
and are also conserved from bacteria to humans (Worby et al.,
2009). However, as seen above, evolutionary pressures exerted by
the host, drives functional, and biochemical diversification of
effectors. In the case of Legionella type IV effector AnkX, the FIC
domain of AnkX appears unique. Instead of mediating
nucleotidyl transferase activity, the FIC domain of AnkX
mediates the covalent attachment of a phosphocholine moiety
onto a serine residue of host Rab GTPases, including Rabl and
Rab35, modifying Rab function in the host cell (Mukherjee et al.,
2011). Similar to AMPylation, the donor molecule for
phosphocholination is a nucleotide-based substrate. However,
rather than interacting with ATP to transfer the nucleotide
moiety, AnkX interacts with cytidine diphosphate (CDP)-choline
and transfers the phosphocholine moiety onto hydroxyl-containing
residues of target proteins (Figure 2D). Structural analysis of AnkX
reveals that the orientation of CDP-choline provides an explanation
for FIC-motif-mediated transfer of phosphocholine (Campanacci
etal., 2013; Ernst et al., 2020). Unexpectedly, the Ankyrin repeats,
which normally mediate protein-protein interactions, mediate
intramolecular interactions within AnkX. Of note, a second
effector from Legionella, Lpg0696 (Lem3) has the ability to
remove the phosphocholine group from Rabl, restoring the
GTPase to its unmodified state (Tan et al., 2011; Goody et al.,
2012; Heller et al., 2015). Presumably, this allows for the exquisite
control of Rab activity during Legionella infection of cells, exploiting
an unconventional posttranslational modification that has
otherwise only been described for secreted placental polypeptides
(Lovell et al., 2007).

This section has described examples of bacterial effectors that
mediate covalent modifications with interesting biochemistry.
We described effectors that carry out PTMs commonly found in
both eukaryotes and bacteria, such as phosphorylation as well as
PTMs that, despite only occurring in eukaryotes, have been
adopted by bacterial effectors in order to manipulate
eukaryotic intracellular signaling, such as ubiquitination. Some
of these effectors mediate eukaryotic PTMs via non-canonical
mechanisms that have not previously been described, such as
PR-ubiquitination and transglutamination. Whereas other
effectors mediate variations of known chemistry, for example
the GIcNAcylation of non-canonical residues and the NEL
effectors functioning like eukaryotic E3 ligases. There are also
effectors that mediate unconventional PTMs that have not been
seen before or are rare in eukaryotes, such as phosphocholination
and irreversible phosphate elimination. Together, these studies
provide intriguing perspectives and comparisons to traditional
eukaryotic-like PTMs. The analysis of novel effector biochemistry
also provides fresh and exciting research potential for the

development of anti-microbial therapies that target bacteria-
specific mechanisms within the host cell.

INTRINSIC DISORDER IN BACTERIAL
EFFECTORS

Although the function of a protein is generally related to its
three-dimensional structure, the classical structure-function
paradigm is not applicable to all proteins. A lack of globular
structure is found in many proteins, including bacterial effectors.
Proteins that are unstructured and flexible with little or no
secondary and/or tertiary structure under physiological
conditions are referred to as intrinsically disordered proteins
(IDPs). IDPs range from fully unstructured to partially
unstructured proteins, which contain intrinsically disordered
regions (IDRs) (Uversky, 2011). In contrast to ordered protein
sequences, IDPs and IDRs have low sequence complexity and
contain residues with low mean hydrophobicity and high net
charge at neutral pH (Romero et al., 2001; Dyson and Wright,
2005; Vacic et al., 2007b), which leads to intrinsic disorder.

In a study consisting of a large group of structures (16,370
structures) from 5,434 different proteins and from 910 different
organisms, only ~7% contained no disorder and only ~25% of
structures had >95% of their sequence resolved (Gall et al., 2007).
A lack in structural resolution can arise for several reasons,
including the presence of transmembrane domains and other
factors that impact crystal packing, yet this finding suggests that
a large proportion of PDB (protein data bank) structures contain
disordered and flexible regions that are not observed in electron
density maps. The prevalence of IDRs (in >50 residues) in
eukaryotic proteomes is relatively high, with an average of 20%,
whereas the IDR abundance is lower in bacterial proteomes (8%
on average) and other prokaryotic proteomes (Dunker et al,
2000). In the human genome, cell signaling proteins are
particularly enriched with IDRs; with approximately 70% of
them predicted to contain long IDRs (Iakoucheva et al., 2002;
Marin et al.,, 2012; Marin et al, 2013). This likely reflects the
biological importance of intrinsic disorder in regulating protein-
protein interactions for signaling proteins.

Despite the overall low abundance of IDRs in bacterial
proteomes, a large number of secreted bacterial effectors are
enriched with IDRs. Long disordered regions in the middle and/
or in the C-terminal regions are found in roughly 60% of
Salmonella enterica effectors, 52% of Pseudomonas syringae
effectors and 71% in Xanthomonas subspecies (Marin et al.,
2013). This enrichment of IDRs in effectors when compared to
the rest of the bacterial proteome suggests the existence of strong
selective pressures. For example, structural flexibility is likely to
be important for secretion, with disordered regions reducing the
need for active unfolding prior to delivery through the narrow
T3SS. The poorly described secretion signal for T3SS effectors
often represents a disordered region (Samudrala et al., 2009). In
many cases, intrinsically disordered N-terminal regions of T3SS
effectors have been described to undergo partial folding when
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bound to a chaperone, as seen for Yersinia effector YopE and its
chaperone SycE (Figure 3A) (Rodgers et al., 2008; Aepfelbacher
et al, 2011). This disorder-to-order transition forms a three-
dimensional targeting signal that promotes the translocation of
YopE through the T3SS (Rodgers et al., 2008).

