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Gga-miR-19b-3p Inhibits Newcastle
Disease Virus Replication by

Suppressing Inflammatory Response
via Targeting RNF11 and ZMYND11

Yu Chen’, Wen Liu’, Haixu Xu', Jingjing Liu', Yonghuan Deng', Hao Cheng’,
Tiansong Zhan', Xiaolong Lu’, Tianxing Liao’, Lili Guo’, Shanshan Zhu', Yuru Pei’,
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Co-innovation Center for Prevention and Control of Important Animal Infections Diseases and Zoonoses, Yangzhou
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Newcastle disease (ND), an acute and highly contagious avian disease caused by
virulent Newcastle disease virus (NDV), often results in severe economic losses
worldwide every year. Although it is clear that microRNAs (miRNAs) are implicated in
modulating innate immune response to invading microbial pathogens, their role in host
defense against NDV infection remains largely unknown. Our prior study indicates that
gga-miR-19b-3p is up-regulated in NDV-infected DF-1 cells (a chicken embryo fibroblast
cell line) and functions to suppress NDV replication. Here we report that overexpression
of gga-miR-19b-3p promoted the production of NDV-induced inflammatory cytokines
and suppressed NDV replication, whereas inhibition of endogenous gga-miR-19b-3p
expression had an opposite effect. Dual-luciferase and gene expression array analyses
revealed that gga-miR-19b-3p directly targets the mRNAs of ring finger protein 11
(RNF11) and zinc-finger protein, MYND-type containing 11 (ZMYND11), two negative
regulators of nuclear factor kappa B (NF-kB) signaling, in DF-1 cells. RNF11 and
ZMYND11 silencing by small interfering RNA (siRNA) induced NF-kB activity and
inflammatory cytokine production, and suppressed NDV replication; whereas ectopic
expression of these two proteins exhibited an opposite effect. Our study provides
evidence that gga-miR-19b-3p activates NF-kB signaling by targeting RNF11 and
ZMYND11, and that enhanced inflammatory cytokine production is likely responsible
for the suppression of NDV replication.

Keywords: NDV, gga-miR-19b-3p, DF-1 cells, RNF11, ZMYND11, inflammatory cytokine, NF-kB signaling

INTRODUCTION

Newcastle disease virus (NDV) was first described in the early 1900s as the contagious agent of the
fatal avian disease known as chicken pest (Dimitrov et al., 2016, 2017). It is classified as an avian
paramyxovirus-1 (APMV-1) in the Avulavirus genus of the family Paramyxoviridae (Cheng et al.,
2016). The viral particles have a negative-sense, single-stranded RNA genome of about 15 kb that
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contains six genes in the order of 3’-NP-P-M-F-HN-L-5/,
encoding six proteins: nucleoprotein (NP), phosphor protein
(P), matrix protein (M), fusion protein (F), hemagglutinin-
neuraminidase (HN), and large protein (L), respectively. As one
of the most devastating pathogens for poultry industry, NDV
has a wide host range and can naturally or experimentally
infect more than 250 bird species (Ganar et al., 2014). Although
all NDV isolates belong to a single serotype, they have a
high genetic diversity and evolve rapidly. According to recent
epidemiological investigations, sub-genotype VIId has become
the dominant genotype in many Asian and African countries
since the late 1990s (Qin et al, 2008; Wu et al, 2011;
Munir et al., 2012). Currently, vaccination is the main way
to prevent and control NDV prevalence. However, due to the
wide range of host and high genetic diversity, the failure of
Newcastle disease (ND) vaccine immunization and reduction of
vaccine efficiency often occur in cultivation industry worldwide
(Miller et al., 2009, 2013).

During NDV infection, a variety of the host pattern
recognition receptors (PRRs) are activated such as toll-like
receptor 3 (TLR-3) (Cheng et al., 2014), retinoic-acidinducible
gene I (RIG-I) (Kato et al., 2006; Sun et al., 2013), melanoma
differentiation associated gene 5 (MDA5) (Rue et al, 2011),
and protein kinase R (PKR) (Liao et al., 2016) by recognizing
virus double-stranded RNA. These PRRs subsequently activate
downstream transcription factors such as interferon regulatory
factor 7 (IRF7) (Wang et al, 2014) and NF-kB (Rajmani
et al., 2016), leading to inflammatory cytokine production.
For NF-kB activation, PRRs initiate a signaling cascade
resulting in the IkB kinase (IKK) phosphorylation, which
subsequently phosphorylates and ubiquitinates IkB-a bound
to NF-kB in resting cells, and results in IkB-a proteasomal
degradation, thereby allowing NF-kB nuclear translocation
to transcriptionally activate its gene targets (Woronicz
et al, 1997). However, to maintain cellular homeostasis,
activation of NF-kB signaling pathway is tightly controlled
with multiple tiers of regulation (Ruland, 2011), such as
RNF11 (Shembade et al., 2009; Dalal et al, 2012; Pranski
et al., 2012) and ZMYNDI11 (Ikeda et al., 2009, 2010). These
two proteins negatively regulate NK-kB activity and greatly
impact the replication of certain viruses such as Hendra
virus (HeV) (Stewart et al., 2013), Japanese encephalitis virus
(JEV) (Ashraf et al, 2016), and Epstein-Barr virus (EBV)
(Tkeda et al., 2009).

miRNAs are small non-coding RNAs that are usually
composed of 21-23 nucleotides. miRNAs negatively regulate
the expression of half protein-coding genes involving in cell
growth, proliferation, apoptosis, and signal transduction through
post-transcriptional mechanisms (Bartel, 2004). Accumulating
evidence suggests that virus infection profoundly impacts
miRNA expression, and that altered miRNA expression can
enhance or suppress anti-viral responses (Trobaugh and
Klimstra, 2017). Recent studies have shown that NDV infection
alters the levels of several miRNAs. For example, NDV infection
induces hsa-miR-485 expression in human embryonic kidney
(HEK) 293T cells, which in turn suppresses antiviral response
and enhances NDV replication by targeting RIG-I mRNA

(Ingle et al., 2015). In contrast, NDV infection down-regulates
gga-miR-203a expression in chicken embryos, overexpression
of gga-miR-203a effectively increases NDV replication both
in vivo and in vitro via targeting transglutaminase 2 (TGM2)
(Jia et al., 2018). Up-regulated gga-miR-375 in NDV-infected
DF-1 cells suppresses NDV replication via targeting viral
M gene or cellular embryonic lethal, abnormal vision,
Drosophila-like RNA binding protein 4 (ELAVL4) gene
(Wang et al., 2019). These observations collectively suggest that
miRNAs play a critical role in NDV infection and replication.
Identification of host-dysregulated miRNAs and understanding
of their roles in virus replication may shed light on NDV
pathogenesis and provide better strategies for the control
of NDV infection.

Our present study focuses on the effect of gga-miR-19b-3p
on NDV replication and the underlying molecular mechanisms.
Here we report that RNF11 and ZMYNDI1 are two targets of
gga-miR-19b-3p in DF-1 cells, and that up-regulation of gga-
miR-19b-3p and the subsequent down-regulation of RNF11 and
ZMYNDI11 expression enhance NDV-induced NF-kB activation,
leading to increased inflammatory cytokine production and
suppression of virus replication. Data presented herein improve
our understanding of the role of host miRNAs in regulating
NDV replication.

MATERIALS AND METHODS

Cells and Viruses

DF-1 cells obtained from ATCC (CRL-12203) were cultured
in Dulbecco’s modified Eagles medium (DMEM) (Life
Technologies, United States) supplemented with 10% fetal
bovine serum (FBS) (Life Technologies, United States),
100 U/mL penicillin and 100 pg/mL streptomycin at
37°C under 5% CO, atmosphere. Velogenic genotype
VII NDV strain JS5/05 (Accession Number: JN631747)
was propagated in chicken embryos and the biological
characteristics of the virus were determined previously (Hu
et al, 2011). Velogenic genotype IV Herts/33 (Accession
Number: AY741404) was obtained from Dr. D. J. Alexander
(Animal Health and Veterinary Laboratories Agency,
United Kingdom) and avirulent genotype II NDV strain
La Sota (Accession Number: AF077761) was isolated and
maintained in our laboratory.

MiRNA Mimic and Inhibitor

Gga-miR-19b-3p mimic was chemically modified double-
stranded oligonucleotides for overexpression of gga-miR-19b-3p
and  gga-miR-19b-3p  inhibitor =~ was  single-stranded
oligonucleotides for inhibition of gga-miR-19b-3p. All
RNA oligonucleotides were designed and synthesized by
GenePharma, China. For miRNA transfection, DF-1 cells were
transfected with gga-miR-19b-3p mimic and inhibitor and
mimic negative control (mimic-NC) and inhibitor negative
control (inh-NC) at a final concentration of 100 nM using EL
Transfection Reagent (Transgen Biotech, China) following the
manufacturer’s instructions.
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Knockdown of RNF11 and ZMYND11

siRNAs (double-stranded RNA oligonucleotides) (Genepharma,
China) were used to knockdown the expressions of RNF11 and
ZMYNDII in DF-1 cells and the sequences were shown in
Table 1. siRNA duplexes were transfected into DF-1 cells at a
final concentration of 50 nM using EL Transfection Reagent
(Transgen Biotech, China). The interference efficiency was
detected by qRT-PCR and Western blot as described below.

Determination of Viral Titers

DF-1 cells (2 x 10° cells/mL) were seeded on 12-well plates
and cultured for 24 h before transfection with indicated RNA
oligonucleotides or plasmids. Eighteen hours after transfection,
DF-1 cells were infected with JS5/05 strain at a multiplicity
of infection (MOI) of 0.1. The culture supernatants were
collected and replaced with an equal volume of fresh media
at different time points (12, 24, 36, 48, and 60 h) after
infection. The viral contents in the supernatants were quantified
by 50% tissue culture infective doses (TCIDsg) on DF-1 cells
(Reed and Muench, 1938).

Plasmids Construction

DNA sequences of gga-miR-19b-3p promoter were cloned from
genomic DNA of DF-1 cells using specific primers and sub-
cloned into Kpnl/Xhol restriction sites in the pGL-6 reporter
vector (Beyotime, China) to generate the pGL-6-miR-19b-3p
reporter vector. Target sequences of gga-miR-19b-3p in RNF11
and ZMYNDI1 were amplified by polymerase chain reaction
(PCR) using a cDNA template synthesized from total RNA of DF-
1 cells. Subsequently, both PCR products were sub-cloned into
Xhol/Notl restriction sites in the pmiR—RB—reporterTM vector
(Ribobio, China), which can express firefly luciferase and renilla
luciferase in one plasmid, to generate pmiR-RNF11-3'UTR-
wild and pmiR-ZMYND11-3'UTR-wild plasmids. To generate
gga-miR-19b-3p target-mutated reporter vector, pmiR-RNF11-
3'UTR-mut and pmiR-ZMYND11-3'UTR-mut were achieved by
changing the gga-miR-19b-3p binding seed sequences using Fast

TABLE 1 | siRNA sequences.

Mutagenesis System kit (Transgen Biotech, China) according
to manufacturer’s instructions. The coding sequences of RNF11
(Accession No. NMO001006540) and ZMYNDI11 (Accession
No. XM025148320) were amplified and subsequently cloned
into pCMV-blank overexpression vector (Beyotime, China) to
generate pCMV-RNF11 and pCMV-ZMYNDI11 plasmids. All
the primers for plasmids construction (shown in Table 2) were
synthesized by Sangon Company, China. All the fragments were
amplified by PCR using TransStart Fast Pfu Fly DNA Polymerase
(Transgen Biotech, China).

miRNA Target Prediction and

Dual-Luciferase Reporter Gene Assays

Gga-miR-19b-3p targets in host cells were predicted by two
online softwares: TargetScan' and miRDB’. GO Ontology
(GO) analysis was conducted to screen the genes on the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) platform. Luciferase activity was measured
using Dual-GLO®Luciferase Assay System Kits (Promega,
United States) following the manufacturer’s instructions. For
targets verification, DF-1 cells were seeded on 24-well plates
with a density of 1 x 10° cells/mL per well. After 24 h, the
cells were co-transfected with indicated plasmids and RNA
oligonucleotides using EL Transfection Reagent. Forty-eight
hours after transfection, luciferase assays were performed with
a Fluorescence/Multi-Detection Microplate Reader (Biotek,
United States). Renilla luciferase activities were normalized
on the basis of firefly luciferase activities. For the detection of
promoter activity, DF-1 cells were transfected with pGL-6 or
pGL-6-miR-19b-3p plasmid using EL Transfection Reagent.
To normalize transfection efficiency, pRL-TK renilla luciferase
reporter plasmid (Promega, United States) was also transfected
into the cells as an internal control. Then the cells were infected
with JS 5/05 at different MOIs at 48h post transfection. Twelve
hours post infection (hpi), the dual-luciferase activity was
detected and firefly luciferase activities were normalized to

Uhttp://www.targetscan.org/
Zhttp://www.mirdb.org/

siRNAs  Sense (5'-3') Anti-sense (5'-3')

SiRNA- GCACAUACCUGCGGUUCAUTT  AUGAACCGCAGGUAUGUGCTT
ZMYND

11-1

SiRNA- GCUAUCCUUGUAUACCUAATT  UUAGGUAUACAAGGAUAGCTT
ZMYND

11-2

SIRNA- GCUGUUGAUGUUCCUACUATT  UAGUAGGAACAUCAACAGCTT
ZMYND

11-3

SIRNA- GCCAGAAAUUAGGAAUUAATT  UUAAUUCCUAAUUUCUGGCTT
RNF11-1

SIRNA- CCUACCGAAGGGAGUCUAUTT  AUAGACUCCCUUCGGUAGGTT
RNF11-2

SiRNA- CCACCUGGACUGUAUAGAUTT  AUCUAUACAGUCCAGGUGGTT
RNF11-3

SIRNA-NC UUCUCCGAACGUGUCACGUTT  ACGUGACACGUUCGGAGAATT

TABLE 2 | Primers used for plasmids construction.

Gene Forward primers (5'-3') Reverse primer (5'-3')
19b-3p GGTACCGCCGGGAGG CTCGAGTTCAATTTAAC
promoter GTCTGCC AACAAATTGCAAA

RNF11- CTCGAGGCCAGGGTTTCTC GCGGCCGCCAAGAGATG
3'UTR-wild CGTGAAC CGGTATCCTTTGC
ZMYND11- CTCGAGGAGCCATTCCTCCG GCGGCCGCCTCGGTCTA
3'UTR-wild CTAGAACA AGACCAGCCTCTG

RNF11- ATAGTTTTAAGCTTGTGCAC ACGTGCACAAGCTTAAAAC
3'UTR-mut GTAGTTCTTTT TATTTCTTTGT

ZMYND11-  TTCCCATTAAGGTGCAGCCT GCACCTTAATGGGAAGC
3'UTR-mut TTAAACA AAATTCTAAACA

RNF11 ACTAGTATGGGGAACTGCCTC ~ GGGCCCTCAGTTAGTCTCG
CDs AAGTCC TATGATGAAAG

ZMYND11 ACTAGTATGGCACGCTTA GGGCCCTCATCTTTTTCTG
CDS ACGAAGAGACG CGGCAGGTACG
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renilla luciferase activities. To measure the activity of NF-kB,
pNF-kB-luc (Beyotime, China) plasmid and indicated siRNAs
or plasmids were transfected into DF-1 cells together with the
internal control plasmid pRL-TK (Promega, United States).
Eighteen hours after transfection, the cells were infected with
JS 5/05 strain at an MOI of 0.1 and dual-luciferase assays were
performed as described above at 18 hpi.

miRNA and Total RNA Extraction and
Quantitative Real-Time PCR (qQRT-PCR)
Analysis
To measure the dynamic expression pattern of gga-miR-19b-3p
after NDV infection, DF-1 cells seeded in 12-well plates were
infected with JS5/05 strain at different MOIs for 12 h and then
miRNAs were extracted using a miRNA Extraction Kit according
to manufacturer’s instructions. cDNA synthesis was carried out
with a tagged polyT primer according to the protocol of One
Step miRNA cDNA Synthesis Kit. Quantification of gga-miR-
19b-3p was performed by HG miRNA SYBR Green PCR Kit with
a pair of specific primers. Gga-miR-19b-3p expression level was
normalized to 5s rRNA levels using the 274 # ! model. All kits
used for miRNA extraction, cDNA synthesis and qRT-PCR were
purchased from HaiGene Corporation, China.

For the detection of inflammatory cytokines and IkB-a, DF-
1 cells were transfected with indicated RNA oligonucleotides
for 18 h before infected with JS 5/05 at an MOI of
0.1. Then the total RNAs were extracted from the cells at
18 hpi using TRIzol (TransGen Biotech, China) following the
manufacturer’s instructions. The cDNA synthesis and qRT-PCR
reaction were performed using TransScript Green One-Step qRT-
PCR Super Mix (TransGen Biotech, China) according to the
manufacturer’s instructions. To detect RNF11 and ZMYND11
mRNA expression levels, DF-1 cells were transfected with
indicated RNA oligonucleotides or infected with JS 5/05 or
Herts/33 or La Sota strain at an MOI of 0.1. Eighteen hours
post transfection or infection, QRT-PCR were performed as
described above using RNF11 and ZMYND11 specific primers.
The relative expressions of inflammatory cytokines, IkB-a,
RNF11, and ZMYNDI11 were all normalized with glyceraldehyde
phosphate dehydrogenase (GAPDH) and calculated using the
27 AACT method. All qQRT-PCR experiments were preformed in
LightCycler 480 (Roche, Switzerland) and primers used were
shown in Table 3.

Enzyme-Linked Immunosorbent Assay

(ELISA)

DF-1 cells in 6-well plates were transfected with indicated RNA
oligonucleotides or plasmids and were incubated for 18 h and
then either left uninfected or infected with JS 5/05 at an MOI of
0.1 for 18 h. The protein levels of IFN-8, TNF-a, IL-18, IL-6, and
IL-8 in cell cultures were determined by ELISA kits according to
the manufacturer’s instructions. The IFN-§ (cat. no. CH50022),
TNF-a (cat. no. CH50032), IL-1f (cat. no. CH50020), IL-6 (cat.
no. CH50016), and IL-8 ELISA Kkits (cat. no. CH50027) were
purchased from Bio-Swamp, China.

TABLE 3 | Primers used for gRT-PCR.

Gene Forward primers (5'-3') Reverse primer (5'-3')

gga-miR-  AGTGTGCAAATCCATGCAA GGTCCAGTTTTTTITITIT

19b-3p TTTCAGT

IFN-B TGCACAGCATCCTACTG GTTGGCATCCTGGTGACGAA
CTCTTG

TNF-a GGACAGCCTATGCCAACAAG  ACACGACAGCCAAGTCAACG

IL-1B ACCCGCTTCATCTTCTACCG TCAGCGCCCACTTAGCTT

IL-6 GGCATTCTCATTTCCTTCT CTGGCTGCTGGACATTTT

IL-8 CCAAGCACACCTCTCTTCCA  GCAAGGTAGGACGCTGGTAA

IcB-a CTGGACTCCATGAAGGA TCGTGAATGATCGCCA
GGAGG AGTGGAG

RNF11 GCCTTGACCCACCATTGTCTTT CCTTGACCCAAATGCCAGGAC

ZMYND11  GGCGATCCAACATCTTTGGGC GCCTTTGACCCTTTACACCCCA

5s RNA AACGCCCGATCTCGTCTGAT AGTCTCCCATCCAAGTA

CTAACCG
GAPDH GAGGGTAGTGAAGGCTGCTG  CACAACACGGTTGCTGTATC

For the detection of phosphorylation of IkB-o protein,
DF-1 cells seeded on 12-well plates were transfection with
indicated RNA oligonucleotides or plasmids for 18 h. Then the
cells were infected with JS5/05 strain at an MOI of 0.1 for
18 h. The phosphorylation of IkB-a protein was measured by
ELISA kit (SbjBio, China, cat. no. SBJ-C134) according to the
manufacturer’s instructions.

Western Blot Analysis

To measure the expression levels of RNF11 and ZMYNDI11
proteins, DF-1 cells were transfected with indicated RNA
oligonucleotides or plasmids or infected with different NDV
strains at an MOI of 0.1. Eighteen hours post transfection,
the cells were lysed and 20 pg protein samples of each group
were used for electrophoresis on 12% sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels, and
resolved proteins were transferred onto polyvinylidene
difluoride (PVDF) membranes using electro-transfer (Bio-
Rad, United States). After blocking with 5% skimmed milk
for 1 h at room temperature, the membranes were incubated
with the appropriate primary antibodies, including rabbit
polyclonal anti-RNF11 (LSBio, United States), rabbit polyclonal
anti-ZMYNDI11 (LSBio, United States) and mouse monoclonal
anti-p-actin  (Transgene, China) followed by incubation
with goat anti-rabbit and goat anti-mouse HRP-conjugated
secondary antibodies (Beyotime, China). The proteins on the
membranes were detected using an ECL™ detection system
(Bio-Rad, United States).

To measure the translocation of NF-kB from the cytoplasm
to the nucleus, DF-1 cells transfected with indicated RNA
oligonucleotides or plasmids were infected with JS 5/05 at an
MOI of 0.1 for 18 h. Then cytoplasmic and nuclear proteins
of the cells were prepared using nuclear and cytoplasmic
protein extraction kit (Beyotime, China) according to the
manufacturer’s instructions. Western blot assays were performed
as described above using NF-kB p65 rabbit monoclonal antibody
(Beyotime, China). Monoclonal rabbit anti-tubulin § and anti-
histone H3 antibody (Beyotime, China) were used as control
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of cytoplasmic and nuclear proteins, respectively. The relative
protein quantification was analyzed by Image ] software
(Bethesda, United States).

Statistical Analysis

All data are the averages of triplicates and are representative
of results from at least three independent experiments. The
statistical analysis were analyzed using one-way analysis of
variance (ANOVA) following Bonferroni’s multiple comparison
tests for TCID5g, miRNA, Western blot and mRNA detections
and two-way ANOVA using a Bonferroni’s multiple comparison
tests for viral growth curve using GraphPad Prism 5 (GraphPad
Software, San Diego, United States). P < 0.05 was considered as a
significant difference.

RESULTS

Gga-miR-19b-3p Is Upregulated During
NDV Infection and Inhibits NDV

Replication in DF-1 Cells
We first conducted qRT-PCR to determine if NDV infection
regulated gga-miR-19b-3p expression in DF-1 cells. As shown
in Figure 1A, gga-miR-19b-3p was up-regulated in NDV-
infected DF-1 cells in a dose-dependent manner. Consistently,
NDV infection also increased the gga-miR-19b-3p promoter-
driven luciferase reporter gene expression in a dose-dependent
manner (Figure 1B).

We next evaluated the effect of gga-miR-19b-3p on NDV
replication. DF-1 cells were transfected with gga-miR-19b-3p
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MOIs for 12 h, and then the expression of gga-miR-19b-3p was detected by gRT-PCR. (B) The pGL-6-miR-19b-3p or pGL-6 plasmid was transfected into DF-1
cells together with pRL-TK renilla luciferase reporter plasmid as an internal control. Forty-eight hours post transfection, the cells were infected with JS 5/05 strain at
different MOls for 12 h, and then the dual-luciferase activity was detected and firefly luciferase activities were normalized to firefly renilla luciferase activities. (C,D)
DF-1 cells were transfected with gga-miR-19b-3p mimic or inhibitor or mimic-NC or inh-NC at a final concentration of 100 nM or left untreated. The gga-miR-19b-3p
expression was measured by gRT-PCR at 18 h post transfection (C). Eighteen hours after transfection, DF-1 cells were infected with JS5/05 strain at an MOI of 0.1.
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mimic or its inhibitor, followed by infection with NDV (JS
5/05 strain, 0.1 MOI). As shown in Figure 1C, gga-miR-19b-
3p mimic increased gga-miR-19b-3p expression about 1000-fold
in DF-1 cells, whereas gga-miR-19b-3p antagonist decreased its
expression by >70%. Overexpression of gga-miR-19b-3p mimic
significantly suppressed NDV replication, whereas gga-miR-19b-
3p inhibitor increased NDV replication (Figure 1D).

Gga-miR-19b-3p Positively Regulates
NDV-Induced Expression of

Inflammatory Cytokines

We next determined if gga-miR-19b-3p affected virus replication
by regulating the inflammatory cytokine production. As shown
in Figures 2A,B, gga-miR-19b-3p mimic significantly increased

both mRNA and protein levels of IFN-B, TNF-a, IL-18, IL-6,
and IL-8 in NDV-infected DF-1 cells. In contrast, gga-miR-19b-
3p inhibitor significantly decreased the levels of IFN-B, TNF-a,
IL-1, IL-6, and IL-8 mRNA and protein.

Gga-miR-19b-3p Directly Targets RNF11
and ZMYND11 in DF-1 Cells

We then investigated the targets of gga-miR-19b-3p that might
be involved in regulating NDV-induced inflammatory cytokine
production. A total of 571 and 547 targets were predicted by
TargetScan and miRDB, respectively. Two hundred and twenty-
one common target genes were used to do GO analysis on
the DAVID platform. After enrichment by GO analysis, we
found that two potential target genes RNF11 and ZMYND11were
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clustered on immune system process. Moreover, both of them NDV Infection Inhibits the Expressions of

were reported as negatively regulators of NK-kB activity. Finally, RNF11 and ZMYND11
RNF11 and ZMYNDI11 were screened for validation given the Given that gga-miR-19b-3p directly targeted RNFI1 and

GO analysm.results and prev1oqs study. . ZMYNDI11 mRNAs, we tested if NDV infection indeed affected

To examine whether gga-miR-19b-3p directly targets ,RNFH the expression of these two proteins. qRT-PCR and Western
and ZMYNDI11, We first detected whether gga.-mlR-19b- blot revealed that the protein and mRNA levels of RNF11
3p regulates the RNFII and ZMYNDI1 expression. qRT- (Figures 4A,B) and ZMYNDI11 (Figures 4C,D) were significantly

P(l:lR al,l(lil Wester.n bl(};t revea}ec% t}llaé transfection dOf DE-1 down-regulated in DF-1 cells infected with three different NDV
cells ‘with gga-miR-19b-3p mimic led to decreased RNFIL i including JS 5/05, Herts/33 and La Sota.

(Figures 3A,B) and ZMYNDI11 (Figures 3C,D) expression at
both protein and mRNA levels, compared to that transfected RNF11 and ZMYND11 Modulate NDV

with mimic-NC or inh-NC. We then constructed luciferase . . . ~

reporter plasmids containing the wild-type or mutant 3'- Replication via Suppressing

UTR of the RNF11 and ZMYNDI1 genes. Predicted target NDV-Induced Inflammatory Cytokines
sequences for gga-miR-19b-3p in the 3’-UTR of RNF11 and We next determined if RNF11 and ZMYND11 indeed regulated
ZMYNDII are illustrated in Figure 3E. DF-1 cells were co- inflammatory production and virus replication. Firstly, we
transfected with indicated RNA oligonucleotides plus wild- detected the interference and overexpression efficiency of
type or mutated-type luciferase reporter plasmids. Forty siRNAs and overexpression plasmids by Western blot and
eight hours after transfection, dual-luciferase reporter assays qRT-PCR assays. As shown in Figures 5A-D, the levels of
were performed. gga-miR-19b-3p mimic significantly decreased RNF11 or ZMYND11 were increased by 4.5 or 7-fold in DF-1
the ratio of Renilla/Firefly in pmiR-RNF11-3'UTR-wild and cells transfected with pCMV-RNF11 and pCMV-ZMYNDII,
pmiR-ZMYND11-3'UTR-wild transfected DF-1 cells, but not respectively. siRNA-RNF11-2 (hereafter called siRNA-RNF11)
in pmiR-RNF11-3'UTR-mut and pmiR-ZMYND11-3’UTR-mut and siRNA-ZMYND11-3 (hereafter called siRNA-ZMYNDI11)
cells (Figures 3EG). As expected, inhibition of gga-miR-19b- down-regulated the expression of ZMYND and RNF11
3p exhibited a significant promotion of the luciferase radio by about 70%. RNF11 or ZMYNDI1 knockdown in DF-1
in pmiR-RNF11-3'UTR-wild and pmiR-ZMYND11-3'UTR-wild  cells markedly enhanced the expressions of NDV-induced
DF-1 cells, whereas no changes in pmiR-RNF11-3'UTR- inflammatory cytokines and suppressed NDV replication,
mut and pmiR-ZMYNDI11-3'UTR-mut cells (Figures 3FG). whereas RNF11 or ZMYNDI11 overexpression blocked NDV-
Combined with these results, we demonstrated that RNF11 induced inflammatory cytokine expression and promoted
and ZMYNDI11 are directly targeted by gga-miR-19b-3p in ~ NDV replication (Figures 5E-G). Simultaneous knockdown
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FIGURE 5 | RNF11 and ZMYND11 inhibit NDV-induced inflammatory cytokines and promote NDV replication in DF-1 cells. DF-1 cells were transfected with
indicated siRNAs or siRNA-NC or overexpression plasmids or pCMV-blank. The efficiencies of interference and overexpression in transfected DF-1 cells were
measured by Western blot (A,C) and gRT-PCR (B,D) at 18 h post transfection. DF-1 cells transfected with indicated siRNAs or sSiRNA-NC or overexpression
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measured by ELISA assay (E,F). DF-1 cells transfected with indicated siRNAs or siRNA-NC or overexpression plasmids or pCMV-blank were infected with JS 5/05
at an MOI of 0.1. After 36 h, viral titers in infected DF-1 cells were measured by TCIDsq as described above (G). Data are representative of three independent
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Frontiers in Microbiology | www.frontiersin.org 13 August 2019 | Volume 10 | Article 2006


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Gga-miR-19b-3p Inhibits NDV Replication

effects on viral replication. However, overexpression of
ZMYNDI1 and knockdown of RNEF-11, or overexpression
of RNF-11 and knockdown of ZMYNDI1 showed no effect on
viral replication.

RNF11 and ZMYND11 Suppress NF-kB
Activity

Previous studies demonstrated that RNFI1 and ZMYNDI11
negatively regulate the NF-kB signaling pathway in human
cell lines (Ikeda et al., 2010; Dalal et al., 2012). In order to
explore the mechanism by which RNF11 and ZMYNDI1
suppress NDV-induced inflammatory cytokines, we detected
NF-kB activity in siRNAs or overexpression plasmids
transfected DF-1 cells after NDV infection using a pNF-
kB-luc plasmid which containing multiple binding motifs
of NF-kB (GGGAATTTCC). We found that knockdown of

NE-kB activity, while overexpression of them had completely
opposite effects (Figure 6A). For further understand the
underlying mechanism of the suppression effect on NF-«kB
activity by RNF11 and ZMYNDI11, we then detected the
changes of p-IkB-a, IkB-a, and p65 nuclear translocation in
siRNAs or overexpression plasmids transfected DF-1 cells after
NDV infection. As shown in Figures 6B,C, knockdown of
RNF11 or ZMYNDI1 in DF-1 cells significantly promoted
p-IkB-a expression and inhibited IkB-a expression, while
overexpression of them had completely opposite effects.
Similarly, simultaneous knockdown or overexpression of these
two proteins also showed synergistic effects on NF-«kB activity,
p-IkB-a and IkB-a expression. However, overexpression of
ZMYNDI11 and knockdown of RNF-11, or overexpression of
RNF-11 and knockdown of ZMYNDI11 showed no effect. In
expectation, transfection of sSiIRNA-RNF11 or siRNA-ZMYNDI11
increased the translocation of p65, an active subunit of NF-

RNF11 or ZMYNDI11 in DF-1 cells significantly increased kB with transcriptional activity (Vermeulen etal., 2002),
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from the cytoplasm to the nucleus (Figures 7A,D). In
contrast, treatment of cells with pCMV-RNF11 or pCMV-
ZMYNDI1 significantly inhibited the nuclear translocation
of p65 in NDV-infected DF-1 cells (Figures 7A,D). The
relative p65 expression in cytoplasm or nucleus was calculated
normalized on the basis of tubulin B or histone H3, respectively
(Figures 7B,C,E,F).

DISCUSSION

miRNAs are post-transcriptional regulators that mediate
translational repression and/or mRNA degradation by
complementary binding to the 3’ UTRs in target mRNAs.
Mounting evidence suggest that cellular miRNAs can coordinate
host defense against viral infections by direct binding to
virus genome or through virus-mediated changes in the host
transcriptome (Trobaugh and Klimstra, 2017). For some
paramyxoviruses, such as respiratory syncytial virus (RSV)
(Bakre et al., 2012; Thornburg et al,, 2012), HeV (Stewart et al,,
2013), and Nipah virus (NiV) (Foo et al., 2016), critical roles of
cellular miRNAs in host defense against virus replication have
already been well characterized. Even so, little is known about
miRNAs roles in NDV replication until now.

Our previous deep sequencing results showed that the
expression of gga-miR-19b-3p is significantly increased in
NDV-infected DEF-1 cells. Further study suggests that this up-
regulated miRNAs might function as an anti-viral factor and
play a role in NDV-infected DF-1 cells. Our present study
focuses on the mechanism by which gga-miR-19b-3p inhibits

NDV replication. We found that NDV infection increased the
expression and promoter activity of gga-miR-19b-3p. miR-19b-
3p has been shown to play an important role in regulating
the replication of other viruses. For example, up-regulated
miR-19b enhances CD8' T cell function via targeting the
phosphatase and tensin homolog (PTEN) and inhibits viral
production of human immunodeficiency virus (HIV) in T
cells (Yin et al, 2018). Our study showed that transfection
of gga-miR-19b-3p mimic significantly promoted NDV-induced
inflammatory cytokines and inhibited NDV replication in DF-
1 cells, suggesting that gga-miR-19b-3p might play an anti-viral
role during NDV infection.

Like other paramyxoviruses, NDV infection can be sensed
by host innate immune system via PRRs in the cytosol.
Activated PRRs lead to activation of the innate immune
response and the production of inflammatory cytokines that
establishes an antiviral state (Schoggins and Rice, 2011). NF-
kB plays a crucial role in the production of inflammatory
cytokines (i.e., TNF-a, IL-6), apoptotic factors, and oxidative
stress (Deng et al, 2018). A growing body of research
suggests that miRNAs can regulate viral replication via
influencing NF-kB activity. For example, has-miR-215 directly
targets the tripartite motif 22 (TRIM22) to block the NF-
kB signaling pathway, and exerts a positively regulatory role
on (hepatitis C virus) HCV replication (Tian and He, 2018).
Up-regulated miR-221-5p inhibits porcine epidemic diarrhea
virus (PEDV) replication by targeting the 3’ UTR of the
viral genome and activating the NF-kB-signaling pathway
(Zheng et al., 2018). In addition, during HIV infection, the
down-regulation of miR-16 results in the activation of the
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FIGURE 7 | RNF11 and ZMYND11 inhibit the nucleus translocation of p65. DF-1 cells were transfected with indicated siRNAs or siRNA-NC or overexpression
plasmids or pCMV-blank for 18 h. Then JS 5/05 strain were used to infect the cells at an MOI of 0.1. Eighteen hours post infection, the cytoplasmic and nuclear
proteins of the cells were prepared as described above. Western blot was used to detect the translocation of p65 from cytoplasm to the nucleus (A,D). The relative
P65 expression in cytoplasm (B,E) or nucleus (C,F) was analyzed by Image J software and calculated normalized on the basis of tubulin f or histone H3,
respectively. Data are representative of three independent experiments and presented as means + SD. *p < 0.05, **p < 0.01.
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NF-kB signaling pathway, thus inhibiting HIV replication
(Li et al., 2010).

RNF11 is an evolutionarily conserved 154 amino acid
protein that acts as a negative regulator of NF-kB signaling
pathway through its associations with the A20 ubiquitin-
editing protein complex (Pranski et al., 2012). Earlier studies
have shown that ZMYNDI1 or BS69, a multidomain cellular
protein, can directly interact with tumor necrosis factor
receptor associated factor 3 (TRAF3) to negatively regulated
Epstein-Barr virus latent membrane protein 1-mediated
NF-kB activation and then enhanced IL-6 expression (Ikeda
et al, 2010). Moreover, recent studies demonstrated that
ZMYNDI1 could negatively regulate the NF-kB signaling
pathway in mycoplasma gallisepticum-infected chicken
embryos and DF-1 cells (Hu et al, 2016). In our present
study, we found that RNFI1 and ZMYNDIlwere directly
targets of gga-miR-19b-3p in DF-1 cells. Since gga-miR-19b-
3p enhanced NDV-induced inflammatory response, it was
imperative to evaluate effect of RNF11 and ZMYNDII on
inflammatory cytokines production in NDV-infected DF-1
cells. We found that knockdown of RNF11 and ZMYND11
increased NDV-induced inflammatory cytokines and inhibited
NDV replication, similar to the effect of gga-miR-19b-3p.
However, overexpression of RNF11 and ZMYNDI11 showed
an opposite effect. These results suggested that gga-miR-
19b-3p enhances NDV-induced inflammatory response via
targeting RNF11 and ZMYND11. Moreover, different virulence
NDV strains infection resulted in a similar suppression of
these two proteins expression, indicated that a virulence-
independent regulation of RNF11 and ZMYNDI11 during NDV
infection in vitro.

Further research of mechanism by which RNF11 and
ZMYNDI1 influence NDV-induced inflammatory response,
we found that silencing of these two proteins by siRNAs
promotes NDV-induced NF-kB activity indicated that
these two proteins negatively regulate NF-kB signaling
pathway in avian cells. It has been well established that
phosphorylation and subsequent proteasomal degradation
of IkB-a and translocation of NF-kB from the cytoplasm
to the nucleus are key determinants of NF-kB activation
(Woronicz et al., 1997; Zhu et al., 2015). Therefore, we also
determined the effect of RNFI1 and ZMYNDI11 on the
expression of p-IkB-o and IkB-a and nucleus translocation
of NF-kB after NDV infection in DF-1 cells. We found that
treatment of DF-1 cells with siRNA-RNF11 and siRNA-
ZMYNDI11 enhanced the expression of p-IkB-a and nucleus
translocation of p65 and inhibited IkB-a expression, whereas
its overexpression prevented the expression of p-IkB-a and
p65 nuclear translocation and increased IkB-a expression. All
these results strongly indicate that RNF11 and ZMYND11can
negatively regulate NF-kB activity in DF-1 cells after NDV
infection and their down-regulation after NDV infection
may be responsible for gga-miR-19b-3p stimulative role on
NDV-induced inflammatory cytokines expression. However,
the molecular mechanism by which RNF11 and ZMYNDI11
negatively regulate NF-kB activity in DF-1 cells remains to be
further investigated.

To further elucidate the association of the regulated roles
of RNF11 and ZMYND11, we knocked down or overexpressed
of both proteins concurrently or knocked down one of them
while overexpressed the other one before NDV infection.
We found that simultaneous knockdown or overexpression of
both proteins showed synergistic effects on viral replication
and NF-kB activity. However, overexpression of ZMYND11
and knockdown of RNF-11, or overexpression of RNF-11
and knockdown of ZMYNDI11 showed no effect on viral
replication and NF-«kB activity. However, we believe that
these results do not indicate that RNFI11 and ZMYNDI11
have similar abilities in regulating NDV replication and NF-
kB activity. Since the interference efficiency of both genes
is approximately 30%, while the overexpression efficiency of
both genes is approximately five to sevenfold. Moreover, the
expression levels of endogenous RNF11 and ZMYND11 are also
different in DF-1 cells. Therefore, further precise experiments
are needed to confirm which protein plays more critical role on
NDV replication.

In summary, our results indicate that NDV-induced gga-
miR-19b-3p inhibits the expressions of RNF11 and ZMYNDI11
by directly binding them, thereby enhancing NF-kB activity
and increasing inflammatory cytokines production, which finally
leads to the inhibition of NDV replication in DF-1 cells. However,
the study of gga-miR-19b-3p in vivo is more complicated than
that in DF-1 cells, further studies are needed to elucidate the role
of gga-miR-19b-3p in host response to NDV infection.
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Morbilliviruses are highly contagious pathogens and are responsible for various outbreaks in
unexposed populations (Pfeffermann et al., 2018). They belong to the order Mononegavirales and
family Paramyxoviridae and are characterized by a non-segmented, linear, negative-stranded RNA
genome (Lamb and Parks, 2013). Morbilliviruses are distinguished for causing moderate-to-severe
respiratory, gastrointestinal, immunosuppression, and/or neurological diseases in a wide range
of hosts, including humans (measles virus), carnivores (canine morbillivirus formerly canine
distemper virus), cattle (rinderpest virus), dolphins and porpoises, and other wildlife-endangered
species (Lamb and Parks, 2013; Martinez-Gutierrez and Ruiz-Saenz, 2016).

Measles virus (MeV) and canine morbillivirus (CDV) are considered the most contagious
viruses among this family (De Vries et al., 2015), and due to the high transmission potential of CDV
as well as its cross-species transmission potential, the global health, and conservationist authorities
are greatly concerned about role of CDV on endangered species conservation and the possible
“jump” from animals to humans (Terio and Craft, 2013; Ohishi et al., 2014). Domestic dogs are the
main host for CDV and could also be considered as a reservoir for other mammals (Suzuki et al.,
2015; Duque-valencia et al., 2019); however, based on the biology of CDV, humans could also turn
into a potential target (Cosby and Weir, 2018; Rendon-Marin et al., 2019).

Trying to understand the potential risk of transmission of CDV to humans, it is necessary to
gather all the existing evidence; and the study of the origin and dissemination of this agent in the
canine population could present an important key to understanding this process. Recently, a paper
published in the International Journal of Paleopathology invited to a discussion on the evolutionary
origin of CDV. It concludes that CDV originated as a pandemic pathogen in South America
following the infection and adaptation of MeV to dogs during the South American colonization
period. This result was obtained via an interdisciplinary approach adopted by synthesizing a
paleopathological analysis of 96 pre-Columbian dogs (750-1470 CE) from the Weyanoke Old
Town, Virginia site, with historical reports, molecular analysis, and morbilliviral epidemiology (Uhl
etal., 2019).

Notably, native dog populations from America almost disappeared after the colonization
period, and European and Eurasian dogs were introduced to the continent, leaving little genetic
background of its American predecessors (Ni Leathlobhair et al., 2018). Another important factor
worth considering is that “unknown” diseases could have also been introduced, making it harder
to track the origin of new pathogens. Moreover, artificial selection pressure over domestic dogs and
even human populations, particularly during the colonization period, could have enhanced disease
incidence, thereby limiting genetic variation (Ostrander et al., 2017), which in turn could mean less
effective response against pathogens.

Among these “new” pathogens/diseases, CDV was first described by Antonio de Ulloa y de
la Torre-Giral in 1746 as a disease affecting dogs in the Quito region and the other parts of

Frontiers in Microbiology | www.frontiersin.org 19

August 2019 | Volume 10 | Article 1982


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.01982
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.01982&domain=pdf&date_stamp=2019-08-28
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:julianruizsaenz@gmail.com
mailto:julian.ruizs@campusucc.edu.co
http://orcid.org/0000-0002-1447-1458
https://doi.org/10.3389/fmicb.2019.01982
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01982/full
http://loop.frontiersin.org/people/794301/overview
http://loop.frontiersin.org/people/762660/overview
http://loop.frontiersin.org/people/794290/overview
http://loop.frontiersin.org/people/206937/overview

Quintero-Gil et al.

Canine Morbillivirus as Potential Zoonoses

South America, and it was reported soon afterward in Europe.
CDV was recorded in Spain in 1760, with 900 deaths occurring
in a single day in Madrid, and 3 years later, i.e., by 1764 and 1770,
it had reached Great Britain and Italy, respectively (Blancou,
2004). Virus transmissibility and greater susceptibility of puppies
compared with adult dogs were later reported by Edward Jenner
in the early 1800s. He compared their transmissibility with that
of MeV and discovered that survivors were protected from
subsequent infection (Jenner, 1809; Nambulli et al., 2016).

Briefly, after the arrival of European pioneers in the fifteenth
century, novel infectious diseases arguably became the most
devastating consequence of colonization because the indigenous
American populations had no prior exposure to pathogens
that had become common in Europe (Walker et al., 2015).
Multiple measles epidemics, therefore, devastated the indigenous
American populations (Walker et al., 2015; Nambulli et al.,
2016). Uhl et al. via a mixed approach of paleopathological,
historical, molecular, and epidemiological evidence, reported that
severe MeV epidemics in the indigenous American populations
facilitated the jump of MeV to large domestic dog populations
of urban environments in South America and the adaptation
of the virus as endemic CDV (Uhl et al., 2019). Also, historical
records could prove that few years after that adaptation to South
American dogs, CDV was transported to Europe in 1760, where
it initially induced widespread epidemics with high mortality
before becoming endemic (Jenner, 1809).

However, molecular phylogeography related to evolutionary
predictions and the time to the most recent common ancestor
(tMRCA) were calculated for the CDV origin in the United States
in the 1880s (95% highest posterior density, 1858-1913) (Panzera
et al., 2015), which clearly contradicts the description of the virus

in Europe in the eighteenth century. Sequence analyses that led
to this hypothesis must be carefully examined because of the
bias and the limited availability of sequences that were used in
this molecular phylogeography reconstruction. Moreover, many
original ancestral sequences have been lost due to the lability of
the viral RNA genome of the CDV and other morbilliviruses.
These factors have given rise to the questioning of the utility
of current tMRCA calculations for RNA viruses (Sharp and
Simmonds, 2011; Nambulli et al., 2016).