In addition to effector secretion, the structural flexibility in
IDPs/IDRs provides additional advantages. Increased structural
flexibility enables IDPs and IDRs to interact with multiple
proteins once inside the host cell, adopting various
conformations that depend on the structurally divergent
interaction partners (Dyson and Wright, 2002; Dyson and
Wright, 2005). This is due to the lack of compactness enabling
IDRs to expose more surface area per residue, resulting in the
exposure of more potential binding sites, at a lower energetic cost
to the cell compared to ordered regions of the same residue
length (Cortese et al., 2008; Nishikawa and Hatakeyama, 2017).
These regions may have evolved to functionally mimic the
disordered regions of eukaryotic proteins and support effector-
mediated interference with host cell signaling. Indeed, analysis of
eukaryotic linear motifs and bacterial motifs show that motif
mimicry of eukaryotic motifs is commonly found in bacterial
effector proteins (Kumar et al., 2020). Moreover, the flexible
nature allows the IDR of proteins to easily access and fit into the

catalytic cleft of protein-modifying enzymes for post-
translational modification, which enables further regulation of
protein-protein interactions and therefore function. For
example, the Helicobacter pylori type IV secreted effector
CagA, contains an intrinsically disordered C-terminal region
that acts as a scaffold for multiple interactions with host proteins.
Such short linear motifs in the intrinsically disordered C-
terminal region, including the Glu-Pro-Ile-Tyr-Ala (EPIYA)
motif and the CagA multimerization (CM) motif, are essential
for the biological activity of CagA as an oncogenic virulence
factor that promotes the transformation of gastric epithelial cells
into gastric cancer cells (Nishikawa et al., 2016). Interestingly, the
CM motif mimics host substrates in terms of sequence and
structure. However, rather than being a substrate, CagA binding
actually inhibits the activity of the PARI kinase (polarity-
regulating serine/threonine kinase in partitioning-defective 1,
also known as MARK). This leads to defective cell junctions and
polarity of epithelial cells (Saadat et al., 2007; Nesic et al., 2010;
Nishikawa et al., 2016). Furthermore, the EPIYA motif
undergoes tyrosine phosphorylation by host kinases and this
promotes interaction with the Src homology 2 (SH2) domain-
containing proteins, such as the pro-oncogenic tyrosine
phosphatase SHP2. This induces a conformational change in
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Unbound YopE
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EspF  R47,

XPxXP XPxXP
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FIGURE 3 | Intrinsic disorder in bacterial effector proteins. (A) Crystal structure of Yersinia YopE (red) as unbound ‘free’ and bound to the chaperone SycE (grey) in
ribbon representation. Functional regions of YopE are labelled: N-terminal secretion signal 1 (S1), chaperone-binding (Cb) and Rho-GAP domain. Intrinsic disorder
occurs in the first 100 residues of YopE, which includes the S1 and Cb regions. The chaperone, SycE (gray), binds to the Cb region and cause disorder-to-order
conformational change in the Cb region of YopE (taken and adapted from Rodgers et al., 2008). (B) Structure of the tri-molecular complex consisting of the GTPase
binding domain (GBD) domain of N-WASP, the fifth consecutive 47-residue repeat of EspFy, (EspFy R475) and the SH3 domain of IRTKS at the lowest energy
conformation in ribbon representation. Structure obtained from NMR spectroscopy. N-WASP GBD, EspF R475, and IRTKS SH3 are shown and labelled in dark
blue, green and orange, respectively (PDB accession number 2LNH from Aitio et al., 2012). (C) Amino acid sequence of the fifth repeat of EspF (EspFy R475). This
repeat is one of the highly conserved consecutive 47-residue repeats in EspFy. The GBD domain of N-WASP interacts and binds to the N-terminal helix binding
region shown in green, and the SH3 domain of IRTKS binds to the C-terminal Proline-rich region shown in blue. The asterisk (*) indicates the tryptophan switch in the
linker region (adapted from Aitio et al., 2012). (D) Sequence alignment of the linker between the two XPxXP motif in the EspFy, repeats and in other IRTKS binding
interaction partners, including human Eps8 (hEps8) and human Shank1, showing the tryptophan switch in the linker region. In the XPxXP motif, “X” is a hydrophobic

oy n

residue and “x” is any residue and P is proline (adapted from Aitio et al., 2012).
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SHP?2 that unlocks the autoinhibitory conformation resulting in
deregulated and aberrant SHP2 phosphatase activity, promoting
pro-oncogenic mitogenic Ras-ERK signaling and abnormal cell
morphology and motility (Higashi et al., 2002; Nishikawa et al.,
2016; Hatakeyama, 2017).

In fact, the EPIYA motif is found in IDRs of several bacterial
effectors (Hayashi et al., 2013). Each functioning in a tyrosine
phosphorylation-dependent manner where the phosphorylated
EPIYA or EPIYA-related motifs interact with SH2 domain-
containing proteins, causing abnormal and aberrant host cell
signaling. Most of these effectors are structurally poorly
characterized. However, CD spectroscopy and analytical
ultracentrifugation of EPEC effector Tir revealed a monomeric,
highly elongated conformation at physiological conditions with a
lack of secondary structures. This suggests that Tir is natively
unfolded and disordered in solution. Upon phosphorylation of
Ser434 and Ser463 by cAMP kinase, Tir undergoes conformational
changes that may promote membrane insertion and possibly
intermolecular interactions that are required for biological
function (Race et al., 2007). Upon tyrosine phosphorylation at the
EPIYA-related motif by host kinases, Tir interacts and forms a
complex with the SH2 domain containing adaptor protein Nck,
promoting actin polymerization (Hayashi et al., 2013).

Furthermore, structural flexibility in IDPs/IDRs may also play a
part in protein evolution, potentially providing a selective advantage
in comparison to ordered folded protein regions in bacterial effectors.
The disordered motifs of CagA are more exposed to the host cell
cytoplasm and more prone to sequence polymorphism. These
polymorphisms influence the binding affinity to host target
proteins and determines the pro-oncogenic degree exhibited by
each CagA variant (Nishikawa and Hatakeyama, 2017;
Hatakeyama, 2017). Therefore, the disordered nature of IDPs
means they are more susceptible to mutational changes as natural
selection drives the reduction of molecular disorder, or entropy in
thermodynamic terms. This means intrinsically disordered eftectors
will evolve faster than ordered proteins, with subsequent mutations
possibly altering effector interaction partners or enabling the
acquisition of new effector functions (Brown et al., 2011; Nishikawa
and Hatakeyama, 2017).

Aromatic residues are often involved in protein-protein
interactions, but their overall representation is rare in IDPs.
However, aromatic residues are found to be enriched in linear
motifs or short molecular recognition elements of IDPs. This
enables a high degree of specificity to be achieved in a stimulus-
dependent manner, and is often observed in proteins involved in
signal transduction (Vacic et al., 2007a; Uversky, 2011). Although
IDPs typically form weak molecular interactions, the intrinsically
disordered EHEC T3SS eftector EspF, (also known as TccP) forms a
high affinity tri-molecular complex with host proteins N-WASP and
insulin receptor tyrosine kinase substrate (IRTKS) (Figure 3B). As
revealed by NMR spectroscopy, EspF, is a 337-residue IDP that
consist of a N-terminal secretion signal followed by highly
conserved consecutive 47-residue repeats. Each highly conserved
repeat contains the GTPase binding domain (GBD) that interacts
with N-WASP and the XPxXP motifs that promote interaction with
the Src homology 3 (SH3) domain of IRTKS (Figure 3C).

Interestingly, there is a tryptophan residue in the linker between
the two XPxXP motifs in the EspFy sequence that is absent in
known host SH3 interaction partners of IRTKS (Figure 3D). This
tryptophan appears to have evolved to enable superior binding
affinity to outcompete host cellular targets. In this manner, a high
affinity tri-molecular complex forms that stimulates actin
polymerization for intestinal colonization of EHEC (Aitio et al,
2012). As IDPs can adopt multiple conformations and the
conformation constantly changes depending on its interactions
and biochemical environment (Marin et al.,, 2013), it is interesting
to postulate that the lack of structure within IDPs enables these
bacterial effectors to avoid direct recognition by host inhibitory
proteins and the initiation of ETL

Overall, structural analysis of IDPs or IDRs in proteins is
difficult due to the flexible and disordered nature, tendency for
degradation, and presence of multiple conformations. Hence, the
majority of available structural data on bacterial effectors is
limited to structured, ordered, and folded protein regions.
Despite this, more work is required as undoubtedly IDRs are
important with respect to effector function and therefore their
analysis will provide a better understanding of pathogenesis.

CONCLUDING REMARKS AND CHALLENGES

Although significant progress has been made over the past two
decades, many effectors across diverse pathogens await structural
and functional characterization. In different bacterial species, the
repertoire of effectors varies in terms of both the number of
effectors and the degree to which they have been characterized. For
example, 28 out of the 44 identified Salmonella T3SS effectors are
characterized to a large extent in terms of structure, physiological
function and biochemical activity, with only a handful of effectors
being completely elusive (Ramos-Morales, 2012; Jennings et al.,
2017). A similar degree of characterization has been achieved for
EPEC, EHEC and Shigella. In contrast, there are many T2SS, T3SS,
and T6SS effectors in Burkholderia pseudomallei that await
validation and characterization (Broek and Stevens, 2017). Work
with B. pseudomallei requires access to a category III containment
laboratory and this may in part explain the poor degree of effector
characterization for this species. Perhaps the most striking case is
the effector repertoire of Legionella species, where more than
18,000 effectors have been identified across the entire genus
through genomic analysis. Within this repertoire, 137 different
eukaryotic domains were identified with more than 200 effectors
containing these eukaryotic-like protein features (Gomez-Valero
et al,, 2019). This suggests there will be an enormous degree of
novel protein domains present among Legionella effectors that
await characterization.

So, why do so many effectors remain functionally
uncharacterized? One significant reason is that primary amino acid
sequence is a poor indicator of secondary and tertiary structure and
hence biochemical function. For this reason, X-ray crystallography
represents an important method for determining the overall tertiary
structure and hence the putative biochemical activity of an effector.
Yet, even this represents just the start of the road. As described above,
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a previously unstudied effector may structurally resemble a given
eukaryotic enzyme, but actually carry out a modified or an entirely
new biochemical function. This makes it difficult to functionally
characterize bacterial effectors, for both those with no similarity and
even for those where similar effectors have already been studied.
Uncovering novel effector functions therefore often requires a
combination of structural, proteomic and biochemical studies
along with infection work and an open mind. Additional
complexities then exist as structural studies of effectors are often
hampered due to protein insolubility, cytotoxicity, the presence of
intrinsically disordered regions, and the fact that numerous effectors
are membrane proteins.