According to Uhl et al., morbillivirus could have originated
from cattle around 376 BC in the “old continent” (Figure 1),
and animal domestication may have had a significant influence
on cross-species events, probably tracing a starting point in
MeV emergence to approximately 900 AC (Uhl et al., 2019).
Contrary to the current CDV phylogenetic reconstructions,
MeV divergence is strongly supported by the relaxed clock
Bayesian phylogenetic analysis. The divergence time between
MeV and the rinderpest virus had been shown to have
occurred in approximately the eleventh to twelfth centuries
(Furuse et al, 2010). Other molecular data, such as the
presence of a new morbillivirus (closely related to CDV and
PDV) circulating in bats from Brazil (DrMV), allows the
speculation that CDV and DrMV might share a common South
American ancestor (Drexler et al, 2012), thereby indirectly
supporting the idea of the early South American Origin
of CDV.

Beyond the epistemological and/or scientific meaning of
the geographical origin and date of CDV divergence, there are
important clues that must be clarified to better understand
the current impact of CDVs on interspecies transmission,
animal conservation, and zoonotic potential (Figurel). It
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is clear that unlike the MeV infection, which is maintained
by a single host (humans), CDV has been widely proved
to be a promiscuous pathogen-causing infection/disease in
a vast array of carnivorous and non-carnivorous species
(Martinez-Gutierrez and Ruiz-Saenz, 2016). This promiscuity
has been attributed to not only the capacity of the CDV
hemagglutinin (H) to interact with host cellular receptors, such
as SLAM in mononuclear cells and nectin-4 in epithelial cells,
but also the similarity among species sequences of the receptors
mentioned above (Rendon-Marin et al., 2019). The amino acid
similarity among mammal SLAM receptors, including marine
mammals, is >80% (Ohishi et al., 2014), thereby supporting the
results of cross-species transmission. In addition, there is a lack
of species-related variation in the nectin-4 sequences among
humans, mice, and dogs because human nectin-4 could function
as an in vitro receptor for CDV (Noyce et al., 2011).

Natural CDV outbreaks in different non-human primates
have raised a concern regarding the possible transmission of
CDV to humans (Yoshikawa et al., 1989; Sun et al., 2010;
Qiu et al, 2011; Sakai et al, 2013a). There are reports that
CDV monkey strains have the intrinsic ability to use human
nectin-4 for virus entry and that those monkey CDVs easily
adapt to use the human CD150 (SLAM) receptor following
minimal amino acid changes to the viral H protein (Bieringer
et al., 2013; Sakai et al., 2013b). However, based on the in vivo
experimental CDV infection of Cynomolgus macaques (Macaca
fascicularis) in the presence of MeV immunity, macaques were
partially cross protected from the CDV challenge (De Vries
et al, 2014). This suggests that although CDV can readily
infect primates, MeV immunity is protective and that CDV
infection could be self-limiting. Transferring this result to
humans, there is a potential risk of CDV infection in people
who lack cross-protective MeV immunity due to non-vaccination
and vaccine failures (Haralambieva et al., 2015) or due to
the absence of vaccination in the possible post-eradication
era (Holzmann et al., 2016).

“Emerging viruses” could reportedly arise via the cross-species
transmission of viruses from animals into humans (Wolfe et al.,
2007). Novel studies, both structural and bioinformatic, suggest
that just a single amino acid change in a protein sequence could
be enough to overcome the restriction in using cellular receptors
among two different hosts, such as humans and ruminants
(Abdullah et al., 2018). A unique mutation in the CDV H protein
in vitro enables this pathogen to infect cells expressing the human
SLAM receptor (Otsuki et al., 2013). Moreover, if we embrace the
hypothesis that CDV evolved from MeV, it could be possible that
a CDV descendant could be able to re-infect humans because
of the continuous evolution of both the virus and humans, as
has been previously suggested in other models even though the
ancestral “jumper virus” had disappeared from earth time ago
(Emerman and Malik, 2010).

Furthermore, one of the most interesting results presented by
Uhl et al. is the optimization of both the CDV and MeV genes
to human codon usage bias (CUB), suggesting that CDV codon
usage is closer to human CUB than canine CUB because the
virus or its progenitor, most likely MeV, was initially adapted

to humans (Uhl et al., 2019). CUB refers to the phenomenon
wherein some synonymous codons are used more often than
others and how this preference varies within and among species
(Behura and Severson, 2013). In RNA viruses, codon usage is
under selection because the viruses are completely dependent on
host tRNAs and the bias results from viruses matching the codon
usage of their hosts (Jenkins and Holmes, 2003). Evolution can
sometimes favor viruses that match their host codon usage to
promote the replication speed and adaptation to the host as has
been reported in other RNA viruses (Goni et al., 2012; Lauring
et al., 2012; Di Paola et al., 2018; Freire et al., 2018).

Finally, we would like to argue that some other factors must
be considered in the possible zoonotic scenario of CDV. Cross
neutralization between MeV and CDV has been recognized since
many years (Brown and Mccarthy, 1974), and this premise has
existed for more than half a century when the MeV vaccine
was used to protect pups against CDV at an age when passive
maternal immunity often interfered with CDV vaccination
(Baker et al., 1966; Brown et al., 1972). Nevertheless, the use
of a commercial dual CDV/MeV vaccine is still recommended
for vaccination in the presence of maternal immunity, and
the vaccine has been useful against clinical measles disease in
non-human primates (Christe et al., 2019). Hence, one may
speculate that MeV herd immunity avoids CDV jump and
possible readaptation to humans via transmission through dogs
or wildlife animals.

CONCLUDING REMARKS

The evolution and origin of viral pathogens cannot be easily
studied; hereafter, a multidisciplinary approach is necessary
to understand and perhaps predict new possible viral threats
to humans. Due to their peculiar biology, viral pathogens
such as CDV represent a unique model for understanding
interspecies jumping and zoonotic potential of viral agents
very close to the human population. Besides the traditional
molecular phylogenetic studies and the paleopathology works,
researchers must adopt different approaches to study CDV
origin and current viral and host requirements for interspecies
jumping. The introduction of computational methods, such as
structural bioinformatics and paleovirology studies, could help
in the prediction and prevention or at least provide a better
understanding of this emerging, and perhaps, zoonotic disease
from a different perspective considering not only sequencing data
but also structures and functions as key information to this aim.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING
This work was financially supported by the Departamento
Administrativo de Ciencia, Tecnologia e Innovacién-

COLCIENCIAS Grant No. 123171249669 to JR-S.

Frontiers in Microbiology | www.frontiersin.org

21

August 2019 | Volume 10 | Article 1982


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Quintero-Gil et al.

Canine Morbillivirus as Potential Zoonoses

REFERENCES

Abdullah, N., Kelly, J. T., Graham, S. C., Birch, J., Goncalves-Carneiro, D., Mitchell,
T., et al. (2018). Structure-guided identification of a nonhuman morbillivirus
with zoonotic potential. J. Virol 92:e01248-18. doi: 10.1128/JVI.01
248-18

Baker, J. A., Shefty, B. E., Robson, D. S., and Gilmartin, J. (1966). Response to
measles virus by puppies with maternally transferred distemper antibodies.
Cornell Vet. 56:588.

Behura, S. K., and Severson, D. W. (2013). Codon usage bias: causative factors,
quantification methods and genome-wide patterns: with emphasis on insect
genomes. Biol. Rev. 88, 49-61. doi: 10.1111/j.1469-185X.2012.00242.x

Bieringer, M., Han, J. W., Kendl, S., Khosravi, M., Plattet, P., and Schneider-
Schaulies, J. (2013). Experimental adaptation of wild-type canine distemper
virus (CDV) to the human entry receptor CD150. PLoS ONE 8:e57488.
doi: 10.1371/journal.pone.0057488

Blancou, J. (2004). Dog distemper: imported into Europe from South America?
Hist. Med. Vet. 29, 35—41.

Brown, A. L., and Mccarthy, R. E. (1974). Relationship between measles and canine
distemper viruses determined by delayed type hypersensitivity reactions in
dogs. Nature 248, 344-345. doi: 10.1038/248344a0

Brown, A. L., Vitamvas, J. A., Merry, D. L., and Beckenhauer, W. H. (1972).
Immune response of pups to modified live-virus canine distemper-measles
vaccine. Am. J. Vet. Res. 33, 1447-1456.

Christe, K. L., Salyards, G. W., Houghton, S. D., Ardeshir, A., and Yee, J. L. (2019).
Modified dose efficacy trial of a canine distemper-measles vaccine for use in
Rhesus Macaques (Macaca mulatta). . Am. Assoc. Lab. Anim. Sci. 58, 397-405.
doi: 10.30802/AALAS-JAALAS-18-000091

Cosby, S. L., and Weir, L. (2018). Measles vaccination: threat from related
veterinary viruses and need for continued vaccination post measles eradication.
Hum. Vaccin. Immunother. 14, 229-233. doi: 10.1080/21645515.2017.1403677

De Vries, R. D., Duprex, W. P, and De Swart, R. L. (2015). Morbillivirus infections:
an introduction. Viruses 7, 699-706. doi: 10.3390/v7020699

De Vries, R. D., Ludlow, M., Verburgh, R. J., Van Amerongen, G., Yuksel, S.,
Nguyen, D. T., et al. (2014). Measles vaccination of nonhuman primates
provides partial protection against infection with canine distemper virus. J.
Virol. 88, 4423-4433. doi: 10.1128/JV1.03676-13

Di Paola, N., De Melo Freire, C. C., and De Andrade Zanotto, P. M. (2018). Does
adaptation to vertebrate codon usage relate to flavivirus emergence potential?
PL0S ONE 13:¢0191652. doi: 10.1371/journal.pone.0191652

Drexler, J. F., Corman, V. M., Muller, M. A., Maganga, G. D., Vallo, P., Binger,
T., et al. (2012). Bats host major mammalian paramyxoviruses. Nat. Commun.
3:796. doi: 10.1038/ncomms1796

Dugque-valencia, J., Sarute, N., Olarte-Castillo, X. A., and Ruiz-Sdenz, J. (2019).
Evolution and interspecies transmission of canine distemper virus-an outlook
of the diverse evolutionary landscapes of a multi-host virus. Viruses 11:E582.
doi: 10.3390/v11070582

Emerman, M., and Malik, H. S. (2010). Paleovirology-modern consequences of
ancient viruses. PLoS Biol. 8:e1000301. doi: 10.1371/journal.pbio.1000301

Freire, C. C. M., Palmisano, G., Braconi, C. T., Cugola, F. R., Russo, F.
B., Beltrao-Braga, P. C, et al. (2018). NS1 codon usage adaptation to
humans in pandemic Zika virus. Mem. Inst. Oswaldo Cruz 113:e170385.
doi: 10.1590/0074-02760170385

Furuse, Y., Suzuki, A., and Oshitani, H. (2010). Origin of measles virus: divergence
from rinderpest virus between the 11th and 12th centuries. Virol J. 7:52.
doi: 10.1186/1743-422X-7-52

Goni, N., Iriarte, A., Comas, V., Sonora, M., Moreno, P., Moratorio, G.,
et al. (2012). Pandemic influenza A virus codon usage revisited: biases,
adaptation and implications for vaccine strain development. Virol. J. 9:263.
doi: 10.1186/1743-422X-9-263

Haralambieva, I. H., Kennedy, R. B. Ovsyannikova, I. G., Whitaker, J.
A, and Poland, G. A. (2015). Variability in humoral immunity to
measles vaccine: new developments. Trends Mol. Med. 21, 789-801.
doi: 10.1016/j.molmed.2015.10.005

Holzmann, H., Hengel, H., Tenbusch, M., and Doerr, H. W. (2016). Eradication
of measles: remaining challenges. Med. Microbiol. Immunol. 205, 201-208.
doi: 10.1007/s00430-016-0451-4

Jenkins, G. M., and Holmes, E. C. (2003). The extent of codon usage bias
in human RNA viruses and its evolutionary origin. Virus Res. 92, 1-7.
doi: 10.1016/S0168-1702(02)00309-X

Jenner, E. (1809). Observations on the distemper in dogs. Med. Chir. Trans. 1,
265-270. doi: 10.1177/095952870900100119

Lamb, R. A,, and Parks, G. D. (2013). “Paramyxoviridae: the viruses and their
replication,” in Fields Virology: Sixth Edition, eds B. N. Fields, D. M. Knipe, and
P. M. Howley (Philadelphia, PA: Lippincott, Williams, and Wilkins), 957-995.

Lauring, A. S., Acevedo, A., Cooper, S. B., and Andino, R. (2012). Codon usage
determines the mutational robustness, evolutionary capacity, and virulence of
an RNA virus. Cell Host Microbe 12, 623-632. doi: 10.1016/j.chom.2012.10.008

Martinez-Gutierrez, M., and Ruiz-Saenz, J. (2016). Diversity of susceptible hosts in
canine distemper virus infection: a systematic review and data synthesis. BMC
Vet. Res. 12:78. doi: 10.1186/s12917-016-0702-z

Nambulli, S., Sharp, C. R., Acciardo, A. S., Drexler, J. F., and Duprex, W. P.
(2016). Mapping the evolutionary trajectories of morbilliviruses: what, where
and whither. Curr. Opin. Virol. 16, 95-105. doi: 10.1016/j.coviro.2016.01.019

Ni Leathlobhair, M., Perri, A. R,, Irving-Pease, E. K., Witt, K. E., Linderholm, A.,
Haile, J., et al. (2018). The evolutionary history of dogs in the Americas. Science
361, 81-85. doi: 10.1126/science.aa04776

Noyce, R. S, Bondre, D. G., Ha, M. N, Lin, L.-T., Sisson, G., Tsao, M.-S., et al.
(2011). Tumor cell marker PVRL4 (nectin 4) is an epithelial cell receptor for
measles virus. PLoS Pathog. 7:¢1002240. doi: 10.1371/journal.ppat.1002240

Ohishi, K., Suzuki, R., Maeda, T., Tsuda, M., Abe, E., Yoshida, T., et al. (2014).
Recent host range expansion of canine distemper virus and variation in its
receptor, the signaling lymphocyte activation molecule, in carnivores. J. Wildl.
Dis. 50, 596-606. doi: 10.7589/2013-09-228

Ostrander, E. A., Wayne, R. K., Freedman, A. H., and Davis, B. W. (2017).
Demographic history, selection and functional diversity of the canine genome.
Nat. Rev. Genet. 18, 705-720. doi: 10.1038/nrg.2017.67

Otsuki, N., Nakatsu, Y., Kubota, T., Sekizuka, T., Seki, F., Sakai, K., et al. (2013).
The V protein of canine distemper virus is required for virus replication in
human epithelial cells. PLoS ONE 8:e82343. doi: 10.1371/journal.pone.0082343

Panzera, Y., Sarute, N., Iraola, G., Hernandez, M., and Perez, R. (2015).
Molecular  phylogeography of distemper virus:  geographic
origin and global spreading. Mol. Phylogenet. Evol. 92, 147-154.
doi: 10.1016/j.ympev.2015.06.015

Pfeffermann, K., Dorr, M., Zirkel, F., and Von Messling, V. (2018). Morbillivirus
pathogenesis and virus-host interactions. Adv. Virus Res. 100, 75-98.
doi: 10.1016/bs.aivir.2017.12.003

Qiu, W, Zheng, Y., Zhang, S., Fan, Q., Liu, H., Zhang, F., et al. (2011). Canine
distemper outbreak in rhesus monkeys, China. Emerging Infect. Dis. 17,
1541-1543. doi: 10.3201/eid1708.101153

Rendon-Marin, S., Da Fontoura Budaszewski, R., Canal, C. W, and Ruiz-Saenz, J.
(2019). Tropism and molecular pathogenesis of canine distemper virus. Virol.
J. 16:30. doi: 10.1186/s12985-019-1136-6

Sakai, K., Nagata, N., Ami, Y., Seki, F., Suzaki, Y., Iwata-Yoshikawa, N., et al.
(2013a). Lethal canine distemper virus outbreak in cynomolgus monkeys in
Japan in 2008. J. Virol. 87, 1105-1114. doi: 10.1128/JV1.02419-12

Sakai, K., Yoshikawa, T., Seki, F., Fukushi, S., Tahara, M., Nagata, N., et al.
(2013b). Canine distemper virus associated with a lethal outbreak in
monkeys can readily adapt to use human receptors. J. Virol. 87, 7170-7175.
doi: 10.1128/JV1.03479-12

Sharp, P. M., and Simmonds, P. (2011). Evaluating the evidence for virus/host
co-evolution. Curr. Opin. Virol. 1, 436-441. doi: 10.1016/j.coviro.2011.10.018

Sun, Z., Li, A., Ye, H, Shi, Y., Hu, Z, and Zeng, L. (2010). Natural infection
with canine distemper virus in hand-feeding Rhesus monkeys in China. Vet.
Microbiol. 141, 374-378. doi: 10.1016/j.vetmic.2009.09.024

Suzuki, J., Nishio, Y., Kameo, Y., Terada, Y., Kuwata, R., Shimoda, H., et al. (2015).
Canine distemper virus infection among wildlife before and after the epidemic.
J. Vet. Med. Sci. 77, 1457-1463. doi: 10.1292/jvms.15-0237

Terio, K. A., and Craft, M. E. (2013). Canine distemper virus (CDV) in
another big cat: should CDV be renamed carnivore distemper virus? MBio 4,
€00702-00713. doi: 10.1128/mBi0.00702-13

Uhl, E. W., Kelderhouse, C., Buikstra, J., Blick, J. P., Bolon, B., and Hogan, R. J.
(2019). New world origin of canine distemper: interdisciplinary insights. Int. J.
Paleopathol. 24, 266-278. doi: 10.1016/j.ijpp.2018.12.007

canine

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1982


https://doi.org/10.1128/JVI.01248-18
https://doi.org/10.1111/j.1469-185X.2012.00242.x
https://doi.org/10.1371/journal.pone.0057488
https://doi.org/10.1038/248344a0
https://doi.org/10.30802/AALAS-JAALAS-18-000091
https://doi.org/10.1080/21645515.2017.1403677
https://doi.org/10.3390/v7020699
https://doi.org/10.1128/JVI.03676-13
https://doi.org/10.1371/journal.pone.0191652
https://doi.org/10.1038/ncomms1796
https://doi.org/10.3390/v11070582
https://doi.org/10.1371/journal.pbio.1000301
https://doi.org/10.1590/0074-02760170385
https://doi.org/10.1186/1743-422X-7-52
https://doi.org/10.1186/1743-422X-9-263
https://doi.org/10.1016/j.molmed.2015.10.005
https://doi.org/10.1007/s00430-016-0451-4
https://doi.org/10.1016/S0168-1702(02)00309-X
https://doi.org/10.1177/095952870900100119
https://doi.org/10.1016/j.chom.2012.10.008
https://doi.org/10.1186/s12917-016-0702-z
https://doi.org/10.1016/j.coviro.2016.01.019
https://doi.org/10.1126/science.aao4776
https://doi.org/10.1371/journal.ppat.1002240
https://doi.org/10.7589/2013-09-228
https://doi.org/10.1038/nrg.2017.67
https://doi.org/10.1371/journal.pone.0082343
https://doi.org/10.1016/j.ympev.2015.06.015
https://doi.org/10.1016/bs.aivir.2017.12.003
https://doi.org/10.3201/eid1708.101153
https://doi.org/10.1186/s12985-019-1136-6
https://doi.org/10.1128/JVI.02419-12
https://doi.org/10.1128/JVI.03479-12
https://doi.org/10.1016/j.coviro.2011.10.018
https://doi.org/10.1016/j.vetmic.2009.09.024
https://doi.org/10.1292/jvms.15-0237
https://doi.org/10.1128/mBio.00702-13
https://doi.org/10.1016/j.ijpp.2018.12.007
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Quintero-Gil et al.

Canine Morbillivirus as Potential Zoonoses

Walker, R. S, Sattenspiel, L, and Hill K.  R. (2015). Mortality
from  contact-related  epidemics among indigenous  populations
in  Greater ~Amazonia. Sci. Rep. 5:14032. doi:  10.1038/srep
14032

Wolfe, N. D., Dunavan, C. P., and Diamond, J. (2007). Origins of major

human infectious diseases. Nature 447, 279-283. doi: 10.1038/nature
05775
Yoshikawa, Y., Ochikubo, F., Matsubara, Y., Tsuruoka, H., Ishii, M.,

Shirota, K., et al. (1989). Natural infection with canine distemper virus
in a Japanese monkey (Macaca fuscata). Vet. Microbiol. 20, 193-205.
doi: 10.1016/0378-1135(89)90043-6

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Quintero-Gil, Rendon-Marin, Martinez-Gutierrez and Ruiz-
Saenz. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

23

August 2019 | Volume 10 | Article 1982


https://doi.org/10.1038/srep14032
https://doi.org/10.1038/nature05775
https://doi.org/10.1016/0378-1135(89)90043-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

REVIEW
published: 04 October 2019
doi: 10.3389/fmicb.2019.02314

OPEN ACCESS

Edited by:

lan M. Jones,
University of Reading,
United Kingdom

Reviewed by:

Ryan Troyer,

University of Western Ontario, Canada
Alexander Freiberg,

The University of Texas Medical
Branch at Galveston, United States

*Correspondence:
Barry T. Rouse
btr@utk.edu

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 29 July 2019
Accepted: 23 September 2019
Published: 04 October 2019

Citation:

Sumbria D, Berber E and

Rouse BT (2019) Factors Affecting
the Tissue Damaging Consequences
of Viral Infections.

Front. Microbiol. 10:2314.

doi: 10.3389/fmicb.2019.02314

Check for
updates

Factors Affecting the Tissue
Damaging Consequences of Viral
Infections

Deepak Sumbria, Engin Berber and Barry T. Rouse*

Department of Biomedical and Diagnostic Sciences, College of Veterinary Medicine, The University of Tennessee, Knoxville,
Knoxville, TN, United States

Humans and animals are infected by multiple endogenous and exogenous viruses but
few agents cause overt tissue damage. We review the circumstances which favor overt
disease expression. These can include intrinsic virulence of the agent, new agents
acquired from heterologous species, the circumstances of infection such as dose
and route, current infection with other agents which includes the composition of the
microbiome at mucosal and other sites, past history of exposure to other infections as
well as the immune status of the host. We also briefly discuss promising therapeutic
strategies that can expand immune response patterns that minimize tissue damaging
responses to viral infections.

Keywords: viral infection, immunopathology, outcome of past and concomitant infections, influence of
microbiome and virome, therapeutic management of infections

INTRODUCTION

Humans are perpetually infected with multiple endogenous and exogenous viral agents and
estimates suggest that some of us generate up to 102 new virus particles per day (Virgin et al.,
2009). Moreover, thanks to astonishing advances in technology we are constantly discovering
new viruses that are present somewhere on or in our bodies. However, few exogenous viruses
cause overt disease and when this does occur usually only a minority of individuals are affected.
Since viruses are obligate intracellular parasites that require host cells to replicate and assemble
infectious progeny, the question arises as to the nature of factors which impact on whether or
not infections are unobserved or develop into some form of overt cell and tissue damage. Some
viruses do have high intrinsic levels of pathogenicity and mediate notable, often lethal, tissue
damage in a high proportion of infected individuals. Smallpox was the poster child of this situation
in mankind. These days, Ebola virus and some other viruses that cause hemorrhagic fevers have
high intrinsic pathogenicity causing dramatic effects that include death in most infected persons
(Feldmann and Geisbert, 2011).

In animal populations, highly virulent viruses also occur from time to time. For example, when it
first occurred in the 1950s, myxomatosis killed more than 95% of the rabbit population in parts of
Europe and Australia (Kerr, 2012). Every so often new virulent strains of influenza (Flu) appear
after reformulation usually in birds or swine. These variants can be devastating to humans, as
happened in 1918-1919 and often occurs with concentrated poultry flocks (Taubenberger and
Morens, 2006; Peiris et al., 2007). This has occurred a few times in southern China and was of great
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concern when strain H5N1 came onto the scene since spread
to humans was anticipated (Peiris et al., 2007). The likelihood
that any virus infection can cause disease is increased if the host
has a clear-cut defect in one or more components responsible
for immune protection, but this situation is uncommon. A more
common cause of tissue damage is that the circumstances
of infection result in an imbalanced host response with one
or more components that are proinflammatory dominating
over regulatory activities. In these situations, the host response
to the infection, which in many instances is persistent and
difficult to remove, is the main cause of tissue damage. Most
commonly the main cellular orchestrators of such lesions are
certain subsets of T cells with antigen non-specific inflammatory
cells and various mediators causing the actual tissue damage
(Rouse and Sehrawat, 2010).

EXOTIC INFECTIONS CAN BE HIGHLY
TISSUE DAMAGING

Several circumstances during a viral infection can set the stage
for tissue damage (Belkaid and Rouse, 2005; Rouse and Sehrawat,
2010). Foremost of these is infection by an exotic agent invariably
derived from another species where the virus may be an
asymptomatic natural infection. Indeed, we believe that many
of our common virus infections were originally introduced at
the time when human populations came to live more closely
together and along with animals. This happened when many
humans became agriculturalists rather than being more solitary
hunters and gatherers. Several infections were acquired from
their newly domesticated livestock such as measles, likely derived
from rinderpest infected cattle and sheep (Pearce-Duvet, 2006).
However, it is surmised that most human virus pathogens were
acquired from rodents (>60) and about the same number from
bats (Luis et al., 2013). We are still acquiring exotic infections
particularly from other primates, and when this occurs they are
often clinically severe and sometimes lethal. Most famous of these
exotic infections was the occurrence of AIDS in the early 1980s
now known to be caused by human immunodeficiency virus
(HIV) derived from a non-human primate (Sharp and Hahn,
2011). More recently primate derived Ebola and Zika viruses have
been a cause for concern and bat derived Nipah virus is a frequent
problem in Bangladesh (Faria et al., 2016; Malvy et al., 2019;
Nikolay et al., 2019). The dog communities received a pathogenic
gift from cats-parvovirus which caused major clinical problems
worldwide, but now well controlled by vaccines (Parrish et al.,
1985). The aforementioned myxomatosis virus which killed so
many European rabbits was originally a natural well tolerated
pathogen in Brazilian wild rabbits (Arthur and Louzis, 1988).
The current devastating epidemic of African swine fever virus
in Chinese pigs is an inapparent infection in its original host-
warthogs and bush pigs in Africa (Meng et al., 2009).

Whereas exotic infections can cause severe clinical
consequences when they first emerge, in most instances the
virus-host relationship undergoes genetic changes on both sides
and the interaction evolves to become less tissue damaging.
This happened remarkably quickly with myxomatosis in the fast

breeding rabbit population. Adaptation also occurs successfully
if the exotic agent induces protective immunity as happened with
the flaviviruses Zika and yellow fever. In contrast, adaptation
is prolonged with agents that induce inferior immunity such
as with the flavivirus hepatitis C virus (HCV). Exotic virus
infections which fail to induce protective immunity and at the
same time may be immunosuppressive, such as HIV, are proving
difficult to control with vaccines.

INFECTION BY VIRUSES THAT BLUNT
COMPONENTS OF IMMUNITY

Another situation which sets the stage for tissue damage is
when the virus has properties that blunt the efficacy of one
or more components of host defense. This immune blunting
property, more commonly referred to as immune evasion, may
also impact on the response to heterologous infections as is
discussed in a subsequence section (the influence of previous
and concomitant infections). The topic of immune evasion has
received intense study and has received many excellent reviews
(Ploegh, 1998; Alcami and Koszinowski, 2000). Blunting the
efficacy of protective immunity is particularly consequential
with HIV, but all members of the herpesvirus family possess
strategies that interfere with effective host immunity (Kumar
et al, 2018). In their natural hosts, herpesviruses usually
persist, resist immune removal and usually cause minimal
disturbance in immunocompetent hosts (Ploegh, 1998; Sehrawat
et al., 2018). The most genetically complex of all herpesviruses,
human cytomegalovirus (HCMV), has an abundance of immune
blunting activities and seldom causes relevant tissue damage
in immunocompetent hosts (Nolan et al., 2017; Picarda and
Benedict, 2018). Like all herpesviruses, HCMV can establish an
alternative replication pattern called latency where the virus can
persist for prolonged times and may make them invisible to the
immune system (Picarda and Benedict, 2018). This is the state of
affairs with herpes simplex virus (HSV), but with this herpesvirus
periodic recurrences often result in tissue damaging episodes
which can be more of consequence when the immune system
is dysfunctional or unbalanced (Van de Perre et al., 2008). In
part because of the many ways by which herpesviruses avoid and
manage host immune responses, we have few effective vaccines
and antivirals against these agents.

INFLUENCE OF AGE AT TIME OF
INFECTION

Whether or not a virus infection causes significant tissue
damage often depends on the age at which the infection occurs.
Generally speaking, young children and elderly people are
more susceptible to the tissue damaging consequences of virus
infection than healthy adults. For instance, several respiratory
viral infections such as Flu and respiratory syncytial virus (RSV)
and some gastrointestinal infections cause more severe disease
in young persons, particularly infants (Collins and Graham,
2008). Old individuals can also suffer more severe problems
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with Flu as well as with RSV, especially if they reside in
community centers. Some infections are particularly damaging
if they infect the fetus especially in those species that transfer
minimal or no maternal antibody across the placenta during
pregnancy. Thus, in utero infection of non-antibody protected
calves with bovine diarrhea virus or bovine herpesvirus can
either result in abortion or congenital abnormalities (Baker,
1995). A similar outcome can occur in foals when infected
in utero with equine herpes virus and lambs infected in utero
with bluetongue virus (Clarke and Osburn, 1978; Walter et al.,
2013). The recent global concern that happened when Zika
virus first appeared in Brazil causing congenital and other
problems has now receded (Faria et al., 2016). Thus, Zika
has become endemic and many women are infected and
develop protective immunity before they become pregnant.
Moreover, other flaviviruses also cross-react with Zika and these
may also confer cross-protection or potentially could increase
pathogenicity (Stettler et al., 2016).

The situation with Zika recalls the past consequences of
maternal infection with rubella in the pre-vaccination era.
Thus, if seronegative women were infected with rubella during
pregnancy their children could have a range of congenital lesions
that often involved the nervous system (Bouthry et al., 2014).
Today HCMYV infection remains a problem if infection occurs
in utero or around the time of birth. Children can develop
congenital CMV, a syndrome that mainly affects the nervous
system. The most common problem is hearing loss, but problems
with vision and cognition also occur (Schleiss, 2018). A small
minority develop microcephaly the major sign noticed when Zika
first occurred. Curiously, infants can develop congenital CMV
when born to seropositive mothers (Britt, 2018) since adaptive
immunity does not preclude herpesvirus infection-bad news
for vaccinologists.

The observation that young animals infected with some
viruses can develop more tissue damaging responses than do
adults can have multiple explanations. For instance, several
aspects of the immune system are not fully functional in utero and
even after birth. For example, the type-I interferon response and
the activity of some subsets of dendritic cells (DC) are less active,
the specific immune repertoire may be lacking some reactivities,
the immune reactivity pattern lacks regulatory components and
many signaling pathways may be not fully functional. This topic
has been reviewed by others (Samuel, 2001; Garcia-Sastre, 2002;
Katze et al., 2002). Older animals too may develop more severe
responses to virus infections because of senescence changes to the
immune system. This subject will not be further discussed but is
under intense investigation with many excellent reviews available
(Nikolich-Zugich, 2008; Maue et al., 2009).

Finally, of some interest is that some virus infections that
persist and cause no tissue damage for decades may suddenly
become very consequential. This may happen with varicella
zoster virus (VZV) which years after causing chicken pox in
children (or even vaccination against chickenpox) persons may
develop distressing and painful dermal lesions called shingles
(John and Canaday, 2017). This represents reactivation from
VZV latency and it usually occurs in only one or a few ganglia
of the far greater number of ganglia that are latently infected. The

lesions represent T cell-mediated immunopathological reactions,
and ultimately the recurrent infection is controlled by the
immune system. Among the unsolved mysteries of shingles
are explaining the circumstances of its occurrence, why only
a minority of the many infected ganglia reactivate and why a
vaccine that largely induces only antibody-mediated immunity
appears to be so efficacious to prevent shingles.

THE INFLUENCE OF DOSE AND ROUTE
OF INFECTION

Several additional circumstances during viral infection can
influence the outcome in terms of being subclinical or tissue
damaging. Exposure dose and route of infection are relevant
variables. In fact, it is likely that the majority of persons who
escape clinical infections during Flu outbreaks could in part
be explained by a lifestyle that limits the level of infection.
Those of us who have few close interactions with others, and
especially if we adopt a non-affectionate behavior pattern, are
less likely to receive high dose infections. However, quantitative
effects of infection can only be assessed by control studies in
experimental animals. Influenza virus infections in mice have
been used for this purpose (Legge and Braciale, 2005). In such
studies, animals given a high dose all developed disease and this
could be lethal. The deaths seemed to be the consequence of
the otherwise protective CD8 T cell response being suppressed.
The suppression was explained by plasmacytoid DC, which
express Fas-ligand upon Flu infection, making contact with Fas-
expressing CD8 effector T cells causing these otherwise protective
cells to undergo apoptosis. A similar form of plasmacytoid
DC/leucocyte interaction could explain the lymphopenia which
occurs with virulent H5N1 flu infection (Langlois and Legge,
2010). At lower doses of flu infection, other types of DC were
preferentially infected but these cells fail to express Fas-ligand
permitting protective T cells to survive. At even lower doses
of virus one can assume the virus is fully controlled by innate
defenses and adaptive aspects of immunity may not be induced.

A few years back when infection experiments in chimpanzees
were still permitted, some remarkable observations on the
infection dose effects was reported by the Chisari group (Asabe
et al., 2009). They showed that when animals were infected with
between 10* to 108 virions of hepatitis B virus, animals developed
mild hepatitis and readily controlled the disease. However,
infection at a higher dose resulted in damaging chronic active
hepatitis thought to be an immuno-pathological response to the
infection. Surprisingly, infecting chimpanzees with a minimal
dose which could be as low as 100 virions gave the same outcome
as those infected with greater than 10® virions. Explanations for
these observations were not at hand but it could have related
to the virus avoiding contact and elimination by some aspect of
innate immunity, but still able to present antigens to induce an
unbalanced T cell response that mediated tissue damage.

Apart from dose effects of infection, the route of exposure can
also be critical. With HIV, for example, infection is more likely
to occur when virus infects the rectal compared to the vaginal
epithelium (Tebit et al., 2012). With experimental HSV infections
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in mice, route critically influences consequences. Thus, if animals
are infected subcutaneously or intramuscularly, the outcome is
usually subclinical and a full range of adaptive immune responses
are induced. However, intradermal infection on the flank gives
rise to a so-called zosteriform reaction in the whole dermatome
which innervates the site of infection (Simmons and Nash, 1984).
These lesions resemble those which occur in human shingles.
The skin lesions represent host immunopathological reactions to
virus reemerging at nerve endings after first replicating in the
innervating nerve ganglion. Similar immunopathological lesions
occur in the eye when virus gains access to the cornea. This
lesion is referred to as stromal keratitis and it is a common
cause of vision impairment in humans (Pepose et al., 1996).
Curiously, if HSV is delivered to the anterior chamber of the eye
some aspects of adaptive immunity are induced but not others.
The consequences of anterior chamber administration may be
retinitis which occurs in the contralateral but not in the ipsilateral
retina which is thought to be protected by an interferon response
(Vann and Atherton, 1991).

Infection by the mucosal route often results in minimal tissue
damage, in part because infection by this route preferentially
induces regulatory T cells and cytokine responses such as IL-
10 producing macrophages (Rezende and Weiner, 2017). This
induction of oral or nasal tolerance is usually accomplished
using soluble antigens at a critical dose level and although
viruses when given orally were suspected to induce a form
of tolerance but because most infections induce an inflamed
environment the idea is no longer in favor (Rezende and Weiner,
2017). Some enteric virus infections, however, can terminate
oral tolerance induced against autoantigens and allergens likely
by establishing a more inflammatory less regulatory immune
environment (Rezende and Weiner, 2017).

INFLUENCE OF HOST GENETICS

The outcome of a virus infection can be profoundly influenced
by host genetics especially by genes that encode major innate
or adaptive components of immunity. Thus, animals lacking
the ability to generate T lymphocytes become highly susceptible
to many virus infections (Dropulic and Cohen, 2011). Some
infections that are usually inconsequential can be severe or even
lethal in those with T cell defects. Infections by herpesviruses
illustrate this scenario (Ruffner et al, 2017). By way of
contrast, genetic defects which affect antibody production usually
result in more clinical problems with bacterial than viral
infections (Carneiro-Sampaio and Coutinho, 2007). Humans
have approximately 23,000 genes and many of these can influence
the efficacy of virus control. However, usually the deletion or
changed function of a single gene product has only a partial
effect on responses and then only under certain circumstances of
infection. For example, the phenotype of the chemokine receptor
gene CCR-5 may be associated with greater resistance to HIV
infection, but this resistance is readily overcome at higher doses
of HIV exposure (Wilkin and Gulick, 2012). Curiously, the same
phenotype of CCR-5 that increases resistance to HIV renders
persons more susceptible to West Nile virus (Glass et al., 2006).

In addition to CCR-5, many other genes that influence innate
immune function can impact on the severity of virus infections.
For example, several genes that affect interferon or interferon
receptor functions can also result in more severe responses to
several virus infections. Well studied examples are defects in
genes such as toll like receptor (TLR) 3 and UNC93B (Casrouge
et al,, 2006). Both defects result in defective cytokine production
especially interferon alpha and beta in response to infection. If
babies with the defects are infected with HSV they can readily
develop herpes simplex encephalitis (Casrouge et al., 2006).
Defects in natural killer (NK) cell function may also result in
more severe herpesvirus infections in humans (Biron et al,
1989; Orange, 2002). Countless functional defects in innate as
well as adaptive immune activity have been produced in mouse
models and many have been studied for effects on susceptibility
to a wide range of viral infections. For example, studies on
the pathogenesis and immunology of dengue and Zika virus
in mice only became possible using mice when the interferon
receptor was knocked out (IFN-R™/~) making them susceptible
to infection (Lazear et al., 2016).

INFLUENCE OF THE MICROBIOME

Whereas dysfunctions or deletions of host genes can affect the
efficacy of antiviral defense, the far more abundant genetic
material present in the form of microbes acting as passengers
within or on the body surfaces may also influence the outcome
of infection by a pathogen. The focus of attention has been on
the microbiome of the gut and skin whose combined genetic
material can exceed 10'® gene and hence far exceeds the number
of host genes (Bik et al., 2006). The microbiome, particularly of
the gut, impacts on the disease pattern of numerous syndromes.
Many excellent reviews have been written and we shall comment
only briefly emphasizing effects of the microbiome on responses
to virus infections (Honda and Littman, 2012; Belkaid and
Harrison, 2017). The microbiome consists of several families of
bacteria (10! per gram/contents), fungi, viruses, eukaryotes such
as the protozoan Blastocystis as well as helminths. The actual
composition of the microbiome differs during development and
is strongly influenced by diet, previous exposure to infections
and other factors (Honda and Littman, 2012; Thomas et al.,
2017). Evidence accumulates to show that the composition of
the microbiome can markedly affect how the host responds
to exogenous viral pathogens. Most studies have measured the
effects of the bacterial microbiome. If this is diminished by
treatment with broad spectrum antibiotics, or removed by germ
free procedures, responses to several viral infections are changed.
Overall, the manipulated animals generate more tissue damaging
responses to several infections compared to controls. One of
the first to be studied was lymphocytic choriomeningitis virus
(LCMV) which becomes more severe or prolonged in antibiotic
purged mice (Abt et al., 2012). The outcome was explained by
a reduced antibody and CD8 T cell response in treated mice
perhaps associated with diminished TLR induced cytokine and
chemokine responses involved in immune induction (Abt et al.,
2012). Influenza virus infections can also be more severe in
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antibiotic treated animals because of increased viral replication in
lungs perhaps mainly a consequence of a reduced inflammasome
response in treated animals which led in turn to reduced T cell
priming (Ichinohe et al., 2011). Experimental flavivirus infections
in IFN-R™/~ mice may also be more severe in antibiotic treated
mice, an effect explained also by a reduced innate and adaptive
response to the infection (Thackray et al., 2018).

Antibiotic purging can also cause some virus infections to
become less tissue damaging. This pattern of events can occur
with mouse rotavirus and norovirus infection (Uchiyama et al.,
2014; Baldridge et al., 2015). The subject is currently of high
interest since it has become evident that the resident microbiome
may influence how many viruses are controlled and how well
persons respond to vaccines. For example, the lesser effectiveness
of rotavirus vaccines in some developing countries could be
explained by the composition of their microbiome.

The mechanisms by which the resident microbiome could
influence the outcome of other disease syndromes is under
intense investigation. Ideas include effects on the expression or
access of cell receptors required for viral entry, the production
of microbial products that bind to viruses and influence their
infectability and, perhaps of most relevance, the effect the
microbiome has on the pattern of immune responsiveness to
both mucosal and systemic infections. As regards effects on viral
receptors one study showed that the bacterial product flagellin
affected susceptibility to rotavirus and to a lesser extent reovirus
infection (Uchiyama et al., 2014). The flagellin was shown to
act via TLR5 and nucleotide oligomerization domain (NOD)-
like receptor 4 engagement to induce IL-22 and IL-18 which
likely caused apoptosis of the target cells that normally support
virus replication. Thus, pre-exposure of mice to flagellin could
prevent rotavirus infection and even accelerate cure of established
infections. Additionally, the observation that the presence of
Staphylococcus aureus in the lungs of mice prior to Flu infection
resulted in reduced mortality was explained by changing TLR2
induced recruitment of inflammatory cells which inhibited the
Flu infection (Wang et al., 2013; Zhang et al., 2014).

An example of the effect of a microbial product on the
efficiency of infection by a virus was observed with poliovirus
where optimal infectivity was observed to depend on the virus
binding to bacterial surface polysaccharides and peptidoglycans
(Kuss etal., 2011; Robinson et al., 2014). The bound virus was also
more stable which facilitated transmission. Human norovirus
infections also become more infectious when bound to bacterial
surface glycans (Norman et al., 2014). Another example is vertical
infection with mouse mammary tumor virus. Here the binding
of bacterial lipopolysaccharides (LPS) to the maternal-derived
virus caused the production of immunosuppressive IL-10 in the
pups and this facilitated their infection (Kane et al., 2011). The
microbiome might also play a role in dengue virus (DENV)
infection. Here too LPS can enhance disease acting by increasing
the production of platelet activating factor (PAF), TNF-alpha and
IL-6 from DENYV infected monocyte derived macrophages which
worsened disease expression (Kamaladasa et al., 2016; Malavige
and Ogg, 2017). The outcome occurred in part by PAF mediating
increased vascular leakage, a significant component of dengue
lesions (Kamaladasa et al., 2016).

Products from the microbiome can also help protect against
the pathogenic effects of virus infections. For example, factors
released from the microbiome residents Lactobacillus casei and
Bacteroides thetaiotaomicron can bind to cell surface glycans
and preclude infection by rotaviruses (Varyukhina et al,
2012). Indeed, rotavirus-associated diarrhea can be reduced by
feeding Lactobacillus (Guandalini et al., 2000). Another recently
reported example where microbiome-derived products decreased
viral susceptibility was with herpes simplex encephalitis where
a polysaccharide derived from the gut resident Bacteroides
fragilis induced IL-10 producing protective B and T cells
(Ramakrishna et al., 2019).

It is likely that the most common mechanistic explanation
for the influence of the microbiome on the outcome of virus
infections involve effects on the induction and activity of
both innate and adaptive immune responses. The balance of
microbiome constituents is in turn affected by many factors
which include diet, stage of development and antibiotic use
(Belkaid and Harrison, 2017). It is also curious to note that the
gut microbiome of children born by natural delivery compared
to caesarian section can show marked differences and this could
influence their responses to viral infections (Mueller et al., 2015).
With regard to dietary effects, a diet rich in fiber causes the
production of short-chain fatty acids (SCFA) such as acetate,
butyrate and propionate which favors the expansion of regulatory
T cells in the mucosa and as well as systemically (Smith et al.,
2013). This would provide an anti-inflammatory environment.
On the contrary, diets low in fiber, such as we prefer in the
United States, favor the expansion of segmented filamentous
bacteria such as Clostridia species. These bacteria set the scene
for a proinflammatory T cell responses, especially induction of
the Th17 subset (Atarashi et al., 2011; Honda and Littman, 2012).
The effect of diet on the outcome in terms of susceptibility to
virus infection is under active investigation. Studies have revealed
that Flu susceptibility can be affected by diet, although it is
not clear if such effects proceed by affecting the composition
of the microbiota. For example, mice fed a high fat diet led
to a change in the balance of several immune parameters to
favor inflammatory components (Milner et al., 2015). High fat
recipients suffered more lung epithelial cell damage because
of increased inflammatory cytokine (TNF-a, IL-6, INF-gamma,
and IL-1 beta) responses and reduced regulatory T cells, M2
macrophages as well as decreased numbers of NK cells. Moreover,
death rates were higher than animals fed a normal chow diet
(Honce and Schultz-Cherry, 2019). High fat diets can result in
obesity and there is also some epidemiological evidence that
obesity could increase human susceptibility to Flu although the
mechanisms involved are poorly understood (Gill et al., 2010).
Conceivably, the observation that obese individuals had reduced
ability to activate and perform functional CD4 and CD8 T
cell responses as compared to healthy individuals could be one
explanation (Paich et al., 2013).

Another way to evaluate microbiome effects on susceptibility
to virus infection is to manipulate the diet in some way. This
approach has received minimal study in humans and livestock
and when any effects were observed they were not related to
microbiota changes. The topic is certainly well worth further
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investigation. Thus, it would be curious to explain why the high
consumption of fruits and vegetables seems to reduce the risk
of upper respiratory viral infections in pregnant women (Li and
Werler, 2010) and how feeding high levels of soya beans to pigs
lowers their susceptibility to the important disease reproductive
and respiratory porcine viral syndrome (Rochell et al., 2015).
More diet manipulation studies have been done in experimental
animals such as mice. For example, in a recent study a diet rich
in the fermentable fiber inulin protected against Flu-induced
pathology (Trompette et al., 2018). The mechanism proposed
involved Bacteroidetes present in the gut which fermented the
dietary inulin to produce SCFA. These SCFA were advocated
to enhance protective CD8 T cell effectors and to reduce lung
inflammatory effects by favoring M2 macrophages and reducing
neutrophils (Trompette et al., 2018).

The bacterial microbiome is not the only component that can
affect the outcome of virus infections. Thus enteric helminths
infection can increase susceptibility to norovirus infection acting
by inhibiting the protective CD8 T cell response (Osborne et al.,
2014). Moreover, helminths are well known to influence patterns
of immune responsiveness toward the Th2 pattern (Reese et al.,
2014). This likely explains how helminth infection via inducing
IL-4 and IL-13 can causes the breakdown of latency with some
herpesviruses (Reese et al., 2014). Helminth infection might also
impact on the severity of childhood RSV infection when the
tissue damage is associated with a type II inflammatory response
(McFarlane et al., 2017).

INFLUENCE OF THE VIROME

There is mounting evidence that other viruses which constitute
the so-called virome also influence the consequences of
pathogenic virus infections. Thanks to advances in sequencing
and analysis of meta-genomic data many new viruses have
been discovered especially in the intestinal tract. The great
majority of these viruses are DNA bacteriophages and these
may reach 10" in number (Carding et al, 2017). Many of
the rest are RNA containing plant viruses and about 1% are
many types of passenger animal viruses that belong mainly
to the anellovirus, parvovirus, adenovirus and papilloma virus
groups (Neil and Cadwell, 2018). Added to the virome are the
endogenous retroviruses which can account for up to 8% of the
human genome as well as several DNA and RNA viruses in
the body which act as chronic, but usually non-disease causing
infections. Several of these latter agents belong to the herpesvirus
family all of which can persist in the host in a non-replicating
state referred to as latency.

It is strongly suspected that many components of the virome
could influence the nature of the host response made to infection
by an exogenous potential pathogen. For example, persistent
infection with a non-pathogenic norovirus can reduce the extent
of CD8 T cell responses which acts as major defense mechanisms
against several viruses (Tomov et al, 2013). In homozygous
twins discordantly infected with HCMYV, those infected with
the herpesvirus suffer more severe reactions to Flu infection
(Brodin et al., 2015; Picarda and Benedict, 2018). There is

gathering evidence that persistent infection with HCMV can
impact on immune system function (Picarda and Benedict, 2018).
Thus, the virus possesses numerous proteins that blunt immune
response to infected cells and some of these activities could
have general paracrine effects. Several additional resident viruses
present in normal animals could also impact on the outcome
pathogenic virus infections. So far the effects of the virome
have mainly focused on their influence on the outcome of non-
viral pathogens. For instance, an early report from the Virgin
group noted that that mice latently infected with the herpesvirus
HV68 or MCMYV were more resistant to bacterial infection with
Listeria monocytogenes and Yersinia pestis (Barton et al., 2007).
These protective effects were attributed to systemically activated
macrophages and upregulation of cytokines such as interferon-
gamma. Additionally, mouse norovirus infection may increase
the survival of mice challenged in the respiratory tract with
Pseudomonas aeruginosa, an effect caused by a reduced IL-6 and
TNF-alpha response to infection (Thépaut et al., 2015).

It is also curious to note that mice raised in pet stores (often
referred to as a dirty environment) rather than in vivariums
are infected with several viruses and other microbes and had
antibodies to more agents than laboratory-raised animals (Beura
et al., 2016; Masopust et al,, 2017). The pet store mice also
had more abundant naive and memory T cells in lymphoid
and non-lymphoid tissues (Beura et al., 2016; Masopust et al.,
2017). Particularly striking was the high levels of tissue-resident
memory cells in the tissues of dirty compared to lab-raised
mice. Of interest, mice raised in the dirty state had immune
cell response patterns that more resembled the human situation
than occurred with laboratory-raised animals (Reese et al., 2016).
Thus when performing pathogenesis and immune protection
studies in mice using human viruses, perhaps we should be
using pet store rather than laboratory-raised animals for such
studies. In support of this idea, the Masopust group compared
the response pattern to yellow fever virus vaccination in normal
laboratory mice with those subjected to sequential infection with
unrelated pathogens such as herpesviruses Flu and intestinal
helminths. The dirty/co-infected mice compared to laboratory
mice had enhanced baseline and vaccination responses measured
by several assays and by metagenomic analysis had a response
pattern resembling that observed in human adults frequently
exposed to infections.

THE INFLUENCE OF PREVIOUS AND
CONCOMITANT INFECTIONS

The impact of a virus infection can be markedly affected by past
or ongoing infection. The subject is a complex and the story is
still unfolding. When different infections occur closely together
the pattern of innate immune responsiveness to one or both
agents critically affect the outcome. However, when infections are
separated by several days, the response pattern of the adaptive
immune response to the first infection also plays a crucial role.
Older studies by the McKanass group in the early 1960s had
observed that infection with one intracellular pathogen provided
resistance for a few days to infection by an unrelated agent.
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The effect was attributed at that time when cellular immunology
was still in its infancy, to non-specific protective effects of
activated macrophages (Mackaness, 1962). More recently, the
Chisari group showed that infection with LCMV caused reduced
liver immunopathology caused by hepatitis B virus infection an
effect also attributed to enhanced responses of innate aspects of
immunity (Cavanaugh et al., 1998). With regard to the outcome
of sequential infections with different viruses, the subject has been
carefully studied for many years in mice models by the Selin and
Welsh group (Welsh et al., 2010). Their studies have identified
mechanistic circumstances which result in the second infection
either being effectively controlled or to result in a tissue damaging
immunopathological reaction that is more severe than would
occur in a naive infected animal. We shall discuss the highlights
of their results later.

Closely spaced infections with different agents most
commonly involve viral with non-viral infections. This happens,
for example, with Flu which is usually accompanied by
respiratory bacterial infections. When Flu becomes a severe
clinical problem with even lethal results, secondary bacterial
infections usually contribute to the severe tissue damage (Goka
et al, 2015). Indeed, patients with severe Flu are normally
treated with antibiotics and one assumes that this therapy
is valuable. When coinfections with different viruses occurs,
the outcome is affected by interference phenomena. The
most common mechanisms of interference involve several
types of interferon proteins which act to make infected
cells antiviral and to influence the function of other cells,
especially cells involved in immune reactions (Kumar et al.,
2018). The functional effects include activation of immune
cells, changes of signaling pathways and modulation of
function via the induction of a large number of interferon-
stimulated gene products. This topic has received many
reviews (Dianzani, 1975; Otto, 2015). In instances where
different viruses happen to infect the same cells, additional
mechanisms of interference come into play. These so-called
intrinsic interference phenomena, which was first studied with
Newcastle disease virus (Marcus and Carver, 1967), include
defective interfering particles, trans-acting proteases, non-
specific double-stranded RNA and some others were recently
reviewed in depth by Kumar et al. (2018). This review also lists
many examples of co-infections along with their outcomes.
One of the more notable consequences of two virus strains
infecting the same cell is the production of viral recombinants
which may have enhanced pathogenicity. This mechanism is
at play when antigenic shift variants occur with influenza virus
infection. The shift variants are often responsible for major
Flu pandemics. Genetic reassortments also occur with other
infections (Becher et al., 2001).

One major example from the veterinary world occurs when
cows are persistently infected with bovine virus diarrhea (BVD)
virus. This virus can recombine with other BVD strains, including
vaccine strains, to generate highly lethal recombinants which
causes a lethal mucosal disease in cattle (Becher et al., 2001).
Intrinsic interference can also occur between unrelated viruses
which may explain how enterovirus infection can inhibit the
effectiveness of poliovirus vaccination (Becher et al., 2001).

The best studied examples where prior infections affect
the outcome of a subsequent virus infection involves changes
imposed on the adaptive immune responsive pattern that resulted
from the first infection. This is often referred to as heterologous
immunity (Welsh et al, 2010). In human disease situations,
there are a few notable examples although actual mechanistic
understanding is less forthcoming than is available from
experimental situations with mouse models. A current relevant
example involves the flaviviruses dengue and Zika. In dengue,
where there are 4 major viral serotypes, some infected persons,
usually children, develop a severe inflammatory reaction. This
represents a cytokine storm and is called dengue hemorrhagic
fever/dengue shock syndrome (DHF/DSS) (Halstead, 2007).
The often lethal syndrome involves fever, hypotension, vascular
leakage, thrombocytopenia and damage to several organs. Most
of the time (but there are exceptions) DHF/DSS occurs in
young persons who had already been infected with a different
strain of dengue than the current infection. Some time ago
Scott Halstead hypothesized that DHF/DSS represented the
consequence of non-neutralizing antibody facilitated infection
of inflammatory cells such as macrophages which mediate the
pronounced inflammatory reaction (Halstead and O’Rourke,
1977). This was called antibody-induced enhancement (ADE).
ADE still holds sway but other explanations have been advocated.
These include the involvement of low avidity CD8 T cells which
act to mediate immunopathology rather than controlling the
infection (Mathew and Rothman, 2008).

More recently interest has focused on the relevance of
heterologous immunity with the cross reactive flaviviruses
dengue and Zika (Langerak et al., 2019). In vitro studies have
provided evidence for ADE in vitro in both directions (Littaua
et al., 1990; Bardina et al., 2017). However, the situation in vivo
remains in debate although more convincing results show that
pre-infection with Zika makes subsequent responses to dengue
more consequential than the obverse situation where data are
inconsistent (Langerak et al., 2019). Persons seropositive for
dengue may be more likely to transmit Zika virus across the
placenta to infect the fetus especially in late trimesters when
placental transfer does not usually occur (Langerak et al., 2019).
Prior infection with Zika can result in more severe lesions in
persons subsequently infected with dengue, but this is by no
means a regular occurrence and overt DHF/DSS is unusual
(Langerak et al., 2019). The main relevance of unraveling
whether or not heterologous severe responses occurs with double
infections impacts on vaccine use. Thus, already a vaccine
against the 4 strains of dengue has been withdrawn because
of the increased incidence of DHF/DSS in some vaccines who
were seronegative when vaccinated (Aguiar et al., 2016; Plotkin,
2019). A vaccine against Zika might also have adverse effects in
some persons subsequently exposed to dengue. Similarly, dengue
vaccines might cause more severe reactions when exposed to Zika
as well as to some other cross-reacting flaviviruses such as West
Nile virus (Bardina et al., 2017). A particular concern is that
dengue vaccines could make Zika infected women more likely to
transmit virus to the fetus.

Heterologous damaging immune reactions have been reported
with other human viral diseases. One such example could be

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2314


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sumbiria et al.

Host and Viral Factor Aggravating the Disease

infectious mononucleosis (IM) occurring in young adults upon
primary infection with the gamma herpesvirus Epstein Barr
virus (EBV) (Aslan et al., 2017). Thus in HLA2 positive persons
cross reactivity of CD8 T cells occurs between T cells that
recognize epitopes from a Flu virus matrix protein and the
protein BMLF1280 of EBV. The cross reactive T cells generated
in response to Flu, which can be shown by in vitro studies
to react with EBV, were proposed to be inadequate to control
EBV infection, but instead contributed to inflammatory reactions
upon EBV infection (Aslan et al., 2017). This concept of one
virus inducing non-protective T cell responses that are expanded
by the second infection which then mediate tissue damaging
reactions was carefully studied by Selin and Welsh in mice using
the cross-reacting arenaviruses LCMV and Pichinde virus and an
unrelated virus Vaccinia (Selin et al., 1998). They focused on the
numbers, specificity and avidity characteristics of the memory T
cell repertoire induced by primary and secondary infection. Of
interest, the nature of the memory response to the first infection
impacted on the type of response made to the subsequent cross
reacting pathogen. The T cell repertoire responding to the first
infection consisted of multiple different specificities and binding
efficiencies. Exposure to the heterologous second infection served
to expand only the cross-reactive cells, many of which had
low avidity and produced minimal protective cytokines such as
interferon-gamma. Consequently, the second infection was not
promptly controlled. However, these non-protective T cells could
help orchestrate a tissue damaging inflammatory reaction.

Other interpretations for the untoward outcome of
heterologous infections includes effects on the balance of
several immune components preferentially expanded by the
second infection. Thus, if the response is non-inflammatory,
it could be explained by the dominance of regulatory aspects
of immunity expanded by the second infection. These include
regulatory T cells and anti-inflammatory cytokines such as IL-10
and TGF-beta. Inflammatory responses would accrue from the
preferential expansion of Thl and Th17 cells, M1 macrophages
and cells producing IL-6, TGF-beta, and other inflammatory
molecules. This concept has been discussed in detail in other
reviews (Gil et al., 2015; Souquette and Thomas, 2018).

In this current world where measles has re-emerged as
a problem infection and we still suffer the onslaughts of
HIV infection, it is pertinent to point out that some virus
infections are highly suppressive to the immune system such
that multiple infections, including several viruses that in normal
persons are well controlled become significant pathogens.
Measles virus is one of the most immunosuppressive of all
infections and persons with clinical measles readily suffer
problems with other infections, some of which can be lethal
(Griffin et al., 2012). HIV infection is always persistent and it
takes many months in untreated persons for them to become
markedly immune suppressed. Once this happens, normally non-
troubling infections by herpesviruses and other agents become
problematic. For example, the normally inapparent HCMV
infection can cause a blinding retinitis (Alan, 1988; Salzberger
et al,, 2005). In addition, the usually silent Kaposi sarcoma
herpesvirus infection can cause Kaposi sarcomas and primary or
reactivation of HSV can result in severe dermal lesions which

can disseminate to the brain and cause encephalitis (Sepkowitz,
2001; Rezaee et al., 2006). This topic has received several reviews
including one by our own group (Sehrawat et al., 2018).

HOW CAN WE RESET IMMUNE
RESPONSE PATTERNS TO MINIMIZE
TISSUE DAMAGING RESPONSES TO
VIRUS INFECTIONS?

We have argued that in many instances where a viral infection
causes overt tissue damage rather than being controlled without
notice happens because of some defect or imbalance in the
host response to the infection. Accordingly, controlling such
events would require immune replacement or rebalance of the
immune response pattern. The traditional approach to control
virus induced lesions is to combine specific antiviral drugs or
monoclonal antibodies (few viruses can be controlled in this
way) along with counteracting the inflammatory response. The
latter is commonly achieved with steroids, non-steroidal anti-
inflammatory drugs and occasionally other approaches such as
immunosuppressants, specialized pro-resolving mediators, and
some other novel approaches (Spite et al., 2014; Bhela and Rouse,
2018). There is a need for additional approaches particularly
to control inflammatory lesions associated with persistent viral
infections. We shall briefly discuss three approaches we consider
to be promising.

The general approach that currently enjoys the most attention
is checkpoint blockade. The strategy is being widely used to
improve immunity to several cancers (O’Sullivan and Pearce,
2015). Its success depends on using mAb that engage and inhibit
costimulatory molecules expressed at the surface of T cells which
when bound to their normal ligand act to inhibit the protective
function of T cells. The popular parlance is to describe the
inhibited T cells is exhaustion (Roy et al., 2018). Such exhausted
T cells were first noted in the chronic virus infection LCMV
(Barber et al., 2006), but the phenomenon has now been observed
in several other infections (Wherry, 2011). Indeed, there is a
tendency to exaggerate the relevance of exhaustion as explaining
the failure to control chronic tissue damaging infections. In the
best studied system, which remains LCMV, exhaustion appears
real and when it is reversed, as can be done with mAb against
several molecules that include PD1, PDL1, TIM3, CTLA4, LAG-
3, and perhaps others the course of inflammatory events can be
inhibited and the virus better controlled (Barber et al., 2006; Roy
et al., 2018). Many entertain the idea that reversing exhaustion
could be useful to help control HIV, HSV, HCV, and hepatitis B
virus (Saeidi et al., 2018). For instance, reversing the function
of putative exhausted T cells was shown to reduce the severity
of lesions following herpesvirus recurrences (Allen et al., 2011).
Moreover, the approach was advocated as a potential means
to facilitate the efficacy of therapeutic vaccines against HSV,
HIV as well as a way to prevent human papilloma induced
cancers in already infected persons (Palefsky, 2009). The value of
the approach was recently reported to protect against recurrent
ocular HSV lesions (Roy et al., 2018). The use of checkpoint
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blockade to control chronic virus disease and potentiate vaccine
merits further evaluation paying attention to side effect than
might occur such as increasing the consequences of some
inflammatory diseases (Johnson et al., 2018).

A second viable approach that might prove useful to change
the course of tissue damaging virus infections is to manipulate
miRNA expression. Thus several reports indicate that the
expression of either host or viral miRNA can influence aspects
of viral pathogenesis (Gottwein and Cullen, 2008; Ressel et al.,
2019). For example, in a HSV model of immunopathology
mice that lacked the expression of miR155, because of gene
knockout, had markedly reduced lesions of herpetic stromal
keratitis (SK) (Bhela et al., 2014). Similarly, inhibition of miR155
using an antagomer approach also reduced lesion severity. The
effects occurred because miR155 is necessary for the function
of proinflammatory Thl and Th17 T cells that orchestrate
the ocular lesions. A similar outcome was also observed in
a model of inflammatory encephalitis caused by Japanese
encephalitis virus (JEV) (Thounaojam et al, 2014). In this
JEV model, knockdown of miR155 with antagomers resulted
in less encephalitis (Thounaojam et al.,, 2014). Modulation of
other miRNA such as miR-15b and 19-3b, both involved in
inflammatory responses, were also studied in the JEV system.
In such studies therapy with antagomers diminished lesions and
levels of the inflammatory mediators IL-1f, IL-6, and CCL2 were
decreased apparently a consequence of reduced RIG-1 signaling
(Zhu et al., 2015; Ashraf et al., 2016).

Other miRNA whose modulated expression could impact
on viral lesions include those critical for angiogenesis such as
miR132 (Mulik et al., 2012), those such as miR-10a, miR-146a,
and miR-17 which might act by enhancing T function, as
well as those that can promote the resolution of inflammation
by regulating specialized pro-resolving mediators (Mulik et al.,
2013). miRNAs can also control the production of pro and anti-
inflammatory cytokines from innate immune cells (Tahamtan
et al., 2018). In this regard our own unpublished data indicates
that miR-142 acts as an anti-inflammatory miRNA by potentially
targeting proinflammatory cytokine IL-6, thereby preventing an
early onset of SK.

With some viruses their replication and consequent tissue
damage is facilitated by host miRNA species. This is true for HCV
which uses host miR122 to facilitate its replication (Janssen et al.,
2013). In fact, drugs which target miR122 such as the antagomer
miravirsen which inhibits HCV replication are currently in
clinical trials.

We can surmise that manipulating disease associated miRNAs
hold promise but there are many problems to solve. These
include targeting to appropriate sites and realizing that each
miRNA may have additional functions giving rise to unwanted
off-target effects.

A so far poorly explored, but potentially valuable approach
to make responses to virus infections less tissue damaging
is to take advantage of the fact that cells of the immune
system differ in their metabolism. Thus, as lucidly reviewed
by O'Neill et al. (2016), cells of the immune system employ
6 major metabolic pathways to support their functions, but
these are used differentially by cells that participate in immune

processes. Accordingly, drugs that target metabolic pathways to
increase or decrease their activity should act differentially on
the various cells involved in immune defense or tissue damage.
Using drugs that target metabolic pathways was pioneered
in the cancer field exploiting the fact that cells involved in
reacting to tumors rely on different pathways to support their
energy and other metabolic requirements (Pearce et al., 2013).
For example, pro-inflammatory T cell subsets (Thl, Thl7),
inflammatory M1 macrophages, activated neutrophils (Loftus
and Finlay, 2016) rely mainly on aerobic glycolysis (Warburg
Effect) and the pentose phosphate pathway to provide their
energy. In contrast, the counter inflammatory components such
as Treg and M2 macrophages obtain their energy using oxidative
phosphorylation and fatty acid oxidation (O'Neill and Hardie,
2013; Galvan-Penia and O’Neill, 2014). Limited studies have
so far been done using metabolic pathway inhibitor drugs to
modulate viral pathogenesis. However, one study showed that
if oxidative glycolysis was inhibited using 2-Deoxy-D-glucose
(2DG) in a model of viral immunopathology then lesions were
markedly diminished (Varanasi et al., 2017). The outcome was
explained by a selective inhibitory effect on proinflammatory
CD4 T cells permitting uninhibited regulatory T cells to remain
active (Varanasi et al., 2017). The effects of 2DG has also been
studied in a rhinovirus model of lung damage. Here too 2DG
resulted in reduced lesions (Gualdoni et al., 2018).

Using 2DG during a viral infection can result in untoward
effects especially in situations where virus replication in non-
immune cells is the primary cause of pathology. For example, in
the HSV model in mice, therapy with 2DG in the acute phase
of infection resulted in suppression of the protective aspects of
defense. This allowed the virus to spread to the brain to cause
lethal encephalitis (Varanasi et al., 2017). In an influenza model
too, 2DG therapy in the early phases of infection resulted in
higher levels of mortality (Wang et al., 2016).

Additional metabolic pathways such as amino acid
metabolism are beginning to be studied for effects on the
outcome of viral infections. In Sindbis virus infected mice,
for example, treatment of mice with the drug 6-Diazo-5-oxo-
L-norleucine (DON), which inhibits glutamine metabolism,
diminished the immunoinflammatory lesions in the brain and
spinal cord which result in paralysis and mortality (Manivannan
et al., 2016; Baxter et al., 2017). Changing the fatty acid synthesis
metabolic pathway as can be done using the drug PF-05175157
has also led to reduced viral immunoinflammatory lesions
caused by West Nile virus infection (Jiménez de Oya et al,
2019). Modulating different metabolic pathways could also
turn out to be a viable approach to influence the expression of
some persistent infections such as herpesvirus latency. Examples
include suppressing viral reactivation by manipulating glutamine
availability (Wang et al,, 2017) and modulating fatty acid
oxidation which can influence the breakdown of latency in vitro.

CONCLUSION

We are constantly exposed to viruses but few of them have the
intrinsic pathogenicity to cause significant damage to normal
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hosts. We have reviewed the circumstances of infection and the
status of the host which does favor tissue damage. Understanding
the details of virus-host interaction which leads to disease is
expected to result in developing novel approaches to prevent the
untoward effects of infections.
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Porcine epidemic diarrhea (PED) is a highly infectious intestinal disease caused by porcine
epidemic diarrhea virus (PEDV). A PEDV strain was isolated from the piglet intestinal tract
in Vero cells in Jiangsu Province, designated as the JS-A strain. PEDV was identified as
the isolated virus by cytopathology, immunofluorescence assay, western blotting,
transmission electron microscopy, and sequence analysis. The full-length genome of the
JS-A isolate and the S gene were systematically analyzed, indicating that PEDV JS-A
belongs to the G2a subtype, which is closely related to the prevalent PEDV in many
countries and different from many current vaccines. Animal regression tests showed that
piglets that are orally infected with the virus continue to develop diarrhea with yellowish
and unpleasant odors. Further, piglets showed reduced food consumption and weight
loss in the challenged group, while there were no abnormalities in the control group. In
addition, Toll-like receptors (TLRs), RIG-I, and the downstream medium gene in the
intestinal mucosa of newborn pigs infected with PEDV JS-A strain were studied. The
neonatal Fc receptor (FcRn) was the only IgG transport receptor and protected IgG from
degradation. Therefore, PEDV JS-A infection might inhibit FCRn expression by down-
regulating TLRs and downstream signaling molecules. Taken together, isolation of the
JS-A variant contributes to evolutionary analysis of the diarrhea virus. Further, the
experimental infection model lays a foundation for further research related to vaccine
development and the antiviral natural immune response of infected piglets, which helps
us to better understand PEDV pathogenesis and immune mechanism.

Keywords: porcine epidemic diarrhea virus, neonatal fc receptor, Toll-like receptor, NF-xB, neutralizing antibody

INTRODUCTION

Porcine epidemic diarrhea virus (PEDV) causes severe enteritis, watery diarrhea, vomiting,
dehydration, and even death in suckling piglets. In the 1970s, the first PEDV outbreak occurred
in Europe (Wood, 1977). Subsequently, the virus affected many countries such as the Czech Republic,
Belgium, Hungary, South Korea, Italy, and Thailand (Song and Park, 2012). Since 2010, a
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large-scale outbreak of PEDV has occurred in swine herds
around China. Then, the emergence of PEDV occurred in
Ohio in the United States in 2013, which spread throughout
the United States (Huang et al., 2013). Currently, due to lack
of effective vaccines, isolation and identification of new PEDV
strains to develop appropriate vaccines for prevention and
control of the disease have garnered great interest.

PEDV belongs to the genus Alphacoronavirus within the
Coronaviridae family (Brian and Baric, 2005). Its genome size
is about 28 kb, and it possesses at least seven open reading
frames (ORF): ORFla, ORF1b, spike (S), ORF3, envelope (E),
membrane (M), and nucleocapsid (N). PEDV S protein plays
a critical role in inducing neutralization antibodies, specific
receptor binding, and membrane fusion. In addition, the S
gene has shown a high degree of genetic variability. Therefore,
it is often used to analyze PEDV genetic variation. According
to phylogenetic analysis of S genes, PEDV strains have been
divided into two clusters: genome I subtype and genome II
subtype (Lee et al, 2010; Li et al., 2013; Chen et al., 2014).
Further, several variant PEDV strains have been identified,
which were characterized by insertion and deletion (INDEL)
in labeled (S) genes named S-INDEL PEDV. The pathogenesis
of PEDV is strain specific. Studies on its pathogenesis in piglets
suggest that the PEDV non-S-INDEL strain has stronger
pathogenicity compared to the PEDV S-INDEL strain (Chen
et al., 2014; Yamamoto et al., 2015; Wang et al., 2016). PEDV
JS-A belongs to the non-S-INDEL strain.

Upon viral infection, the host innate immune response is
the first line of defense (Moynagh, 2005). NF-kB regulates
expression of numerous components of the immune system,
which is thought to be the hallmark of most infection, including
coronaviruses (DeDiego et al, 2014). RNA viruses interact
with pattern-recognition receptors (PRRs), including Toll-like
receptors (TLRs) and RIG-I-like receptors (RLRs). Several in
vitro studies have been conducted to clarify the role of PEDV
in innate immune responses at the cellular level. Several other
studies have determined that PEDV nucleocapsid protein (N)
inhibits the production of type I and III interferons (IFNs)
(Ding et al,, 2014; Cao et al., 2015a; Shan et al., 2018). PEDV
non-S-INDEL infection inhibits the induction of proinflammatory
cytokines and IFN-I by down-regulating TLRs and downstream
signaling molecules (Temeeyasen et al., 2018).

Neonatal Fc receptor (FcRn) has been fully characterized
to transfer maternal IgG to the fetus or newborn and protect
IgG from degradation. In addition to IgG, FcRn binds to
albumin, which regulates liver damage (Pyzik et al, 2017).
Transmissible gastroenteritis virus (TGEV) infection up-regulates
pFcRn expression and activates the NF-«kB signaling pathway
in IPEC-J2 cells (Guo et al., 2016a). In our study, the pathogenicity
of JS-A in 5-day-old piglets was studied by clinical evaluation,
quantitative analysis of virus copy number in the feces, histology,
and immunohistochemistry. We also studied the gene regulation
of TLRs, RIG-I, and downstream signaling pathways in the
intestinal mucosa of pigs newly infected with JS-A. The purpose
of this study was to investigate the genomic characteristics
and pathogenicity of JS-A and the expression of TLRs, RIG-I,
NF-«B, and FcRn in the intestinal mucosa of infected piglets.

MATERIALS AND METHODS

Clinical Samples and Virus Isolation

Fecal samples and intestinal contents from piglets suffering
from severe watery diarrhea were collected in a pig farm from
Jiangsu Province. PEDV-positive samples were detected by real-
time polymerase chain reaction (RT-PCR), based on the N
gene, as previously described (Lee et al., 2015). Clinical samples
were homogenized in DMEM (HyClone, Logan, UT, USA),
centrifuged at 4,000 rpm/min, and filtered through a 0.22-pm
filter (Millipore, MA).

Vero (ATCC, CCL-81) cells were obtained from the China
Center for Type Culture Collection (Wuhan, China) and were
cultured in DMEM containing 10% fetal bovine serum (FBS,
Gibco, Waltham, MA, USA). Vero cells were incubated with
1 mL of filtered inoculum for 2 h. After virus adsorption, cells
were maintained in DMEM containing 8 pg/mL trypsin (Gibco,
USA) and antibiotics. After 2 h, the cells were maintained in
DMEM containing 8 pg/mL trypsin at 37°C in 5% CO, until
a cytopathic effect became visible. The supernatant was collected
after the cytopathic effect was observed. The virus was cloned
and purified by plaque purification three times and tested by TCIDs.

Immunofluorescence Assay

At 24 h post-infection, cells were fixed with 4% paraformaldehyde
in PBS for 15 min and permeabilized with 0.1% Triton X-100
for 10 min. Subsequently, cells were incubated with PBST
containing 5% skim milk for 1 h, followed by primary (PEDV
polyclonal antibody; prepared in our laboratory) and secondary
[fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG;
ABclonal, China] antibodies for 1 h. Finally, the samples were
stained with DAPI for 15 min and examined using a fluorescence
microscope (Olympus IX73, Japan).

Western Blot

At 24 h post-infection, cells lysates were prepared for 12%
SDS-PAGE, and proteins were electroblotted onto a polyvinylidene
difluoride membrane (Bio-Rad, USA). PEDV-N polyclonal antibody
(prepared in our laboratory) was used as a primary antibody,
followed by HRP-conjugated goat anti-rabbit IgG or anti-mouse
IgG (ABclonal, China) as secondary antibodies. Proteins were
visualized as described previously (Guo et al., 2016b).

Electron Microscopy

PEDV-infected Vero cells were examined by electron microscopy
(EM), following previously described procedures (Chen et al.,
2014). These samples were negatively stained with 2% sodium
phosphotungstic acid (pH 6.8) and examined using a Hitachi
Model H-7650 TEM (Hitachi H-7000FA, Japan).

Phylogenetic Analysis

Total RNAs were extracted using TRIzol® reagent (Invitrogen,
Carlsbad, CA, USA), and total RNA was reverse transcribed into
cDNA using reverse transcriptase (TaKaRa, Osaka, Japan). The
whole genome of JS-A was sequenced using 25 pairs of primers
previously reported in Table 1 by Chen (Chen et al, 2012).
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Phylogenetic trees with 25 strains (Table 2) full-length genome
and S-nucleotide sequences were generated using the distance-
based adjacency method in MEGA?7.

Inoculation of Piglets With Porcine
Epidemic Diarrhea Virus Strain JS-A

This study was implemented according to the Guide of the
Scientific Ethics Committee of Huazhong Agricultural University
(HZAUSW-2018-011). Twelve 5-day-old piglets were purchased
from a commercial pig farm, both PEDV RNA and antibody
negative, and were randomly divided into two groups (6 piglets/
group) in two separate rooms. Piglets were fed a mixture of

liquid milk replacer and had free access to water. After 1 day
of adaptation, piglets in the challenged group received 3 x 10°
TCIDs, PEDV JS-A orally, while piglets in the control group
received 3 mL maintenance medium orally. The piglets were
observed daily for signs of vomiting, diarrhea, lethargy, weight,
and body temperature until the end of the experiment. Intestinal
segments, including the jejunum and ileum, were collected after
euthanasia of three of six piglets in each group, selected at
random, at 4 dpi for histopathological and immunohistochemical
examinations using the method described previously (Lee et al.,
2010). At the end of the experiment (21 dpi), the remaining
piglets were euthanized. Expressions of mRNA for TLRs, NF-kB

TABLE 1 | Primers for amplifications of the PEDV genomic fragments by RT-PCR.

Name Sequence (5’ to 3') Position in PEDV genome Size (bp)
PP1F GTGGAATTTCATTAGGTTTG 123-142 1,380
PP1R AAGCTTACGTATGAACCAAG 1502-1483

PP2F TGCTGGTCATGTTGTTGTTG 1421-1440 1,488
PP2R TAGAAAGCGAAGCCATCAAC 2908-2889

PP3F ATTGAAACTTCTTTTGTGGA 2817-2836 1,451
PP3R TTCTCATTTGCAGCATTAAC 4267-4248

PP4F CTGCTCTCTCCTTGGATTCT 3940-3959 1,478
PP4R AGTATGGTCTAGCATGTGGA 5417-5398

PP5F TGTCACAGACAACAAACCTG 5300-5319 1,487
PP5R CATCACCAAAGACATCAAAA 6786-6767

PP6F ATTGGTAATGTGATGCCTTT 6609-6628 1,323
PP6R AAAGCTTAGTGCAAAGAAAG 7931-7912

PP7F TTTCAAAGGTTAAGAAATTCT 7861-7881 1,408
PP7R CTCACAGTGGGTGGTGTGTAT 9268-9248

PP8F CGTTATACACACCACCCACT 9244-9263 1,304
PP8R GGTAACAACAAAGCACACAA 10547-10528

PPOF CAGAGCATTTTGATTACCAT 10465-10484 1,470
PP9R CAACTATGCCATCTCCTTCT 11934-11915

PP10F GGTGTGAGCGTATTGTTAAG 11842-11861 1,266
PP10R AATGCATAGACACGATGAAT 13107-13088

PP11F TTTGATTAAGGTAGGTGCTT 13012-13031 1,397
PP11R CAACACCATCAATAAGGTTC 14408-14389

PP12F TATGGTGGTTGGGACAATAT 14363-14382 946
PP12R CTTCCAAAAGTGTGACAGAA 15308-15289

PP13F ATTGCTTGAACGTTATGTGT 15142-15161 1,676
PP13R CATTACCCTTGCAAAAGATC 16817-16798

PP14F TTAAGCCTGATGTCTTCTTG 16674-16693 1,691
PP14R CCTACAGCGAGTATCAAAAC 18364-18345

PP15F TGGACATGTATCCAGAATTT 18312-18331 1,455
PP15R GCATGGAATAACCACACTTC 19766-19747

PP16F AAAATGTGGAGGTGGATGTT 19670-19689 1,362
PP16R GGCCCAATGTTTTATTATCG 21031-21012

S-1F TAAGTTGCTAGTGCGTAAT 20572-20590 1,692
S-1R GTCAACACAGAAAGAACTA 22263-22245

S-2F TGAGTCATGAACAGCCAA 22003-22020 1,511
S-2R CTGGTTGCGCTGTAGAA 23513-23497

S-3F GCGTCTCTCATAGGTGGT 23491-23508 1,310
S-3R GTCCAAGAAACATCACTG 24801-24784

ORF3-EF CGTGCAGTGATGTTTCTTGGAC 24780-24801 895
ORF3-ER TTATACGTCAATAACAGTACT 25674-25654

EMF CTTCACTTGTCACCGGTTGT 25557-25576 1,097
EMR CCTCAGTACGAGTCCTATAAC 26549-26529

MF GGCGAATTCAATATGTCTAACGGTTC 25670-25695 675
MR CGCGTCGACCCATAAAGTTTCTGTT 26368-26362

NF GGATCCATGGCTTCTGTCAGCTTT 26107-26218 1,332
NR GACGTCACATTGTTTAATTTCCTGTACC

3F GGAAAAGAAGAACAAGCGT 27355-27373 580
3R ATCGGTCACCAGTATTTTTTTITTTITTTIT

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2272


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Qian et al.

PEDV Regulate Swine Innate Immunity

and FcRn on piglet intestinal mucosa in each group were
detected by RT-qPCR at 4 and 21 dpi.

Real-Time Polymerase Chain Reaction
Viral RNA of PEDV in piglet feces or intestinal mucosa was
detected as previously described (Subramaniam et al, 2018).

The specific porcine primers are referenced in previous
publications in Table 3 (Guo et al, 2016a; Temeeyasen et al,,
2018) were synthesized by the GenScript Company (Nanjing,
China). The N gene amplified from the PEDV JS-A strain
was cloned into pMD18-T (Takara, Dalian). The known plasmid
concentrations were serially diluted 10-fold to generate a standard

TABLE 2 | Comparison of nucleotide sequences of the JS-A isolate with other strains.

Strains Countries Accession Strains Countries Accession
JS-A China MH748550 MEX/124/2014 USA KJU645700
LzC China EF185992 MN USA KF468752
AJ1102 China JX188454 PC21A USA KR078299
AH2012 China KC210145 USA/Colorado/2013 USA KF272920
GD-B China JX088695 CH/JX-2/2013 China KJ526096
CH-S China JIN547228 CH/JX-1/2013 China KF760557
IA2 USA KF468754 CH/HNAY/2015 China KR809885
SM98 Korea GU937797 LC China JX489155
Attenuated DR13 Korea JQ023162 FL2013 China KP765609
Ccvr77 Switzerland AF353511 DR13 Korea JQ023162
YN144 China KT021232 JS2008 China KC109141
JS-HZ2012 China KC210147 Belgorod/dom/2008 Russia MF577027
GD-1 China JX647847

TABLE 3 | Primers used for RT-gPCR analysis of genes expression of pig intestinal mucosa.

Gene name Primer sequence (5'-3') Amplicon length (bp) Accession number
GAPDH-F GGAAAGGCCATCACCATCTT 85 XM_021091114.1
GAPDH-R CATGGTCGTGAAGACACCAG
FcRn-F GGCGACGAGCACCACTACTG
88 HQ026019.1
FcRn-R AGCCGACCATGATTCCAACC
68 XM_005653576.3

TLR2-F GAGTCTGCCACAACTCAAAGA
TLR2-R

CAGAACTGACAACATGGGTAGAA 79 KT7535340.1
TLR3-F GCGGTCCTGTTCAGTTTCT
TLR3-R

AAGGCATCTGCTGGGATTT 74 ABO78418.1
TLR4-F AACTGCAGGTGCTGGATTTAT
TLR4-R

CCGTCAGTATCAAGGTGGAAAG 77 DQBA7699.2
TLR7-F CCCAGGTCCTCGAATCATTAC
TLR7-R

CATTAAGAGGCAAGGAGGAAGA 77 KFO19635.1
TLR8-F CTTTGATGATGACGCTGCTTTC
TLR8-R

GGTGTGTCACTCCTGCTATTC 8o KC860785.1
TLRO-F CCTCACACATCTCTCACTCAAG
TLR9-R

GGTGACAATGTGGTTGTAGGA o1 KCO11279.1
RIG-I-F GAGCCCTTGTGGATGCTTTA
RIG-I-R GGGTCATCCCTATGTTCTGATTC
TRIF-F CTCCGGTGCAGTCAAACA 91 KC969185.1
TRIF-R GGTAGTGTGTGCTGGTTTCT
MyD88A-F GGCAGCTGGAACAGACCAA 41 EU056736.1
MyD88A-R GGCAGGACATCTCGGTCAGA
MyD88B-F TGCAGGTGCCCATCAGAAG 64 EU056737.1
MyD88B-R TGATGAACCGCAGGATGCT
NF-kB1(p105)-F GAGGTGCATCTGACGTATTC 118 NM_001048232.1
NF-xB1(p105)-R CACATCTCCTGTCACTGCAT
NF-kB1(p50)-F AAGCACGGAACTGTAGACAC 107 KC316024.1
NF-xB1(p50)-R TCTGTGGTTTCTGTGACTTTCC
RELA-F ACATGGACTTCTCAGCCCTTCTGA 285 CN155798.1
RELA-R CCGAAGACATCACCCAAAGATGCT
TRAF6-F GGGAACGATACGCCTTACAA 156 NM_001105286.1
TRAF6-R CTCTGTCTTAGGGCGTCC
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curve in each plate. The amount of PEDV viral RNA in the
test sample was calculated based on the cycle curve threshold
(Ct) value of the standard curve. Expression levels of genes
were calculated relative to the expression of GAPDH using
the delta-delta cycles to threshold (2744“) method.

1gG/IgA Enzyme-Linked Immunosorbent
Assay and Neutralization Assay

The PEDV-specific IgG/IgA antibodies were measured in serum
samples by ELISA as previously described (Subramaniam et al.,
2018). Polystyrene 96-well microplates were coated with purified
PEDV N diluted in PBS containing Tween-20 (PBST) and
incubated overnight at 4°C, followed by the removal of the
coating solution. The plates were blocked with 100 pL 5%
skimmed milk in PBST and incubated at 37°C for 30min.
After which, 100 pL of serum samples (diluted 1:200) per
well was added and incubated at 37°C for 1 h, respectively.
After washing the plates, HRP-conjugated goat anti-swine IgG
or goat anti-swine IgA was incubated for 1 h. The plates were
washed and incubated with TMB solution (Sigma-Aldrich) for
10 min. The absorbance was measured at 450 nm with a
termination solution (2 M H,SO,).

PEDV isolate JS-A was used to determine the presence of
neutralization (PEDV nucleocapsid protein) in serum samples
as previously described (Oh et al., 2014). Vero cells were grown
to 90% confluence in the 96-well plates. Further, 200 TCIDs,
of JS-A virus was diluted in DMEM in a 50 pL volume.
Subsequently, 50 pL of 2-fold serial dilutions of inactivated
serum samples was added to the diluted virus and incubated
at 37°C for 1 h. The mixture was inoculated into Vero cells
and incubated at 37°C for 1 h. After removing the mixture
and washing the plates, the virus in the maintenance medium
was incubated in a 37°C and 5% CO, incubator for 2 days.
The neutralization titer was calculated as the reciprocal of the
highest serum dilution that neutralizes PEDV infection.

Statistical Analysis

Data were analyzed as mean + SEM. Differences among groups
were performed by one-way ANOVA using GraphPad Prism
software. The significance level for all analyses was set as
*p < 0.05, ¥*p < 0.01 and ***p < 0.001.

RESULTS

Virus Isolation and Characterization

The treated samples were inoculated onto Vero cells. Cytopathic
effects, including cell fusion, syncytium, and detachment, were
observed at 36 h post-infection (hpi). No cytopathic effects
were observed in the control wells (Figure 1A). To confirm
the occurrence of virus multiplication, the infectivity of the
JS-A strain (purified by plaque in Vero cells) was assessed by
western blot (WB) and IFA using the PEDV N protein polyclonal
antibody. IFA results demonstrated a green signal in infected
Vero cells, but not in the mock-infected cells (Figure 1A).

Western blot analysis also detected N protein in PEDV-infected
Vero cells (Figure 1B). According to the structural analysis
of the infected cells by transmission electron microscopy, PEDV
virus particles were round and showed obvious radial protrusion
(Figure 1C), which is typical of coronaviruses. The plaque-
purified virus was titrated to 10*%* TCIDsy/mL.

Phylogenetic Tree Analysis of JS-A
Genomic Sequence

The JS-A genome was sequenced and deposited in GenBank
(MH748550). To further understand the evolutionary relationship
between JS-A and other PEDV strains, a phylogenetic tree
was constructed based on its genome and the S gene sequence
(Figure 2). These two phylogenetic trees all indicated that
PEDV was mainly divided into two groups: group I consists
mainly of classical strains and vaccine strains, while group II
consists mainly of variant strains of China and mutant strains
of the United States and South Korea. PEDV JS-A shared
homology with the GD-1 strain of 99.9%, belong to non-S
INDEL strain. Homology with the classic strain CV777, LZC,
and SM98 was 96.8, 96.5, and 96.6%, respectively. The results
showed that the S gene had 15 base insertions at 20806-20817 nt
and 21,046-21,048 nt, and nine base deletions at 21,114-21,119 nt
and 24,225-24,227 nt. It is currently a prevalent species compared
to the classical strain CV777.