Another important consideration is whether a host protein is
required in order for the effector to exist in its active
conformation; in this case, it may first be necessary to identify
physiologically relevant binding partners prior to acquisition of
protein complexes. On the other hand, as bacterial effectors tend
to show limited structural homology to known proteins,
crystallography of effectors in complex with a host interaction
partner of known structure might help resolve the “phase
problem” and therefore determination of the structure from
the diffraction data. For these reasons, alternative structural
and biophysical techniques, such as NMR spectroscopy and
CD spectroscopy, could be explored in tandem. Alternatively,
an emerging structural technique, cryogenic electron microscopy
(cryo-EM), can be used to determine biomolecular structures at
near-atomic resolution. Cryo-EM is mainly limited to larger
biomolecules and complexes and has been instrumental in
solving the structures of many bacterial secretion systems
(Kooger et al., 2018; Lunelli et al., 2020; Park D. et al., 2018).
However, recent advances show that small proteins of less than
50 kDa can be assembled into large symmetric cage complexes or
attached to rigid symmetrical scaffolds for cryo-EM imaging (Liu
et al., 2018). However, while cryo-EM represents a promising
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alternative to X-ray crystallography, there are still potential
problems; prior structural knowledge on the protein of interest
is required and scaffolds may distort the structure of the protein
of interest, particularly disordered regions, resulting in
physiologically irrelevant structures.

As the overall number of characterized effectors remains
relatively low, it is likely that new effector-mediated biochemistries
await discovery. Therefore, these challenges should not deter from
continued attempts to structurally and functionally determine
effectors from diverse pathogens. This is essential for the
continued understanding of how bacterial virulence factors
manipulate the host system to promote pathogenesis.
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Type | and Il interferons (IFNs) are archetypally antiviral cytokines that are induced in
response to recognition of foreign material by pattern recognition receptors (PRRs).
Though their roles in anti-viral immunity are well established, recent evidence suggests
that they are also crucial mediators of inflammatory processes during bacterial infections.
Type | and Ill IFNs restrict bacterial infection in vitro and in some in vivo contexts. IFNs
mainly function through the induction of hundreds of IFN-stimulated genes (ISGs). These
include PRRs and regulators of antimicrobial signaling pathways. Other ISGs directly
restrict bacterial invasion or multiplication within host cells. As they regulate a diverse
range of anti-bacterial host responses, IFNs are an attractive virulence target for bacterial
pathogens. This review will discuss the current understanding of the bacterial effectors
that manipulate the different stages of the host IFN response: IFN induction, downstream
signaling pathways, and target I1SGs.

Keywords: bacterial effectors, interferons, interferon-stimulated genes, janus kinase signal transducer and
activator of transcription signaling, immunity, microbial pathogenesis, host-pathogen interactions

INTRODUCTION

The first interferons (IFNs) were discovered in 1957 by Alick Isaacs and Jean Lindenmann when
they noticed that tissues inoculated with inactivated virus produced a soluble substance that
“interfered” with subsequent viral infection (Isaacs and Lindenmann, 1957). Over 20 years before
Charles Janeway’s (Janeway, 1989) predictions on pattern recognition, Isaacs and Lindenmann had
recognized the fundamental properties of IFN: a cytokine produced in response to detection of
pathogen associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs), that can
protect tissues from subsequent microbial infections.

There are three families of IFN: type I, II, and III, which bind to the IFNo. receptor (IFNAR),
IFNY receptor (IFNGR) and IFNA receptor (IFNLR), respectively. Type I IFNs include IFNo., IFN,
and the lesser-studied IFNE, K, T, 8, {, and @ and are expressed by almost all cells (Pestka et al., 2004;
Hertzog and Williams, 2013). IFNY is the sole type II IFN family member and is not induced in
response to pattern recognition, but rather by immune cells in response to other cytokines (Pien
et al., 2000; Salazar-Mather et al., 2000; Schindler et al., 2001). Type III IFNs were discovered most
recently (Sheppard et al., 2002; Kotenko et al., 2003) and include four members in humans: IFNA1-
4. IFNAR and IFNGR are expressed on all nucleated cells, however the expression of IFNLR is
restricted to epithelial cells (ECs) and some immune cells, including neutrophils (Blazek et al., 2015;
Broggi et al., 2017). As such, type I and II IFNs have systemic functions (De Weerd and Nguyen,
2012; Chen et al., 2017; Lazear et al., 2019) while type III IFNs are crucial for host defense at barrier
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sites including the gut and lung (Durbin et al., 2013; Broggi et al.,
2017; Lazear et al., 2019; Broggi et al., 2020). IFNs signal in an
autocrine and paracrine manner through their respective
receptors to activate janus kinase/signal transducer and
activator of transcription (JAK/STAT) signaling cascades,
resulting in the expression of hundreds of genes, known
collectively as interferon-stimulated genes (ISGs). Although the
roles of IFNs and ISGs have been extensively studied in the
context of viral infection, there is a dearth of knowledge of their
role during bacterial infections. Type I and III IFNs are strongly
induced upon recognition of bacterial ligands, and play diverse
and context-dependent roles during infection (Kagan et al., 2008;
Pandey et al., 2009).

To promote their survival within the host, bacteria have
evolved virulence factors such as secretion systems; apparatuses
that translocate effector proteins across host membranes (Green
and Mecsas, 2016). These effectors enable the pathogen to evade
and perturb the host response or even use it to their advantage.
This review will examine the interplay between bacterial effectors
and the IFN response. As modulation of IFNYy has been
previously discussed (Kak et al, 2018) we have focussed our
discussion on the lesser understood type I and III IFNs. We will
first summarize the current understanding of the complex
functions of type I and III IFNs in the defense against
pathogenic bacteria.

THE CAPRICIOUS ROLES OF TYPES
I AND IIl INTERFERONS DURING
BACTERIAL INFECTIONS

Type I and III IFNs have anti-bacterial properties in most in vitro
tissue culture models. For example, treatment of polarized ECs
by type I and/or IIT IFNs protects epithelial barriers from damage
caused by enteropathogenic Escherichia coli (EPEC) (Long et al.,
2014), Salmonella enterica serovar Typhimurium, and Shigella
flexneri (Odendall et al., 2017). In addition, type I IFN restricts
the replication of several intracellular bacteria, including S.
Typhimurium and S. flexneri (Bukholm et al,, 1984; Niesel
et al., 1986; Dumeénil et al., 1998; Helbig et al., 2019),
Chlamydia trachomatis (Snyder et al., 2017), Mycobacterium
tuberculosis (Ranjbar et al.,, 2015), Legionella pneumophila
(Lippmann et al, 2011), Listeria monocytogenes (Zwaferink
et al., 2008; Radoshevich et al., 2015), Francisella novicida
(Henry et al., 2007; Henry et al., 2010), and Rickettsia parkeri
(Burke et al., 2020). The inhibition of bacterial replication is
often the result of the action of ISGs. For example, viperin is a
highly evolutionarily conserved ISG that restricts S. flexneri
infection in HeLa cells (Helbig et al., 2019).