Clinical Observations in Pigs

Challenged With JS-A

To explore the pathogenicity of PEDV JS-A in piglets, we observed
their clinical symptoms. All piglets from the control group were
in great health throughout the study without observation of
clinical symptoms. However, three of six piglets in the challenged
group developed diarrhea at 1 dpi, and the additional three
piglets developed various degrees of diarrhea, vomiting, lethargy,
and anorexia at 2-6 dpi. Drowsiness, anorexia, and watery
diarrhea developed most severely at 3—-6 dpi, and piglets gradually
recovered thereafter (Figure 3A). No significant temperature
change was observed between the two groups (Figure 3B). The
infected group showed significant weight loss, while the uninfected
piglets experienced weight gain (Figure 3C). Despite watery
diarrhea with vomiting, drowsiness, and anorexia, no deaths
occurred during the study period. These results indicate that
JS-A is pathogenic to newborn pigs.

Fecal Shedding, Virus Distribution, and
Neutralizing Antibody Against JS-A

To determine the fecal viral shedding, we attempted to detect
viral RNA in rectal swab samples from 1 to 21 dpi by RT-PCR.
Viral RNA was detected in 6/6 rectal swab samples collected
from 1 to 14 dpi in the challenged group. PEDV RNA copies
reached the peak of 10*-107 copies/mL in the homogenate
rectal swab supernatant at 2-7 dpi, and the PEDV RNA was
detected up to 14 dpi (Figure 4A). Notably, PEDV RNA was
not detected in piglet samples from negative controls throughout
the study.
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FIGURE 1 | The isolated PEDV strain JS-A was identified. (A) Simulated infected Vero cells of 24 hpi (a) and negative control Vero cells at 24 hpi (b). PEDV-
infected (c) or negative control Vero cells (d) were examined by IFA at 24 hpi using polyclonal antibodies against PEDV N protein. (B) PEDV-infected or negative
control Vero cells were subjected to analysis at 24 hpi with polyclonal antibodies against PEDV N protein by western blot; (C) electron microscopic images of
purified PEDV particles were analyzed.
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FIGURE 2 | Phylogenetic analysis was performed using the nucleotide sequences of the complete genome (A) and S genes (B) of the PEDV strain from the GenBank
database. JS-A is represented by a triangle. The phylogenetic tree was constructed by the adjacency method in MEGA 7 (http://www.megasoftware.net). Bootstrap
analysis was performed using 1,000 iterations and the bootstrap value was indicated on each branch. Scale bar indicates nucleotide substitution at each site.

To determine when PEDV IgG, IgA, and neutralizing antibodies ~ and 21 dpi. The OD values of serum IgG and IgA in piglets
were detected in infected piglets, PEDV IgG, IgA, and neutralizing  inoculated with PEDV gradually increased at 7, 14, and 21
antibodies were measured in serum samples collected at 7, 14,  dpi, and the antibody titer gradually increased and peaked at
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FIGURE 3 | Pathogenicity analysis of PEDV JS-A. (A) Diarrhea of piglets in different groups. The severity of diarrhea was scored based on visual examination;
0 = normal and no diarrhea; 1 = mild and fluidic diarrhea; 2 = severe watery diarrhea; with scores of 1 or more considered diarrheic. (B) The average body
temperature changes in each group. (C) The changes in average body weight of each group.

21 dpi (Figures 4B,C). Neutralizing antibodies in collected
serum samples were detected, and it was found that the antibody
titer gradually increased and reached a peak at 21 dpi, as high
1:255 (Figure 4D). PEDV IgG, IgA, and neutralizing antibodies
were not observed in the serum of control piglets.

Gross Pathology and Histopathology

In order to ascertain changes in piglets infected with JS-A about
the overall histology and pathology, three of six piglets in each
group were randomly selected for autopsy at 4 dpi. The typical
gross lesion seen in infected pigs is the accumulation of large
amounts of yellow watery contents in the small intestine, resulting
in thin and transparent intestinal wall and gas expansion due
to atrophy of intestinal villi (Figure 5A). No other injuries were
observed in any organs of the control pigs (Figure 5B).
Histopathological examination showed necrosis of small intestinal
epithelial cells, atrophy of intestinal villi and vacuolation in infected
pigs compared with the control group (Figures 5C,D), but the
intestines of the negative control were normal (Figures 5E,F).

Consistent with histopathological findings, PEDV antigen was
found in the cytoplasm of infected atrophic intestinal villous
epithelial cells (Figures 5G,H), and no PEDV IHC antigen was
found in uninfected piglets (Figures 5L]J).

Porcine Epidemic Diarrhea Virus JS-A
Infection Suppresses Neonatal Fc
Receptor Expression Through Down-
Regulation of Toll-Like Receptors and
Downstream Signaling Molecules

At 3 dpi, PEDV JS-A infection downregulated TLR3, TLR4,
TLR7, TLR8, and TLRY expression, as compared to the control
group. Further, the corresponding downstream molecules TRIF,
MyD88 (subunits A and B), and TRAF6 were significantly
downregulated, eventually leading to down-regulation of the
NF-kB pathway (p < 0.05) (Figures 6A,B). However, at 21
dpi, TLR4, TLR7, and corresponding downstream MyD88
(subunits A and B) were up-regulated, further up-regulating
NF-xB. We found that FcRn expression was down-regulated
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at 4 dpi, yet up-regulated at 21 dpi, and the regulation of
FcRn was closely related to regulation of NF-kB (Figures 6C,D).

DISCUSSION

Despite the use of commercially inactivated vaccines, the
characteristics of PED infection and its epidemiology are
highly significant, with morbidity and mortality rates
approaching 100% in piglets (Pan et al, 2012). In 2013, a
sudden PED outbreak occurred in the United States and

spread quickly throughout the country, as well as Canada and
Mexico, resulting in high mortality of newborn piglets and
serious financial problems (Mole, 2013; Stevenson et al., 2013;
Vlasova et al., 2014).

In this study, the isolated JS-A strain was more similar to
the PEDV GD-1 strain, which was distant from classical strains
such as CV777, LZC, and SM98, suggesting that PEDV is
continuously evolving, with variation in the epidemiological
process. Therefore, vaccines made from classical strains cannot
provide effective protection, which is consistent with current
findings. The PEDV S gene evolutionary tree and homology
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stained jejunal (I) and ileal (J) tissue sections of (l,J) negative control pigs.

FIGURE 5 | The intestinal microscopic lesions of piglets. (A) Macroscopic damage of piglets challenged with PEDV at 4 dpi. (B) Macroscopic view of 4 dpi
negative control piglets. (C,D) H&E stained jejunal (C) and ileal (D) tissue sections of piglets challenged with PEDV. (E,F) H&E stained jejunal (E) and ileal (F) tissue
sections of negative control pigs. (G,H) PEDV challenge immunohistochemical staining of jejunal (G) and ileal (H) tissue sections of piglets. Immunohistochemically

were further analyzed. The phylogenetic tree was divided into
two evolutionary branches, namely G1 and G2 groups. The
G1 group contained classic strains such as CV777, DR13, and
SM98. The G2 group has been the most prevalent strain since
2010. JS-A, which has been separated this time, also belongs
to G2a. This shows that JS-A is indeed the dominant strain
in current pig farms. Induced stronger primary and anamnestic
immune responses. The JS-A strain belongs to the non-S-INDEL,
which is highly pathogenic.

To study the pathogenicity of PEDV JS-A, 5-day-old piglets
were inoculated orally. As expected, vomiting and severe diarrhea
were observed in piglets from 1 to 6 dpi, indicating that JS-A
was pathogenic to newborn piglets. Fecal swabs were collected
from piglets infected with PEDV, and viral fecal shedding was
detected by real-time PCR. PEDV RNA was detected from 1 to
14 dpi, suggesting that PEDV infection via fecal-oral contamination
may be the main transmission route of piglet diarrhea in pig
farms. Previously, it has been reported that coronavirus HKU15
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FIGURE 6 | Changes in FcRn, TLRs and its downstream-signaling molecules mRNA expression on intestinal mucosa of piglets induced by PEDV JS-A at 4 and 21
dpi. (A,C) The mRNA expressions of FcRn, TLR2, TLR3, TLR4, TLR7, TLR8, TLR9 at the intestinal mucosa from piglets after infection with JS-A at 4dpi (A) and
21dpi (C) by RT-gPCR. (B,D) The mRNA expressions of RIG-I, TRIF, MyD88A, MyD88B, IRF7, TRAF6, NF-kB1 (p105), NF-kB1 (p50), RelA (p65) at the intestinal
mucosa from piglets after infection with JS-A at 4dpi (B) and 21dpi (D) by RT-gPCR. All samples were tested in triplicate and the results are expressed as fold
changes relative to the control animals Data are presented as means + SEM. Significant difference between PEDV JS-A and control group are expressed with

may be transmitted via the respiratory route, in addition to
fecal-oral transmission (Woo et al., 2017; Li et al., 2018). Notably,
we only observed microlesions in the jejunum and ileum of
piglets infected with JS-A, but PEDV infection did not cause
death of newborn piglets, despite drowsiness, anorexia, and watery
diarrhea in these animals. These results suggest that PEDV JS-A
has a milder toxicity and may be a weak strain. At the same
time, there were slight differences in body weight and no significant
differences in body temperature during infection.

We also tested the serum-specific IgG, IgA, and neutralizing
antibody levels in piglets at 7, 14, and 21 dpi and found that
the antibody levels of IgG and IgA gradually increased with
time. Further, the serum IgA level was higher than that of IgG.
PEDV-challenged protection during the first infection was positively
correlated with IgA and IgG antibodies in intestinal-associated
lymphoid tissues and blood (de Arriba et al.,, 2002), indicating

that VN antibody can be detected in piglets inoculated with
PEDV JS-A, and the titer of VN antibody gradually increases
and remains high at the end of the experiment (Chen et al,
2016). In our study, PEDV VN antibody was detected as early
as 7 dpi in piglets infected with PEDV. The antibody titer of
VN increased and remained high up to 21 dpi, at which point
all pigs in the challenged group recovered completely.

In vitro studies have proven to be highly dependent on
strains, and cell types cannot be used to assess innate immune
responses against low virulence strains (Kint et al., 2015). PEDV
has been reported to induce innate immune responses in vivo.
However, few studies have been reported. Therefore, in this
study, in vivo models were used to further observe the natural
TLRs and signaling pathway homeostasis regulated by the gut
microbiota. Natural immunity is the first line of host defense
against a variety of pathogenic infections (Li et al, 2013).

Frontiers in Microbiology | www.frontiersin.org

46

October 2019 | Volume 10 | Article 2272


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Qian et al.

PEDV Regulate Swine Innate Immunity

Furthermore, in vitro PEDV N and E protein mediated NF-xB
activation and had effects on cell growth and ER stress,
upregulating IL-8 expression (Xu et al., 2013; Cao et al,, 2015b).
However, PEDV non-S-INDEL N and nspl protein inhibited
NF-xB activation (Ding et al., 2014; Zhang et al.,, 2017). MyD88
is an essential component of the innate immune response to
SARS-CoV infection in mice in vivo (Totura et al., 2015). The
pathogenesis of PEDV is strain specific. The lack of TRAF6
leads to enhanced viral replication and a significant reduction
in the production of type I IFN after infection with RNA
virus. In vivo, PEDV non-S-INDEL down-regulates the NF-«kB
signaling pathway through negative regulation of TLR4, TLR7,
TLRS8, and TLRY, resulting in the final attenuation of MyD88,
TRIF, and TRAF6 gene expression (Temeeyasen et al., 2018).

The IgA plays a major role in the mucosal anti-PEDV infection
immunity. However, recent studies have found that IgG also
plays an important role against pathogen infection in mucosal
sites, while the neonatal Fc receptor (FcRn) is the only IgG
transport receptor (Tsuruta et al, 2012). Down-regulation of
FcRn and pIgR has been shown in the tracheal mucosa of SHIV/
SIV-infected rhesus macaques (Wang and Yang, 2016; Li et al,
2017). Further, transmissible gastroenteritis virus infection
up-regulates FcRn through TLR3 and RIG-I in porcine intestinal
epithelial cells (unpublished results). PEDV JS-A can down-regulate
NF-xB signaling pathway by inhibiting mRNA expression of
TLR3, TLR4, TLR7, TLRS, and TLRY at 4 dpi, resulting in the
final attenuation of FcRn gene expression. In contrast, FcRn
expression was up-regulated through TLR3, TLR4, TLR8 at 21 dpi.

In conclusion, we successfully isolated the PEDV JS-A strain,
and phylogenetic analysis indicated that the major parent of
JS-A strain was identified as strain FL2013 or GD-1. The study
results showed that JS-A was a variant PEDV strain with weak
pathology to piglets, compared to other emerging strains. High
levels of serum IgG, IgA, and VN antibodies were also detected
in the sera of infected piglets at 21 dpi. In addition, inoculation
of piglets with JS-A suppressed FcRn expression via TLR,
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Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is the most important
endemic pathogen in the U.S. swine industry. Despite control efforts involving improved
biosecurity and different vaccination protocols, the virus continues to circulate and
evolve. One of the foremost challenges in its control is high levels of genetic and
antigenic diversity. Here, we quantify the co-circulation, emergence and sequential
turnover of multiple PRRSV lineages in a single swine-producing region in the
United States over a span of 9 years (2009-2017). By classifying over 4,000 PRRSV
sequences (open-reading frame 5) into phylogenetic lineages and sub-lineages, we
document the ongoing diversification and temporal dynamics of the PRRSV population,
including the rapid emergence of a novel sub-lineage that appeared to be absent
globally pre-2008. In addition, lineage 9 was the most prevalent lineage from 2009
to 2010, but its occurrence fell to 0.5% of all sequences identified per year after
2014, coinciding with the emergence or re-emergence of lineage 1 as the dominant
lineage. The sequential dominance of different lineages, as well as three different sub-
lineages within lineage 1, is consistent with the immune-mediated selection hypothesis
for the sequential turnover in the dominant lineage. As host populations build immunity
through natural infection or vaccination toward the most common variant, this dominant
(sub-) lineage may be replaced by an emerging variant to which the population is more
susceptible. An analysis of patterns of non- synonymous and synonymous mutations
revealed evidence of positive selection on immunologically important regions of the
genome, further supporting the potential that immune-mediated selection shapes the
evolutionary and epidemiological dynamics for this virus. This has important implications
for patterns of emergence and re-emergence of genetic variants of PRRSV that have
negative impacts on the swine industry. Constant surveillance on PRRSV occurrence
is crucial to a better understanding of the epidemiological and evolutionary dynamics
of co-circulating viral lineages. Further studies utilizing whole genome sequencing and
exploring the extent of cross-immunity between heterologous PRRS viruses could shed
further light on PRRSV immunological response and aid in developing strategies that
might be able to diminish disease impact.
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INTRODUCTION

Porcine reproductive and respiratory syndrome virus (PRRSV),
the etiological agent of PRRS, is one of the most important
endemic viruses affecting the swine industry in the United States
(Holtkamp et al., 2013) and globally (Stadejek et al, 2013;
VanderWaal and Deen, 2018). The economic impact of the
disease in the United States has been estimated at $664 million
annually (Holtkamp et al., 2013). Clinical signs in affected farms
vary by viral variant and according to the farm’s production stage
(e.g., breeding or growing herd), herd management, immune
status, and other factors (Goldberg et al., 2000). Premature
farrowing can occur in 5-30% of sows in an affected farm, and up
to 35% of piglets are stillborn during an outbreak (Christianson
and Joo, 1994). Piglets may be born with low weight and can
present with lethargy and anorexia, which can lead to a mortality
of more than 70% among piglets (Pejsak et al., 1997). PRRSV-
infected pigs are also susceptible to secondary infections leading
to poor average daily gain and feed conversion, further increasing
production loss (Solano et al., 1997; Xu et al., 2010). Up to 40%
of United States breeding herds experience outbreaks annually
(Tousignant et al., 2015a) and control of the disease in the
United States, Europe, and globally is challenging due to high
levels of antigenic variability and its rapidly expanding genetic
diversity (Frossard et al., 2013; Brar et al., 2015; Guo et al., 2018;
Smith et al., 2018).

Porcine reproductive and respiratory syndrome virus was
first recognized almost simultaneously in Europe (Wensvoort
et al., 1991) and North America (Collins et al., 1992) in the late
1980s and early 1990s, but genetic differences suggested a much
earlier evolutionary divergence between the North American and
European viral types. Thus, PRRSV is divided into two major
phylogenetic clades, PRRSV Type 1 (more prevalent in Europe)
and Type 2 (more prevalent in North America) (Shi et al,
2010a,b; Stadejek et al., 2013). Within each clade, high levels of
genetic and antigenic diversity exist and cross-protection is only
partial (Roberts, 2003; Kim et al., 2013; Correas et al., 2017).
Genetic similarities between PRRSV isolates have been used as
a tool to understand disease transmission and epidemiology
(Kapur et al., 1996; Wesley et al., 1998), and several different
strategies have been used for classifying isolates of PRRSV into
epidemiologically meaningful groups. For PRRSV Type 2, the
most commonly used classification system is based on restriction
fragment length polymorphisms (RFLP) and sequencing, both of
which are typically based on the open reading frame 5 (ORF5)
portion of its genome (Kapur et al., 1996; Wesley et al., 1998).
The ORF5 gene encodes for the major envelope protein (GP5),
which plays a role in inducing virus neutralizing antibodies and
cross-protection among PRRSV variants (Dea et al., 2000; Kim
et al., 2013). RFLPs have been broadly adopted by the U.S.
swine industry despite shortcomings, such as the fact that the
genetic relationship between different RFLP types is unclear,
the potential for two distantly related viruses to share the same
RFLP type, and the instability of RFLP-typing when assessing
isolates related to each other by as few as 10 animal passages
(Cha et al, 2004). In 2010, a classification system based on
the phylogenetic relatedness of the ORF5 portion of the virus’s

genome was proposed (Shi et al., 2010a,b). This classification
system aggregates isolates into phylogenetic lineages based on
the ancestral relationships and genetic distance among isolates.
Using this system, nine different lineages were described within
PRRSV Type 2, each of which was estimated to have diverged
between 1980 and 1992 (Shi et al,, 2010b). Phylogeny-based
classification of organisms is seen as the most powerful and
robust instrument for distinguishing between variants of a viral
population (Hungnes et al., 2000) and has been used in the
study of other viral diseases (Liu et al., 2009). Phylogeny-based
classification of PRRSV, rather than RFLP profiling, is expected to
provide fewer ambiguities and more insight into the evolutionary
relatedness amongst different variants. While the existence of
PRRSV lineages is well established, the dynamics of their co-
circulation within a given region has not been well documented.

Vaccination is often used as a tool to mitigate clinical impact
and viral shedding (Holtkamp et al., 2011). Although specific
practices vary across farms, gilts are typically vaccinated before
entering the herd, and sometimes the sow herd is mass vaccinated
during the year. Most commercial PRRSV vaccines currently
sold in the United States are considered “modified live vaccines”
(MLV), which means that the vaccine is an attenuated live virus.
Vaccines against PRRSV show different degrees of protection
against homologous and heterologous challenges (Cano et al,
2007; Diaz et al., 2012; Geldhof et al., 2012); the exact definition
of what constitutes a homologous or heterologous challenge is
often not clear, especially taking into consideration the genetic
diversity existing within PRRSV Type 2 (Shi et al., 2010b). Five
major PRRSV vaccines are commercialized in the United States,
each developed using a different wild PRRSV isolate (lineages
1, 5, 7, and 8, with the lineage 5 vaccine being the most widely
used historically).

Porcine reproductive and respiratory syndrome virus is
known to possess a high mutation rate (Hanada et al., 2005; Brar
et al., 2014). Genetic mutations for PRRSV are thought to result
from RNA polymerase errors (Murtaugh et al., 2010) and from
the lack of proofreading (Kappes and Faaberg, 2015). Coupled
to that, genetic recombination events can contribute to PRRSV
diversity (Forsberg et al., 2002). Thus, the emergence of new
variants of PRRSV is expected to occur potentially through both
mutation and recombination. Viral variants can quickly emerge
in animals (Goldberg et al., 2003) even after inoculation with
a single variant (Chang et al., 2002). Thus, the viral population
within an animal can be referred to as a viral cloud or swarm
(Lauring and Andino, 2010), which suggests that mutation has
a considerable impact in virus diversification even on short time
scales. In addition, it is assumed that the immune response
removes genetic variants of the virus that it recognizes with
high specificity, potentially creating selection pressure favoring
antigenically divergent PRRSV variants (Murtaugh et al., 2010).
Hypervariable portions of the viral genome may be subject
to immune selective pressure (Chen et al., 2016); variation in
proteins coded by those sites may play a role in evasion of host
immune defenses (Ansari et al., 2006; Darwich et al., 2011).
PRRSV vaccines are known to diminish the severity of clinical
signs once an infection occurs, but not to prevent an infection
from occurring (Lyoo, 2015). At the population scale, it can be
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expected that most animals have some level of immunity because
of the high prevalence of natural infection and widespread
use of vaccine. This creates the potential for immune-mediated
selection to be a driver of PRRSV diversification and evolution
(Murtaugh et al., 2010).

The identification of point mutations that are undergoing
positive selective pressure is often interpreted as evidence of
increased evolutionary fitness (Kryazhimskiy and Plotkin, 2008).
One way to identify such sites is to evaluate dN/dS ratios, which
measure the rate at which substitutions at non-synonymous
sites (dN) occur relative to substitutions in synonymous sites
(dS). Substitutions in synonymous sites are thought to be
mostly neutral, but a higher occurrence of substitutions in non-
synonymous sites can be interpreted as evidence of selective
processes that favor changes in the protein sequence (Kosakovsky
Pond and Frost, 2005). Positive selective pressure in sites that
code for epitopes recognized by the host immune system are
of special interest, because they suggest that the origin of
such selective pressure, if present, could be driven by the host
immune response.

The rapid evolution of PRRSV coupled with the periodic
emergence of new and sometimes more virulent viral variants
creates a need to continually update our knowledge on circulating
PRRSV variants. Reports that show the waxing and waning of
different viral types in the whole North America (Shi et al,
2010b) are helpful when understanding continent-wide status
of PRRSV lineages. However, understanding viral dynamics on
a regional scale could provide important insights into local
evolutionary and ecological dynamics of PRRSV, including an
improved understanding of how often new variants emerge or
re-emerge within the region. Here, we describe the temporal
dynamics of PRRSV occurrence in a swine-dense region of the
United States, characterizing these patterns according to ORF5
genetic lineages and sub-lineages. We quantify the contemporary
occurrence of each lineage, investigate the temporal dynamics
and turnover of lineages, identify emerging sub-lineages,
and examine evolutionary patterns for evidence of positive
selective pressures.

MATERIALS AND METHODS

Sequences available through the Morrison Swine Health
Monitoring Project (MSHMP) were used for this analysis.
Briefly, MSHMP is an ongoing voluntary producer-driven
nation-wide monitoring program for endemic swine diseases
that affect the U.S. swine industry. Based at the University of
Minnesota (UMN), this program collects weekly reports on the
infection status of sow farms from participating swine-producing
companies, veterinary practices, and regional control programs,
which serves to capture the occurrence of infectious diseases
in the country (Tousignant et al., 2015a,b; Perez et al., 2016).
Infection status data classifies farms into the following categories
(Holtkamp et al., 2011): Status 1: positive-unstable, Status 2:
positive-stable, either through use of live virus inoculation (2lvi)
or use of vaccines (2vx); Status 3: provisional negative; and
Status 4: negative. The main difference between positive-unstable

(Status 1) and positive-stable (Status 2vx or 2lvi) is that unstable
herds have an active clinical outbreak and are weaning PRRSV
RT-PCR positive piglets. In contrast, PRRSV may be still present
in positive-stable herds (through use of field virus inoculation
or modified live vaccine) but clinical disease is controlled and
piglets weaned from such farms are PRRSV-negative as a result
of herd immunity, decreased shedding, and maternal antibodies
(Holtkamp et al., 2011). MSHMP collects farm-level data from
approximately 3.2 million sows, which represents approximately
50.5% of the United States breeding herd population (National
Agricultural Statistics Service [NASS], Agricultural Statistics
Board, and United States Deparment of Agriculture [USDA],
2018). Specific production systems (companies involved in pig
production) participating in the project also share the ORF5
PRRSV sequences identified on their farms as part of routine
veterinary management. For example, samples may be submitted
by veterinary practitioners to determine if circulating PRRSV on
the farm is the same or different from the vaccine virus or a
previous variant present on the farm.

For this analysis, we analyzed 4,390 sequences reported
between 2009 and 2017 from MSHMP participants located in
a relatively isolated swine-dense region in the United States
with an approximate area of 250 thousand square kilometers.
Production systems operating in this region account for ~12% of
the United States sow population. Approximately 90% of farms
within this region participate in MSHMP and in this project
in particular. Sequences used in this study came mostly from
sow (64.9% of sequences), nursery (16.8%) and finisher farms
(14.7%), followed by boar stud farms (0.3%) and sequences
without a description of their origin (3.3%). Sequences shared
with us by project participants were sequenced according
to standardized protocols adopted by laboratories at SDSU
(Animal Disease Research and Diagnostic Laboratory et al.,
2017), ISU (Zhang et al, 2017) and Eurofins Genomics. Of
the ORF5 gene sequences used in this analysis, seven had
fewer than 550 nucleotides. These were deemed incomplete
and were excluded from further analysis. We also included 841
ORF5 gene sequences previously classified into nine different
genetic lineages (Shi et al., 2010a,b) and added these to the
collection of MSHMP sequences. These sequences, assembled
from a database of sequences that spanned from 1989 to 2008,
were used as guides to classify the MSHMP sequences into
the previously described genetic lineages, and will be referred
to here as “anchor” sequences. We also obtained the ORF5
gene sequences for five vaccines (Ingelvac PRRSV ATP -
GenBank ID DQ988080.1, Ingelvac PRRSV MLV - GenBank ID
AF066183.4 (both from Boehringer Ingelheim), Fostera PRRSV
from Zoetis — GenBank ID KP300938.1, Prime Pac PRRSV
RR from Merck - GenBank ID DQ779791.1, and Prevacent,
from Elanco - GenBank ID KU131568.1). The Ingelvac PRRSV
ATP and Fostera vaccines use isolates belonging to lineage 8,
while Ingelvac PRRSV MLV uses a lineage 5 isolate, Prime
Pac a lineage 7 isolate and Prevacent a lineage 1 isolate. We
also obtained two PRRSV prototypes (Lelystad - GenBank ID
NC_043487.1, and VR2332 - GenBank ID EF536003.1, which
represent the prototypical European Type 1 and North American
Type 2 viruses, respectively). The sequence dataset used here is
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FIGURE 1 | Number of ORF5 sequences according to their source and how
they were treated in the lineage classification process. In gray, name of
software used in each step.

available in Genbank under the accession numbers MN498289 —
MN502669.

Sequences were aligned using the MUSCLE algorithm
implemented in AliView (Larsson, 2014) using default settings.
The alignment was then examined for the presence of
recombinants using the Recombinant Detection Program version
4 (Martin et al, 2015), followed by removal of potential
recombinants. In addition, duplicated sequences (with 100%
nucleotide similarity) were identified and set aside for the
allocation of sequences into lineages. The aligned and cleaned
dataset was imported into Mega 7 (Kumar et al., 2016), where
the genetic pairwise distance was measured as a percentage
nucleotide difference. Using Stata 15 (StataCorp, 2017), each of
the MSHMP sequences were assigned to the lineage that had
the smallest genetic distance to an anchor. After sequences were
classified into lineages, the duplicated sequences were allocated
to their respective lineage group according to the sequence with
100% similarity that was kept in the lineage classification process.
A flow-chart of these steps can be seen in Figure 1.

A maximum likelihood phylogenetic tree illustrating genetic
relatedness of sequences was constructed based on 1,000
bootstraps, adopting the Tamura-Nei model for substitution
of amino acids (Tamura and Nei, 1993; Kumar et al.,, 2016).
ClusterPicker software was used to further stratify the most
abundant lineage into sub-lineages (Ragonnet-Cronin et al,
2013), in a matter that seemed consistent with the tree main
branches while still returning epidemiological meaningful sub-
lineages. The phylogenetic tree was then colored according
to the lineage classification and source of sequences (anchor
versus MSHMP) using Microreact (Argimoén et al, 2016).
Traditional bootstrap support is estimated based on resampling
and replication, which tends to yield low support particularly on
deep branches and in large trees with hundreds or thousands
of sequences (Lemoine et al., 2018). Branch support on the
phylogenetic tree thus was evaluated using the bootstrap support

by the transfer method (Lemoine et al, 2018). This method
circumvents issues of traditional bootstrapping by assigning a
gradual “transfer” index to each clade within the tree rather
than a binary presence/absence index for the presence of a
clade in each bootstrap (i.e., a clade is considered absent in
the bootstrap replicate if the sequences found within the clade
is different by even a single member). Temporal changes in
the frequency of different lineages was tabulated by quarter
of the year. Graphs representing the relative frequency of
PRRSV lineages over time were constructed using Stata 15.
The frequency with which each lineage occurred over different
years was compared using trend analysis for proportions
(using the ptrend command) in Stata 15 (StataCorp, 2017).
For this test only, lineages with fewer than 10 sequences
overall were grouped.

The ratio of synonymous to non-synonymous mutations
(dN/dS) for all sites in the ORF5 gene region was calculated using
the Single-Likelihood Ancestor Counting protocol (Kosakovsky
Pond and Frost, 2005), implemented on the Datamonkey
webserver (Pond and Frost, 2005). Because the analysis can
only be performed on 500 sequences at a time, the analysis
was repeated on ten random subsets of 500 sequences (after
removal of 100% identical sequences). Sites were considered
under positive selective pressure if the p-value associated with
a higher rate of non-synonymous versus synonymous mutations
was smaller than 0.05. The dN/dS (re-scaled for branch length)
of all sites from different runs were averaged and the percentage
of runs in which each codon was identified as under significant
positive selection was calculated.

RESULTS

Lineage Classification

After removal of the seven inadequately sized and two
recombinant sequences from the MSHMP data, the remaining
4,381 MSHMP sequences were classified in five different lineages.
70.9% (3,110 sequences) were classified as lineage 1, 10.0% (436)
as lineage 5, 0.2% (9) as lineage 7, 2.2% (94) as lineage 8, and
9.2% (404) as lineage 9. A group of 7.5% (328) of the MSHMP
sequences were genetically closer to the European Prototype
(Lelystad) reference, and were thus classified as Type 1 PRRSV
sequences. Lineage 1 was further separated into five sub-lineages
(A to E). Out of the total 3,110 sequences in lineage 1, 48.7%
(1515) were classified in lineage 1A, 13.9% (433) in lineage 1B,
37.2% (1157) in lineage 1C, 0.03% (1) in lineage 1D and 0.1%
(4) in lineage 1E. The phylogenetic tree with all sequences used
in the analysis can be seen on Figure 2. Using the Booster
method (Lemoine et al., 2018), branch support on main branches
(lineages and sub-lineages) was above 90%. The within- and
between-lineage nucleotide pairwise genetic distance is shown
in Table 1. In general, between lineage/sub-lineage distances are
higher than within lineage variation. The distances between sub-
lineages of lineage 1 seem to be smaller between them than
between other lineages. Broad tree topology was similar when the
tree was constructed using nucleotides or amino acids alignment
(Supplementary Figure S2).
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TABLE 1 | Mean ORF5 genetic distance as percentage difference in nucleotides within- (gray cells) and between-lineages (white cells).

Lineage L1A L1B L1C L5 L8 L9 Others* Typet
n=1515 n =433 n=1157 n =436 n=94 n =404 n=14 n =328

L1A 2.3

L1B 8.3 3.8

L1C 9.7 iRl 5

L5 12.4 13.7 13.4 0.7

L8 11.6 12.6 1.7 7.5 4.5

L9 12.3 12.3 10.9 8.4 4.7 8.6

Others 8.4 10.1 8.4 7 4.8 5 9.5

Typel 62.6 60.8 60.9 58.6 57.7 55.2 58.6 10.2

*Represent the sum of uncommon lineages/sub-lineages, namely sub-lineages 1D (n =1), 1E (n =4) and lineage 7 (n =9).

Temporal Dynamics of Lineage

Occurrence

On average, the total number of sequences reported to MSHMP
increased by 46 each year (Supplementary Table S1), and there
was a clear seasonal pattern (Figure 3B). The first quarter
of each year (January - March) was the one with highest

number of sequences reported in all but 1 year. The relative
frequency of each lineage changed through time (Figure 3A and
Supplementary Table S1), and specific patterns are noteworthy.
First, the absolute and relative occurrence of lineage 9 decreased
over time from 68.4% (149 sequences) in 2009 to <1% (5
sequences) in the years 2014-2017. As lineage 9 occurrence
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FIGURE 3 | (A) Stacked bar chart of the relative frequency and (B) number of
ORF5 sequences according to lineages over years and quarters.

declined, lineage 1 occurrence increased until it represented
>60% of sequences reported in the period spanning 2011-
2017. Within lineage 1, turnover in the dominant sub-lineages
is apparent as the relative frequency of lineage 1C between 2009
and 2011 rose from 11.5% to 55.2%, then subsequently declined
to approximately 10% of the sequences reported in years 2014—
2017. Somewhat concurrently to the emergence of sub-lineage
1C, sub-lineage 1B increased from 1.8% to 27.4% in 2013, then
subsequently declined to <2% of sequences reported in 2016 and
2017. Concomitant with the decrease in occurrence of lineage
1C and 1B was a sharp increase in the occurrence of lineage
1A. A single sequence of lineage 1A was observed in 2009, after
which this sub-lineage was not detected in any subsequent years
until 2014, at which point it was responsible for 37.3% of the
sequences. By 2015, almost 75% of sequences belonged to this
sub-lineage. Since then, the frequency in which this lineage has
occurred decreased (68.4 and 57.3% of the sequences from 2016
and 2017, respectively).

To determine whether changes in sampling effort across time
impacted general patterns observed here, we repeated the analysis
five times, each time randomly sampling 50 ORF5 sequences per
quarter. General patterns of lineage occurrence did not change,
suggesting that patterns of lineage occurrence were not affected
by sampling effort in each quarter (Supplementary Figure S1).

The visual patterns and turnover of lineages apparent in
Figure 3A were shown to be statistically significant. The increase
in the frequency of lineages 1A, 5, 9, and type 1 (p < 0.001)

was significant, and changes in the grouped frequency of other
lineages (a sum of lineages 1D, 1E, and 7, p = 0.0472) was also
significant, but with a difficult interpretation since this is an
aggregate of several uncommon lineages. Lineages 1B and 1C
increased in frequency and then decreased (p < 0.001). Lineage
9 frequency decreased over time (p-value < 0.001), while lineage
8 occurrence remained unchanged (p-value = 0.958).

Evidence for Positive Selective Pressure

A total of 26 sites were identified as under positive selection in at
least one Single-Likelihood Ancestor Counting run (Figure 4).
Some sites were identified as under positive selection in all 10
runs, while others were only identified in some runs. Those
identified in all runs (with the largest p-value across all runs),
were sites 14 (p-value = 0.045), 30 (p-value = 0.012), 32 (p-
value < 0.001), 33 (p-value < 0.001), 34 (p-value < 0.001), 35
(p-value < 0.001), 58 (p-value = 0.005), and 104 (p-value = 0.029).
A list of all sites identified as under positive selection in at
least one run can be found in the caption of Figure 4. Most
of the sites positively selected were located in the first third
of the PRRSV ORF5.

The infection status of farms part of MSHMP in the studied
area over the study time span is shown in Figure 5. This data
show two periods in which vaccine usage increased, the first
one in mid-2012, and a second in approximately mid-2014. Not
all farms that reported its status to MSHMP contributed to
sequences to this analysis.

DISCUSSION

We documented the circulation, emergence and sequential
turnover of multiple PRRSV lineages in a single United States
swine-producing region over a span of 9 years (2009-
2017). By classifying over 4,000 PRRSV ORF5 contemporary
sequences into phylogenetic lineages based on pre-2008 data
(Shi et al., 2010a,b), we illustrated the continual diversification
and temporal dynamics of the PRRSV population. Through
further stratifying lineage 1 into three main sub-lineages, we also
describe the rapid emergence of a sub-lineage (1A), which was
absent in the pre-2008 analysis even though that dataset was
based on >8000 sequences from across the world (including the
region in which we collected our samples) (Shi et al., 2010b).
We also identified sites within PRRSV ORF5 gene and resultant
ORF5 protein that showed evidence of positive selective pressure,
indicating that non-synonymous mutations that lead to amino
acid changes in the protein at these sites are favored.

From 2009 to 2010, lineage 9 was the most prevalent genetic
group observed in our dataset. Shi et al.,, 2010a,b showed that
lineage 9 was rapidly increasing in genetic diversity, which is a
proxy for the effective population size of the virus, from 1992
to 2008, and reached a peak from 2004 to 2008. Our data
suggests that, at least for our study region, the occurrence of
lineage 9 peaked pre-2009, after which it rapidly declined and
was replaced mostly by lineage 1 variants. From 2011 to 2017,
three different major sub-lineages within lineage 1 emerged, two
of those being the most prevalent lineage in certain years (1C
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from 2011 to 2014, 1A from 2015 to 2017). The emergence of sub-
lineage 1A, beginning in 2014 and peaking in 2015 was perceived
by veterinarians in the studied area as being a noteworthy event
coinciding with the spread of the 1-7-4 RFLP-type. In our dataset,
70.7% of the sequences belonging to the 1A sub-lineage were

RFLP-typed as 1-7-4 (followed by 9.4% of sequences with RFLP
1-6-4 and less than 5% of 1-21-4, 1-7-3, 1-4-4, 1-7-2 and several
others with less than 1% - see Supplementary Table S2).

While the failure to achieve consistent and reliable PRRSV
control and prevention through vaccination demonstrates gaps
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in our understanding of PRRSV immunology (Murtaugh, 2004),
based on current understanding, PRRSV vaccines are expected
to better protect against wild viral variants that have a higher
degree of similarity to the original parental isolate used for
vaccine development (Cano et al, 2007; Diaz et al., 2012;
Geldhof et al, 2012). Despite our limited understanding of
heterologous cross-protection for PRRSV, the emergence and
sequential dominance of different variants leading to lineages
and sub-lineages is consistent with the theory of multi-strain
dynamics (Gupta et al., 1998; Kucharski et al., 2016). Immune
responses, whether originating from human interventions or
accumulation of immunity toward wild variants, can exert
selective pressure that can ultimately lead to the emergence of
new pathogen sub-populations (Gupta et al., 1998). As a virus
evolves, immune responses generated against a past variant are
expected to become less effective, resulting in a highly complex
system, with different lineages interacting through the partial
cross-immunity that they generate in the host population (Gupta
et al., 1998; Kucharski et al,, 2016). Theory predicts that due
to frequency-dependent selection amongst co-circulating viral
variants, rare antigenic variants are expected to spread more
widely in the host population but then subsequently decline as
herd immunity rises. Such dynamics have been more thoroughly
understood for Influenza A (Webster et al., 1992; McCullers
et al., 1999; Ferguson et al., 2003; Nelson et al., 2008) and HIV
(McMichael et al., 2010).

For PRRSV, recent research demonstrates that antibodies
can exert a strong selective pressure to viral pathogens by
targeting specific viral sub-populations, while allowing for the
establishment of other sub-populations (Wang, 2016). When
comparing PRRSV genetic diversity before and after vaccine
adoption in South Korea, PRRSV vaccination was suggested
to increase viral genetic heterogeneity and the emergence of
new glycosylation sites in viral populations (Kwon et al,
2019). However, the extent in which PRRSV immunity, whether
from natural infection or vaccination, can potentially drive the
evolution of the virus in the field remains largely unanswered.
Our data does show a dominance of non-vaccine related lineages
over time, which leads to speculation that these lineages have
partially escaped the immunity induced by commercial vaccines
or natural infection by variants in other lineages. PRRSV vaccines
do not protect against infection (Scortti et al, 2006), but
diminish clinical signs and improve animal performance (Cano
et al.,, 2007). Since our project did not evaluate clinical signs
of animals, it is difficult to assess the effects of vaccination in
that regard. However, despite high region-wide vaccine usage
from 2012 onward (Figure 5), Lineage 1A spread widely in the
studied region, suggesting that vaccination and other biosecurity
measures were insufficient to limit the transmission of lineage 1A.

Lineages shown (Figure 2) and discussed here and elsewhere
are based on phylogenetic relationships in the ORF5 region, and
might not be predictive of cross-protection and immunological
responses developed by hosts when faced with viruses belonging
to different lineages. Despite that, the lineage classification
protocol used in this study did reveal temporal patterns
consistent with what is expected based on epidemiological
theory related to the spread of disease in immunologically

naive populations. For example, epidemic-shaped curves of
occurrence of different PRRSV populations were seen, a pattern
consistent with the spread of new pathogens (or subtypes)
within a naive population. New (sub-) lineages may potentially
be able to become the dominant PRRSV in the population
if they are sufficiently immunologically distinct to overcome
herd immunity, and herds with different levels of immunity
induced by pre-exposure protocols or natural infections might
create selective pressure that changes how fast a new viral
variant is selected in that population. For PRRSV, it is
apparent that protection against homologous PRRSV is more
robust than against heterologous variants, though the definition
of what constitutes a heterologous virus is highly variable
(Cano et al., 2007; Diaz et al., 2012; Geldhof et al., 2012). At the
same time, genetic distance has not been shown to correlate with
cross-protection, perhaps because pairwise nucleotide identity
fails to capture key mutations that impact cross-protection.
Studies that further explore the immunological cross-reactivity
among PRRSV lineages are needed.

With the data available in this study, it was not possible to
investigate the occurrence of specific lineages with vaccination
use and more precisely to which vaccine each farm/system used
or to which virus was circulating previously on a specific farm.
MSHMP data of farms from systems that contributed sequences
to this paper (Figure 5) show two periods in which vaccine
usage increased. The first increase in mid-2012, and a second
in approximately mid-2014. The second spike in vaccine usage
coincided with when lineage 1A began spreading in the study
area. It is possible that this second spike in vaccine usage was
a reaction to the shift in circulating lineages (more specifically,
to the emergence of lineage 1A PRRSV). It is also possible
that the increased use of vaccines 2012 onward (shown on
Figure 5) and the occurrence of lineages 1B and 1C (shown
on Figure 3) immunologically selected sequences in a manner
that allowed for the emergence of lineage 1A in 2014. By mid-
2015, a proportion of farms began using live virus inoculation
(Ivi). This strategy refers to the use of controlled exposure in
gilts through inoculation with live virus isolated from recent
clinical outbreak(s) at the farm (Desrosiers and Boutin, 2002).
The rationale is that by exposing gilts to virus found in a farm,
gilts will mount “homologous” immunity to that specific wild-
type virus and contribute to herd immunity and thus stability.
According to veterinarians in the area, the increased use of
lvi was due to the circulating virus being “different enough”
from the viruses used in commercial vaccines. The practice
of lvi in the systems here reported began primarily in 2015
(Figure 5). It is difficult to assess the impact that lvi might have
on immunologically selecting for specific viral populations within
specific lineages, especially with the aggregated data used in this
analysis. While the inability of vaccination to control the spread
of PRRSV lends credence to immunological selection as a driver
of PRRSV diversification (Murtaugh et al., 2010), the impacts
that immune-driven selection could have on long term PRRSV
evolution remain unknown. Recording exposure procedures (lvi
or vaccine use) within farms is crucial when trying to interpret
longitudinal patterns of occurrence of PRRSV. In future research
aimed at more robustly testing hypotheses about immunity as
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a driver of evolutionary change, this crucial information would
allow for investigation of frequencies in which specific lineages
occur in farms pre- and post-vaccine/lvi adoption.

Within ORF5, we found sites under positive selective pressure
within or near two hypervariable regions (Figure 4; Hanada
et al., 2005; Delisle et al, 2012) located near the principal
neutralizing epitope (PNE). The PNE is located between amino
acids 36-52 and forms an ectodomain which triggers antibodies
development during PRRSV infection (Plagemann et al., 2002;
Hanada et al., 2005). The flanking hypervariable regions can be
linked to the development of an immune response that block
accessibility of antibodies to the PNE (Popescu et al.,, 2017),
including N-linked glycosylation sites such as N34, N44, and
N51 (Ansari et al,, 2006). In general terms, glycosylation may
modulate protein-protein interactions, whether these proteins
involve the humoral or cellular immune response of the host
(Lisowska, 2002). In PRRSV, there is evidence that these
glycosylation sites play a role in glycan shielding, which is an
important mechanism by which the virus evades neutralizing
immune responses (Vu et al, 2011). While our findings do
not explicitly explain the change in lineage, it does raise one
hypothesis of the mechanism behind such change. Further studies
on how specific portions for the genome, both within ORF5 and
the whole genome, modulate immune recognition and possibly
selective pressure are needed.

We also consistently identified positive selective pressure
within the PNE region, specifically for amino acid 41. The
identification of positive selective pressure in this region suggests
that viral variants with different amino acid composition in that
region may experience higher fitness and thus are favored. Since
this region seems to be the primary binding site of neutralizing
antibodies developed during PRRSV infection (Plagemann et al.,
2002; Kim et al.,, 2013), this suggests that the reason for such
selective pressure could be immune in nature. Such a scenario has
been considered as a possible explanation for long-term evolution
of RNA viruses (Domingo et al., 1996; Pérez-Sautu et al., 2011).
Additional in vitro research is necessary to further clarify the
immunological importance of sites identified in our analysis.
However, our results suggest the plausibility of a scenario where
PRRSV variants with mutations in key immunological regions
are able to evade immune responses and thus persist and
spread within host populations with partial immunity (Figure 6).
Further studies to investigate the role of an incomplete immunity
on the evolution of PRRSV are required.

Other mechanisms that might change the ability of the virus
to infect hosts have also been proposed. Non-muscle myosin
heavy chain 9 (MYH9) is a molecule that has been shown to
be an essential host factor for PRRSV infection (Gao et al.,
2016). MYH9 interacts with PRRSV glycoprotein 5 (coded for by
ORF5), changing cell susceptibility to infection. Further studies
that investigate the contribution that molecules such as MYH9
have on the infection of different ORF5 PRRSV variants are
needed. Additionally, non-neutralizing antibodies can delay the
induction of neutralizing antibodies (Ostrowski et al., 2002) in
PRRSV infection. Indeed, the mean level and duration of viremia
in pigs was greater among animal injected with sub-neutralizing
PRRSV-specific IgG antibodies (Yoon et al., 1996), suggesting the

existence of an antibody-dependent enhancement (ADE) effect
in PRRSV. The extent in which prior exposures to the virus can
elicit such effect, and how this may relate to emergence of new
viral variants, also remains uncertain.

As an epidemiologic study relying on secondary data
generated at the population level, this study has several
limitations. Our sequence data were generated by different
production systems that differ in number of farms, number
of samples submitted, management practices, and health
monitoring protocols. Because of that, information may be
incomplete and interpretation of data might not always
be straightforward. For example, the reason for sample
collection (clinical outbreak or routine monitoring), sample
composition (single versus pool of animals) and type of sample
(serum or tissues) is not always clear. The lack of a denominator
(total amount of animals sampled in a farm, total number of
farms tested) does not allow for the calculation of risk indicators
for disease occurrence. Data contribution by each system also
varies with time. However, restricting the data to only the
periods in which all systems contributed to the dataset would
limit our ability to visualize long-term trends. Additionally, the
production system that was responsible for 79% of all sequences
was present in the study for the entire study period. Therefore,
we believe that biases introduced by this issue were likely small
and would not have changed the conclusions of our work.
In this United States region, systems that participate in the
MSHMP represent approximately 90% of the swine farms. The
remaining 10% of farms belong to smaller systems in the area or
independent farmers. By having data from systems that represent
the vast majority of farms in this region, we expect our data to be
reasonably representative of PRRSV occurrence in the region as a
whole. Additionally, despite the shortcomings mentioned above,
the usage of MSHMP data allows us to work with data directly
from the systems, which might suffer less bias toward diseased
animals than usual veterinary diagnostics laboratories data do.

Another limitation of this analysis involves the data
generation process for the sequences analyzed here. Production
systems usually collect samples and send them to different
diagnostic laboratories. Laboratory details on quality of sequence
reads were not available. These sequences most likely represent
a consensus of viral sub-populations present within the host
(Goldberg et al., 2003; Lauring and Andino, 2010), but further
information that could help in assessing the quality of the
read and the variability of sub-populations is not available. The
sequences used here are from the ORF5 gene alone and may not
fully represent evolutionary dynamics elsewhere in the genome,
since the ORF5 gene represents approximately 4% of the whole
genome of PRRSV. Studies that further explore whole genome
sequencing as a tool to understand PRRSV epidemiological and
evolutionary patterns are required.

Factors affecting PRRSV dynamics in specific farms are
not clearly understood. We show overall temporal dynamics
of PRRSV in a swine-producing region of the United States,
however, we have limited farm-level information. Thus, we have
limited ability to track turnover of viral variants within farms,
though we expect this to be influenced by management practices,
such as the vaccination protocol adopted by farms, the movement
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population turnover, possibly favoring the occurrence of immune-mediated selection.

of animals and personnel to and between farms, the proximity
to other swine producing farms, how neighboring farms manage
their animals, etc. Pig production in the U.S. swine industry
is characterized by multi-site pig production, which refers to
segregating the breeding herd from the growing herd such that
animals in each stage of production are housed at separate
locations. Multi-site production results in the movement of
animals between different production sites, which can be located
in different states within the United States (Valdes-Donoso et al.,
2017; VanderWaal et al., 2018; Kinsley et al., 2019). The role of
animal movement in shaping the temporal dynamics of PRRSV
lineages is outside the scope of this study, but is an area of
active research. In addition, the commingling of animals from
different sources, which might have been previously exposed to
different viral populations, may allow for the introduction of viral
types prevalent in other parts of the country and also exacerbate
the potential for recombination of viral populations. Still, in
our dataset we found evidence for recombination in only two
MSHMP sequences.

Future Research

Immune interaction between infections of differing PRRSV
isolates remains poorly understood in swine. The vast adoption
of control protocols that rely on imperfect immune response
aimed mostly at reducing severity of upcoming infections (such

as pre-exposure protocols with commercial vaccines or with
lvi) suggests that a better understanding of the cross-immunity
generated by infection with different isolates of the virus would
be valuable to the industry as a whole. Prospective studies
that obtain sera from sow farms under different pre-exposure
regimens and follow the farms through time recording PRRSV
occurrence would provide valuable information of potential
cross-immunity in field conditions. Of interest also is the
better understanding of how the spread different lineages/sub-
lineages are related to epidemiological data, for example, animal
movement data and farm proximity. This might allow for a
better comprehension of drivers for PRRSV transmission while
allowing for the evaluation of the effectiveness of practices
aimed at reducing PRRSV risk (dead animals disposal, manure
composting, filtering the air of farms, to name a few).

This study reflects data from a single United States region,
which possibly does not reflect PRRSV diversity and temporal
dynamics of the whole swine industry in the country (Shi et al.,
2010b). That being said, the data presented here reflects a
substantial portion of the U.S. swine industry in a region that
is relatively spatially discontinuous from other swine producing
regions in the United States. In addition, the general pattern of
emergence and turnover of different lineages over time observed
here describe an evolutionary phenomenon that is expected to
also occur in other United States regions. A better understanding

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2486


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Paploski et al.

Temporal Dynamics of PRRS

of the natural history of PRRSV can provide insights that can
potentially aid in mitigating the impact of the emergence of
new viral variants as well as serving as a basis for further work
exploring the evolution of PRRSV and the effect this has on
disease control, management and impact on the industry.

CONCLUSION

Here, we describe the occurrence of PRRSV over 9 years in
a single United States region. We identified the emergence
and turnover of different lineages and sub-lineages in the
commercial pig population. Such rapid turnover in the
dominant lineage through time suggests that temporal patterns
of PRRSV occurrence are characterized by multi-strain
dynamics, where different PRRSV variants potentially interact
through immune-mediated competition or selection. However,
cross-immunity between different PRRSV lineages elicited
by natural or intentional infection is not fully understood,
which hinders the effectiveness of disease control. More
research is needed on drivers of evolution and emergence
of new sub-lineages in order for the industry to be able to
predict, prevent, and mitigate the impacts of PRRSV. Ongoing
surveillance for PRRSV using molecular epidemiological
methods is invaluable to characterize the evolution of the
virus but also to identify recent and historical trends that
help understanding the natural history of PRRSV in the
United States.
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University of Science and Technology, Nairobi, Kenya

The majority of emerging and reemerging zoonotic viral pathogens are RNA viruses.
Pathogen discovery programs of emerging infectious diseases (EIDs) in wildlife have
implicated rodents and shrews as hosts of diverse human pathogens, such as
hantaviruses, arenaviruses, paramyxoviruses, etc. Despite these threats, little is known
about the diversity of viruses circulating among rodents and shrews in Kenya, meaning
the risk of infectious disease outbreak from these small mammals could be oblivious.
This study reports the first surveillance toward understanding the diversity of RNA
viruses carried by rodents and shrews in areas of high-potential contact with humans
in Kenya through molecular detection. A total of 617 samples comprising fecal, urine,
and tissues from 138 rodents and 5 shrews were screened for eight different families of
viruses using RT-PCR assays. The results highlight the presence of diverse astroviruses,
paramyxoviruses, hepeviruses, and arenavirus, circulating in both wild and synanthropic
Kenyan rodents and shrews. Most of the viruses detected in this study are novel strains
and some belong to the families that contain important human viral pathogens. Notably,
a novel arenavirus was detected in Grammomys macmillani, a rodent species newly
identified to harbor arenavirus, and it potentially represent a novel arenavirus species.
Our findings demonstrate the need for continued pathogen surveillance among these
small mammals as well as among the vulnerable and exposed livestock and humans.
This would help in development and implementation of effective preventive and control
strategies on EIDs in countries with rich wildlife biodiversity like Kenya.

Keywords: Kenya, RNA viruses, zoonotic pathogens, rodents, shrews, arenavirus
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INTRODUCTION

More than half of the documented human pathogens are
zoonotic, and emerging infectious diseases (EIDs) are more likely
to be caused by pathogens of zoonotic origin (Woolhouse and
Gowtage-Sequeria, 2005; Jones et al., 2008). In most instances,
high impact outbreaks of the past decades and present pandemics
have resulted from pathogens of wildlife origin, which usually
cause little or no clinical signs of infection in their natural
hosts (Wu et al., 2018), but with devastating global health and
economic effects when they spill over into humans and livestock
(Allen et al., 2017). The present global upsurge in outbreaks of
emerging and re-emerging infectious diseases has necessitated
the search for reservoirs of zoonoses of public health importance
in order to develop resilient response strategies.

RNA viruses account for a large part of the known zoonotic
pathogens owing to their often high rates of mutation and
capacity to infect and adapt in a wide range of hosts (Woolhouse
and Gowtage-Sequeria, 2005; Jones et al., 2008; Meheretu et al,,
2012). Surveillance and discovery programs of EIDs in wildlife
have identified rodents and shrews as natural reservoirs of diverse
RNA viruses such as hantaviruses, arenaviruses, astroviruses,
picornaviruses, paramyxoviruses, etc. (Klempa et al., 2006;
Meheretu et al, 2012; Firth et al., 2014; Hu et al, 2014
Sasaki et al., 2014; Gryseels et al, 2015; Gouy de Bellocq
et al., 2016; Tésikova et al, 2017; Wang et al, 2017). It is
believed that these viruses establish themselves in their hosts
through co-evolution and are maintained in nature by both
vertical and horizontal transmissions (Streicker, 2013). Spillover
events into humans and livestock result from encounters with
these small mammals whose presence around human dwellings
is on the rise either as pests or as food (Bonwitt et al,
2016). Evidently this poses a potential threat to public health
and it is imperative that pathogen surveillance and discovery
programs are implemented on high risk wildlife groups including
rodents and shrews.

Kenya is a country rich in wildlife diversity, with a nationwide
distribution of about 106 rodent and 36 shrew species (Musila
et al., 2019). Expansion in agricultural activities among other
anthropogenic factors encourages encroachment into wildlife
habitats and amplifies the frequency of human contacts with
these animals and pathogens carried by them (Young et al,
2017). However, there is currently no documentation of viruses
harbored by rodents and shrews in Kenya yet they have been
sighted and trapped around human dwellings. Also, there could
be a possibility of misdiagnosis and underreporting of human
infections with rodent-borne viruses in the country. These gaps
justify the need to investigate and characterize the diversity
of viruses in rodents and shrews and quantify the possible
impact of these viruses on public health in Kenya. It was
against this backdrop that we carried out this study, in which
both wild and peridomestic species of these animals around
and within agro-ecological zones near human habitations were
sampled and screened for a variety of RNA viral families.
This work thus constitutes the first virus surveillance study
in Kenyan rodents and shrews, and provides baseline data
for understanding the distribution, genetic diversity, as well

as potential spillover risk of RNA viruses circulating in small
mammals in Kenya.

MATERIALS AND METHODS
Study Area and Sample Collection

Field component of this research was conducted in Kenya, a
country rich in wildlife, with a varied climate ranging from the
tropical climate in the coastal region, hot dry lowlands, and
temperate highlands. Three specific locations were selected for
this study: (a) Mtwapa, in the Coast at 0 m above sea level
(m.a.sl), (b) Nakuru, in the Rift Valley at 1500 m.a.s.l, and
(c) Kitale, in Western at 2000 m.a.s.l. (Figure 1). Each location
provides unique ecotype in a high human density neighborhood
with intensive large and small scale farming practices indicating
high probability of human contacts with rodents and shrews. Line
transects were established in homes (compound, kitchens, and
stores), farms, and natural habitats (bushes and forests) between
August and September, 2016. In every transect, a combination of
peanut butter with oat meal as well as fish was used as bait in
20-50 Sherman and Museum Special traps.

Captured animals were sedated via intramuscular injection
with ketamine and knocked off by cervical dislocation.
Individuals were taxonomically identified using the field guide
(Kingdom et al., 2013), and their morphometrics were taken.
The animals were necropsied and the following tissues were
aseptically collected in cryotubes: lung, liver, kidney, and spleen.
Fecal pellets and urine were collected only when available, in both
RNALater and VTM. All samples were kept in liquid nitrogen
and shipped to Wuhan Institute of Virology, China, for storage at
—80°C and for analysis.

2000 m.a.s.|

1. Mtwapa, Coast
2. Nakuruy, Rift-Valley
3. Kitale, Western

FIGURE 1 | Map of Kenya showing rodent and shrew sampling sites between
August and September, 2016.
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Molecular Detection of Viruses and
Phylogenetic Analysis

RNA was extracted using a viral RNA extraction kit (Roche,
Germany) according to the manufacturer’s instructions. The
first strand cDNA was synthesized with superscript III reverse
transcriptase (Invitrogen) and random hexamers. PCR assays
utilizing the Platinum Taq DNA polymerase kit (Invitrogen)
were applied to screen the presence of following RNA viruses:
hantaviruses (Klempa et al., 2006), arenaviruses (Li et al., 2015),
coronaviruses (Watanabe et al., 2010), paramyxoviruses (Tong
et al., 2008), astroviruses (Chu et al., 2008), hepeviruses (Drexler
et al., 2012), picornaviruses (Lau et al., 2011), and flaviviruses
(Moureau et al,, 2007). The information of primers used in
PCR testing of different viral families are presented in Table 1.
Hantaviruses, arenaviruses, and flaviviruses were screened using
kidney, liver, lung, and spleen tissues. Feces were tested for
astroviruses, coronaviruses, paramyxoviruses, and picornaviruses
which are known to infect gastrointestinal tract. Liver tissues
were tested for hepeviruses as liver is the major target tissue
for hepatitis E virus infection. Since paramyxoviruses can be
secreted in urine, we also screened kidney and the nine urine
samples for paramyxovirus RNA. Identities of positive host
species were confirmed by sequencing of mitochondrial Cyt
b gene, recommended for species identification (Bowen et al,
1997). Nucleotide sequences of products with expected amplicon
sizes were determined by Sanger sequencing. Sequences were

aligned with representative members of relevant family using
ClustalW. Phylogenetic inference of each alignment was done
in MEGA version 7.0, using the maximum-likelihood (ML)
approach and the Tamura-Nei model with a bootstrap of 1000
replicates (Hall, 2013).

Genomic Characterization of the Novel

Arenavirus

Isolation of arenavirus was attempted with spleen sample. Vero
cells were inoculated with the spleen homogenate and observed
daily for cytopathic effect. For next-generation sequencing
(NGS), library was constructed using Illumina Truseq Stranded
mRNA Sample Preparation Kit (Illumina, San Diego, CA,
United States) following the manufacturers instructions and
sequencing was performed on an HiSeq 3000 sequencer
(lumina, San Diego, CA, United States). De novo assembly
of NGS data was performed using Trinity version r2011-08-20
(Grabherr et al,, 2011) and the resulting contigs were aligned
to the non-redundant nucleotide database on NCBI. Contigs
mapping significantly to the reference sequences were then
retrieved and re-mapped to the full genome reference to generate
a consensus sequence. The genome end sequence was amplified
through the SMARTer® RACE 5'/3’ Kit (Takara). The recovered
genome sequence was used for ORF prediction and aligned
with those of representative members of mammarenavirus using
ClustalW. Pairwise sequence similarities of the L/S segments and

TABLE 1 | Sequences of primers used for RT-PCR screening.

Virus Primer name Primer sequence (5'-3') Region Amplicon size
Arenavirus Arena-F1 AYNGGNACNCCRTTNGC L gene Round 1 938 bp
Arena-R1 TCHTAYAARGARCARGTDGGDGG
Arena-F2 GGNACYTCHTCHCCCCANAC Round 2 610 bp
Arena-R2 AGYAARTGGGGNCCNAYKATG
Astrovirus AstroFWD1 GARTTYGATTGGRCKCGKTAYGA RdRp Round 1 436 bp
AstroFWD2 GARTTYGATTGGRCKAGGTAYGA
AstroRVS1 GGYTTKACCCACATNCCRAA
AstroFWD3 CGKTAYGATGGKACKATHCC Round 2 421 bp
AstroFWD4 AGGTAYGATGGKACKATHCC
Coronavirus CoV-FWD3 GGTTGGGAYTAYCCHAARTGTGA RdRp Round 1 440 bp
CoV-RVS3 CCATCATCASWYRAATCATCATA
CoV-FWD4 GAYTAYCCHAARTGTGAUMGWGC Round 2 434 bp
Flavirirus Flavi-FWD TGYRBTTAYAACATGATGGG NS5 gene 270 bp
Flavi-RVS GTGTCCCAICCNGCNGTRTC
Hantavirus HAN-L-F1 ATGTAYGTBAGTGCWGATGC L gene Round 1 453 bp
HAN-L-R1 AACCADTCWGTYCCRTCATC
HAN-L-F2 TGCWGATGCHACIAARTGGTC Round 2 385 bp
HAN-L-R2 GCRTCRTCWGARTGRTGDGCAA
Hepevirus DE-F4228 ACYTTYTGTGCYYTITTTGGTCCITGGTT RdRp Round 1 371 bp
DE-R4598 CCGGGTTCRCCIGAGTGTTTCTTCCA
DE-R4565 GCCATGTTCCAGAYGGTGTTCCA Round 2 338 bp
Paramyxovirus PAR-F1 GAAGGITATTGTCAIAARNTNTGGAC pol gene Round 1 639 bp
PAR-R GCTGAAGTTACIGGITCICCDATRTTNC
PAR-F2 GTTGCTTCAATGGTTCARGGNGAYAA Round 2 561 bp
Picornavirus Picorna-F CYTATHTRAARGATGAGCTKAGA 3ppo! 571 bp
Picorna-R GCAATNACRTCATCKCCRTA
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ORFs of the novel arenavirus to other mammarenaviruses were
calculated using DNAstar. Phylogenetic inference of the aligned
homologs of the four ORFs was done in MEGA version 7.0, using
the ML approach and the Tamura—Nei model with a bootstrap of
1000 replicates.

RESULTS

Rodents and Shrew Samples

A total of 617 tissue and fecal samples from 143 individual small
mammals of 18 species (17 rodent species and 1 shrew species)
were collected between August and September, 2016 from the
three distinct sampling localities in Kenya (Mtwapa, Nakuru, and
Kitale). The samples comprised 138 lungs, 142 livers, 138 kidneys,
134 spleens, 56 fecal samples, and 9 urine samples (Table 2).

Virus Detection

Viruses of four families, astroviruses, paramyxoviruses,
hepevirus, and arenaviruses, were detected in 17 out of 143
animals, among which eight were from Nakuru and nine
were from Kitale. The positive rates ranged from 0.7 (1/142,
arenavirus) to 12.5% (7/56, astrovirus) (Table 3). However,
none of these small mammals tested positive for hantavirus,
coronavirus, picornavirus, or flavivirus. There was no detection
of viruses from any of the samples from Mtwapa, possibly due to
a biased small sample size (Tables 2, 3).

Astrovirus
Fifty-six fecal samples were screened for astroviruses by nested
PCR targeting the RNA-dependent RNA polymerase (RdRp)

gene of all known mammalian astroviruses. Astroviruses were
detected in seven rodents from three species (Table 3). The
prevalence rate in Mastomys natalensis and Rattus rattus was 23.5
(4/17) and 20.0% (2/10), respectively. The only one Cricetomys
gambianus sampled in this study was also found to harbor
astrovirus. Phylogenetic tree of the partial RdARp gene showed that
astroviruses detected in Kenyan rodents could be divided into
three host-specific groups (Figure 2). The R. rattus astroviruses
and M. natalensis astroviruses were clustered with previously
reported rodent astroviruses, but these two novel clades from
Kenya were distinct from the existing strains, sharing lower
than 86% nucleotide sequence identity. The single astrovirus
detected in C. gambianus was exceptionally interesting, as it was
closely related to feline astroviruses, sharing 93-99% nt sequence
identities to strains from domestic cats and cheetah (Figure 2),
which implied the possibility of cross-species transmission
between rodents and cats.

Paramyxovirus
A total of 138 kidney samples, 56 fecal samples, and 9
urine samples were tested for paramyxovirus RNA. Seven
samples tested positive, including six kidney tissues and
one urine from four rodent species (Table 3). Among the
six individuals of Lophuromys aquilus, paramyxovirus was
discovered in two animals (33.3%), with one positive in kidney
and the other positive in urine. Mus triton had an equivalent
prevalence rate, in which three out of nine animals were
positive (Table 3).

The seven newly identified Kenyan rodent paramyxoviruses
showed <82% nt sequence identities to known paramyxoviruses.
In the phylogenetic tree, they fell into the large clade of

TABLE 2 | Numbers of individual animals and numbers of each type of sample per species collected in this studly.

Species Number of individual animals Number of each type of sample
Mtwapa Nakuru Kitale Total Kidney Liver Spleen Lung Feces Urine

Aethomys kaiseri 0 10 0 10 10 10 10 10 4 1
Arvicanthis niloticus 0 7 4 11 11 11 11 11 5 -
Aterelix albiventrix 1 0 0 1 1 1 1 1 1 1
Cricetomys gambianus 0 1 0 1 1 1 1 1 1 1
Crocidura Olivieri 0 3 2 5 4 5 5 4 - -
Gerbilliscus robustus 5 0 0 5 4 5 4 4 3 -
Grammomys macmillani 0 0 2 2 2 2 2 2 1 -
Graphiurus murinus 0 0 2 2 2 2 2 2 2 1
Lemniscomys striatus 0 5 2 7 7 7 5 7 - -
Lophuromys aquilus 0 0 6 6 6 6 6 6 3
Mastomys natalensis 0 37 14 51 50 51 50 50 17 1
Mus minutoides 0 10 2 12 11 11 9 11 -
Mus triton 0 5 4 9 9 9 7 9 1 -
Oenomys hypoxanthus 0 0 1 1 1 1 1 1 1 -
Otomys tropicalis 0 1 0 1 1 1 1 1 - -
Paraxerus ochraceus 2 0 0 2 2 2 2 2 - -
Rattus rattus 2 3 10 15 14 15 14 14 10 1
Tachyoryctes splendens 0 2 0 2 2 2 2 2 2 -
Total 10 84 49 143 138 142 134 138 56 9
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TABLE 3 | Individual animals and sample types positive for four viral families.

Number of positives/number
of tested individuals

Number of positives/number of tested samples

Virus Positive species MT NK KT Total Feces Lung Liver Kidney Spleen Urine
Astrovirus C. gambianus - 1 - 1 11 - - - - -
M. natalensis - 4/7 0/10 417 417 - - - - -
R. rattus 0N 0/2 2/7 2/10 2/10 - - - - -
Paramyxovirus L. aquilus - - 2/6 2/6 0/5 - - 1/6 - 1/3
M. natalensis - 0/37 1/14 1/561 017 - - 1/50 - 01
M. minutoides - 1/10 0/2 1/12 0/3 - - 1/11 - -
M. triton - 2/5 1/4 3/9 0/1 - - 3/9 - -
Hepevirus C. olivieri - 0/3 1/2 1/5 - - 1/5 - - -
R. rattus 0/2 0/3 1/10 1/15 - - 1/15 - - -
Arenavirus G. macmillani - - 1/2 1/2 - 1/2 1/2 1/2 1/2 -
Human AstV-1/Dresden/Germany AY 720892
4 Human AstV-8/Mexico AF260508
Gt Human AstV-4/Dresden/Germany AY720891
Human AstV-2/USA L13745
— Human AstV-5/Goiania/Brazil DQ028633
- 86y Cricetomys gambianus AstV/2201/Kenya
Mamastrovirus 2/17HRB0505/China MH253851
Feline AstV/Viseu/Portugal KF374704
Feline AstV/Italy GU980969
Feline AstV 2/1637F/Hong Kong KF499111
Cheetah AstV/USA EU650332
100 Rat AstV/RS118/Hong Kong HM450381
Rat AstV/RS126/Hong Kong HM450382
1°°| Rattus rattus AstV/2162/Kenya
— 50 Rattus rattus AstV/2125/Kenya
HMurine AstV/TF18LM/USA JQ408745
92 100= Murine AstV/TF96LM/USA JQ408744
93 Murine AstV/TF15WM/Hungary JQ408746
Murine AstV/TF16WM/Hungary JQ408747
Mastomys natalensis AstV/2203/Kenya
Mastomys natalensis AstV/2211/Kenya
a4 Mastomys natalensis AstV/2020/Kenya
Mastomys natalensis AstV/2018/Kenya
— Rabbit AstV/Nausica/Italy JIN052023
100— Rabbit AstV/TN2208/USA JF729316
ca 59 Human AstV VA2 GQ502193
Human AstV VA1 FJ973620
- Mink AstV NC 004579
Sheep AstV Y15937
Bat AstV/AFCD337/China EU847155
= Bat AstV/AFCDI166/China EU847191
0 Bat AstV/AFCD291/China EU847218
66 Bat AstV/AFCD246/China EU847196
Bat AstV/WCF96/China EU847164
Bat AstV/AFCD317/China EU847203
Avastrovirus 1 Y15936
0.1
FIGURE 2 | ML tree based on 315-nt partial RdRp gene of astroviruses (corresponding to human astrovirus 1 genome nt 3619-3933, AY720892). Strains detected
in this study are indicated in bold.

the newly recognized genus Jeilongvirus. The Kenyan rodent
paramyxoviruses were genetically diverse and formed four
distinct clusters, most of which exhibited host species specificity
(Figure 3). Three strains from M. triton and Mus minutoides

were phylogenetically related to J virus. The paramyxoviruses
discovered in M. natalensis and L. aquilus from Kenya were most
closely related to strains previously found in these two species,
respectively, from other African countries (Figure 3).
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J virus AY900001

Mus minutoides rodent

Mount Mabu Lophuromys

Mount Mabu Lophuromys virus

72 Nipah virus IN808864
Hendra virus JN255803
Canine distemper virus AY542312

Measles virus AF266290

100

Mumps virus HQ416907

Porcine rubulavirus X98125
9% Mapuera virus/Sturnira lilium
— Menangle virus AF326114

100

0.1

this study are indicated in bold.

Beilong virus DQ100461
Tailam virus/Sikkim rat/TL8K JN689227
Aethomys chrysophilus rodent PMV/LR11-99/Zambia AB844336

Mus triton rodent PMV/2128/Kenya

99~ Mus triton rodent PMV/2229/Kenya
Lophuromys acquilus rodent PMV/2166/Kenya
Lophuromys acquillus rodent PMV/urine/2013/Kenya

Mastomys natalensis rodent PMV/2015/Kenya

Mastomys natalensis rodent PMV/LivR11-45/Zambia AB844367
Mus triton rodent PMV/2276/Kenya

Mus minutoides rodent PMV/LR11-22/Zambia AB844425

Mastomys natalensis rodent PMV/LR11-15/Zambia AB844376
100~ Mastomys natalensis rodent PMV/LR11-93/Zambia AB844396
Tupaia paramyxovirus/tree shrew AF079780

Human parainfluenza virus 3 EU424062
_gg!:'—_Human parainfluenza virus 1 AF457102
100 Sendai virus EF679198

99——— Tioman virus/Pteropus hypomelanus AF298895
New castle virus DQ097393

FIGURE 3 | ML tree based on 506-nt partial L gene of paramyxoviruses (corresponding to Beilong virus genome nt 14889-15394, DQ100461). Strains detected in
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Hemi-nested RT-PCR was applied to screen a total of 142 liver
tissues, and hepevirus RNA was found in two specimens. One
positive sample originated from R. rattus, with the detection rate
0f 6.67% (1/15) (Table 3). The Kenyan rat hepevirus shared <87%
nt sequence identity with rat hepeviruses reported in Europe and
Asia in the partial RdRp gene. It was placed phylogenetically
in the clade consisting of rodent-specific hepeviruses, and can
be identified as a novel variant within the Orthohepevirus C
species (Figure 4).

In addition to rodents, novel shrew hepevirus sequence was
detected in one of the five samples from Crocidura olivieri
(Table 3). The amino acid sequence identities of partial RdRp
between the shrew hepevirus and known hepeviruses were no
>76%. Phylogenetic analysis revealed that the shrew hepevirus
was divergent from rodent hepevirus and formed a separate
monophyletic branch (Figure 4).

Genomic Characterization of a Novel

Arenavirus

Kidney, liver, lung, and spleen tissues from 143 rodent and
shrews were screened for presence of arenavirus RNA by RT-
PCR targeting partial L gene. One out of the two Grammomys
macmillani individuals was arenavirus PCR positive, and the
virus was detected in all four types of tissue (Table 3). The
animal infected with arenavirus was trapped in a bush on the

outskirts of Kitale town in western Kenya. The newly identified
arenavirus was thus designated as Kitale virus under the name of
its geographical origin.

The viral RNA extracted from the positive spleen sample was
used for NGS to determine genome sequence of Kitale virus.
Assembly allowed reconstruction of complete coding sequences
of its S and L segments. Each of the two segments of Kitale
virus genome has the typical two open-reading frames (ORFs)
in ambisense orientation, separated by the stem-loop structures.
The S segment contains genes for glycoprotein precursor (GPC,
493 aa) and nucleoprotein (NP, 566 aa), while the L segment
encodes the RdRp, also known as the L protein (2225 aa), and
matrix Z protein (96 aa). In the L ORF of Kitale virus, the
endonuclease motif (Pgg, Dgg, E192, and Ky;5) is well conserved
like other arenaviruses (Vieth et al., 2004). The two late domains
PTAP and PPPY are also contained in the Z protein as in most
arenaviruses including Lassa virus (LASV).

We compared the nucleotide and deduced amino acid
(aa) sequences of the four ORFs of Kitale virus and other
representative Old-World arenaviruses (OWA) (Table 4). In
both of the two genomic segments and all four genes, Kitale
virus shared the highest sequence identity with Ippy virus,
which infected Arvicanthis in Central Africa Republic. The
nucleotide/aa sequence identities between Kitale virus and
Ippy virus were 71.4/80.5 and 69.5/78.1% for GPC and NP
genes, respectively. Sequence identities in the L segment were
substantially lower, with 61.5/62.2% (L) and 55.7/61.1% (Z).
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FIGURE 4 | ML tree based on 254-nt partial RdRp gene of hepeviruses (corresponding to Orthohepevirus C strain LA-B350 genome nt 4145-4398, KM516906).

Orthohepevirus A

Orthohepevirus C

None of the other known OWAs has >60% sequence identity
with Kitale virus in the L protein (Table 4). Furthermore, analysis
using the PAirwise Sequence Comparison (PASC) tool revealed
that the closest hits for both S and L segments of Kitale virus
were Ippy virus. The pairwise sequence identities between Kitale

TABLE 4 | Sequence comparison of the four ORFs of Kitale virus and selected
mammarenaviruses.

Mammarenavirus nt/aa sequence identities

species*
z L GPC NP

Ippy virus 55.7/61.1 61.5/62.2 71.4/80.5 69.5/78.1
Mariental virus 50.2/55.9 57.5/52.6 66.8/73.6 67.6/73.5
Loie River virus 54.7/56.5 57.0/56.3 65.2/69.5 66.4/71.1
Lassa virus 54.3/57.0 58.5/55.3 67.0/72.4 65.1/70.6
Wenzhou virus 53.0/51.6 57.1/55.1 63.0/67.2 67.3/73.7
Luna virus 57.7/57.6 56.7/54.3 69.0/73.7 64.7/68.0
Merino Walk virus 48.5/51.7 56.0/53.6 62.3/68.3 64.8/67.6
Gairo virus 63.1/54.8 57.2/54.7 66.8/71.1 64.4/69.9
Mopeia virus 55.7/57.9 56.8/54.7 66.6/71.7 65.9/69.6
LCMV 47.3/50.0 51.9/47.3 61.8/61.2 62.3/63.8
Lujo virus 46.1/47.2 50.4/43.5 52.8/42.3 59.3/58.4
Mobala virus 56.5/60.0 56.8/54.9 67.5/72.0 65.4/69.8

*The GenBank accession numbers of the reference mammarenavirus genome
sequences are as following: Ippy virus (NC_007905, NC_007906), Mariental virus
(NC_027134, NC_027136), Loie River virus (KC669692, KC669697), Lassa virus
(KF478762, KF478765), Wenzhou virus (NC_026018, NC_026019), Luna virus
(NC_016152, NC_016153), Merino Walk virus (NC_023763, NC_023764), Gairo
virus (NC_026246, NC_026247), Mopeia virus (DQ328874, DQ328875), LCMV
(FJ607025, FJ607036), Lujo virus (NC_012776, NC_012777), and Mobala virus
(NC_007903, NC_007904).

virus and Ippy virus were 69.27 and 60% for S and L segments,
respectively, which are below the cut-off values (80 and 76%)
recommended by the International Committee on Taxonomy of
Viruses (ICTV) for arenavirus species demarcation, justifying
the recognition of Kitale virus as a new species in the genus
Mammarenavirus (Radoshitzky et al., 2015; Blasdell et al., 2016).

Phylogenetic trees from the entire L, GCP, and NP genes
placed Kitale virus with Ippy virus in a monophyletic clade
(Figure 5). The phylogeny of GPC gene revealed that African
arenaviruses, including Kitale virus, were divergent from Asian
arenaviruses. However, in the phylogenetic tree of the L gene,
Kitale virus and Ippy virus were more related to the cluster
of Wenzhou-like viruses found in Asia than to other African
arenaviruses (Figure 5).

DISCUSSION

Rodents, bats, and shrews constitute the three largest groups of
mammalian species. They have been characterized as reservoir
hosts of a variety of viruses including emerging viruses that cause
human diseases (Meerburg et al., 2009; Shi, 2013). East Africa
is a tropical region inhabited by rich diversity of these small
mammals. A large number of viruses from various families were
detected in Kenyan bats in a country-wide bat virus surveillance
(Waruhiu et al.,, 2017). Novel rodent viruses have also been
described from Tanzania and Ethiopia (Meheretu et al., 2012;
Gryseels et al., 2015). However, little is known about diversity
and spillover potential of the viruses carried by rodents in Kenya.
We hereby report the first virus surveillance research targeting
Kenyan rodent and shrew populations. In our study, novel RNA
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viruses belonging to four families, Astroviridae, Paramyxoviridae,
Hepeviridae, and Arenaviridae, have been found circulating
among rodent and shrew communities within areas of intensive
agricultural activities and human settlements in Kenya.

Astroviruses, which cause mild to severe gastroenteritis in
humans and animals, infect a broad range of host species,
and thus pose a potential zoonotic risk for human populations
especially in regions with poor hygiene condition. In recent
years, an increasing number of astroviruses have been discovered
in urban and wild rodents globally (Chu et al.,, 2010; Farkas
et al,, 2012; Hu et al,, 2014). Although with large diversity, the
phylogeny of mammalian astroviruses shows grouping with host
restriction, in which most of rodent astroviruses fall into one big
clade and are further clustered by rat, mice, and vole host species
(Mombo et al,, 2019). In this study, we detected two different
novel astroviruses in fecal samples from Kenya corresponding
to two different species R. rattus and M. natalensis, which tend
to be species specific. They are clustered within the murine
astroviruses, but more information about the full-length capsid
gene is required to determine whether they can be considered
novel genotype or species.

Interestingly, this study describes for the first time a rodent
infected by feline astrovirus. This finding indicates the potential
cross-species infection of astroviruses between cats and rodents.
Feline astrovirus infects felids including domestic cats and
cheetahs, and has been worldwide reported (Atkins et al., 2009).
However, viruses detected in different geographical locations and
in different felid species are closely related, suggesting that feline
astrovirus has existed and evolved in cats for long history. Hence,
the infection of feline astrovirus in C. gamnianus from Kenya was
more likely to result from the cross-species transmission from
cats to rodents. The C. gambianus individual in this study was
captured in a farm store where this rodent has a high likelihood
of interactions with domestic cats. However, as the virus was
detected in feces of the rodent, there also existed the possibility
that the C. gambianus ingested foods contaminated by domestic
cats. The virus passed intact through its gastrointestinal tract, but
did not actually infect the rodent.

In the past decades, a growing number of new
paramyxoviruses have been discovered from rodents. These
include J-virus from mice (Jack et al,, 2005), Beilong virus
from rat-derived cell line (Li et al., 2006), Tailam virus from
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Sikkim rats (Woo et al, 2011), Mossman virus from wild
rats in Australia (Miller et al., 2003), Nariva virus from the
Trinidadian rat (Lambeth et al., 2009), and groups of novel
paramyxoviruses reported more recently from various rodent
species in Africa (Sasaki et al., 2014; Vanmechelen et al., 2018).
Owing to their similar rodent hosts and close phylogenetic
relationship, according to the latest ICTV taxonomy release,
these viruses compose a new paramyxovirus genus named
Jeilongvirus (Rima et al., 2018). In this study, we present diverse
novel paramyxoviruses found in rodents from Kenya, all of which
cluster within the genus Jeilongvirus. Within these large clade, the
phylogenetic clustering of most Kenyan paramyxoviruses showed
host specificity, as different viruses are grouped separately with
those from the same rodent species or genus described in other
African countries. For example, two viruses from L. aquilus
constitute a lineage with another Lophuromys paramyxovirus
from Mozambique. Five viruses from four rodent species in
Kenya detected in our study showed distinction from each other,
as well as from previously reported ones, further expanding the
genetic diversity of jeilongviruses. The results provide additional
support for recognition of rodents as the important natural
reservoir of this paramyxovirus genus.

Members of Hepeviridae, also known as hepatitis E viruses
(HEVs), infect a wide range of mammalian and avian species
as well as trout. Hepeviruses which infect humans can cause
self-limiting acute hepatitis in immune competent individuals
(Smith et al.,, 2014). All mammalian and avian HEV isolates
belong to the genus Orthohepevirus, and can be divided into four
species. The species Orthohepevirus A consists of HEV variants
detected in human populations worldwide and those from pigs,
wild boars, camels, some of which can be transmitted to humans
and cause zoonotic diseases. The species Orthohepevirus C is
composed of two genotypes with host restriction. All HEVs
identified from rodent hosts are designated genotype C1, while
genotype C2 includes isolates derived from ferrets (Smith et al,,
2014). We discovered a novel HEV within genotype C1 from a
R. rattus in Kenya, further suggesting the global distribution of
Orthohepevirus C variants. Previous studies revealed that HEV's
detected in Asian musk shrew (Suncus murinus) from different
regions of China were closely related to rat HEVs and fell
within HEV-C1 genotype. As those shrews always share the same
environment with wild rats, they may carry rat HEVs as a result
of the cross species transmission from the wild rat reservoirs
(Guan et al., 2013; He et al., 2018). In this study, we detected a
distinct HEV in C. olivieri, a shrew species native in Africa, which
is phylogenetically distant from rat HEVs. Full-length genome
sequence of the new shrew HEV needs to be obtained to judge
whether it can be classified as a novel species or it remains within
Orthohepevirus C as a new genotype, following the demarcation
criteria for Orthohepevirus species by the ICTV. In order to
better understand the evolutionary position of shrew HEVs in
Hepeviridae family, virus sequences from a greater diversity of
shrew host species and geographic origin need to be determined.
The zoonotic potential of rodent and shrew HEVss is also yet to
be characterized.

The genus
groups  corresponding  to

of two main
and New-World

Mammarenavirus consists
Old-World

mammarenaviruses, which are the causative agents of a
variety of human hemorrhagic fever diseases in Africa and
America, respectively (Radoshitzky et al., 2015). Rodents are
the primary natural reservoir of mammarenaviruses and have
been the major target wildlife for surveillance of this category
of viruses in nature. Among Old-World mammarenaviruses,
besides the worldwide spread Lymphocytic choriomeningitis
virus (LCMV) and Wenzhou-related viruses which have recently
been widely reported in China and southeast Asia (Wang et al,,
2019), all other viruses have been exclusively found in Africa,
with each virus hosted by a specific host species or group of
species (Charrel and de Lamballerie, 2010). These include LASV,
Gbagroube virus, and Menekre viruses in West Africa; Ippy and
Luna viruses in Central Africa; Morogoro, Gairo, and Mobala
viruses in East Africa; Mopeia, Mariental, and Merino walk virus
(MWYV) in Southern Africa (Ishii et al., 2012; Gryseels et al,
2015). In Kenya, regardless of its large rodent diversity and the
prevalent populations of M. natalensis, one of the most important
host species of arenavirus, there are no records of arenavirus in
rodents up to date. In this study, we characterized an arenavirus
from rodents in Kenya for the first time. The novel virus from
G. macmillani termed Kitale virus shows significant sequence
distinction from all previously known arenaviruses in both of the
two genomic segments, as well as in the four ORFs. Our results
not only report the first arenavirus detection in Kenya, but also
present the discovery of a new mammarenavirus species from a
novel species of rodent host.

A number of OWA are associated with human diseases.
LASV causes Lassa hemorrhagic fever with 5,000-10,000 cases
of death per year in West Africa (Fichet-Calvet and Rogers,
2009). Another pathogenic arenavirus in Africa, Lujo virus, was
discovered in South Africa following a nosocomial infection
occasioned by a patient who traveled from Zambia (Ishii et al.,
2012). In Asia, a genetic variant of Wenzhou virus was reported
to have been associated with influenza-like human respiratory
illness in Cambodia (Blasdell et al., 2016). The pathogenicity
of other OWA remains unclear. However, Ippy virus, to which
Kitale virus is most closely related, was found to be antigenically
a member of the Lassa fever complex of arenaviruses via cross-
immunofluorescence test (Swanepoel et al., 1985). While the
pathogenic potential of Kitale virus requires further studies,
the spillover risk of this novel rodent arenavirus should not
be neglected. Additionally, the detection of Kitale virus in all
tested tissues of the infected animal suggests its wide tissue
tropism in the natural host. This may increase the potential
of being transmitted to humans by enabling viral shedding
into the environment through numerous routes such as saliva,
urine, and feces.

As increased disturbance of natural habitats has brought
rodents and shrews in closer contact with people, these small
mammals are likely to be the next source of zoonotic disease
outbreak in Kenya. Therefore, identification of known and
novel viruses in rodents and shrews is of public health
significance. In this study, diverse novel RNA viruses of different
families were discovered in rodents and shrews from regions
of intensive agricultural activities, including a novel arenavirus
related to those known to infect humans. The findings extend
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our knowledge on the host range, ecological distribution, and
evolution of these RNA viral families. It also highlights the need
for continued pathogen surveillance and disease monitoring not
only in risk wildlife but also in livestock and humans in Kenya to
prevent the occurrence of future zoonotic diseases.

DATA AVAILABILITY STATEMENT

All sequences generated by this study were deposited in the
GenBank under accession numbers MK935152-MK9345169.

ETHICS STATEMENT

The study was approved by the Research and Ethics
Committee of the Kenya Wildlife Service, with research permit
KWS/BRM/5001. All Institutional and National guidelines for
care and handling use of animals were followed.