The roles of type I and III IFNs are more complex to delineate
in vivo and can vary depending on the pathogen and biological
context. Type I IFNs can restrict infections by pathogens such as
Bacillus anthracis (Walberg et al., 2008), L. pneumophila
(Lippmann et al., 2011; Naujoks et al.,, 2016), Helicobacter
pylori (Watanabe et al., 2010), Streptococcus pyogenes (Castiglia
etal., 2016), group B Streptococcus, E. coli (Mancuso et al., 2007),

and Streptococcus pneumoniae (LeMessurier et al., 2013). In
particular, IFNs prevented bacterial migration across
endothelial and epithelial barriers (LeMessurier et al., 2013).
Whether this protection extends to type III IFNs is unclear, but
type III IFNs were demonstrated to be protective in murine
models of colitis (Rauch et al., 2015; Broggi et al., 2017). In
contrast, in other infection models, type I IFNs can be
detrimental to hosts infected with bacterial pathogens. When
compared to wild-type (WT) mice, Ifnar”~ animals were more
resistant to systemic infection with L. monocytogenes (Auerbuch
et al., 2004; Brzoza-Lewis et al, 2012), and S. Typhimurium
(Robinson et al., 2012; Perkins et al., 2015; Wilson et al., 2019;
Zhang et al,, 2020). Similarly, IFNP treatment exacerbated
infection with M. tuberculosis (Manca et al., 2001; Manca et al.,
2005) and B. anthracis (Gold et al., 2007). The detrimental nature
of type I IFN responses during M. tuberculosis infection is
reflected in human disease. The blood transcriptome of
patients with active disease has demonstrated a correlation
between the abundance of Type I IFN-inducible transcripts
and disease pathogenesis (Berry et al., 2010; Maertzdorf et al.,
2011; Ottenhoft et al., 2012; CIliff et al., 2013). In addition,
individuals with an inherited defect in ISG15 have an increased
susceptibility to mycobacterial, but not viral, disease (Bogunovic
et al., 2012).

Finally, type I and III IFNs induced by viral infection were
shown to exacerbate subsequent respiratory superinfections with
S. pneumoniae or Staphylococcus aureus. Indeed, Ifnar™~ and
Ifnlr™"~ mice showed improved bacterial control in virus-bacteria
superinfection models (Shahangian et al., 2009; Broggi et al.,
2020; Major et al.,, 2020). Similarly, administration of
recombinant type I or III IEN resulted in increased bacterial
burdens following viral infection or activation of antiviral
pathways with viral ligands. Recent work has shown that
uncontrolled type III IFN responses, such as those observed
during SARS-CoV-2 infection, led to damage of epithelial
barriers and increased susceptibility to bacterial superinfection,
a known complication of COVID19 and Influenza (Broggi et al.,
2020; Langford et al., 2020; Major et al., 2020).

TARGETING OF TYPES | AND Il
INTERFERON EXPRESSION BY
BACTERIAL EFFECTORS

In order to control their host, pathogenic bacteria secrete
effectors that manipulate different stages of the IFN response,
from its production to signaling and even ISG functions.

Host recognition of bacterial PAMPs occurs via PRR ligation,
leading to the assembly of signaling complexes and the activation
of intracellular adaptor proteins [reviewed in (Odendall and
Kagan, 2017)]. Cytosolic RNA sensors, retinoic acid-inducible
gene-I (RIG-I)-like receptors (RLRs), signal via the adaptor
mitochondria-antiviral signaling protein (MAVS) (Kawai et al,,
2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005; Dixit
et al., 2010), while the DNA sensor cyclic GMP-AMP synthase
(cGAS) signals via stimulator of interferon genes (STING),
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localized on the endoplasmic reticulum (ER) (Gao et al,, 2012;
Wu et al,, 2017). Toll-like receptors (TLRs) present on the cell
surface and endosomes, signal via the adaptors MyD88 and/or
TRIF (Kawasaki and Kawai, 2014). Although only endosomal
TLRs efficiently induce type I IFNs, all TLRs were shown to
strongly induce type III IFNs in response to bacterial ligands
(Odendall et al., 2017). These signaling pathways culminate in
the activation and nuclear translocation of transcription factors,
including interferon regulatory factors (IRFs) that control IFN
expression (Takeuchi and Akira, 2010; Odendall and Kagan,
2017; Odendall and Kagan, 2019). IFN expression also requires
the NFxB and MAP-kinase activated transcription factor AP-1
(Odendall and Kagan, 2017).