AUTHOR CONTRIBUTIONS

Z-LS, BA, BH, and SOO conceptualized and designed the study.
Z-LS, BA, BH, SO, and VO coordinated the study and the
field work. BA, SO, VO, and SOO participated in the field

REFERENCES

Allen, T., Murray, K. A., Zambrana-Torrelio, C., Morse, S. S., Rondinini, C., Di
Marco, M, et al. (2017). Global hotspots and correlates of emerging zoonotic
diseases. Nat. Commun. 8:1124. doi: 10.1038/s41467-017-00923-8

Atkins, A., Wellehan, J. F. Jr., Childress, A. L., Archer, L. L., Fraser, W. A., and
Citino, S. B. (2009). Characterization of an outbreak of astroviral diarrhea
in a group of cheetahs (Acinonyx jubatus). Vet. Microbiol. 136, 160-165. doi:
10.1016/j.vetmic.2008.10.035

Blasdell, K. R., Duong, V., Eloit, M., Chretien, F., Ly, S., Hul, V., et al
(2016). Evidence of human infection by a new mammarenavirus endemic to
Southeastern Asia. eLife 5:e13135. doi: 10.7554/eLife.13135

Bonwitt, J., Kelly, A. H., Ansumana, R., Agbla, S., Sahr, F., Saez, A. M., et al.
(2016). Rat-atouille: a mixed method study to characterize rodent hunting and
consumption in the context of lassa fever. Ecohealth 13, 234-247. doi: 10.1007/
510393-016-1098-8

Bowen, M. D., Peters, C. J., and Nichol, S. T. (1997). Phylogenetic analysis of
the arenaviridae: patterns of virus evolution and evidence for cospeciation
between arenaviruses and their rodent hosts. Mol. Phylogenet. Evol. 8, 301-316.
doi: 10.1006/mpev.1997.0436

Charrel, R. N., and de Lamballerie, X. (2010). Zoonotic aspects of arenavirus
infections. Vet. Microbiol. 140, 213-220. doi: 10.1016/j.vetmic.2009.08.027

Chu, D. K., Poon, L. L., Guan, Y., and Peiris, J. S. (2008). Novel astroviruses in
insectivorous bats. J. Virol. 82,9107-9114. doi: 10.1128/JV1.00857-08

Chu, D. K., Chin, A. W., Smith, G. J., Chan, K. H., Guan, Y., Peiris, J. S., et al.
(2010). Detection of novel astroviruses in urban brown rats and previously
known astroviruses in humans. J. Gen. Virol. 91, 2457-2462. doi: 10.1099/vir.
0.022764-0

Drexler, J. F., Seelen, A., Corman, V. M., Fumie Tateno, A., Cottontail, V., Melim
Zerbinati, R., et al. (2012). Bats worldwide carry hepatitis e virus-related viruses
that form a putative novel genus within the family hepeviridae. J. Virol. 86,
9134-9147. doi: 10.1128/JV1.00800-12

Farkas, T., Fey, B., Keller, G., Martella, V., and Egyed, L. (2012). Molecular
detection of novel astroviruses in wild and laboratory mice. Virus Genes 45,
518-525. doi: 10.1007/s11262-012-0803-0

work. Z-LS and BA supervised the study. BA, SOO, BH, and
X-LY designed and coordinated the experiments. SOO and GO
managed the storage and retrieval of specimen. BL and BH
coordinated the laboratory skills training. BA and VO were
responsible for application and acquisition of ethics permit. SOO
performed the experiments, and analyzed and interpreted the
data. KK, YE and X-SZ assisted with data analysis. SOO and BH
drafted the manuscript.

FUNDING

The study was supported by the Sino-Africa Joint Research
Center, Chinese Academy of Sciences (SAJC201605) and
the National Science and Technology Major Project
(20182X0101004) and External Cooperation Program of CAS
(153211KYSB20160001).

ACKNOWLEDGMENTS

We thank the Kenya Wildlife Service, National Museums of
Kenya, and the State Office of Director of Veterinary Services for
their logistic support without which this research could not have
been accomplished. This study would not be a success without
the cooperation of local authorities in the sampling localities.

Fichet-Calvet, E., and Rogers, D. J. (2009). Risk maps of lassa fever in west Africa.
PLoS Negl. Trop. Dis. 3:e388. doi: 10.1371/journal.pntd.0000388

Firth, C., Bhat, M., Firth, M. A., Williams, S. H., Frye, M. J., Simmonds, P., et al.
(2014). Detection of zoonotic pathogens and characterization of novel viruses
carried by commensal Rattus norvegicus in New York City. mBio 5:¢1933-14.
doi: 10.1128/mBi0.01933- 14

Gouy, de Bellocq, J., Tesikova, J., Meheretu, Y., Cizkova, D., Bryjova, A, et al.
(2016). Complete genome characterisation and phylogenetic position of Tigray
hantavirus from the Ethiopian white-footed mouse Stenocephalemys albipes.
Infect. Genet. Evol. 45, 242-245. doi: 10.1016/j.meegid.2016.09.009

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I.,
etal. (2011). Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 29, 644-652. doi: 10.1038/nbt.1883

Gryseels, S., Rieger, T., Oestereich, L., Cuypers, B., Borremans, B., Makundi, R.,
et al. (2015). Gairo virus, a novel arenavirus of the widespread mastomys
natalensis: genetically divergent, but ecologically similar to lassa and morogoro
viruses. Virology 476, 249-256. doi: 10.1016/j.virol.2014.12.011

Guan, D., Li, W,, Su, J., Fang, L., Takeda, N., Wakita, T., et al. (2013). Asian
musk shrew as a reservoir of rat hepatitis E virus. China Emerg. Infect. Dis. 19,
1341-1343. doi: 10.3201/eid1908.130069

Hall, G. B. (2013). Building phylogenetic trees from molecular data with MEGA.
Mol. Biol. Evol. 30, 1229-1235. doi: 10.1093/molbev/mst012

He, W., Wen, Y., Xiong, Y., Zhang, M., Cheng, M., and Chen, Q. (2018). The
prevalence and genomic characteristics of hepatitis E virus in murine rodents
and house shrews from several regions in China. BMC Vet. Res. 14:414. doi:
10.1186/s12917-018-1746-z

Hu, B., Chmura, A. A, Li, J., Zhu, G., Desmond, J. S., Zhang, Y., et al. (2014).
Detection of diverse novel astroviruses from small mammals in China. J. Gen.
Virol. 95, 2442-2449. doi: 10.1099/vir.0.067686-0

Ishii, A., Thomas, Y., Moonga, L., Nakamura, I, Ohnuma, A., Hang'ombe, B. M.,
et al. (2012). Molecular surveillance and phylogenetic analysis of Old World
arenaviruses in Zambia. J. Gen. Virol. 93, 2247-2251. doi: 10.1099/vir.0.044
099-0

Jack, P. J., Boyle, D. B., Eaton, B. T., and Wang, L. F. (2005). The complete
genome sequence of ] virus reveals a unique genome structure in the family

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2696


https://doi.org/10.1038/s41467-017-00923-8
https://doi.org/10.1016/j.vetmic.2008.10.035
https://doi.org/10.1016/j.vetmic.2008.10.035
https://doi.org/10.7554/eLife.13135
https://doi.org/10.1007/s10393-016-1098-8
https://doi.org/10.1007/s10393-016-1098-8
https://doi.org/10.1006/mpev.1997.0436
https://doi.org/10.1016/j.vetmic.2009.08.027
https://doi.org/10.1128/JVI.00857-08
https://doi.org/10.1099/vir.0.022764-0
https://doi.org/10.1099/vir.0.022764-0
https://doi.org/10.1128/JVI.00800-12
https://doi.org/10.1007/s11262-012-0803-0
https://doi.org/10.1371/journal.pntd.0000388
https://doi.org/10.1128/mBio.01933-14
https://doi.org/10.1016/j.meegid.2016.09.009
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1016/j.virol.2014.12.011
https://doi.org/10.3201/eid1908.130069
https://doi.org/10.1093/molbev/mst012
https://doi.org/10.1186/s12917-018-1746-z
https://doi.org/10.1186/s12917-018-1746-z
https://doi.org/10.1099/vir.0.067686-0
https://doi.org/10.1099/vir.0.044099-0
https://doi.org/10.1099/vir.0.044099-0
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Onyuok et al.

Novel Kenyan Mammalian RNA Viruses

Paramyxoviridae. ]. Virol. 79, 10690-10700.
10700.2005

Jones, K. E., Patel, N. G., Levy, M. A,, Storeygard, A., Balk, D., Gittleman, J. L., et al.
(2008). Global trends in emerging infectious diseases. Nature 451, 990-993.
doi: 10.1038/nature06536

Kingdom, J., Happold, D., Butynski, T., Hoffmann, M., Happold, M., and Kalina, J.
(2013). Mammals of Africa. London: Bloomsbury Publishing.

Klempa, B., Fichet-Calvet, E., Lecompte, E., Auste, B., Aniskin, V., Meisel, H.,
et al. (2006). Hantavirus in African wood mouse Guinea. Emerg. Infect. Dis. 12,
838-840. doi: 10.3201/eid1205.051487

Lambeth, L. S., Yu, M., Anderson, D. E., Crameri, G., Eaton, B. T., and Wang, L. F.
(2009). Complete genome sequence of Nariva virus, a rodent paramyxovirus.
Arch. Virol. 154, 199-207. doi: 10.1007/s00705-008-0287-3

Lau, S. K., Woo, P. C, Lai, K. K, Huang, Y., Yip, C. C., Shek, C. T., et al.
(2011). Complete genome analysis of three novel picornaviruses from diverse
bat species. J. Virol. 85, 8819-8828. doi: 10.1128/JVI1.02364-10

Li, K,, Lin, X. D., Wang, W, Shi, M., Guo, W. P., Zhang, X. H,, et al. (2015).
Isolation and characterization of a novel arenavirus harbored by rodents and
shrews in Zhejiang province China. Virology 476, 37-42. doi: 10.1016/j.virol.
2014.11.026

Li, Z., Yu, M., Zhang, H., Magoffin, D. E., Jack, P. ]., Hyatt, A, et al. (2006). Beilong
virus, a novel paramyxovirus with the largest genome of non-segmented
negative-stranded RNA viruses. Virology 346, 219-228. doi: 10.1016/j.virol.
2005.10.039

Meerburg, B. G., Singleton, G. R., and Kijlstra, A. (2009). Rodent-borne diseases
and their risks for public health. Crit. Rev. Microbiol. 35,221-270. doi: 10.1080/
10408410902989837

Meheretu, Y., Cizkova, D., Tesikova, J., Welegerima, K., Tomas, Z., Kidane, D.,
et al. (2012). High diversity of RNA viruses in rodents Ethiopia. Emerg. Infect.
Dis. 18, 2047-2050. doi: 10.3201/eid1812.120596

Miller, P. J., Boyle, D. B., Eaton, B. T., and Wang, L. F. (2003). Full-length genome
sequence of Mossman virus, a novel paramyxovirus isolated from rodents in
Australia. Virology 317, 330-344. doi: 10.1016/j.virol.2003.08.013

Mombo, I. M., Suquet, E., Boundenga, L., Mveang-Nzoghe, A., Maganga-Mboga,
C., Arnathau, C,, et al. (2019). Detection of novel astroviruses among rodents
of Gabon Central Africa. Infect. Genet. Evol. 68, 43-46. doi: 10.1016/j.meegid.
2018.12.003

Moureau, G., Temmam, S., Gonzalez, J. P., Charrel, R. N., Grard, G., and de
Lamballerie, X. (2007). A real-time RT-PCR method for the universal detection
and identification of flaviviruses. Vector Borne Zoonotic Dis. 7, 467-477.

Musila, S., Monadjem, A., Webala, P., Patterson, B., Hutterer, R., De Jong, Y.,
etal. (2019). An annotated checklist of mammals of Kenya. Zool. Res. 40, 3-52.
doi: 10.24272/j.issn.2095-8137.2018.059

Radoshitzky, S. R., Bao, Y., Buchmeier, M. J., Charrel, R. N., Clawson, A. N., Clegg,
C. S, etal. (2015). Past, present, and future of arenavirus taxonomy. Arch. Virol.
160, 1851-1874. doi: 10.1007/s00705-015-2418-y

Rima, B., Collins, P., Easton, A., Fouchier, R, Kurath, G., Lamb, R. A, et al.
(2018). Problems of classification in the family Paramyxoviridae. Arch. Virol.
163, 1395-1404. doi: 10.1007/s00705-018-3720-2

Sasaki, M., Muleya, W, Ishii, A., Orba, Y., Hang'ombe, B. M., Mweene, A. S., et al.
(2014). Molecular epidemiology of paramyxoviruses in Zambian wild rodents
and shrews. J. Gen. Virol. 95, 325-330. doi: 10.1099/vir.0.058404-0

Shi, Z. (2013). Emerging infectious diseases associated with bat viruses. Sci. China
Life Sci. 56, 678-682. doi: 10.1007/s11427-013-4517-x

Smith, D. B., Simmonds, P., International Committee on Taxonomy of Viruses
Hepeviridae Study Group, Jameel, S., Emerson, S. U., Harrison, T. J., et al.
(2014). Consensus proposals for classification of the family Hepeviridae. J. Gen.
Virol. 95, 2223-2232. doi: 10.1099/vir.0.068429-0

doi: 10.1128/jvi.79.16.10690-

Streicker, D. G. (2013). From persistence to cross-species emergence of a viral
zoonosis. Science 342, 1185-1186. doi: 10.1126/science.1247566

Swanepoel, R., Leman, P. A, Shepherd, A. J., Shepherd, S. P., Kiley, M. P., and
McCormick, J. B. (1985). Identification of Ippy as a lassa-fever-related virus.
Lancet 1:639. doi: 10.1016/s0140-6736(85)92175-0

Tésikova, J., Bryjova, A., Bryja, J., Lavrenchenko, L. A., Goily, and de Bellocq, J.
(2017). Hantavirus strains in East Africa related to western african hantaviruses.
Vector Borne Zoonotic Dis. 17, 278-280. doi: 10.1089/vbz.2016.2022

Tong, S., Chern, S. W., Li, Y., Pallansch, M. A, and Anderson, L. J. (2008).
Sensitive and broadly reactive reverse transcription-PCR assays to detect novel
paramyxoviruses. J. Clin. Microbiol. 46, 2652-2658. doi: 10.1128/JCM.00192-08

Vanmechelen, B., Bletsa, M., Laenen, L., Lopes, A. R, Vergote, V., Beller, L., et al.
(2018). Discovery and genome characterization of three new Jeilongviruses, a
lineage of paramyxoviruses characterized by their unique membrane proteins.
BMC Genomics 19:617. doi: 10.1186/s12864-018-4995-0

Vieth, S., Torda, A. E., Asper, M., Schmitz, H., and Giinther, S. (2004). Sequence
analysis of L RNA of lassa virus. Virology 318, 153-168. doi: 10.1016/j.virol.
2003.09.009

Wang, B., Cai, C. L., Li, B., Zhang, W., Zhu, Y., Chen, W. H., et al. (2017). Detection
and characterization of three zoonotic viruses in wild rodents and shrews
from shenzhen city China. Virol. Sin. 32, 290-297. doi: 10.1007/s12250-017-
3973-z

Wang, J., Yang, X., Liu, H., Wang, L., Zhou, J., Han, X, et al. (2019). Prevalence of
Wenzhou virus in small mammals in yunnan province China. PLoS Negl. Trop.
Dis. 13:¢0007049. doi: 10.1371/journal.pntd.0007049

Waruhiu, C., Ommebh, S., Obanda, V., Agwanda, B., Gakuya, F., Ge, X. Y, et al.
(2017). Molecular detection of viruses in Kenyan bats and discovery of novel
astroviruses, caliciviruses and rotaviruses. Virol. Sin. 32, 101-114. doi: 10.1007/
512250-016-3930-2

Watanabe, S., Masangkay, J. S., Nagata, N., Morikawa, S., Mizutani, T., Fukushi,
S., et al. (2010). Bat coronaviruses and experimental infection of bats, the
Philippines. Emerg. Infect. Dis. 16, 1217-1223. doi: 10.3201/eid1608.100208

Woo, P. C, Lau, S. K., Wong, B. H.,, Wong, A. Y., Poon, R. W,, and Yuen, K. Y.
(2011). Complete genome sequence of a novel paramyxovirus, Tailam virus,
discovered in Sikkim rats. J. Virol. 85, 13473-13474. doi: 10.1128/JV1.06356-11

Woolhouse, M. E., and Gowtage-Sequeria, S. (2005). Host range and emerging and
reemerging pathogens. Emerg. Infect. Dis. 11, 1842-1847. doi: 10.3201/eid1112.
050997

Wu, Z., Lu, L., Du, J., Yang, L., Ren, X, Liu, B., et al. (2018). Comparative analysis
of rodent and small mammal viromes to better understand the wildlife origin
of emerging infectious diseases. Microbiome 6:178. doi: 10.1186/s40168-018-
0554-9

Young, H. S., McCauley, D. ], Dirzo, R., Nunn, C. L., Campana, M. G., Agwanda,
B., et al. (2017). Interacting effects of land use and climate on rodent-
borne pathogens in central Kenya. Philos. Trans. R. Soc. Lond. B Biol. Sci.
372:20160116. doi: 10.1098/rstb.2016.0116

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Onyuok, Hu, Li, Fan, Kering, Ochola, Zheng, Obanda, Ommeh,
Yang, Agwanda and Shi. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2696


https://doi.org/10.1128/jvi.79.16.10690-10700.2005
https://doi.org/10.1128/jvi.79.16.10690-10700.2005
https://doi.org/10.1038/nature06536
https://doi.org/10.3201/eid1205.051487
https://doi.org/10.1007/s00705-008-0287-3
https://doi.org/10.1128/JVI.02364-10
https://doi.org/10.1016/j.virol.2014.11.026
https://doi.org/10.1016/j.virol.2014.11.026
https://doi.org/10.1016/j.virol.2005.10.039
https://doi.org/10.1016/j.virol.2005.10.039
https://doi.org/10.1080/10408410902989837
https://doi.org/10.1080/10408410902989837
https://doi.org/10.3201/eid1812.120596
https://doi.org/10.1016/j.virol.2003.08.013
https://doi.org/10.1016/j.meegid.2018.12.003
https://doi.org/10.1016/j.meegid.2018.12.003
https://doi.org/10.24272/j.issn.2095-8137.2018.059
https://doi.org/10.1007/s00705-015-2418-y
https://doi.org/10.1007/s00705-018-3720-2
https://doi.org/10.1099/vir.0.058404-0
https://doi.org/10.1007/s11427-013-4517-x
https://doi.org/10.1099/vir.0.068429-0
https://doi.org/10.1126/science.1247566
https://doi.org/10.1016/s0140-6736(85)92175-0
https://doi.org/10.1089/vbz.2016.2022
https://doi.org/10.1128/JCM.00192-08
https://doi.org/10.1186/s12864-018-4995-0
https://doi.org/10.1016/j.virol.2003.09.009
https://doi.org/10.1016/j.virol.2003.09.009
https://doi.org/10.1007/s12250-017-3973-z
https://doi.org/10.1007/s12250-017-3973-z
https://doi.org/10.1371/journal.pntd.0007049
https://doi.org/10.1007/s12250-016-3930-2
https://doi.org/10.1007/s12250-016-3930-2
https://doi.org/10.3201/eid1608.100208
https://doi.org/10.1128/JVI.06356-11
https://doi.org/10.3201/eid1112.050997
https://doi.org/10.3201/eid1112.050997
https://doi.org/10.1186/s40168-018-0554-9
https://doi.org/10.1186/s40168-018-0554-9
https://doi.org/10.1098/rstb.2016.0116
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 22 November 2019
doi: 10.3389/fmicb.2019.02637

OPEN ACCESS

Edited by:

Janusz Tadeusz Paweska,

National Institute for Communicable
Diseases (NICD), South Africa

Reviewed by:

Guruprasad R. Medigeshi,
Translational Health Science

and Technology Institute (THSTI),
India

Svetlana Khaiboullina,

University of Nevada, Reno,
United States

*Correspondence:
Yingle Liu
mviwu@whu.edu.cn
Geng Li
lg@gzucm.edu.cn
Jianguo Wu
Jjwu@whu.edu.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 27 June 2019
Accepted: 30 October 2019
Published: 22 November 2019

Citation:

Pan R, Zhang Q, Liu W, Wang W,

Yu Z, Lao Z, Zhang W, Shen M,

Wan R, Xiao F, Shereen MA, Zhang W,
Tan Q, Liu Y, Liu X, Wu K, Liu Y, Li G
and Wu J (2019) Dengue Virus
Infection Activates Interleukin-1p

to Induce Tissue Injury and Vascular
Leakage. Front. Microbiol. 10:2637.
doi: 10.3389/fmicb.2019.02637

Check for
updates

Dengue Virus Infection Activates
Interleukin-1§ to Induce Tissue Injury
and Vascular Leakage

Pan Pan’t, Qi Zhang't, Weiyong Liu't, Wenbiao Wang?, Zhenyang Yu', Zizhao Lao?,

Wei Zhang?, Miaomiao Shen’, Pin Wan', Feng Xiao’, Muhammad Adnan Shereen’,

Wen Zhang*, Qiuping Tan*, Yuntao Liu®, Xiaohong Liu®, Kailang Wu', Yingle Liu®?*,

Geng Li®* and Jianguo Wu'2*

! State Key Laboratory of Virology, College of Life Sciences, Wuhan University, Wuhan, China, ? Key Laboratory of Virology
of Guangzhou, Institute of Medical Microbiology, Jinan University, Guangzhou, China, ° Center for Animal Experiment,

Guangzhou University of Chinese Medicine, Guangzhou, China, * Guangdong LongFan Biological Science and Technology,
Foshan, China, ® Guangdong Provincial Hospital of Traditional Chinese Medicine, Guangzhou, China

Dengue virus (DENV) infection causes several diseases ranging from dengue fever to
life-threatening dengue hemorrhagic fever and dengue shock syndrome characterized
by endothelial dysfunction, vascular leakage, and shock. Here, we identify a potential
mechanism by which DENV induces tissue injury and vascular leakage by promoting
the activation of interleukin (IL)-1p. DENV facilitates IL-18 secretion in infected patients,
mice, human peripheral blood mononuclear cells (PBMCs), mouse bone marrow-
derived macrophages (BMDMs), and monocyte-differentiated macrophages (THP-1)
via activating the NLRP3 inflammasome. The accumulated data suggest that IL-1p
probably induces vascular leakage and tissue injury in interferon-alpha/beta receptor
1 deficient C57BL/6 mice (FNAR~/~ C57BL/6), whereas IL-1 receptor antagonist (IL-
1RA) alleviates these effects of IL-1. Finally, administration of recombinant IL-1f protein
results in vascular leakage and tissue injury in C57BL/6 mice. Together, the accumulated
results demonstrate that IL-1p contributes to DENV-associated pathology and suggest
that IL-1RA acts as a potential agent for the treatment of DENV-associated diseases.

Keywords: dengue virus, inflammatory response, IL-1RA, IL-18, NLRP3 inflammasome, vascular leakage

INTRODUCTION

The proinflammatory cytokine interleukin (IL)-1B is a regulator of systemic inflammatory
response and functions as a fever-inducing pyrogen (Dinarello, 1997). IL-1f is activated
by two distinct pathways. The nuclear factor (NF)-kB pathway facilitates the transcription
of pro-IL-1p mRNA, whereas the second pathway involves the assembly of a multiprotein
complex termed inflammasome that mediates pro-IL-1p maturation (Martinon et al., 2009). The
inflammasome regulates the cleavage of inactive pro-IL-1B by activated caspase-1, a process
that yields mature IL-1f (Kostura et al, 1989; Martinon et al, 2002; Allen et al, 2009;
Rathinam and Fitzgerald, 2016). The best-characterized inflammasome, the pyrin domain-
containing 3 (NLRP3), belongs to the Nod-like receptor family. As an essential part of the
innate immune system, the inflammasome has a critical role in recognizing viral infection
(Allen et al.,, 2009; Wang et al., 2018; Negash et al., 2019). Upon activation, NLRP3 recruits
the apoptosis-associated speck-like protein, which contains a caspase recruitment domain
(ASC), and procaspase-1 to form the inflammasome complex. Within the complex, caspase-1
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DENYV Infection Induces Tissue Injury

is activated by autocatalytic cleavage to catalyze the conversion of
pro-IL-1p into active IL-1f8 (Yan et al., 2015).

The particles of the dengue virus (DENV) are spherical,
possess an envelope, and contain a single-stranded RNA genome
of approximately 11 kb (Kuhn et al., 2002). The virus invades host
cells by receptor-mediated endocytosis, and its RNA is translated
into a polyprotein, which is then cleaved in three structural and
seven non-structural proteins (Modis et al., 2004; Yu et al., 2008).
Worldwide, DENV causes 390 million infections; 58.4 million
of them are symptomatic, resulting in 13,586 deaths (Bhatt
et al., 2013; Shepard et al., 2016). DENV infection causes several
diseases, ranging from dengue fever to life-threatening dengue
hemorrhagic fever and dengue shock syndrome (Guzman et al.,
2010). Massive cytokine secretion (cytokine storm), heterotypic
secondary infection, host genetics, and antibody-dependent
enhancement (ADE) may contribute to DENV pathogenesis
(Pang et al., 2007; Katzelnick et al., 2017). Despite the fact that
dengue pathogenesis remains subtle, among them, the cytokine
storm is believed to be one of the primary contributing factors
(Hatch et al., 2011; Rothman, 2011). It has been demonstrated
that DENV infection induces synthesis of IL-1p (Chang and
Shaio, 1994; Hottz et al.,, 2013; Tan and Chu, 2013; Callaway
et al,, 2015), a cytokine typically generated at sites of injury or
immunological challenge to coordinate cellular recruitment to
the affected location (Puhlmann et al., 2005; Dinarello, 2010;
Hakanpaa et al., 2018). However, the direct contribution of IL-1f
to tissue injury in dengue disease remains elusive.

The present study documents that DENV induces tissue injury
and vascular leakage by activating the NLRP3 inflammasome to
release of IL-1B. In addition to previous findings, DENV was
found to induce IL-1f activation in blood samples of infected
patients, human peripheral blood mononuclear cells (PBMCs)
and macrophages, C57BL/6 mice, and mouse bone marrow-
derived macrophages (BMDMs). Moreover, DENV induces
vascular leakage and tissue injury in mice most likely by activating
IL-1B, whereas IL-1 receptor antagonist (IL-1RA) protects from
this damage. Interestingly, recombinant IL-18 protein may
directly induce vascular leakage and tissue injury in mice. Thus,
the obtained results reveal the mechanism of DENV pathogenesis
and provide evidence of a link between IL-1f and vascular
leakage, thereby improving our understanding of the role of IL-1f
in DENV pathogenesis.

MATERIALS AND METHODS

Clinical Sample Analysis

All blood samples were provided by The First Affiliated Hospital
of Guangzhou University of Chinese Medicine and Guangdong
Province Traditional Chinese Medicine Hospital. Fifteen adult
patients (eight males and seven females, median age 33 years)
diagnosed with DENV infection were recruited in this study.
The presence of DENV was confirmed by anti-dengue IgM and
IgG enzyme-linked immunosorbent assay (ELISA) and qRT-
PCR; the patients were negative for other pathogens. In addition,
platelet count, hematological parameters (including hematocrit,
hemoglobin, lymphocyte count, and monocyte count), and
biochemical parameters (including aspartate aminotransferase,

alanine aminotransferase, and alkaline phosphatase) were
determined. Control samples were obtained from randomly
selected 20 healthy individuals (10 males and 10 females, median
age 35 years) with no history of DENV infection. Informed
consent was obtained from each person (Supplementary
Table 1). PBMCs were isolated by centrifugation in Histopaque
(Haoyang Biotech) density gradient using fresh peripheral venous
blood samples diluted 1:1 in pyrogen-free PBS. Separated PBMCs
were washed twice with phosphate buffer saline (PBS) and
resuspended in RPMI 1640 medium supplemented with 10% FBS,
penicillin (100 U/ml), and streptomycin (100 jLg/ml).

Animal Studies

Wild-type (WT) C57BL/6 mice were purchased from the
Hubei Research Center of Laboratory Animals (Wuhan, China).
IFNAR~/~ C57BL/6 mice were provided by Prof. Jincun Zhao of
Guangzhou Medical University, China. Both strains of mice were
bred and maintained under specific pathogen-free conditions at
Wuhan University. All protocols of animal experiments were
reviewed and approved by the Institutional Animal Care and Use
Committee of Wuhan University.

In all studies, age- and sex-matched mice were randomly
assigned to experimental groups. For DENV?2 infection assays, 6-
week-old IFNAR™/~ C57BL/6 mice were tail vein injected with
PBS (mock infection), pretreated with 300 pl PBS containing
2 g mice IL-1RA by intraperitoneal injection for 90 min, treated
with DENV2 (1 x 10° PFU/mouse), and treated with IL-IRA
(2 pg/mice) at 4 days postinfection again (DENV + IL-1RA
infection) or infected with 300 LI containing 1 x 10° PFU/mouse
of DENV2 (DENV infection). One week after the DENV?2
injection, mice were sacrificed, and tissues were collected for
immunohistochemical and histopathological analyses.

BMDMs were isolated from 6-8-week-old male C57BL/6
mice. Cells were cultured for 6 days in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 10%
granulocyte-macrophage colony stimulating factor (GM-CSF)-
conditioned medium collected from 1929 cells.

Ethics Statement

All human subjects used in this study were adults. The study
was conducted according to the principles of the Declaration of
Helsinki and approved by the institutional review board (IRB)
of the College of Life Sciences, Wuhan University, in accordance
with its guidelines for the protection of human subjects (IRB
approval number AF/04-05.0/10.0). The collection of blood
samples was conducted in accordance with the guidelines for
the protection of human subjects. Written informed consent was
obtained from each participant.

All animal studies were performed in accordance with the
principles described by the Animal Welfare Act and the National
Institutes of Health Guidelines for the care and use of laboratory
animals in biomedical research. All experimental protocols
involving mice were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the College of
Life Sciences, Wuhan University (IACUC approval number
WDSKY0201901). All of the mice that needed to be sacrificed
used the method of euthanasia.
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Cell Lines and Cultures

Human monocytic cell line THP-1, Aedes albopictus gut
cells (C6/36), and African green monkey kidney cells (Vero)
were purchased from the American Type Culture Collection
(ATCC). Human umbilical vein endothelial cells (HUVEC) were
purchased from Obio Technology (Shanghai, China).

THP-1 cells were grown in RPMI 1640 medium supplemented
with 10% FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin
sulfate. HUVEC, C6/36, and Vero cells were grown in dulbecco’s
modified eagle medium (DMEM) with 10% FCS, 100 U/ml
penicillin, and 100 pg/ml streptomycin sulfate. Cell cultures were
kept at 37°C in a 5% CO; incubator except for C6/36, which was
maintained at 30°C.

THP-1 cells were stimulated with phorbol-12-myristate-
13-acetate (PMA) for 12 h to induce differentiation into
macrophages. The cells were stimulated with DENV, nigericin,
lipopolysaccharide (LPS), and adenosine triphosphate (ATP).
Supernatants were collected for the measurement of mature IL-
1B (pl7) and caspase-1(p20), while the cells were harvested
for real time-polymerase chain reaction (RT-PCR) and
immunoblot analyses.

Viruses

The NGC strain of DENV2 (GenBank accession number
KM204118.1) was kindly provided by Dr. Xulin Chen of Wuhan
Institute of Virology, Chinese Academy of Sciences. The TSV01
strain of DENV2 (GenBank accession number AY037116.1) was
kindly provided by Dr. Wenxin Li of College of Life Sciences,
Wuhan University, China. To generate large stocks of the
DENYV, C6/36 cells or Vero cells were incubated with DENV2
at multiplicity of infection (MOI) of 0.5 for 2 h, and then the
unbound DENV was washed away. Infected cells were cultured
sequentially in a fresh medium with 2% FBS for 7 days. The
supernatant was harvested and centrifuged at 4,000 rpm for
10 min to remove cellular debris and then filtered through a
0.22-pm membrane. The suspension of DENV was aliquoted and
frozen at —70°C. The virus titer was determined by the plaque
assay. For animal infection experiments, DENV was concentrated
by centrifugation at 30,000 g for 2 h at 4°C and purified by
centrifugation in a 20% sucrose solution at 80,000 g overnight
at 4°C.

Reagents and Antibodies
Phorbol-12-myristate-13-acetate  (PMA), LPS, nigericin,
ATP, and dansylsarcosine piperidinium salt (DSS) were
purchased from Sigma-Aldrich. Caspase-1 inhibitor (VX-
765) was purchased from Selleck. Recombinant human
IL-18 protein (200-01B) and human IL-1RA (200-01RA)
were obtained from Peprotech. Recombinant mouse IL-1f
protein (401-ML/CF) and recombinant mouse IL-1RA (480-
RM/CF) were purchased from R&D Systems. Trizol reagent
was from Invitrogen, and Lipofectamine 2000 was from
Invitrogen. The human IL-1f ELISA kit was purchased from
BD Biosciences, the mouse IL-1f and tumor necrosis factor
(TNF)-a ELISA kits were purchased from R&D Systems,
and the LPS ELISA kit was purchased from Expandbio
(Beijing, China).

Antibodies against NLRP3 (D4d8T), caspase-1 (D7F10), and
IL-18 (D3U3E and 3A6) were purchased from Cell Signaling
Technology. Antibody against DENV-NS3 (GTX124252) and
DENV-Prm (GTX128092) were purchased from Genetex. Anti-
B-actin antibody (66009) was purchased from Proteintech.
Antibody against ASC (sc-271054) was purchased from Santa
Cruz Biotechnology. Anti-mouse IgG Dylight 649, anti-mouse
IgG Dylight 488, anti-rabbit IgG Dylight 649, and anti-rabbit IgG
fluorescein isothiocyanate (FITC) were purchased from Abbkine.

RNA Extraction and Quantitative RT-PCR
Total cellular RNA was extracted using the Trizol reagent
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s protocol. RNA (1 g) was reverse-transcribed
into cDNA by incubation with 0.5 pl of oligo(dT) and 0.5 pl
of random primers, first at 37°C for 60 min and then at 72°C
for 10 min. The resulting cDNA was used as the template
for real-time PCR, performed in a LightCycler 480 thermal
cycler (Roche). The thermocycling protocol included activation
of polymerase at 95°C for 5 min, 45 cycles of 95°C for 15 s, 58°C
for 15 s, and 72°C for 30 s; the fluorescence was measured and
analyzed at the 72°C step. A final melting curve step from 50 to
95°C was applied to test the specificity of the primer. The primers
used are listed in Supplementary Table 2.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The concentration of culture supernatants and serum of IL-1f
were measured by IL-18 ELISA Kit (BD Biosciences-CA, for
human and R&D systems, Minneapolis, MN, United States, for
mice), and the concentration of culture supernatants of LPS
was measured by LPS ELISA Kit (EXPANDBIO) according to
manufacturer’s instructions.

Western Blotting

THP-1 cells induced to differentiate by PMA were washed
twice with PBS and dissolved in lysis buffer (50 mM Tris-HCI,
150 mM NaCl, 0.1% Non-idet P-40, 5 mM EDTA, and 10%
glycerol, pH 7.4). Protein concentration was measured using the
Bradford assay kit (Bio-Rad, Richmond, CA, United States). The
protein lysates, 50 pg, were electrophoresed in an 8-12% SDS-
polyacrylamide gel and transferred to nitrocellulose membranes
(Amersham, Piscataway, NJ, United States). Non-specific binding
was blocked by incubating the membranes in 5% skim milk for
2 h. Subsequently, the membranes were then washed three times
with PBS containing 0.1% Tween (PBST) and incubated with
the antibody. Protein bands were visualized using a Luminescent
Image Analyzer (Fujifilm LAS-4000).

Immunofluorescence

THP-1 cells induced to differentiate by PMA were grown
on sterile coverslips and infected with DENV2 (NGC)
(MOI = 5) for 48 h. Subsequently, the cells were fixed with
4% paraformaldehyde for 15 min, washed three times with
ice-cold wash buffer (PBS with 0.1% BSA), permeabilized with
PBS containing 0.2% Triton X-100 for 5 min, and washed three
times with the wash buffer. The cells were then blocked with
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5% BSA for 30 min and incubated overnight with anti-ASC
antibody and anti-DENV-Prm antibody (1:200 in wash buffer).
Bound primary antibodies were visualized by staining for 1 h
with FITC-conjugated donkey anti-mouse IgG and Daylight
649-conjugated donkey anti-rabbit IgG secondary antibody
(1:100 in wash buffer). Nuclei were counterstained with DAPI for
5 min, and the cells were washed three times with the wash buffer.
The immunostaining was examined by confocal microscopy
(Fluo View FV1000; Olympus, Tokyo, Japan).

ASC Oligomerization Analysis

THP-1 cells induced to differentiate by PMA were lysed in the
lysis buffer. The lysates were gently agitated at 4°C for 30 min
and centrifuged at 6,000 rpm at 4°C for 15 min. The pellets
were washed three times with PBS and resuspended in 500 jl
of PBS, and 2 mM disuccinimidyl suberate (DSS) (Sigma) was
added. After cross-linking at 37°C for 30 min, the samples
were centrifuged at 6,000 rpm for 10 min, and the cross-
linked pellets were resuspended in 50 pl of 2 x SDS loading
buffer. The suspension was boiled for 10 min and analyzed by
Western blotting.

Quantization of Vascular Leakage in vivo
One week after the infection with DENV2, the mice were injected
intravenously with 300 pl of 0.5% Evans blue. The dye was
allowed to circulate for 2 h, and the mice were euthanized and
extensively perfused with PBS. Tissues were collected, weighed,
and incubated in 1 ml formamide and 37°C for 24 h. The
concentration of Evans blue concentration was measured as
ODg19p and calculated from the standard curve. Data were
expressed as (ng Evans blue)/(mg tissue weight).

Trans-Endothelial Electrical Resistance
Human umbilical vein endothelial cells monolayers were grown
on a Transwell polycarbonate membrane system (Corning Inc.)
and treated with recombinant human IL-1§ or preincubated
with IL-1RA for 24 h. Half of the medium contained in the
upper and lower chambers was replaced by fresh endothelial cell
medium. Untreated HUVECs were used as a negative control,
and medium alone was used as a blank control. Endothelial
permeability was evaluated by measuring trans-endothelial
electrical resistance (TEER) at 2-h intervals using the EVOM?2
epithelial Voltohmmeter (World Precision Instruments). Relative
TEER was expressed as follows: [(resistance in experimental
group) — (resistance in medium alone)]/[(resistance in untreated
HUVECs) - (resistance in medium alone)]; resistance was
expressed in ohms.

Statistical Analysis

All experiments were repeated at least three times with similar
results. All results were expressed as the mean =+ the standard
error of mean (SEM). Statistical significance of the difference
between two groups was calculated using the t-test and among
multiple groups by one-way ANOVA. GraphPad Prism5 software
was used to perform statistical analyses. P-values of less than 0.05
were considered statistically significant.

RESULTS

DENV Infection Activates IL-18 in

Humans and Mice

To determine whether DENV infection affects the level of
circulating IL-1p, blood samples of DENV-infected patients
(n = 15) and healthy individuals (n = 20) were analyzed
(Supplementary Tables 1,3). Serum level of IL-1B was
significantly higher in dengue patients than in healthy individuals
(24.44 = 0.68 pg/ml vs. 19.48 £ 0.42 pg/ml, P < 0.0001)
(Figure 1A). Infection of human PBMCs by DENV2(NGC) (Liu
et al., 2014; Zhu et al,, 2017) increased the expression of IL-1f
at the mRNA and protein levels (Figure 1B). DENV2(NGC)
E mRNA and infectious DENV2 (NGC) were confirmed by
qRT-PCR and plaque assays, suggesting that DENV successfully
infected PBMCs (Supplementary Figures 1A,B). The effect of
DENV2(NGC) infection on the secretion of IL-1f was then
evaluated in IFNAR™/~ C57BL/6 mice deficient in IFN-a/p
receptor (Beatty et al., 2015). IL-1p mRNA in blood cells and
IL-1B protein in the sera were higher in DENV2(NGC)-infected
mice (n = 8) than in mock-infected mice (n = 6) (Figure 1C).
The presence of DENV2(NGC) E mRNA in the blood cells of
mice was verified, suggesting that DENV successfully infected
DENV2(NGC)-infected mice (Supplementary Figure 1C).
The level of IL-13 mRNA and IL-1p protein in BMDMs of
C57BL/6 mice was increased after DENV2(NGC) infection
(Figure 1D). Infected BMDMs produced DENV2(NGC) E
mRNA and infectious DENV(NGC), suggesting that DENV
successfully infected BMDMs (Supplementary Figures 1D,E). In
all above-described experiments, LPS or LPS + ATP-stimulated
cells (Figures 1B,D) were used as positive controls. Collectively,
these results demonstrate that DENV induces IL-1f activation
in infected patients and human PBMCs, as well as in IFNAR™/~
C57BL/6 mice and BMDMs isolated from these animals.
These findings expand the conclusions of previous reports
(Hottz et al., 2013; Wu et al., 2013).

Different Strains of DENV Activate IL-18

in THP-1 Macrophages

Whether different strains of DENV2 affect the synthesis and
secretion of IL-1B was evaluated in macrophages generated by
PMA-induced differentiation of THP-1 cells (Park et al., 2007).
Infection by DENV2(NGC) resulted in the activation of IL-
1B secretion, Casp-1 p20 maturation, IL-1f pl7 processing,
and DENV2 NS3 production (Figures 2A,B). The increase in
the level of pro-IL-1p in cell lysates raised the possibility that
DENV infection could activate the NF-kB signaling pathway,
upregulating the expression of IL-1p mRNA. This mechanism
is supported by data shown in Figures 2C,D. The level of
procaspase-1 in cell lysates remained essentially unchanged, and
the significant increase in IL-1p and caspase-1 in the supernatant
resulted from the activation of NLRP3 inflammasome by DENV
infection (Figure 3). The NLRP3 inflammasome can cleave
procaspase-1 to generate active caspase-1, which, in turn,
can convert pro-IL-1f into active IL-1f. DENV2 (NGC) E
mRNA and the infectious virus were detected in infected cells
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FIGURE 1 | Dengue virus (DENV) infection activated interleukin (IL)-18 in patients and mice. (A) Blood samples were obtained from 15 DENV-infected patients and
20 healthy individuals. The serum level of IL-18 was measured by ELISA. Points represent the IL-1p value in each serum sample. (B) Human PBMCs were infected
with DENV2(NGC) for 12, 24, and 48 h (left), different concentrations of the virus (MOl = 1, 5, and 20) for 24 h (right), or treated with LPS (1 wg/ml) for 6 h. The
intracellular level of IL-18 mRNA was determined by gRT-PCR analysis (top), and IL-1p protein in cell culture supernatant was measured by ELISA (bottom).
(C) IFNAR~/~ mice were infected with DENV2(NGC) (n = 8) or mock-infected (n = 6), and blood samples were collected at 2, 4, and 6 days later. IL-1p mRNA in
blood cells was determined by gRT-PCR (top), and the serum level of IL-18 protein was measured by ELISA (bottom). Points represent the individual IL-18 value in
each serum sample. (D) Mouse BMDM s differentiated by GM-GSF were infected with DENV2(NGC) for 12, 24, and 48 h at MOI = 5 (left) or at different MOI (MOl = 1,
5, and 20) for 24 h (right), treated with LPS (1 jg/ml) for 6 h, or stimulated with ATP (10 mM) for 20 min. IL-18 mRNA was determined by gRT-PCR (top), and IL-18
protein was measured by ELISA (bottom). Mock: PBS or supernatant of C6/36 cells without DENV2 infection. The number of replicates equals 2 (A,C) or 3 (B,D).
Values are mean + SEM; ns, not significant; *, **, *** indicate P-values less than 0.05, 0.01, and 0.001, respectively.

(Supplementary Figures 2A,B). IL-183 mRNA and IL-1f8 protein  both DENV2(NGC) and DENV2(TSV01) activate synthesis,
were also induced upon infection by the TSVO01 strain of DENV2  maturation, and secretion of IL-1.
(Grantetal., 2011; Figures 2C,D). DENV2 (TSV01) E mRNA and

infectious virus were detected in infected cells (Supplementary .
Figures 2C,D). Importantly, LPS (Chen and Wang, 2002) was DENV Induces "—'16 Release via

not detected in mock solution and stocks of DENV2(NGC) Activating the NLRP3 Inflammasome

and DENV2(TSV01) (Supplementary Figure 2E), excluding IL-1f activation is regulated at two levels: the transcription of
the possibility that the observed effects could be caused by pro-IL-1p mRNA and the processing of IL-1f protein (Martinon
LPS contamination. Together, the results demonstrated that et al., 2002), and the maturation and release of IL-1f are
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FIGURE 2 | Different strains of dengue virus (DENV) activate interleukin (IL)-18 in THP-1 macrophages. (A,B) Macrophages differentiated from THP-1 cells by
phorbol-12-myristate-13-acetate (PMA) were infected with DENV2(NGC) for 6, 12, 24, 36, and 48 h at MOI = 5 (A) or at different MOI (MOl = 1, 5, and 20) for 24 h
(B) or treated with 2 M nigericin for 90 min. The secreted IL-18 was measured in cell supernatant by ELISA (top), and intracellular proteins (LYS) were analyzed by
Western blotting (WB) (bottom). (C,D) Macrophages differentiated from THP-1 cells by PMA were infected with DENV2 (TSVO1) for 12, 24, and 48 h at MOI = 5 (C) or
at different MOI (1, 5, and 20) for 24 h (D). IL-18 mRNA was determined by gRT-PCR (top), and IL-18 protein was measured by ELISA (bottom). Mock: supernatant
of C6/36 cells without DENV2 infection. N = 3 in all experiments. Values are mean + SEM. *, ** *** indicate P-values less than 0.05, 0.01, and 0.001, respectively.

controlled by inflammasomes (Swanson et al., 2019). Therefore,
experiments were performed to determine whether the NLRP3
inflammasome is involved in DENV-induced activation of IL-
1B. For this purpose, THP-1 cells stably expressing short
hairpin RNAs (shRNAs) attenuating the mRNAs of NLRP3
inflammasome components NLRP3, Casp-1, and ASC were

generated (Wang et al., 2017) (Supplementary Figures 3A-C).
The cells were then differentiated into macrophages and
stimulated with nigericin, an inducer of Casp-1 maturation
and IL-1P release, or infected with DENV2(NGC) (Ito et al.,
2012). Both types of stimulation increased IL-1B secretion,
IL-1B pl7 processing, and Casp-1 p20 maturation, but these
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FIGURE 3 | Dengue virus (DENV) infection induces interleukin (IL)-1B release by activating the NLRP3 inflammasome. (A) Macrophages differentiated from THP-1
cells by phorbol-12-myristate-13-acetate (PMA) stably expressing sh-RNAs, sh-NLRP3, sh-ASC, sh-Casp-1, or sh-NC were stimulated by 2 wM nigericin for 2 h
(left) or infected with DENV2 at MOI = 5 for 24 h (right). IL-1B protein in cell supernatant was measured by ELISA (top), and intracellular proteins (LYS) were analyzed
by Western blotting (bottom). (B) Macrophages differentiated from THP-1 cells by PMA were stimulated by 2 M nigericin for 2 h. IL-18 protein in cell supernatant
was measured by ELISA (top), and intracellular proteins (LYS) were analyzed by Western blotting (bottom). (C) Macrophages differentiated from THP-1 cells by PMA
were stimulated by 2 M nigericin for 2 h (left) or infected with DENV2 at MOI = 5 for 24 h (right). ASC oligomerization in cytosolic pellets cross-linked with
disuccinimidyl suberate (DSS) was analyzed by immunoblotting. (D) Macrophages differentiated from THP-1 cells by PMA were infected with DENV2 at MOI = 5 for
24 h. The subcellular localization of ASC (green) and DENV2 (red) was visualized with confocal microscopy. sh-NC: negative control vector containing scrambled
shRNA. Mock: macrophages treated with the supernatant of C6/36 cells without DENV2 infection. N = 3 in all experiments. Values are mean + SEM. *, **, ***
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effects were attenuated by stable expression of sh-NLRP3, sh-
Casp-1, and sh-ASC (Figure 3A). These findings indicate that
knockdown of NLRP3 inflammasome components attenuates
nigericin- and DENV2-induced IL-1f activation and caspase-1
maturation. Next, macrophages were derived from THP-1 cells
with VX-765, a specific inhibitor of caspase-1 (Stack et al., 2005),
and stimulated with nigericin or infected with DENV2(NGC).
Nigericin- and DENV2(NGC)-induced IL-18 secretion, IL-1f
(p17) processing, and caspase-1 (p20) maturation were all
inhibited by VX-765 (Figure 3B), indicating that caspase-1
has a critical function in the DENV-induced processing of IL-
18. NLRP3 recruits ASC to participate in the maturation of
caspase-1, and ASC oligomerization indicates the activation of
inflammasome (Swanson et al., 2019). As illustrated in Figure 3C,

nigericin and DENV2(NGC) induced oligomerization of ASC.
ASC was diffusely distributed in mock-infected macrophages but
formed small specks, indicative of oligomerization, in DENV-
infected macrophages (Figure 3D). Therefore, the possibility can
be raised that DENV?2 activates NLRP3 inflammasome to induce
IL-1B processing. These findings are consistent with an earlier
report (Hottz et al., 2013).

DENV Promotes IL-18 Release in
IFNAR-/~ C57BL/6 Mice

To determine whether a cause-and-effect relationship exists
between the activation of IL-1f and vascular leakage in vivo,
an IFNAR™/~ C57BL/6 mouse model was generated, and the
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animals were infected with DENV(NGC). These experiments
were performed since previous studies reported vascular leakage
in AG129 or STAT1~/~ mice infected with the DENV2(NGC)
strain (Johnson and Roehrig, 1999; Chen et al,, 2008; Sung
et al., 2019) and in IFNAR™/~ mice infected with the DENV2
(PLO046) strain (Beatty et al., 2015), but the effects of infection
of IENAR™/~ (C57BL/6 mice with the DEV2(NGC) strain
were not studied. In the present experiments, IFNAR™/~
C57BL/6 mice were treated with PBS (n = 6), infected with
DENV2(NGC) (n = 6), or injected intravenously with IL-
IRA (Collison, 2019) and then infected with DENV2(NGC)
(n = 6). While the body weight of mock-infected mice gradually
increased, DENV2(NGC)-infected mice lost weight from 1 to
6 days postinfection, and the body weight of DENV2(NGC)-
infected mice treated with IL-1RA increased from 1 to 3 days
postinfection and gradually decreased during the infection
(Figure 4A). The body weight of DENV2-infected mice treated
with IL-IRA was significantly higher than in the absence
of IL-1RA treatment (Figure 4A), suggesting that IL-1RA
may compensate for the loss of body weight induced by
DENV2. High levels of DENV2 E mRNA (Supplementary
Figures 4A,B), NS5 mRNA (Supplementary Figures 4C,D),
and viral copies (Supplementary Figures 4E,F) were detected
in DENV2-infected mice serum and tissues, including heart,
liver, spleen, lung, kidney, large intestine, and small intestine,
but were not identified in mock-infected mice. These data
indicate that the virus successfully infected the host organism.
Interestingly, the levels of DENV E mRNA, NS5 mRNA, and viral
copies were lower in DENV2-infected mice treated with IL-1RA
than in untreated infected mice (Supplementary Figures 4A-F),
suggesting that IL-1RA may inhibit DENV2 infection. At 4 days
after the infection with DENYV, blood level of IL-1f and TNF-a
mRNA and protein was increased (Figures 4B,C) in DENV2-
infected mice and DENV2-infected mice treated with IL-1RA but
not in mock-infected mice. Moreover, IL-1p was upregulated in
the heart, liver, spleen, lung, large intestine, and small intestine
of DENV2-infected mice but not in the organs of mock-
infected mice or DENV2-infected mice treated with IL-1RA
(Figure 4D). Together, these results demonstrate that DENV
activates the synthesis and secretion of IL-1f and TNF-a in
IFNAR™/~ C57BL/6 mice.

DENV Induces Tissue Injury and Vascular
Leakage in Mice

In agreement with the above results, inflammatory cell infiltration
and tissue injury were present in organs of DENV2-infected
C57BL/6 mice but not in organs of mock-infected mice
(Figure 5A). Notably, in the spleen of DENV2-infected mice,
but not in the spleen of infected mice treated with IL-1RA,
the boundaries between the red and the white pulp were
disrupted, and the number of lymphatic nodules and pulping
cells was increased, resulting in a significant infiltration of
lymphocytes into the red pulp region (Figure 5A). The spleen
weight and size in infected mice were significantly higher
than in mock-infected mice or infected mice treated with IL-
1IRA (Figures 5B,C). Given the major function of the spleen

in the immune system (Mebius and Kraal, 2005), DENV2-
induced surge of inflammatory cytokines might have generated
considerable damage to the spleen. Thus, the results appear to
indicate that DENV2 induces IL-1p secretion and inflammatory
responses in mice and may contribute to inflammatory cell
infiltration and tissue injury after DENV infection in mice.
Additionally, the intensity of Evans blue dye in the liver, spleen,
lung, kidney, large intestine, and small intestine of DENV2-
infected mice was significantly higher than in mock-infected
mice or DENV2-infected mice treated with IL-1RA (Figure 5D).
These results probably suggest that DENV2 infection in mice
induces inflammatory response and vascular leakage by an IL-
18-dependent mechanism.

Recombinant IL-1f Protein Induces

Vascular Leakage in Mice

Finally, the effect of IL-18 on endothelial cell permeability was
examined in vitro to demonstrate whether IL-1f can directly
induce vascular leakage. For this purpose, HUVECs were treated
with recombinant human IL-1f protein or preincubated with
human IL-1RA (Descamps et al, 2012), and the endothelial
permeability was determined by the measurement of TEER.
The magnitude of TEER level was reduced by the treatment
of cells with IL-1B, but this decrease was reversed in the
presence of IL-1RA (Figure 6A). Thus, IL-1f induces endothelial
hyperpermeability in HUVECs. However, it should be noted that
these in vitro experiments utilized concentrations of IL-1f higher
than those measured in DENV2-infected mice. Recombinant
IL-18 was intravenously injected into the caudal region of
C57BL/6 mice or preincubated with mouse IL-1RA through
intraperitoneal injection (Itani et al., 2016). The injection of IL-1f
or IL-1RA + IL-1f resulted in a significant increase in circulating
IL-18 mRNA and IL-1f protein in comparison with PBS-treated
mice (Supplementary Figures 5A,B), indicating that IL-1B was
successfully delivered. IL-1f-injected mice exhibited higher tissue
levels of IL-1p, barely detectable in the tissues of IL-1p + IL-1RA-
treated mice (Figure 6B). Similarly, infiltration by inflammatory
cells and tissue injury were present in the tissues of IL-1f3-treated
mice but not in IL-1RA + IL-1P-treated mice (Figure 6C).
The vascular leakage assay demonstrated that the intensity of
Evans blue was significantly higher in the tissues of IL-1B-treated
mice but relatively unaltered in the tissues of IL-1RA + IL-
1B-treated animals (Figure 6D), supporting the notion that IL-1f
induces vascular leakage in mice. Taken together, these results
demonstrate that IL-1B plays an important role in the induction
of inflammatory response and vascular leakage (Figure 7).

DISCUSSION

Immune dysfunction during DENV infection may cause life-
threatening hypovolemic shock resulting from the leakage of
vascular fluids, and the ensuing cytokine storm is thought
to contribute to the pathogenesis of DENV (Culshaw et al,
2017). While this process has been partially characterized, the
specific mechanisms governing cytokine regulation upon DENV
infection remain largely unknown. The current work provides
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FIGURE 4 | Dengue virus (DENV) promotes interleukin (IL)-1p release in IFNAR~/~ C57BL/6 mice. (A-D) IFNAR~/~ C57BL/6 mice were intravenously injected with
300 pl of DENV2(NGC) suspension at a dose of 1 x 10° PFU/mouse (n = 6), pretreated with intraperitoneal injection of 300 | of PBS containing 2 g of mouse
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determined by gRT-PCR (top), and IL-1p protein in the serum was measured by ELISA (bottom). Individual points represent the IL-18 value in each sample. (C) Blood
samples were collected at 2, 4, and 6 days postinfection. TNF-a mRNA in blood cells was determined by gRT-PCR (top), and TNF-a protein in the serum was
measured by ELISA (bottom). Individual points represent the TNF-a value in each sample. (D) Detection of IL-18 by immunohistochemistry in the heart, liver, spleen,
lung, large intestine, and small intestine after DENV infection. Black arrows indicated the immunostaining of IL-18. Mock: injection of the same volume of PBS. Data
represent two independent experiments. Values are mean + SEM; ns, not significant; *, **, *** indicate P-values less than 0.05, 0.01, and 0.001, respectively.
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Mock DENV DENV +
IL-1RA

experimental evidence of the activation of IL-1p synthesis and
secretion during vascular leakage in DENV-associated infection
and identifies IL-1RA as a potential agent for the prevention and
treatment of this infectious disease. Although it was previously
shown that DENV infection induces the production of IL-
1B (Hottz et al,, 2013; Wu et al,, 2013), the present findings

strengthen this conclusion by using samples from DENV patients
and a mouse model of DENV infection, primary cells isolated
from infected mice, PBMCs isolated from healthy individuals,
and in vitro cultures of human macrophages infected by two
different strains of DENV. Moreover, the obtained results show
that DENV increases the serum concentration of IL-1p in both
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FIGURE 6 | Recombinant interleukin (IL)-18 induces vascular leakage in mice. (A) Confluent monolayers of human umbilical vein endothelial cells (HUVEC) were
grown on polycarbonate membrane system and treated with different concentrations of recombinant human IL-1p protein for 48 h or preincubated with IL-1RA
(1,000 ng/ml) for 1 h. Endothelial permeability was evaluated by the measurement of trans-endothelial electrical resistance. (B-D) C57BL/6 mice received tail vein
injection of 300 pnl PBS (control group, n = 8) or injection of 300 wl of PBS containing 0.2 g of recombinant mouse IL-18 protein (IL-18 group n = 8) or were
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liver, spleen, lung, large intestine, and small intestine was analyzed by immunohistochemistry. Black arrows indicate the immunostaining of IL-1B (B). Histopathologic
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mean + SEM; *, **, *** indicate P-values less than 0.05, 0.01, and 0.001, respectively.
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patients and mice, strongly suggesting that DENV activates
IL-1B in vivo.

IL-1f is an essential proinflammatory cytokine acting as a
fever-inducing pyrogen in the host (Kugelberg, 2016; Leake,
2019). In vivo, the NLRP3 inflammasome is required for IL-1f
processing, with caspase -1 and ASC oligomerization mediating
IL-18 maturation and secretion. As a crucial element of the
innate immune system, the NLRP3 inflammasome is not only an
important component in host defense against pathogens (Allen
et al., 2009; Wang et al, 2018; Negash et al., 2019) but is
also involved in the progression of several inflammatory human
diseases, such as gout and type 2 diabetes (So and Martinon,
2017; Wu et al,, 2018). Additionally, DENV infection triggers
the assembly of the NLRP3 inflammasome in platelets, further
contributing to increased vascular permeability by synthesis and
release of IL-1f (Hottz et al., 2013). However, the mechanism
underlying the relationship between enhanced inflammatory
response and loss of vascular barrier integrity has not been
addressed in vivo. The current work utilized the IFNAR™/~

C57BL/6 mouse model of DENV infection, and documented
high serum levels of inflammatory factors IL-18 and TNF-o were
abundantly expressed in sera. IL-1p was also highly expressed
in different organs, including heart, liver, spleen, lung, large
intestine, and small intestine. These alterations in the expression
and distribution of cytokines were accompanied by a significant
change in vascular permeability. Importantly, IL-1RA alleviated
the damage produced by inflammatory factors, demonstrating
that IL-1p may have an important role in the pathogenesis of the
dengue disease in a TNF-a-independent manner. The obtained
results provided also evidence of the induction of vascular leakage
in human HUVEC and C57BL/6 mice by recombinant IL-1f.
Conversely, competitive binding of IL-1f receptor by IL-1RA
ameliorated IL-1p-induced damages.

In conclusion, during DENV infection, the virus promotes
the oligomerization of ASC and the assembly of inflammasome,
facilitating the synthesis and secretion of IL-1f, and, thereby,
activating inflammation, which may lead to vascular leakage.
Thus, the presented investigation identified the contribution
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of IL-18 to DENV-associated pathology and established a
possible direct link between IL-1f and vascular leakage. These
findings suggest that IL-1p is an essential part of the complex
immunopathological nature of severe dengue, and targeting this
cytokine may be used in the prevention and treatment of DENV-
associated diseases.
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The acute inflammatory lung injury is an important cause of death due to influenza A virus
(IAV) infection. Insulin-like growth factor 1 (IGF1) played an important role in the regulation
of inflammation in the immune system. To investigate the role of IGF1 in IAV-mediated
acute inflammatory lung injury, the expression of IGF1 and inflammatory cytokines was
tested after IAV A/Puerto Rico/8/1934 (H1N1; abbreviated as PR8) infection in A549 cells.
Then, a BALB/c mouse model of PR8 infection was established. On days 3, 5, 7, and 9
post-infection, the mice lung tissue was collected to detect the expression changes in
IGF1 mRNA and protein. The mice were divided into four groups: (1) PBS (abbreviation
of phosphate buffered saline); (2) PR8 + PBS; (3) PR8 + IGF1; and (4) PR8 + PPP
(abbreviation of picropodophyllin, the IGF1 receptor inhibitor). The body weight and survival
rate of the mice were monitored daily, and the clinical symptoms of the mice were recorded.
On day 5 post-infection, the mice were sacrificed to obtain the serum and lung tissues.
The expression of inflammatory cytokines in the serum was detected by enzyme linked
immunosorbent assay; lung injury was observed by hematoxylin-eosin staining; the viral
proliferation in the lung was detected by real-time quantitative PCR; and the protein
expression of the main molecules in the phosphatidylinositol-3-kinases/protein kinase B
(PIBK/AKT) and mitogen-activated protein kinase (MAPK) signaling pathways was detected
by Western blot. It was found that IGF1 expression is upregulated in A549 cells and
BALB/c mice infected with PR8, whereas IGF1 regulated the expression of inflamsmatory
cytokines induced by PR8 infection. Overexpression of IGF1 aggravated the IAV-mediated
inflammatory response, whereas the inhibition of IGF1 receptor reduced such inflammatory
response. The phosphorylation of IGF1 receptor triggered the PIBK/AKT and MAPK
signaling pathways to induce an inflammatory response after IAV infection. Therefore,
IGF1 plays an important immune function in IAV-mediated acute inflammatory lung injury.
IGF1 may provide a therapeutic target for humans in response to an influenza outbreak,
and inhibition of IGF1 or IGF1 receptor may represent a novel approach to influenza treatment.
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IGF1 Regulates Influenza-Induced Inflammation

INTRODUCTION

Influenza is an acute infectious disease caused by influenza virus
infection, which is primarily characterized by respiratory damage.
Moreover, it is associated with serious features (e.g., acute onset,
wide spread, strong contagiousness, and great harm), which
seriously threatens human health. Studies have shown that a
series of symptoms and consequences caused by the influenza
virus are not caused by the direct action of the influenza virus
itself but are rather due to the inflammatory injury caused by
the excessive activation of the immune response induced by an
influenza virus infection (Oda et al, 1989; Taubenberger and
Morens, 2006; Basler and Aguilar, 2008; Li and Cao, 2017). During
the process of an IAV infection, there are different cytokine waves
from the initial early responses of monocyte chemotactic protein-1
(MCP-1), interleukin-8 (IL-8), and interferon-alpha/beta/kappa
(IFN-o/p/x) to the later responses of IL-1a/f, IL-6, IL-18, tumor
necrosis factor-alpha (TNF-a), IFN type I, macrophage
inflammatory protein-1 alpha/beta (MIP-1a/B), MIP-3a, MCP-3,
and interferon-inducible protein-10 (IP-10), which are mainly
secreted by infected macrophages in the lower respiratory tract
(Julkunen et al., 2001; Xagorari and Chlichlia, 2008; Jewell et al.,
2010; Gu et al,, 2019). The modest cytokine response contributes
to the induction of antiviral and Thl-type immune responses in
the body; however, excessive inflammatory responses can
be harmful. For example, the main reason for the high pathogenicity
of the H5NI avian influenza virus is the exaggerated generation
and secretion of excessively high levels of pro-inflammatory
cytokines, known as a “cytokine storm” (Kobasa et al, 2007;
Allen et al,, 2009). In 1918, the “Spanish flu” also caused fatal
inflammatory damage to the lung tissue by triggering an overreaction
of the human immune response (Ocana-Macchi et al, 2009).
This inflammatory injury to the lung tissue is both an important
cause of death due to influenza virus infection and a major
cause of lung infections caused by severe acute respiratory syndrome
(SARS), sepsis, and aspiration pneumonia (Imai et al, 2005;
Nicholls and Peiris, 2005). Currently, immunosuppressive agents
(e.g., glucocorticoids) are often used in clinical practice to inhibit
inflammatory cytokine responses, thereby blocking disease
progression and improving the clinical therapeutic effect. The
literature reports that 51-69% of patients with severe HINI
influenza are treated with glucocorticoids, which have a specific
therapeutic effect (Aikawa et al., 2012); however, glucocorticoids
systemically inhibit the immune function of the infected individual.
Moreover, the long-term treatment with such medication can
induce or aggravate the infection, causing a variety of complications
and serious side effects (e.g., femoral head necrosis). Therefore,
it is imperative to develop a deep understanding of the pathogenesis
of influenza virus and to identify new strategies of treating
influenza more safely and effectively.

Insulin-like growth factor 1 (IGF1) belongs to the insulin-
like growth factor family, which also includes growth hormone
(GH), insulin-like growth factor II (IGF2), insulin-like growth
factor 1 receptor (IGFIR), insulin-like growth factor II receptor
(IGF2R), and insulin-like growth factor binding protein 1-6
(IGFBP1-6; Jogie-Brahim et al., 2009). This family plays an
extremely important role in the process of cell growth,

differentiation, and apoptosis (Stewart and Rotwein, 1996;
Granata et al, 2004). IGF1 mainly functions by binding to
IGFIR, a transmembrane protein composed of two a domains
and two P domains (Siddle et al., 2001). The a domain binds
to IGF1 to activate the p domain (Siddle et al., 2001). Since
the p domain has tyrosine kinase activity, it can promote the
phosphorylation of the substrate hepatocyte growth factor
(HGF), docking protein insulin receptor substrate (IRS), vascular
endothelial growth factor (VEGF), and growth factor receptor
binding protein 2 (Grb2; Wilden et al., 1992; Hubbard, 1997).
Some phosphorylated substrates activate the downstream
phosphatidylinositol-3-kinases/protein kinase B (PI3K/AKT)
and mitogen-activated protein kinase (MAPK) signaling pathways
to regulate a range of biological responses (Myers et al., 1992;
Egan et al, 1993).

Recent studies have found that IGF1 plays an important
role in the regulation of inflammation in the immune system.
IGF1 mRNA expression in the bronchial cells of asthmatic
patients was significantly higher than that of normal people
and was significantly associated with fibrosis in epithelial cells
(Hoshino et al., 1998). The associated mechanism is that IGF1
binds to the receptor and activates the PI3K/AKT signaling
pathway and induces Akt activation, which further activates
the downstream IL-17-mediated inflammatory pathway (Lee
et al., 2014). In addition, the levels of serum IGF1 protein in
patients with type 2 diabetes are significantly higher than those
in healthy people. Obesity is closely related to the pathogenesis
of type 2 diabetes, as long-term obesity will lead to IL-6 and
IL-17-mediated chronic inflammation (Cohen and LeRoith,
2012; Ge et al., 2013). In non-autoimmune inflammatory contact
dermatitis, IGF1 relieves the inflammatory response by recruiting
regulatory T cells to release the anti-inflammatory cytokine,
IL-10 (Johannesson et al., 2014). In the nervous system, IGF1
recruits anti-inflammatory proteins to protect nerve cells from
degeneration (Arroba et al.,, 2016). Other studies have shown
that IGF1 plays an important role in regulating the function
of lactating buffalo oocytes and preventing inflammation induced
by post-partum genital tract infections. A concentration of
50 ng/ml IGF1 acts on lipopolysaccharides (LPS; 1 pg/ml)-infected
buffalo granulosa cells, reducing the expression of the
inflammatory cytokines, IL-6, TNF-a, and IL-1B, as well as
decreasing Akt phosphorylation in PI3K/AKT signaling pathway
and extracellular-regulated kinase 1/2 (ERK1/2) phosphorylation
in the MAPK signaling pathway (Onnureddy et al, 2015).

However, whether IGF1 plays a significant role in mediating
inflammation and pathology during influenza infection and
its associated mechanism remains unknown. In this study,
we found that IGF1 mRNA and protein increased after influenza
virus infection. Overexpression of IGF1 aggravated cytokine
expression during infection by influenza, while blocking of
IGF1 production in mice treated with IGFIR inhibitor, decreased
immunopathology. The phosphorylation level of IGFIR was
elevated after influenza virus infection, triggering the PI3K/
AKT and MAPK signaling pathways to induce an inflammatory
response. Thus, IGF1 could regulate influenza virus-mediated
acute inflammatory lung injury, which may provide a therapeutic
target for humans in response to an influenza outbreak.
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MATERIALS AND METHODS

Cell Lines, Viruses, and Animals

The human alveolar epithelial cell line A549 is particularly
sensitive to influenza virus infection and has been widely used
as a good in vitro model to study influenza virus for nearly
20 years. The cell line A549 was purchased from the American
Type Culture Collection (ATCC, USA) and propagated in
Dulbecco’s Modified Eagle’s Medium (DMEM,; Life Technologies,
USA) supplemented with 10% fetal bovine serum (FBS; HyClone,
USA) at 37°C in a 5% CO, incubator.

The mouse adapted Influenza A virus (IAV) A/Puerto
Rico/8/1934 (HIN1; abbreviated as PR8) was kindly provided
by Prof. Shihui Sun (Beijing Institute of Microbiology and
Epidemiology) and propagated in 9- to 11-day-old SPF chicken
embryos. The allantoic fluid was collected and titrated to
determine the 50% tissue culture infection dose (TCIDs,) in
A549 cells and the median lethal dose (LDs;) in mice following
the Reed-Muench method (Reed and Muench, 1938).

Specific pathogen free (SPF) grade female BALB/c mice
aged 6-8 weeks (body weight: 18-20 g) were purchased from
the Experimental Animal Center of the Military Medical
Research Institute.

Construction of a Cellular Model for the
Overexpression/Inhibition of IGF1
Amplification of human IGF1 open reading frame (ORF;
Guangzhou GeneCopoeia Biotechnology Co., Ltd.) using primers
containing Xba I and Xho I restriction sites (Forward:
5'-TGCTCTAGAATGGGAAAAATCAGCAGTCT-3’; Reverse:
5'-CCGCTCGAGCTACATCCTGTAGTTCTTGT-3') ligated into
a pcDNA3.1 expression vector, constructing pcDNA3.1-IGF1.
The pcDNA3.1-IGF1 vector was transfected into A549 cells
with LiPO2000. The cell line overexpressing IGF1 was
screened with G418 (500 pg/ml). The human IGF1 shRNA
lentiviral particles (sc-37193-V) were purchased from Santa
Cruz Company.

mRNA Levels Detected by Real-Time
Quantitative PCR

The total cellular RNA was extracted using TRIZOL (Invitrogen,
Cat: 15596-026). The cDNA was synthesized by reverse
transcription using a TIANscript RT Kit (TIANGEN, Cat:
KR104), followed by quantitative PCR (qPCR) using SYBR
Premix Ex Taq II (TAKARA, Cat: RR820A). The primer
sequences that were used are presented in Table 1. When
detecting the viral proliferation in the lungs of mice, a real-
time fluorescent quantitative PCR probe method was used,
and the probe sequence was FAM-TGCAGTCCTCGCTCAC
TGGGCACG-BHQI. The primer sequence of matrix protein
1 (M1) was Forward: 5'-GACCRATCCTGTCACCTCTGAC-3';
Reverse: 5'-GGGCATTYTGGACAAAKCGTCTACG-3'. GAPDH
was selected as the internal reference, and the results were
analyzed using the 2724% method. The reaction conditions
were set as follows: step 1: 95°C for 30 s; step 2: 95°C for
55, 60°C for 30 s, 40 cycles; and step 3: dissolution curve analysis.

TABLE 1 | Quantitative PCR primer sequences for inflammatory cytokines.

Gene Primer 5'-3’

GAPDH-F AACGGGAAGCTCACTGGCATG
GAPDH-R TCCACCACTGTTGCTGTAG
IGF1-F TAAGGAGGCTGGAGATGTAT
IGF1-R CTCTACTTGCGTTCTTCA

IL-6-F AGCCCTGAGAAAGGAGACATG
IL-6-R GCAAGTCTCCTCATTGAATCCAG
IL-8-F TGTGGAGAAGTTTTTGAAGAGGG
IL-8-R CCCTACAACAGACCCACACAATAC
IL-10-F ACCTGCCTAACATGCTTCGAG
IL-10-R CTGGGTCTTGGTTCTCAGCTT
TNF-a-F TGGAGAAGGGTGACCGACTCAG
TNF-a-R GTTTGGGAAGGTTGGATGTTCG
IL-1B-F CCCAGAGAGTCCTGTGCTGAATG
IL-1p-R GAGAGCTGACTGTCCTGGCTGAT
CCL2-F GCTCGCTCAGCCAGATGCAATC
CCL2-R GCTTCTTTGGGACACTTGCTGC

Western Blot Detection of the Level of
Protein Expression

For the cultured cells, the total cellular protein was extracted
using the Whole Cell Lysate (Beijing ComWin, Cat: CW0074)
containing a protease inhibitor cocktail (Roche, Germany). The
protein was quantified using a bicinchoninic acid (BCA) Protein
Assay Kit (Beijing ComWin, Cat: CW0014), and a 30 pg protein
sample was obtained for polyacrylamide gel electrophoresis
(PAGE). The lung tissues from six mice of each group were
mixed and ground in liquid nitrogen, and then the total cellular
protein was extracted using the Whole Cell Lysate (Beijing
ComWin, Cat: CW0074) containing a protease inhibitor cocktail
(Roche, Germany). Protein was quantified using a BCA Protein
Assay Kit (Beijing ComWin, Cat: CW0014). A 50 pg protein
sample was obtained for PAGE and subsequently transferred
to a polyvinylidene fluoride (PVDF) membrane. The primary
antibodies of rabbit anti-glyceraldehyde phosphate dehydrogenase
(GAPDH) and goat anti-IGF1 (Abcam) were diluted to 1:2,000.
The secondary antibodies of horseradish peroxidase (HRP)-goat
anti-rabbit immunoglobulin G (IgG) and HRP-rabbit anti-goat
IgG (ZSGB-BIO) were diluted to 1:5,000. The signals were
detected using a Western HPR Substrate Peroxide solution
(Millipore). The quantification of Western blot analysis was
performed by using Image J software, and the protein expression
levels were normalized to GAPDH levels.

Level of Cytokine Expression Detection

The level of cytokine expression was detected using mouse
IGF1 ELISA Kit, IL-6 ELISA Kit, TNF-a ELISA Kit, IFN-y
ELISA Kit, and IL-1p ELISA Kit (all purchased from
R&D systems).

Viral Infection of A549

For viral infection, A549 cells were washed with phosphate buffered
saline (PBS) and subsequently infected with PR8 at the multiplicity
of infection (MOI) of 0.5 or 1.0 in infection medium, which
was DMEM supplemented 0.5 mg/ml N-p-tosyl-phenylalanine
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chloromethyl ketone (TPCK)-treated trypsin (Sigma, USA) and
0.3% bovine serum albumin (BSA; Sangon, China). After 1 h,
cells were incubated with fresh infection medium at 37°C for
the indicated times.

Infection, Monitoring, and Sampling

of Mice

BALB/c mice were intraperitoneally injected with sodium
pentobarbital (50 mg/kg), and the mice were induced into a
deep anesthetic state and administered a nasal inhalation of
phosphate buffered saline (PBS) or PR8 (diluted 10-fold, 30
pl/mouse, 50LDsy). In the PR8 + IGF1 group, IGF1 (20 pg/
kg, Peprotech) was intraperitoneally injected 6 h before infection,
and after infection, IGF1 was intraperitoneally injected every
24 h. The PR8 + PPP group was intraperitoneally injected
with the IGF1 receptor inhibitor, and picropodophyllin (PPP,
20 mg/kg, Selleck) 6 h before infection and after infection
PPP was intraperitoneally injected every 12 h. After the
continuous administration for 14 days, changes in the clinical
symptoms of mice were observed daily, and changes in the
body weight and survival were recorded. On days 3, 5, 7, and
9 after PR8 infection, six mice of each group were sacrificed
every time. The blood was taken by excising the eyeballs, and
the lung tissues were collected. The blood was kept at room
temperature for 1 h and centrifuged at 11,000 g for 15 min.
The serum was collected and aliquoted and stored at —80°C
for later use.

All animal experimental procedures were approved by the
Animal Care and Use Committee of the Academy of Military
Medical Sciences (AMMS; ID: SYXK2012-05) and were carried
out in strict accordance with the guidelines. All experiments
involving the live virus were performed in an approved biosafety
level 2 facility.

Lung Injury Conditions and Lung Index

After removing the whole lung tissue of the mice, damage to
the lung tissue was observed. The degree of lung injury visible
to the naked eye was dark red due to edema. The area ratio
of lung injury to the total lung tissue was estimated. Each
sample was estimated by at least three different individuals,
and the average was obtained. Finally, the lung injury area of
six mice in each group was counted. The wet weight of the
lung tissue was weighed. Lung index = lung wet weight/
body mass.

Data Analysis

All experiments were repeated at least three times. Data were
expressed as means + standard deviation (SD). The graphical
representation of the data was performed using GraphPad
Prism 5 software. The grayscale analysis of the Western blot
images was performed using Image ] software by comparing
the integrated density of the IGF1 band with the control
GAPDH. The statistical analyses were performed using SPSS
20.0 statistical software with two-tailed Students ¢ test for
two comparisons, *p < 0.05; **p < 0.01; and ***p < 0.001.
A p below 0.05 was considered statistically significant.

RESULTS

IGF1 Expression Is Upregulated in A549
Cells Infected With Influenza A Virus PR8
To detect the regulation of IGF1 by IAV, A549 cells were
infected with PR8 (10**® TCIDs/ml) at different multiplicity
of infection (MOI) of 0.1, 0.5, or 1.0, and the level of IGF1
mRNA and protein expression was detected at 12, 24, 48, and
72 h post-infection. As shown in Figure 1A, compared with
the Mock-infected controls, the level of IGF1 mRNA expression
in A549 cells increased gradually at 12, 24, and 48 h after
PR8 infection at a MOI of 0.5. The level of IGF1 mRNA
expression peaked at 48 h post-infection, which was 6.35 + 0.30
times higher than that of the Mock controls. The level of
IGF1 mRNA expression decreased slightly at 72 h post-infection
but still reached 4.23 + 0.18 times that of the Mock group.
As shown in Figure 1B, in A549 cells infected with different
MOIs of PR8, the level of IGF1 mRNA expression increased
following the increasing of MOI at 48 h post-infection. At a
MOI of 1.0, the level of IGF1 mRNA increased to 7.49 + 0.38
times that of the Mock group.

The level of IGF1 protein expression was also upregulated at
12, 24, 48, and 72 h post-infection of PR8 (Figure 1C) and
following the increasing of MOI at 48 h post-infection in A549
cells (Figure 1D). To compare the trend in IGF1 variability more
intuitively, the grayscale analysis of Figures 1C,D was performed
and plotted according to the ratio of the integrated density of
IGF1/GAPDH. Figures 1E,F show that the level of IGF1 protein
expression in the A549 cells following PR8 infection was consistent
with the level of IGF1 mRNA; however, such upregulation times
were lower than the level of mRNA. Compared with the Mock
group, the level of IGF1 protein expression peaked 1.82 times
at 48 h after PR8 infection at a MOI of 0.5 (Figure 1E). The
level of IGF1 protein expression was also increased following
the increasing of MOL At a MOI of 1.0, the level of IGF1
protein expression reached 2.26 times that of the Mock group
at 48 h post-infection (Figure 1F). The above results indicate
that IGFlexpression is upregulated in PR8-infected A549 cells.

IGF1 Regulates the Expression of
Inflammatory Cytokines in Response

to PR8 Infection

To investigate the role of IGF1 in the inflammatory response
to influenza virus infection, we established two stable A549
cell lines, in which IGF1 is overexpressed or inhibited. Using
pcDNA3.1-IGF1 to overexpress IGF1, Figure 2A showed that
the level of IGF1 mRNA was increased 15.28 + 1.84 times
that of the control group. The expression of IGF1 in the cells
was inhibited by lentiviral packaged shRNA (Lenti + shIGF1),
after which the level of IGF1 mRNA was reduced to 0.21 + 0.087
times that of the control group (Figure 2A). As shown in
Figure 2B, the level of IGF1 protein was also increased in
stable A549 cell line with pcDNA3.1-IGF1 and inhibited in
stable A549 cell line with Lenti + shIGF1. The stably transfected
A549 cell lines were infected with PR8 at a MOI of 0.5. After
24 h, real-time quantitative PCR (qPCR) was used to detect
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FIGURE 1 | IGF1 expression was upregulated in A549 cells infected with influenza A virus (IAV) PR8. (A) Changes in the level of IGF1 mRNA over time in PR8-
infected A549 cells (MOI = 0.5); (B) changes in the level of IGF1 mRNA over MOI in PR8-infected A549 cells at 48 h post-infection; (C) changes in the level of IGF1
protein expression over time in PR8-infected A549 cells (MOI = 0.5); GAPDH was used as loading control, and figures were representative of three independent
experiments; (D) changes in the level of IGF1 protein expression over MOI in PR8-infected A549 cells at 48 h post-infection; GAPDH was used as loading control,
and figures were representative of three independent experiments; (E) grayscale analysis of Figure 1C, and plotted as the ratio of the integrated density of IGF1/
GAPDH; (F) grayscale analysis of Figure 1D, and plotted as the ratio of the integrated density of IGF1/GAPDH. Data were the means + SD from three independent

Ratio of IGF1 mRNA to Control

ICF] | que e > <=

GAPDH

MOI: Mock 0.1 0.5 1.0

F

H
g

The Ratio of IGF1/GAPD

the changes in cytokine expressions [IL-6, IL-8, IL-10, monocyte
chemotactic protein-1 (MCP-1, or CCL2), TNF-a, and IL-1f],
which were related to the inflammatory response. The results
in Figure 2C showed that compared with the Mock controls,
the cytokine levels were significantly increased following PR8
infection in control cells (PR8 + pcDNA3.1-con group and
PR8 + Lenti + con group). IGF1 overexpression further increased
the level of cytokine mRNA expression, whereas the levels of
cytokine expression in the PR8-infected cells with IGF1 knocked
down (PR8 + Lenti + shIGF1) were significantly decreased
far lower than the PR8-infected control cell (PR8 + Lenti +
con group), as well as the uninfected Mock group. Especially
the lowest CCL2 and TNF-ao mRNA of PR8 + Lenti + shIGF1
group were downregulated to less than half that of the Mock
group. These results indicate that the overexpression of IGF1
aggravated the inflammatory response induced by influenza
virus infection, whereas the inhibition of IGF1 expression can
alleviate this inflammatory response.

IGF1 Expression Is Upregulated in Mice
Infected With IAV PR8

To detect whether influenza virus can also regulate IGF1expression
in vivo, IAV PR8 (diluted 10-fold, 30 pl/mouse, 50LDs,) was
intranasally inoculated into BALB/c mice. Mice were sacrificed
on days 3, 5, 7, and 9 post-infection to obtain mice lung
tissue and serum, and the samples of six mice in every group
were mixed. The level of IGF1 mRNA expression in the lung
tissue of mice was detected by qPCR. As shown in Figure 3A,
the level of IGF1 mRNA expression in the lung tissue gradually
increased at days 3, 5, and 7 after PR8 infection. On day 7
post-infection, IGF1 mRNA increased to 5.81 + 0.623 times
that of the control group and decreased slightly on day 9
post-infection. A Western blot was used to detect changes in
IGF1 protein expression in the lung tissue following PR8 infection
(Figure 3B). The grayscale analysis by comparing the integrated
density of the IGF1 band with the control GAPDH showed
that the trend in the level of IGF1 protein expression was
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FIGURE 2 | IGF1 regulates the expression of inflammatory cytokines in response to PR8 infection. (A) Q-PCR detection of IGF1 mRNA overexpression and
inhibition in stably transfected A549 cells; (B) Western blot detection of IGF1 overexpression and inhibition in stably transfected A549 cells; GAPDH was used as
loading control, and figures were representative of three independent experiments; (C) regulation of the intracellular inflammatory cytokines expression following PR8
infection (MOI = 0.5) after overexpression or inhibition of IGF1. Data were the means + SD from three independent experiments. *p < 0.05; **p < 0.01; **p < 0.001
vs. Mock by t test.
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FIGURE 3 | IGF1 expression is upregulated in BALB/c mice infected with IAV PR8. (A) Changes in the level of IGF1 mRNA over time in the lung tissue of BALB/c
mice infected with PR8 (50LDs); (B) changes in the level of IGF1 protein over time in the lung tissue of BALB/c mice infected with PR8 (50LDs); (C) grayscale
analysis of Figure 3B, and plotted as the ratio of the integrated density of IGF1/GAPDH; and (D) changes in the level of IGF1 mRNA expression over time in the
serum of BALB/c mice infected with PR8 (50LDs). The lung and serum sample were mixed from six mice in the group. Data were the means + SD from three
independent experiments. **p < 0.01 vs. PBS group by t test.
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consistent with that of the mRNA data (Figure 3C). The content
of IGF1 in the serum of mice was detected by enzyme linked
immunosorbent assay (ELISA). As shown in Figure 3D, compared
with the PBS control group, the content of IGF1 protein in
serum increased significantly on day 5 post-infection of PR8
and decreased on day 9. These results were also consistent
with the qPCR and Western blot findings.

IGF1 Regulates Acute Inflammatory Lung
Injury in PR8-Infected Mice

To detect whether IGF1 regulates acute inflammatory lung injury
in PR8 infection, BALB/c mice were tested as follow. BALB/c
mice were randomly divided into four groups: (1) PBS; (2)
PR8 + IGF1; (3) PR8+ PPP; and (4) PR8 + PBS. The PBS
group was intranasally inoculated with 30 pl PBS, whereas the
other three groups were intranasally inoculated with 30 pl
influenza virus PR8 (50LDs,). From 6 h before the inoculation
to day 14 post-infection, the mice in the PR8 + IGF1 group
were intraperitoneally injected with IGF1 protein (20 pg/kg/24 h);
PR8 + PPP mice were injected intraperitoneally with an IGF1

receptor inhibitor, picropodophyllin (PPP, 20 mg/kg/12 h); and
the PR8 + PBS group was injected with PBS (30 pl/24 h). The
clinical symptoms of the mice were observed daily for 14 days,
and changes in body weight and survival were recorded. Six
mice of each group were sacrificed at day 5 post infection of
PR8, and the serum and lung tissues of each group were collected
and mixed. The extent of lung injury and inflammatory cell
infiltration of the mice in each group was observed by histologically.
Changes in the level of serum cytokines were detected by ELISA.
A western blot was used to detect the changes in the expression
of major proteins in the IGF1/IGF1R-related signaling pathways.

There was no change in the general appearance of the PBS
control group mice. In the PR8 + PBS group, flu-like symptoms
began to appear on day 3 after PR8 inoculation, such as reduced
activity, ruffled fur, and slight weight loss. On day 5 post-
infection, these conditions worsened with 20% weight loss,
canthus secretion, hunched back. The symptoms of the
PR8 + IGF1 group were more severe than those of the PR8 + PBS
group, whereas the PR8 + PPP group displayed milder clinical
symptoms than that of the PR8 + PBS group (Figure 4A).

ot R

(C) survival rate of BALB/c mice after PR8 infection (50LDsg; n = 15).
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FIGURE 4 | Changes in the clinical manifestations, body weight, and survival rate of BALB/c mice following PR8 infection. (A) Clinical symptoms of BALB/c mice
after PR8 infection (50LDs) [(a) PBS; (b) PR8 + PBS; (c) PR8 + IGF1; (d) PR8 + PPP]; (B) changes in body weight in BALB/c mice after PR8 infection (50LDs); and
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Figure 4B showed that the body weight of the mice decreased  injury also increased from 0.38 + 0.042 to 0.78 + 0.069,
significantly on day 3 post-infection of PR8, and the body  approximately twice that of the control group. In the PR8 + PPP
weight of the mice on day 9 decreased to the lowest. Although  group, the lung index decreased to 1.393 + 0.032%, and the
the changes in body weight were similar between the PR8 + PPP lung injury area also decreased to 0.25 + 0.062, which were
group and PR8 + PBS group, the survival rate of the PR8 + PPP both lower than that of the PR8 + PBS group. As shown in
group was dramatically increased up to 75% compared with  Figure 5D, the lung structure of the mice in the PBS group
the survival rate of the PR8 + PBS group was only 25%, with ~ was clear, with intact pulmonary alveoli, clear alveolar septum,
the first death not occurring until the day 8 post-infection  and without hemorrhaging and inflammatory cell infiltration.
(Figure 4C). The first death in the PR8 + IGF1 group was The pulmonary alveoli of the PR8 + PBS, PR8 + IGFI, and
accelerated to day 5 post-infection, and all mice have succumbed ~ PR8 + PPP groups exhibited varying degrees of damage. The
to the infection by day 8. These findings indicated that the level of inflammatory cell infiltration in the lung tissue of the
intraperitoneal injection of IGF1 promoted the death of PR8 + IGF1 group was greater than that of the PR8 + PBS
PR8-infected mice, whereas the inhibition of IGF1 increased  group, and there was lower inflammatory infiltration in the
the survival rate of PR8-infected mice. PR8 + PPP group than the PR8 + PBS group.

Figure 5A showed that in IAV PR8-infected mice, the lungs Whether IGF1 regulates the viral replication of IAV, qPCR
exhibited differential degrees of damage, and the color of the  was used to detect changes of the viral matrix protein 1 (M1)
damaged parts changed from pink to dark red, with the presence  expression in the lungs of PR8-infected mice, which could
of edema. The extent of lung injury in the PR8 + IGF1 group indirectly reflect the viral load. The viral load in the lungs of
was significantly more severe than that of the PR8 + PBS the PR8 + IGFl group was significantly increased to nearly
group, as the lung color was darker, and the lesion area was  two-fold of the PR8 + PBS group (Figure 5E). However, the
larger. The degree of lung injury in the PR8 + PPP group viral load of the PR8 + PPP group and the PR8 + PBS group
was significantly less severe than that of the PR8 + PBS group.  was similar, indicating that IGF1 responded to influenza infection
Figures 5B,C showed that the lung index of uninfected mice  via the host immune response rather than targeting viral replication.
was approximately 1%. Compared with the PR8+ PBS group, The cytokine content in the serum of PR8-infected mice
the lung index of the PR8 + IGF1 group increased significantly =~ was detected. Figures 6A-D showed that there was a significant
from 1.953 £ 0.074 to 2.515 + 0.121%, and the area of lung increase in the serum inflammatory following PR8 infection.
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FIGURE 5 | Lung injury following PR8 infection in BALB/c mice. Groups of BALB/c mice (n = 6, females, 6-8 weeks) were intranasally infected with PR8 (50LDs),
treated with IGF1 or PPP, and at day 5 post-infection, the mice lungs were examined for changes in (A) morphology, (B) lung injury, (C) injury areas, (D)
histopathology, and (E) viral load. Data were the means + SD from three independent experiments. **p < 0.01 vs. PR8 + PBS group by t test.
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FIGURE 6 | Cytokine expression in BALB/c mice after PR8 infection. Groups of BALB/c mice (n = 6, females, 6-8 weeks) were intranasally infected with PR8
(50LDs), treated with IGF1 or PPP, and at day 5 post-infection, the mice serum were examined for changes in (A) IFN-y mRNA, (B) TNF-a mRNA, (C) IL-1p mRNA,
and (D) IL-6 mRNA. Data were the means + SD from three independent experiments. *p < 0.05; **p < 0.01 vs. PR8 + PBS group by t test.
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Moreover, the inflammatory cytokine levels in the intraperitoneal
injected IGF1 protein group were further increased, in which
IL-1pP was highly variable, and there was no statistical difference
with the PR8 + PBS group. The levels of inflammatory factors
IFN-y, TNF-q, IL-6, and IL-1f in the serum of the PR8 + PPP
group were significantly decreased, and IL-1p was lower than
that of the uninfected mice. The results further confirm that
IGF1 induced an inflammatory response following influenza
virus infection, which can be alleviated by inhibiting IGFI.