As TFNs can have both beneficial and detrimental effects on
bacterial pathogens, some species have evolved effectors that
promote or inhibit their production (summarized in Figure 1

and Table 1). For example, L. monocytogenes secretes Zea, a
ribonucleoprotein, that binds RIG-I and potentiates type I IFN
responses in ECs (Pagliuso et al., 2019). In contrast, many bacterial
effectors block the induction of IEN. The effects of some of these
effectors on IFN induction may be considered as indirect as they
either interfere with PAMP detection or block general innate
sensing pathways. L. monocytogenes secretes an effector, PgdA,
that deacetylates peptidoglycan, conferring a resistance to host
lysozyme. This prevents the release of PAMPs and dampens the
induction of cytokines and type I IFN (Boneca et al, 2007).
Similarly, the L. pneumophila eftector SdhA inhibits RLR
activation in mouse Bone marrow-derived macrophage
(BMDM) by maintaining the integrity of the Legionella-
containing vacuole (Monroe et al, 2009). The cGAS/STING
pathway has since been shown to mediate IFN expression
following Legionella infection (Ruiz-Moreno et al., 2018).
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FIGURE 1 | Modulation of types | and Ill interferon responses by bacterial effectors. In many different cell types, the recognition of bacterial PAMPs by PRRs leads
to the production of type I and IIl IFNs (left side). Type | and IIl IFNs bind their respective receptors initiating signaling pathways which trigger the expression of ISGs
(right side). Bacteria have evolved effectors that either inhibit (depicted in red) or stimulate (depicted in green) type | and Il IFN responses. Yersinia
pseudotuberculosis Yopd effector interferes with the MAP kinase activator TAK1. When internalized in endosomes, Listeria monocytogenes secretes PgdA which
modifies its peptidoglycan, hiding it from the host lysozyme. Listeria monocytogenes also secretes Zea which binds RIG-I and potentiates the production of IFNs.
The Legionella pneumophila protein SAhA blocks RIG-I and MDAS cytosolic PRRs preventing them to interact with MAVS. The Shigella flexneri protease IpaJ
interferes with STING translocation to the ERGIC while IpaH4.5 inhibits TBK1 kinase. Similarly, Chlamydia trachomatis CpoS effector affects STING migration. EPEC,
through the secretion of NleD inhibits RNase L which counteracts the protective effects of type | IFN on epithelial barriers. Additionally, some bacteria perturb type |
and Il IFN signaling. L. monocytogenes LntA and S. flexneri OspF effectors enter the cell nucleus and potentiate ISGs transcription. LntA sequesters BAHD1, a
negative regulator of ISGs transcription therefore stimulating ISGs expression. OspF interacts with HP1y preventing its phosphorylation, which promotes ISGs
expression. C. trachomatis TepP effector inhibits CRK, a component and regulators of type | and Il IFN signaling, stimulating ISGs transcription. Finally, S. flexneri
IpaH9.8 and OspC3 as well as L. pneumophila SAhA effectors inhibit inflammasome components; GBP1, caspase-4, and AIM2 respectively. PRRs, pattern
recognition receptors; PAMPs, pathogen-associated molecular patterns; TLR, Toll like receptor; STING, stimulator of interferon genes; ER, endoplasmic reticulum;
ERGIC, ER-Golgi intermediate compartments; IRF, interferon regulatory factor; RIG-I, retinoic acid-inducible gene-I; MDAS, melanoma differentiation-associated
protein 5; MAVS, mitochondria-antiviral signaling protein; TAK1, TGFbeta activated kinase 1; TYK2, tyrosine kinase 2; JAK1, Janus kinase 1; STAT, signal transducer
and activator of transcription; ISGF3, interferon-stimulated gene factor 3; MAPK, mitogen-activated protein kinase; GBP, guanylate-binding protein; AIM2, absent in
melanoma-2; LPS, lipopolysaccharide; ISG, interferon stimulated gene; IFNAR, IFNa: receptor; IFNLR,IFNA receptor. Figure 1 was created with Biorender.com.
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TABLE 1 | Summary of effectors that target IFN pathways.

Bacteria Effector Secretion Biochemical Function References
system activity
Bacillus anthracis UN T4SS-like  UN Inhibits the assembly of ISGF3 (Gold et al., 2004)
Chlamydia UN T3SS Protease Degrades TRAF3 (Wolf and Fields, 2013)
pneumoniae
Chlamydia CpoS T3SS UN Counteracts STING-mediated IFN responses and perturbs ISRE and (Sixt et al., 2017)
trachomatis ISG expression
Chlamydia TepP T3SS Scaffold Binds Crk-I and Crk-ll, initiating and amplifying signaling cascades (Chen et al., 2014)
trachomatis (IFIT1, IFIT2)
Enteropathogenic  NleD T3SS Zinc metallo- Targets the endoribonuclease RNase L, a key mediator of IFN (Long et al., 2014)
Escherichia coli protease induction and action, compromising the barrier integrity
Legionella SdhA T4SS UN Helps maintain vacuolar integrity (Monroe et al., 2009)
pneumophila (Creasey and Isberg,
2012)
T4SS UN Negatively regulates AIM2 inflammasome activation (Ge etal., 2012)
Listeria LntA Sec SS Nucleo-modulin Interacts with BAHD1, inducing ISG expression (Lebreton et al., 2011)
monocytogenes PgdA ? Peptido-glycan N-  Deacetylates bacterial peptidoglycan, conferring a resistance to host (Boneca et al., 2007)
deacetylase lysozyme which ultimately prevents the release of PAMPs
Zea Sec SS Ribonucleo-protein  Triggers a RIG-I dependent type | IFN response (Pagliuso et al., 2019)
Salmonella UN T3SS UN Represses the TRIF-dependent type | IFN response (Owen et al., 2016)
Typhimurium
Shigella flexneri Ipad T3SS Cysteine protease  Blocks STING translocation from the ER to the ERGIC compartment (Dobbs et al., 2015)
lpaH4.5  T3SS E3 ubiquitin ligase ~ Promotes proteasome-dependent degradation of TBK1 (Zheng et al., 2016)
OspC3  T3SS UN Binds and inhibits Caspase 4 (Kobayashi et al., 2013)
OspF T3SS Phospho-threonine  Inhibits HP1vy; phosphorylation, repressing the expression of some IFN-  (Lavigne et al., 2009;
lyase regulated genes: /fi44, Ifit3, and Oas1b Harouz et al., 2014)
lpaH9.8  T3SS E3 ubiquitin ligase  Targets GBP1, GBP2 and GBP4 for proteasomal degradation (Li et al., 2017; Wandel
et al., 2017)
Yersinia pseudo- YopJ T3SS De- ubiquitinase/ Targets TAK1 to inhibit IFN production (Rosadini et al., 2015)

tuberculosis Acetyl transferase

(Paquette et al., 2012)

UN, unknown.

Although this has not been formally tested, it is likely that SdhA
also protects from detection by cGAS. Yersinia pseudotuberculosis
Yop] targets MAP-kinase signaling in dendritic cells and
macrophages, disrupting MyD88- and TRIF-dependent signaling
downstream of TLR4, which prevents type I IFN and pro-
inflammatory cytokine expression (Paquette et al., 2012;
Rosadini et al., 2015). EPEC is able to counteract the protective
effects of type I IFN on epithelial barriers; its effector NleD inhibits
RNase L, an endoribonuclease that enhances RLR-mediated
production of IFNP (Long et al., 2014).

Other effectors affect the localization of adaptor proteins that are
crucial to PRR signaling cascades. For example, STING translocates
from the ER to the ER-Golgi intermediate compartments (ERGIC)
to mediate cGAS signaling (Ishikawa et al, 2009; Burdette and
Vance, 2013). IpaJ is a S. flexneri protease that targets the small
guanosine triphosphatases (GTPases) required for this migration
event. This blocks STING translocation, abolishing type I IFN and
ISG expression (Dobbs et al., 2015). Similarly CpoS from C.
trachomatis affects STING migration and blocks type I and III
IFN and ISG induction (Sixt et al., 2017).

The kinase TBK1 lies downstream of many PRRs and
phosphorylates IRF3 and IRF7, leading to the expression of type I
and III IFNs (Clark et al., 2011; Tanaka and Chen, 2012; Schneider
et al., 2014; Liu et al., 2015; Bakshi et al., 2017). It can also activate
IRF1, which may specifically drive type III IFN induction (Odendall
etal.,2014). The S. flexneri effector IpaH4.5 is an E3 ubiquitin ligase
that targets TBK1 for proteasomal degradation, leading to the
suppression of IFN production (Zheng et al., 2016). Interestingly,

mice infected with AipaH4.5 mutants had lower bacterial burdens
than those infected with WT S. flexneri.

Finally, some bacteria modulate IFN production via yet-
unknown mechanisms. Salmonella represses TRIF-dependent
type I IFN induction in macrophages (Owen et al., 2016).
Likewise, Chlamydia pneumoniae infection of ECs does not
lead to IFNf production and very efficiently blocks IRF3
phosphorylation. Although the effector responsible was not
identified, Chlamydia was shown to induce the degradation of
TRAF3, a crucial TBK1 activator (Wolf and Fields, 2013).
Conversely, some pathogens such as Legionella (Ruiz-Moreno
et al,, 2018) or Burkholderia pseudomallei (Ku et al., 2020), were
shown to induce IFNf by activating the cGAS-STING pathway
in a secretion system-dependent manner.

Although the pathways that drive type I and III IFN
expression overlap significantly, the majority of this research
has focused on type I IFNs. It will be interesting to investigate
whether bacterial effectors can specifically target the production
of one family or the other.

EFFECTOR-DRIVEN MANIPULATION OF
SIGNALING DOWNSTREAM OF
INTERFERON RECEPTORS

JAK/STAT signaling activated by type I or III IFN receptor
binding leads to the formation of a STAT1/STAT2/IRF9
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complex called the interferon-stimulated gene factor 3 (ISGF3).
This complex translocates to the nucleus and binds interferon
stimulated response elements (ISREs) to transcribe ISGs. Instead
of targeting IFN production, some bacterial effectors target
signaling cascades downstream of IFN receptors to alter the
expression of ISGs. For example, B. anthracis inhibits IFNf-
mediated STAT1 phosphorylation and the formation of ISGF3,
but the bacterial effectors remain to be identified (Gold
et al., 2004).

Bacteria can also affect transcription of ISGs by altering
epigenetic regulators of transcription. Heterochromatin protein
1 (HP1) family members are epigenetic regulators that bind
methylated histone H3 to influence the expression of a
wide variety of genes (Saint-Andre et al., 2011; Ameyar-Zazoua
et al., 2012; Smallwood et al., 2012). In a guinea pig model of
Shigella enterocolitis, S. flexneri inhibited HP1y phosphorylation
via OspF. Next-generation sequencing of mouse embryonic
fibroblast-derived cell lines revealed that HP1y represses the
expression of some IFN-regulated genes, namely Ifi44, Ifit3,
and Oaslb (Harouz et al., 2014), confirming previous
observations (Lavigne et al, 2009). This suggests that S.
flexneri effectors are capable of modifying epigenetic regulators
of subsets of ISGs to alter the outcome of IFN signaling. Likewise,
the C. trachomatis effector TepP, was shown to bind the adaptor
protein CRK and affect expression of ISGs in human cell lines
(Chen et al., 2014).

Some bacterial effectors enter the nucleus to alter chromatin
remodeling in their mammalian hosts (Bhavsar et al., 2007;
Lebreton et al., 2011). Infection of cells with an L.
monocytogenes strain constitutively expressing the effector
LntA resulted in enrichment of expression of a number of
genes, 83% of which were ISGs. Interestingly, when IntA was
deleted, there was a reduction in bacterial burden in the spleens
and livers of mice. LntA was shown to interact with BAHD1; a
heterochromatin protein that acts as a transcriptional repressor
(Bierne et al., 2009). Chromatin immunoprecipitation analysis
showed that association of BAHD1 with key ISGs was reduced
in cells infected with L. monocytogenes constitutively expressing
LntA. Therefore, Listeria induces the expression of ISGs
by inhibiting the negative regulator BAHD1 (Lebreton
et al., 2011).

BACTERIAL EFFECTORS AND TYPE
| AND IlIl INTERFERON-STIMULATED
GENES

All three families of IFNs induce the expression of ISGs. As
discussed above, the set of 300-600 genes transcribed by type I
and IIT IFNs contain ISRE sequences. In contrast, IFNYy induces
ISGs containing a gamma interferon activation site (GAS)
element. ISGs can contain both ISRE and GAS sequences and
therefore be induced by all three families. As they are induced in
concert, the individual roles of many ISGs are not well
understood. Although more is known about the ISGs targeted

by viral virulence factors, there are few examples of bacterial
factors that can alter their integrity or function.

Among ISGs are several components of inflammasomes.
These are large multi-protein complexes that are assembled
upon recognition of PAMPs or changes in host homeostasis.
Inflammasome activation leads to pyroptosis, a highly
inflammatory form of cell death. Inflammasomes are key to
host defense against intracellular bacteria. As such, some bacteria
have evolved strategies to evade inflammasome activation. For
example, absent in melanoma-2 (AIM2) is an IFN-inducible
inflammasome receptor that detects the presence of bacterial
DNA in the cytosol (Man et al.,, 2015; Meunier et al,, 2015). The
L. pneumophila effector SdhA, in addition to suppressing type I
IFN responses (Monroe et al., 2009; Creasey and Isberg, 2012),
negatively regulates AIM2 inflammasome activation in human
macrophages (Ge et al,, 2012).

Another inflammasome ‘receptor’ induced by IFNs is murine
caspase 11, which detects intracellular LPS and induces the non-
canonical inflammasome (Ding and Shao, 2017). The human
orthologs of caspase 11 are caspases 4 and 5, but although
caspase 4 was shown to be transcriptionally induced by type I
IFN, whether this occurs at the protein level is still poorly
understood (Knodler et al., 2014; Casson et al., 2015; Schmid-
Burgk et al, 2015). However, it is clear that the caspase 4
inflammasome is “primed” by IFN via the action of guanylate-
binding proteins (GBPs) (Pilla et al., 2014; Feng and Man, 2020;
Santos et al.,, 2020). GBPs are among the best-characterized
antibacterial ISGs. This family of GTPases has an ever-growing
list of functions, many of which contribute to defenses against
intracellular pathogens. There are seven GBP genes in humans,
whose expression is most robustly induced by IFNY, but can also
be induced by treatment with type I IFNs (Cheng et al., 1985;
Kim et al.,, 2011; Tretina et al., 2019). Some GBPs can also be
produced in response to treatment with type III IFNs (Alase
et al., 2015; Tretina et al.,, 2019). GBPs are recruited to
intracellular gram-negative bacteria (S. Typhimurium, S.
flexneri, Burkholderia thailandensis, Brucella abortus, F.
novicida, C. trachomatis, and L. pneumophila) and liberate LPS
into the cytosol (Kim et al., 2011; Kim et al., 2012; Shenoy et al.,
2012; Haldar et al., 2014; Meunier et al., 2014; Man et al., 2015;
Meunier and Broz, 2015; Pilla et al., 2014; Shi et al., 2014; Man
et al., 2016; Feeley et al., 2017; Finethy et al., 2017; Lindenberg
et al.,, 2017; Cerqueira et al., 2018; Fisch et al., 2019; Bass and
Shin, 2020; Santos et al., 2020). Recent work on S. flexneri and S.
Typhimurium has shown that GBP1 directly binds bacterial LPS
through electrostatic interactions and assembles a signaling
platform containing other GBPs. This platform recruits and
activates human caspase 4, leading to assembly of the non-
canonical inflammasome (Kutsch et al., 2020; Santos et al., 2020;
Wandel et al., 2020). In addition, GBPs inhibit intracellular
motility and cell-to-cell spread of B. thailandensis and S.
flexneri (Ostler et al., 2014; Piro et al., 2017; Wandel et al., 2017).

S. flexneri has evolved at least two effector proteins to bypass
these important host defense mechanisms; firstly, OspC3,
which binds and inhibits caspase 4. ospC3 mutants have a
growth defect in IFNYy-treated cells and induce rapid cell death.
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These mutants were also attenuated in WT mice, but not in
mice lacking GBP1, GBP2, or caspase 11 (Kobayashi et al,
2013; Wandel et al., 2020). Whether they are more sensitive to
type I or III IFNs is unclear. Secondly, the E3 ubiquitin ligase
IpaH9.8 targets hGBP1, hGBP2, and hGBP4 for proteasomal
degradation (Li et al., 2017; Wandel et al., 2017). Shigella strains
lacking ipaH9.8 displayed an increased recruitment of GBP1, 2,
3, and 4, as well as caspase 4, compared to WT (Wandel et al.,
2017; Wandel et al., 2020). In addition, cell-to-cell spread of
ipaH9.8 mutant bacteria was lowered (Wandel et al., 2017).
These data highlight the importance of GBPs to entrap
intracellular bacteria and act as platforms for the activation
of innate signaling. It is therefore highly probable that
other intracellular bacteria have evolved mechanisms to
counteract GBPs.

CONCLUDING REMARKS

IFNs are crucial mediators of inflammation, playing complex, yet
key roles in both systemic and localized bacterial infections. In
order to survive and cause disease, bacteria secrete effectors that
interfere with type I and III IFN production and signaling, as well
as ISG expression and function. As there is still much to learn
about the role of IFN and ISGs, perhaps understanding the
mechanisms that bacterial pathogens have evolved to evade or
enhance these responses will lead to insights into their function
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