IGF1 Regulates Acute Inflammatory

Lung Injury in PR8-Infected Mice via

the PIBK/AKT and MAPK Pathways

To explore the mechanism by which IGF1 regulates acute
inflammatory lung injury induced by IAV infection, a Western
blot was used to detect the expression of molecules in key
signaling pathways in the lung tissue of PR8-infected mice
(50LDs, PR8). Each sample was from six mice in a group
and was tested for three times. Figures were representative of
three independent experiments. Figure 7A showed that the

phosphorylation level of IGFIR increased gradually following
PR3 infection, peaked at day 7 post-infection, and then decreased
slightly on day 9, which was consistent with the changes in
the trend of IGF1 protein expression (Figure 3B). Figures 7B-D
showed that the PI3K/AKT and MAPK signaling pathways were
activated following PR8 infection; p-AKT expression was
upregulated in the PI3K/AKT signaling pathway; and p-p38
and p-JNK expression were upregulated in the MAPK signaling
pathway. The levels of p-AKT and p-p38 expression were further
increased in the PR8 + IGF1 group. The expression level in
the PR8 + PPP group was between that of the PBS and
PR8 + PBS groups. There was no significant difference in the
level of p-JNK expression between the groups infected with
influenza virus. The results indicated that the administration
of IGF1 protein following influenza virus infection promoted
the activation of the PI3K/AKT and MAPK signaling pathway.
Intervention with the IGFIR inhibitor PPP inhibited influenza
virus mediated PI3K/AKT and MAPK signaling pathways. These
results suggest that IGF1 affected the expression of key proteins
associated with MAPK and the PI3K/AKT signaling pathway
in response to IAV-mediated inflammation.
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FIGURE 7 | Changes in the level of protein expression in the IGF1 signaling pathway. (A) Changes in the level of IGF1R and p-IGF1R protein over time in the lung
tissue of BALB/c mice infected with PR8 (50LDs); groups of BALB/c mice (n = 6, females, 6-8 weeks) were intranasally infected with PR8 (50LDs) treated with
IGF1 or PPP, and at day 5 post-infection, the mice lungs were examined for changes in (B) JNK and p-JNK protein, (C) p38 and p-p38 protein, and (D) Akt and
p-Akt protein. The lung sample was mixed from six mice in the group. Figures were representative of three independent experiments.
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DISCUSSION

In this study, we investigated that IGF1 played a significant
role in mediating inflammation and pathology during IAV
infection. IGF1 expression was upregulated in A549 cells and
BALB/c mice infected with PR8, which modulated inflammatory
cytokine expression. IGF1 overexpression aggravated influenza-
mediated inflammatory responses, whereas the inhibition of
IGF1 expression reduced such inflammatory responses. The
phosphorylation of IGFIR triggered the PI3K/AKT and MAPK
signaling pathways to induce inflammation. Thus, inhibiting
IGF1 or IGFIR expression to block downstream signaling may
be a novel treatment strategy for influenza infection.
Following an influenza virus infection, a series of
immunological responses are initiated. First, the host’s innate
immune system, consisting of interferon, cytokines, macrophages,
neutrophils, NK cells, and Dendritic cells (DCs), all rapidly
respond to the viral infection and activate adaptive immunity
(Gu et al, 2019). Although the innate immune response is
important, the host typically eliminates the viral infection with
the aid of the adaptive response (Bonilla and Oettgen, 2010).
In humoral immunity, neutralizing antibodies can prevent the
adsorption of the virus, via opsonization, and primarily interact
with extracellular free viruses (Murasko et al., 2002). Activated
Thl cells release various cytokines (i.e., IFN-y and TNF),
activate macrophages and NK cells to induce further
inflammatory reactions, and promote the proliferation and
differentiation of cytotoxic T lymphocytes (CTLs), which play
an important role in antiviral infection (Julkunen et al., 2001;

Farsakoglu et al., 2019). However, studies have shown that
while an inflammatory response helps to clear pathogens,
excessive inflammatory reactions do not only protect the host
organism but also cause the additional damage. Many studies
have shown that the cause of death from an influenza virus
infection is the pulmonary respiratory syndrome induced by
inflammation caused by an excessive reaction of the body’s
immune system (Blach-Olszewska and Leszek, 2007).

In the present study, changes in the level of IGF1 mRNA
and protein expression in A549 cells were detected. The results
showed that IGF1 mRNA and protein expression were
significantly altered following IAV infection. To further confirm
the important role of IGF1 in IAV-mediated inflammation and
the associated signaling mechanism, IGF1 protein was
administered as an intervention to PR8-infected mice. Compared
with the untreated infected mice, the infected mice administered
IGF1 displayed more severe clinical symptoms; in particular,
the serum levels of IFN-y, TNF-a, and IL-1p were significantly
increased, and lung damage was more serious. IGF1 is known
to function by binding to the receptor, IGF1R. In this study,
the IGFIR inhibitor PPP was used to inhibit IGF1R function,
thereby disrupting its downstream signaling capacity. By
monitoring the clinical symptoms and inflammation indicators
in mice, it was found that during the same period of viral
infection, when PPP was used to inhibit IGF1, the clinical
symptoms of mice were alleviated; the lung injury area of the
mice was reduced; the degree of lung injury was reduced; the
lung index was significantly decreased; the serum levels of
inflammatory cytokines IFN-y, TNF-a, IL-1p, and IL-6 were
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significantly decreased; and the survival rate increased from
25 to 75% compared with the untreated group. The viral
proliferation in the lungs of mice treated with IGF1 was
significantly increased; however, the viral proliferation of the
mice treated with PPP was similar to that of the PR8 + PBS
group. Thus, the inhibition of IGF1 only affects the immune
response but has no significant effect on IAV replication. Thus,
the inhibition of IGF1, rather than antiviral pathways that
affect viral replication, may provide a new therapeutic avenue
for influenza that limits detrimental inflammatory responses
to infection. This is consistent with the previously reported
effective treatments for influenza-mediated inflammation, which
prolong the survival of older influenza-infected individuals,
compared to those treated with antivirals (Pillai et al., 2016).

The inflammation-associated PI3K/AKT and MAPK signaling
pathways are known to be activated in response to influenza
virus infection (Dong et al., 2014; Hirata et al., 2014). Although
IGF1 primarily regulates cell growth and apoptosis through
the PI3K/AKT and MAPK signaling pathways, whether IGF1
plays a role in these pathways in the context of influenza
virus-mediated inflammation remains unknown. In this study,
a Western blot was used to detect the expression of key proteins
in the PI3K/AKT and MAPK signaling pathways. The results
showed that p-IGF1R was upregulated following PR8 infection;
p-AKT expression was upregulated in the PI3K/AKT signaling
pathway; and p-p38 and p-JNK expression were upregulated
in the MAPK signaling pathway compared with the PBS group.
The expression of p-AKT and p-p38 in the PR8 + IGF1 group
was higher than that of the PR8 + PBS group, and the expression
in the PR8 + PPP group was between that of the PBS and
PR8 + PBS group. There was no significant difference in the
level of p-JNK expression between the groups infected with
influenza virus. This suggested that IGF1 affected the expression
of key proteins associated with P38 in the MAPK and the
PI3K/AKT signaling pathways in the context of influenza virus-
mediated inflammation, which confirmed our hypothesis.
Therefore, we conclude that IGF1 expression is upregulated
following influenza virus infection, and IGF1 receptor
phosphorylation is elevated, triggering two signaling pathways
downstream of PI3K/AKT and MAPK to induce inflammation.
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In 2014 and 2015, the number of human cases of H5N1 avian influenza virus infections
had increased dramatically in Egypt. This increase might be related to increase in the
transmission potential of the virus among humans. To clarify the cause of the increase
in H5N1 human cases, we investigate the transmissibility of HSN1 viruses among
humans via estimating the basic reproduction number Ry using nucleotide sequences
and sampling dates of viruses. To this end, full-length hemagglutinin gene sequences
of human and avian H5N1 influenza viruses isolated from 2006 to 2016 in Egypt were
obtained from the NCBI influenza virus resource. Taking into account the phylogeny,
genetic distance, sampling time difference among viruses, Ry was estimated to be 0.05
(95% CI: 0.01, 0.13) assuming that human-to-human transmissions occurred within a
city, 0.23(95% CI: 0.14, 0.35) assuming human-to-human transmissions among cities.
Our results indicate that human-to-human transmission of H5N1 viruses in Egypt is
limited, and the large increase in human cases is likely attributed to other factor than
increase in human-to-human transmission potential.

Keywords: avian influenza, Egypt, H5N1, human-to-human transmission, Ry, statistical model

INTRODUCTION

The H5N1 avian influenza virus is of great concern to the public health in the world. According to
the World Health Organization (WHO), more than 860 human cases have been clinically diagnosed
as H5N1 infections in 17 countries by the 24th of June 2019 (World Health Organization [WHO],
2019). In 2009, the World Organisation for Animal Health (OIE) reported that H5N1 viruses
became enzootic in poultry populations in Bangladesh, Cambodia, China, Egypt, India, Indonesia,
Laos, Nepal and Vietnam (Tarantola et al., 2010). H5N1 viruses have occasionally transmitted to
humans and caused severe respiratory disorders leading to death (Yuen et al., 1998). Previous
studies have shown that H5N1 can acquire the ability to transmit in ferrets (Herfst et al., 2012;
Imai et al., 2012). Although the human-to-human transmission of the virus is limited, family
case clusters of H5N1 infections were reported from Sumatra (Yang et al., 2007), Cambodia
(Chea et al., 2014), Thailand (Ungchusak et al., 2005), China (Wang et al., 2008), and Pakistan
(World Health Organization [WHO], 2008).

H5NI1 influenza viruses were first identified in Egypt among poultry in 2006 (Aly et al., 2008) and
declared to be enzootic in 2008 (Kayali et al., 2016). The number of human cases in Egypt has been
increasing dramatically since 2014 (Refaey et al., 2015). Two-thirds of the human cases reported
in the world by 2019 were from Egypt (World Health Organization [WHO], 2019). The increase
in 2014 might be either related to increase in the transmission potential of the H5N1 virus among
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human populations or other factors. Furthermore, Arafa A. S.
et al. (2016) found that some H5N1 viruses isolated in Egypt
during 2014-2015 had the ability to be transmitted via respiratory
droplets between ferrets, although the transmission efficiency of
these H5N1 viruses in ferrets may be very low. However, in
the slight possibility that H5N1 viruses may acquire airborne
transmission in a natural environment, the identification of the
transmission potential of H5N1 viruses in humans is crucial to
improve the control measures that can be used to contain virus
spread in Egypt.

One way to estimate the transmissibility of infectious diseases
is by measuring the basic reproduction number (Ry), which is
defined as the average number of secondary cases originating
from a primary infected case in a whole susceptible population
(Vynnycky, 2010). To estimate Ry of avian virus infections in a
human population, the number of human cases and/or cases with
history of bird contact are frequently used (Nishiura et al., 2013).
However, the data on contact with poultry may not be accurate,
because data are biased by the recall bias or missing data. Lack
of epidemiological data is an obstacle for the estimation of Ry of
avian virus infections in a human population.

Recently, various types of epidemiological information have
been used to estimate Ry. Chong et al. used travel data, i.e.,
arrival times of infected cases in different countries (Chong et al.,
2017). Farrington et al. used age-stratified serological survey
data to estimate Ry of hepatitis A, mumps, rubella, parvovirus,
Haemophilus influenzae, and measles infection (Farrington and
Kanaan, 2001). On the other hand, Pybus et al. (2001) developed
a method to estimate Ry of an infectious disease using nucleotide
sequences of pathogens, showing nucleotide sequences have the
ability to infer the magnitude of infectious diseases transmission.

In this study, we assess the transmission potential of H5N1
viruses among humans in Egypt. We measure transmission
potential by Ry estimated from nucleotide sequences, sampling
time, and sampling location of H5N1 viruses isolated in Egypt
during 2006-2016.

MATERIALS AND METHODS

Sequence Data

Nucleotide sequences of the hemagglutinin (HA) gene of H5N1
influenza viruses isolated from humans and birds in Egypt were
downloaded from the NCBI Influenza Virus Database (Bao
et al., 2008). We selected full-length and nearly full-length HA
sequences in the database, and nucleotide sequences of HA of
73 human isolates and 531 avian isolates from 2006 to 2016
were obtained. For each nucleotide sequence we recorded the city
and the date where and when its virus was sampled. Thirteen
human sequences that lacked sampling date information were
excluded from subsequent analyses. The GenBank accession
numbers, strain names, sampling dates, and sampling locations
of nucleotide sequences used in this study can be found in the
Supplementary Table S1. For the clustering analysis described
below, p-distance (Nei and Kumar, 2000) among all pairs of
sequences were calculated. For each city where viruses were
sampled, the latitude and longitude of the city were obtained

from Egypt Cities Database in Simplemaps.Com (2019). Then,
geographical distances between cities were calculated using the
“geosphere” library in R software.

Phylogenetic Analysis

To visualize evolutionary relationships among Egyptian H5N1
viruses isolated from birds and humans, a phylogenetic tree
was constructed using HA sequences of avian and human
isolates. We used the maximum composite likelihood with
general time reversible substitution model in MEGA software
version 6.06 (Tamura et al., 2013) to construct the phylogenetic
tree. The genetic distance between two viruses are depicted
to be proportional to the summation of horizontal distances
of branches connecting them. Clade information of H5NI1
viruses are shown using different colors. Human viruses are
emphasized by marks.

Detection of Human Case Clusters in
Phylogenetic Tree

To find possible human-to-human transmissions, we first
identified clusters of human isolates in the phylogenetic tree.
Clusters of human isolates were identified as follows. Each human
isolate is considered to belong to a cluster. There may be a cluster
with a single virus, and we call such a cluster a singleton cluster.
Two human isolates are considered to belong to the same cluster
if they are connecting with one or two internal nodes in the
phylogenetic tree. Applying this criterion for all pairs of human
isolates, we get clusters of human isolates.

Estimation of Human-to-Human

Transmission Potential

To estimate the number of human-to-human transmission
events in an infection chain, we employ a mathematical model
describing human-to-human transmission. We hypothesized
all human index cases of H5NI1 viruses are avian-to-human
transmission. Let n be the number of avian-to-human
transmissions and S be the total number of human cases.
For an infectious chain i, which starts from an individual infected
from a bird and ends with a person who has not transmitted virus
to another person, let x; denote the number of individuals in the
infectious chain i. We assume the probability of observing the
“”-th chains with length x; follows a geometric distribution with
the “success” probability p, which is considered as the probability
of a human-to-human transmission. The likelihood function L
of human-to-human transmission probability p can be written as
follow:

L(psxi,....%n) :Hp""*l (1-p).
i=1

Since, the summation of x; over i is equal to the total number of
human cases S, the maximum likelihood estimate of p is given by,

Z:’:lxi—n_l n

D1 Xi §

Ry is the expected number of secondary cases from single case
in the entire susceptible population. Assuming that Ry is smaller

I’}:
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5=12

FIGURE 1 | An illustrative example of infection chains in our model. A virus
transmits from a bird to a human (broken lines) then transmits from a human
to another human and so on (solid lines). The x; represent the length of the ith
transmission chain.

than or equal to 1, the representative value for the estimate of Ry
can be given by, ;
Ry = p= 1 S .

Figure 1 illustrates an example of infection chains. In this
example, the number of avian to human transmissions, #, is eight.
The length of infection chains started from these avian-to-human
transmissions are three, two, two, one, one, one, one, and one, and
the total number of human cases, S, is 12. The Ry for this example
is calculated to be 1-8/12 = 0.33.

We calculate the confidence interval (CI) for the Ry estimate
using a likelihood ratio test. The critical value of Ry in our
analysis is 1.0, because no major epidemic will occur when Ry is
smaller than 1.0. Our method can applicable only for infections
in sporadic outbreaks and cannot be used for infections in an
endemic situation, since the length of transmission chain is
assumed follow the geometric distribution. All the analysis was
done using the statistical software R, and its R codes are available
in Supplementary Data Sheet S1. The detailed process of
statistical analysis is described in Supplementary Data Sheet S2.

Clustering Analysis Using Genetic
Distance, Sampling Time Interval, and

Geographical Distance

Possible human-to-human transmissions were identified using
criteria of genetic distance, sampling time interval, and
geographical distance. Figure 2 illustrates how our clustering
algorithm works with genetic distance and sampling time
interval. In this example, we have four viruses isolated from
humans. The d; on edges connecting two viruses represents
the genetic distance between corresponding viruses. The d;
on edges represents the sampling time interval between the
corresponding viruses. If we set genetic distance threshold to
0.02 and use only genetic distance as a criterion, then edges
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FIGURE 2 | An illustrative example of clustering analysis using two criteria.
The nodes A, B, C, and D represent viruses isolated from humans. The dgy on
each edge connecting two nodes represents the genetic distance between
corresponding viruses. The d; on each edge represents the sampling time
interval between the corresponding viruses. This example uses 0.02 as
clustering threshold for genetic distance and 7 days for sampling time interval.
A solid line represents a pair of viruses satisfying both criteria. A dashed line
represents a pair of viruses satisfying only the criteria for genetic distance.

A dash-dot line represents a pair of viruses satisfying only the criteria for
sampling time interval. A dotted line represents a pair of viruses which does
not satisfy with any of the criteria.

A-B, A-C, B-C, and C-D satisty the criterion and A, B,
C, and D are considered as a single cluster. The clustered
sequences were sorted by their sampling time and transmission
chains were reconstructed. We consider adjacent pairs in the
transmission chain as candidate transmission pairs. In this
case, we have 4 human cases and one transmission chain
and Ry is calculated to be 1-1/4 = 0.75. If we set the
sampling time interval threshold to 7 days and use sampling
time as another criterion in addition to the genetic distance
criterion, then A-B and B-C satisfy these two criteria, grouping
A, B, and C to the same cluster and making D to be a
singleton cluster. Then Ry is calculated to be 1-2/4 = 0.5.
We can extend this to work with geographical distance in
the same manner.

Sensitivity Analysis
To assess the robustness of the Ry estimate, we conducted
sensitivity analyses with respect to combinations of threshold
values for the genetic distance, sampling time interval, and
geographical distance. First, we varied genetic distance from
0 to 0.01 and calculated Ry and its 95% CIs. The 95%
CI was calculated using the likelihood ratio test method.
To obtain the distribution of sampling time interval and
geographical distance between candidate transmission pairs, we
used a fixed threshold for genetic distance between human
viruses at a p-distance of 0.004488. This p-distance value is
the between-households genetic variation, which is calculated
by adding the mean value of between-households genetic
distance and 1.96 times its standard deviation according to a
previous study (Thai et al., 2014). Sequences in the clusters
identified by phylogenetic analysis were also analyzed in
the same manner.

To investigate the effect of sampling time interval threshold
on the Ry estimate, we fixed the genetic distance threshold
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at the between-households genetic variation and varied
the sampling time threshold from 0 to 60 days, which
is a sufficient time for the infectious period of human
influenza. For the sensitivity analysis using geographical
distance, we fixed the genetic distance threshold at the
between-households ~ genetic  variation and varied the
geographical distance threshold from 0 to 700 km, which is
the maximum distance within human clusters identified from
genetic distance. We also conducted sensitivity analyses of
sequences in the clusters identified by phylogenetic analysis in
the same manner.

Estimation of Rg From Phylogeny,
Genetic Distance, Sampling Time
Interval, and Geographical Distance

To obtain representative estimates of Ry, we set threshold values
of genetic distance, sampling time interval, and geographical
distance. The threshold of genetic distance was set to 0.004488,
which is the genetic distance observed in the between-household
transmissions of HIN1 viruses (Thai et al., 2014). Threshold
of sampling time interval was set to 30 days, which is
the maximum value of the first cluster in the histogram of
sampling time intervals. Since maximum duration of viral
shedding is around 20 days (Loeb et al., 2012; Ng et al,
2016), the thresh hold of 30 days is an enough period
to capture human-to-human transmissions. If it is assumed
that human-to-human transmissions occurred only within
household, we set the geographical distance threshold was
0 km (within a city), which is the geographical distance
between the same city.

RESULTS
Phylogenetic Analysis

A phylogenetic tree was constructed from HA sequences of
avian and human viruses isolated in Egypt from 2006 to 2016
(Figure 3). The phylogenetic tree has four major clades of
clade 2.2, 2.2.1, 2.2.1.1, and 2.2.1.2 (Arafa A. et al, 2016).
The 60 human sequences (cross and diamond marks) were
distributed on subtrees of clade 2.2 (blue), 2.2.1 (red), and 2.2.1.2
(light blue) while clade 2.2.1.1 (green) did not contain human
isolates, indicating that most avian-to-human transmissions were
attributed to the avian viruses of clade 2.2, 2.2.1, and 2.2.1.2.
From 60 sequences of human isolates, a total of 26 human clusters
were found from connecting patterns of human sequences in the
phylogenetic tree. Of these clusters, 12 were singleton clusters
(diamonds) and 14 have more than one human sequence. These
14 clusters (cross marks) are candidates of possible human-to-
human transmissions. The clade 2.2.1 has 9 candidate clusters
of human-to-human transmissions, clade 2.2.1.2 has 4, and
clade 2.2 has 1. Clade 2.2.1.1 has no candidate clusters for
human-to-human transmissions. In total, 34 human-to-human
transmission events were suggested from the phylogenetic tree.
Ry was estimated to be 1-26/60 = 0.57 with its 95% CI
from 0.44 to 0.69.

FIGURE 3 | Phylogenetic tree of the HA gene of HS5N1 avian influenza A
viruses isolated in Egypt. The tree was constructed with the maximum
composite likelihood with general time reversible substitution model in MEGA
software version 6.06. Tips of the tree represent reported viral sequences. The
genetic distance between two viruses are depicted to be proportional to the
summation of horizontal distances of branches connecting them. Human
viruses are emphasized by marks; human viruses identified in a human cluster
containing more than one human isolate were represented by cross marks.
Human viruses in a singleton cluster were represented by diamonds. Clade
information of HSN1 viruses are shown using different colors; clade 2.2 are
shown in blue, clade 2.2.1.1 in green, clade 2.2.1 in red, and clade 2.2.1.2 in
light blue.

Estimation of Ryg From Genetic Distance

Human isolates were clustered by genetic distances, and Ry
and its CI were calculated from the clustering results. Figure 4
shows the sensitivity of Ry estimate with respect to genetic
distance. In Figure 4A, clusters were identified using only
genetic distances among human viruses without using the
phylogenetic tree. Ry was estimated to be 0.00 with its 95%
CI from 0.00 to 0.032 when the genetic distance threshold was
0.00. Ry increased as the genetic distance threshold increased,
and Ry, was estimated to be 0.883 with its 95% CI from
0.79 to 0.95 when the genetic distance threshold was 0.01. Ry
was estimated to be 0.55 with its 95% CI from 0.42 to 0.67
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FIGURE 4 | Effect of genetic distance threshold on the estimate of Ry using genetic distance. (A) Human viruses were clustered by genetic distances. (B) Human
viruses were clustered by phylogeny and genetic distances.

when the genetic distance threshold was 0.004488, which is
the between-household genetic variation. In Figure 4B, clusters
were identified using phylogenetic tree of human and avian
viruses and genetic distances among viruses clustered together.
Ry was estimated to be 0.30 with its 95% CI from 0.19 to
0.42 when the genetic distance threshold was the between-
household genetic variation. Ry was estimated to be 0.53 with
its 95% CI from 0.41 to 0.66 when the genetic distance
threshold was 0.01.

Distribution of Sampling Time Interval
and Geographical Distance Among

Human Viruses

To determine the range of parameter values in the sensitivity
analysis of Ry estimate, we analyzed the distribution of the
parameters. The distribution of sampling time intervals and
geographical distances among candidate transmission pairs
were obtained by fixing the threshold for genetic distance
between human viruses at the between-households genetic
variation (Figure 5). Figure 5A shows histogram of time
intervals among candidate transmission pairs in the cluster
obtained using the between-households genetic distance
among human sequences. Figure 5B uses phylogeny and
the between-households genetic distance to obtain clusters
of human sequences. The time intervals of candidate
transmission pairs range from 0 to 149 days in clusters
identified using genetic distance and from 1 to 170 days
in clusters identified using phylogeny and genetic distance.
Figure 5C shows histogram of geographical distances among
candidate transmission pairs in the cluster obtained using
the between-households genetic distance. Figure 5D uses
phylogeny and the between-households genetic distance to
obtain clusters of human sequences. The geographical distances
of candidate transmission pairs ranges from 0 to 682.2 km
in clusters identified using genetic distance and ranges from
0 to 383.3 km in clusters identified using phylogeny and
genetic distance.

Estimation of Ryg From Genetic Distance
and Sampling Time Interval

Human viruses were clustered by genetic distances and
sampling time interval, and Ry and its CI were calculated
from the clustering results. Figure 6 shows sensitivity of
Ry estimate with respect to sampling time interval threshold
when genetic distance threshold was fixed at the between-
household distance. Figure 6A uses genetic distances and
sampling time intervals, and Figure 6B uses phylogeny and
genetic distances and sampling time interval among human
sequence clusters. Ry was estimated to be 0.55 (95% CI: 0.42,
0.67) without phylogeny and 0.30 (95% CI: 0.19, 0.42) with
phylogeny when the sampling time interval threshold was
220 days, and these values decreased as sampling time interval
threshold decreased. Ry was estimated to be 0.42 (95% CI:
0.30, 0.54) without phylogeny and 0.23 (95% CI: 0.14, 0.35)
with phylogeny when the sampling time interval threshold
was 30 days, which is the upper bound of sampling time
interval between-household transmissions (Loeb et al., 2012;
Ngetal,, 2016).

Estimation of Ry From Genetic Distance

and Geographical Distance

Human viruses were clustered by genetic distances and
geographical distances, and Ry and its CI were calculated
from the clustering results. Figure 7 shows sensitivity of Ry
estimate with respect to geographical distance threshold when
genetic distance threshold was fixed at the between-household
distance. Figure 7A uses genetic and geographical distances, and
Figure 7B uses phylogeny and genetic distances and geographical
distances among human sequence clusters. Ry was estimated
to be 0.55 (95% CI: 0.42, 0.67) without phylogeny and 0.30
(95% CI: 0.19, 0.42) with phylogeny when the geographical
distance threshold was 700 km, and these values decreased as
geographical distance threshold decreased. Ry was estimated to
be 0.15 (95% CI: 0.0751, 0.254) without phylogeny and 0.1
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(95% CI: 0.041, 0.1923) with phylogeny when the geographical
distance threshold was 0 km, which is the geographical distance
between the same city.

Estimation of Ry From Genetic Distance,
Sampling Time Interval, and

Geographical Distance

Using genetic distance threshold of 0.004488 and sampling time
interval threshold of 30 days, human viruses were clustered
by phylogeny, genetic distances, sampling time interval. Since,
we do not have any restriction on the sampling location,
this setting assumes that human-to-human transmissions can
occur among different cities. In this setting, fourteen human-to-
human transmissions were detected, and Ry was estimated to be
0.23(95% CI: 0.14, 0.35). If it is assumed that human-to-human
transmissions occurred only within household and we set the
geographical distance threshold was 0 km (within a city), which

is the geographical distance between the same city, three human-
to-human transmissions were detected. Based on this result, Ry
was estimated to be 0.05 (95% CI: 0.01, 0.13).

Supplementary Table S2 shows the estimates of Ry for
different combinations of genetic distance threshold, sampling
time interval threshold, and geographical distance threshold. The
upper bounds of 95% CI of our estimates of Ry using various
thresholds were below 1.0.

DISCUSSION

In this paper, to elucidate the cause of the rapid increase in
human cases of H5N1 influenza infections from 2014 to 2015
in Egypt, we have estimated the Ry of H5NI1 infections in
human population in Egypt using candidate transmission pairs
identified from the nucleotide sequences, infection time, and
geographic location of viruses. Sensitivity analysis shows that Ry
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is below unity, suggesting that major outbreak will not occur,
with broad range of threshold values of genetic distance, sampling
time interval, and geographical distance (Figures 4, 6, 7).
Using phylogeny, genetic distance, sampling time interval, and
geographical distance, we estimated Ry of 0.05 (95% CI: 0.01,
0.13) assuming that human-to-human transmissions occurred
within a city, 0.23(95% CI: 0.14, 0.35) assuming human-to-
human transmissions among cities, confirming previous studies
that suggest human-to-human transmission of H5N1 viruses
is rare in Egypt.

We have estimated the Ry of H5N1 infections in human
population in Egypt using candidate transmission pairs identified
from the nucleotide sequences, infection time, and geographic
location of viruses. The nucleotide sequences of H5N1 influenza

viruses were used to obtain candidate transmission pairs in
two different ways. The first approach makes clusters of human
viruses using genetic distances with respect to a given threshold
value. This approach does not use nucleotide sequences of avian
viruses. The second approach use a phylogenetic tree of influenza
viruses constructed from nucleotide sequences of humans and
birds and use genetic distance to divide clusters into transmission
chains. The second approach reduces a possibility that two
avian-to-human transmissions are clustered together. In fact, the
estimated values of Ry were smaller when we analyzed sequences
with phylogeny than without phylogeny (Figures 4A,B, 6A,B,
7A,B). There is a possibility that the Ry would further decrease
if we had more avian sequences similar to human viruses. In
sensitivity analysis, the effect of threshold values on Ry were
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smaller when with a phylogenetic tree (Figure 4B) than without
a phylogenetic tree (Figure 4A).

Sensitivity analysis of sampling time interval showed a large
effect on Ry between 0 days and 30 days (Figures 6A,B). Ry was
estimated as 0.22, 0.28, and 0.42 when the sampling time interval
threshold was 10, 20, and 30 days, respectively. It is known that
the sampling time interval of transmission period is less than
30 days. Sensitivity analysis of geographical distance showed a
large effect on Ry between Oand 150 km (Figures 7A,B). Ry
was estimated as 0.067, 0.12, 0.22, 0.27 when the geographical
distance threshold was 0, 50, 100, and 150 km, respectively.
These results indicate that the threshold of sampling time interval
and geographical distance are important variables to estimate Ry
using our data. We estimated Ry with combinations of different
threshold values for genetic distance, sampling time difference
and spatial difference as sensitivity analyses. In all analyses, the
upper bound of the 95% CI of Ry was below unity.

Although sensitivity of Ry against geographical distance is also
high, the setting of geographical distance to detect clusters of
human cases is not straightforward. Since several studies reported
that most human-to-human transmissions of H5N1 occurred
within their household (Ungchusak et al., 2005; Wang et al.,
2008; Centers for Disease Control and Prevention, 2015), the
threshold of geographical distance might be suitable to set 0 km,
i.e., human-to-human transmissions occurred only within the
same city. If this is the case, the Ry estimate is 0.05 (95% CI:
0.01, 0.13). However, the human cases of H5N1 in Egypt have
not been well-understood whether they occur within or between
household so far, and this assumption may underestimate Ry.
If we do not set any threshold of geographical distance, the Ry
estimate is 0.23 (95% CI: 0.14, 0.35). However, this setting may
overestimate Ry. This setting assumes that genetic distance and
sampling time difference are enough to determine the cluster of
human cases formed by only human-to-human transmission. If
multiple introductions of H5N1 viruses from avian to human
occur, this setting may lead to misinterpret them as human-to-
human transmission events. It is difficult to determine which of
the two representative estimates of Ry is more reasonable because
we cannot set the upper limit distance for human-to-human
transmissions. To estimate an accurate Ry, a detailed surveillance,
e.g., contact tracing, is required. Regardless of the settings for
threshold of geographical distance, the upper bound of the 95%
CI of Ry was below unity.

Several studies have estimated Ry of H5N1 influenza viruses
in human populations, most studies estimated Ry smaller than
unity, ranges from 0.06 to 1.14 (Ferguson et al., 2004; Yang
et al., 2007; Bettencourt and Ribeiro, 2008; Aditama et al., 2012;
Saucedo et al., 2019). Our estimate of Ry assuming transmissions
among cities, 0.23(95% CI: 0.14, 0.35), is comparable with most
of estimates from these studies.

Human cases of the highly pathogenic avian influenza
H5N1 had increased in 2014-2015, and three hypotheses for
this increase can be raised; the increase in (i) human-to-
human transmission potential, (ii) the susceptibility of humans
to infection with these H5NI1 viruses, (iii) avian-to-human
transmissions. The upper bounds of 95% CI of our estimates
of Ry using various methods were below unity, suggesting
that major outbreaks due to human-to-human transmission are

unlikely to occur in the current situation. Naguib et al. (2016)
showed that human infections of H5N1 in Egypt in 2014-2015
are statistically linked to the increased outbreaks in poultry.
This suggested that human cases were likely to be attributed
to avian-to-human transmissions, although the increase in the
susceptibility cannot be rejected. Furthermore, the distribution of
geographical distance between human cases show unclear trend
(Figures 5C,D), meanwhile, the distribution should be right-
skewed if most human cases are attributed to human-to-human
transmission. Sensitivity of Ry against geographical distance
suggests that the outbreak of H5N1 among birds in Egypt occurs
widely (diameter of the area is 200 km hypothesized from the
saturation of Ry estimate in Figures 7A,B with assuming that
human-to-human transmission is rare). The dramatic increase
in human cases in Egypt would be attributed to the increase in
the prevalence of H5N1 viruses among avian species, and avian-
to-human transmissions in wide regions of Egypt may explain
the unclear trend in the distribution of geographical distance
between human cases.

This study proposed a method to estimate human-to-
human transmissibility of zoonotic pathogens using nucleotide
sequences as well as temporal and geographic information of
infections. The integration of multiple types of data to the
analyses can lead a more accurate estimation than analysis using
a single type of data. However, there are some limitations in
this study. First, we did not include exposure history to birds
in our analysis. WHO reported 65 human cases from January
26 to March 3, 2015, of which 63 cases had exposure to poultry
or poultry markets, and the exposure history of one case was
still under investigation at the time of the report (World Health
Organization [WHO], 2015a). From March 3 to 31, 2015, there
were 37 human cases, of which all but one case had exposure to
poultry or poultry markets, and the exposure history of the one
case was still under investigation (World Health Organization
[WHO], 2015b). The inclusion of bird contact information
may change the estimates of Ry. There is no link between the
sequence data used in this study and exposure history data so
far, the improvement of surveillance system that can link them
is required to estimate an accurate Ry. Second, the number of
available sequences in the database is limited. There would be
difference in the sampling probability between human and avian
sequences. Assuming that the sampling probability in human
sequences is higher than that of avian sequences, we may have
overestimated the Ry. Third, we did not model movement of
hosts, both of human and avian due to the lack of data. Modeling
movement of hosts explicitly can improve accuracy of estimates.
Fourth, our method can applicable only for infections in sporadic
outbreaks and cannot be used for infections in an endemic
situation, since the length of transmission chain is assumed follow
the geometric distribution.

The small value of Ry estimate, i.e., below unity, suggests
that human-to-human transmission of H5N1 viruses in Egypt is
limited. The large increase in human cases in Egypt since 2014 is
likely attributed to other factors than the increase in human-to-
human transmission potential. Therefore the increase in human
cases should be attributed to the increase in avian-to-human
transmissions. A possible cause of the increase in avian-to-human
transmissions is the spread of the viruses in avian populations,
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which increase the chance of avian-to-human transmissions.
Another possibility is the increase in the susceptibility of humans
to infection with these H5N1 viruses due to virus evolution.
Thus, monitoring the spread and evolution of viruses in avian
population as well as those in human populations is required
to prevent major outbreaks of H5N1 infections among the
human population.
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Infections with commonly occurring Australian arthropod-borne arboviruses such
as Ross River virus (RRV) and Barmah Forest virus (BFV) are diagnosed routinely
by pathology laboratories in Australia. Others, such as Murray Valley encephalitis
(MVEV) and Kunjin (KUNV) virus infections may be diagnosed by specialist reference
laboratories. Although Alfuy (ALFV), Edge Hill (EHV), Kokobera (KOKYV), Sindbis (SINV),
and Stratford (STRV) viruses are known to infect humans in Australia, all are considered
‘neglected.’ The aetiologies of approximately half of all cases of undifferentiated febrile
illnesses (UFI) in Australia are unknown and it is possible that some of these are
caused by the neglected arboviruses. The aims of this study were to determine the
seroprevalence of antibodies against several neglected Australian arboviruses among
residents of Queensland, north-east Australia, and to ascertain whether any are
associated with UFI. One hundred age- and sex-stratified human plasma samples from
blood donors in Queensland were tested to determine the prevalence of neutralising
antibodies against ALFV, BFV, EHV, KOKV, KUNV, MVEV, RRV, SINV, and STRV. The
seroconversion rates for RRV and BFV infections were 1.3 and 0.3% per annum,
respectively. The prevalence of antibodies against ALFV was too low to enable estimates
of annual infection rates to be determined, but the values obtained for other neglected
viruses, EHV (0.1%), KOKV (0.05%), and STRV (0.05%), indicated that the numbers of
clinical infections occurring with these agents are likely to be extremely small. This was
borne out by the observation that only 5.7% of a panel of 492 acute phase sera from
UFI patients contained IgM against any of these arboviruses, as detected by an indirect
immunofluorescence assay. While none of these neglected arboviruses appear to be a
cause of a significant number of UFIs in Australia at this time, each has the potential to
emerge as a significant human pathogen if there are changes to their ecological niches.

Keywords: alphavirus, arbovirus, Australia, flavivirus, prevalence, Queensland, Ross River virus, undifferentiated
febrile iliness
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INTRODUCTION

Arboviruses, defined as viruses that replicate in both vertebrate
hosts and invertebrate vectors and which are transmitted between
vertebrate hosts by biting arthropods (such as mosquitoes,
ticks, sandflies, and midges), present a significant public
health risk in Australia and internationally (Wilder-Smith
et al, 2017). The recent epidemics and intercontinental
spread of hitherto obscure diseases such as chikungunya
and Zika have highlighted the significant threat to global
health security presented by emerging arthropod-borne viruses
(Gyawali et al, 2016). More than 75 arboviruses have been
identified in Australia (Centers for Disease Control and
Prevention, 2019), and while only a few of these are known
to cause disease in humans there are limited or no data
regarding the potential pathogenicity for humans of most others
(Gyawali et al.,, 2017b).

Although most infections caused by arboviruses are mild
or asymptomatic, those known to cause disease in humans
in Australia include Ross River (RRV) and Barmah Forest
(BFV), alphaviruses that elicit a debilitating and sometimes
chronic polyarthritis (Fraser, 1986; Phillips et al., 1990). The
flaviviruses Murray Valley encephalitis (MVEV) and West Nile
virus (Kunjin strain, KUNV) cause encephalitis, while dengue
viruses (DENV) cause a febrile illness and, less commonly,
haemorrhagic fever (French, 1952; Halstead et al, 1970;
Muller et al., 1986).

For almost a decade after the identification of RRV (Doherty
et al., 1963), only small numbers of patients were diagnosed
with a clinical infection with this agent because diagnostic
testing was available only in a research setting and using an in-
house methodology. Following the development and commercial
release of an enzyme-linked immunosorbent assay (ELISA) to
detect anti-RRV immunoglobulin IgM (Oseni et al., 1983), the
number of patients diagnosed annually rose from 50 to 200
during the 1980s and 4,000 to 9,000 in the present decade.
A similar but smaller increase in the number of cases of
BFV disease was observed when a commercial diagnostic assay
for that infection became available (Australian Government
Department of Health, 2019). Moreover, epidemic polyarthritis,
the disease caused by RRV infection, was made a nationally
notifiable disease in 1991 (Hargreaves et al, 1995). Clinical
infections with the viruses Edge Hill (EHV), Kokobera (KOKV),
KUNV, and MVEV can be confirmed in some reference
laboratories but only tests for suspected KUNV and MVEV
are performed in these specialised facilities on a routine basis
(Australian Government Department of Health, 2019).

Other Australian arboviruses, such as Alfuy (ALFV), Sindbis
(SINV), and Stratford (STRV), have been associated with human
disease (Doherty et al., 1969; Doherty, 1973; Hawkes et al., 1985,
1993; Boughton et al., 1986; Aaskov et al., 1993). However, each
is thought to cause mild symptoms and no outbreaks of disease
due to any of these have been reported in Australia (Australian
Government Department of Health, 2019). In the absence of
routine testing by all diagnostic laboratories for infection with
these remaining neglected alpha- and flaviviruses, it remains

possible that some patients with undifferentiated febrile illnesses
(UFIs) - fever without diagnosed cause — are experiencing an
infection with one of these ‘neglected’ viruses (Gyawali et al.,
2017a). A retrospective study in Western Australia, undertaken
from July 2000 to July 2003, identified 3,218 UFI cases (Ingarfield
et al.,, 2007). Another investigation, from July 2008 to June 2011,
conducted in a hospital in Far North Queensland found that
58.8% of patients with febrile illnesses received no definitive
diagnosis (Susilawati and McBride, 2014).

Many UFIs go undiagnosed because the aetiological agent
is novel or not known to cause human disease or because
the tests to diagnose the infection are not available or are not
sufficiently sensitive to be of clinical utility. The funding model
for diagnostic pathology in Australia restricts the likelihood
that a patient’s treating physician would request tests for
infection with a little-known arbovirus even if they have
considered one in their differential diagnosis (Gyawali et al.,
2016). This study aimed to determine rates of infection among
adult residents of Queensland with neglected alphaviruses and
flaviviruses - and to determine whether any of these are
associated with UFIs.

MATERIALS AND METHODS

Study Design, Samples, and Research
Setting

Two sets of samples were collected for this study. For the
first, 100 de-identified plasma samples (3-5 mL) from 50
female and from 50 male, age-stratified, adult (20-69 years)
Australian blood donors were provided by the Australian Red
Cross Blood Service (approved by the Australian Red Cross
Blood Service Human Research Ethics Committee, approval no.
12-03QLD-10). The samples were collected in 2015 throughout
the state of Queensland. The prevalence of anti-RRV IgG in
subjects from northern Australia observed by Aaskov et al.
(1981) was 28/62 (45.1%). If it is assumed that the infection
rate with neglected arboviruses is the same as that of RRV
infections, the minimum sample size (for blood donor samples)
required to detect the prevalence of such arboviral infections
with 95% confidence at 0.1 margin of error would be 96.
Hence, a sample collection of 100 was considered to provide
statistically valid data.

The second sample set consisted of 492 de-identified sera from
UFI patients, collected during January 2015 and December 2016
(during the Queensland wet season) by QML Pathology (Central
Queensland University Human Research Ethics Committee
approval no. H15/03-041). Inclusion criteria were that samples
were submitted to QML Pathology from febrile patients for a
variety of laboratory tests, including arbovirus serology, and with
clinical notes such as ‘fever; ‘fever of unknown origin, ‘pyrexia of
unknown origin, ‘viral studies, or ‘undifferentiated fever/febrile
illness.” Samples from patients with a laboratory diagnosis of
an autoimmune or neoplastic condition, or of an infection with
a bacterial, parasitic or viral agent - including RRV, BFV, and
DENV - were excluded.
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Determination of Background Infection
Rates With Australian Alphaviruses and
Flaviviruses Among Adults in

Queensland

Neutralisation tests with plasma from blood donors employed
the following prototype strains of viruses: ALFV MRM3929
(Whitehead et al., 1968), BFV BH2193 (Marshall et al., 1982),
EHV C281, KOKV CH112820, KUNV MRM16, RRV T48,
SINV MRM 39, STRV C338 (Doherty et al, 1963), and
MVEV MVE/1/1951 (French, 1952). Australian alphaviruses and
flaviviruses were reported to produce plaques on monolayers of
porcine stable equine kidney cells (PS-EK; Gorman et al., 1975)
but BFV did not do so in our experience. As all alphaviruses
of interest, including BFV, formed plaques on baby hamster
kidney (BHK-21) cells, the study employed PS-EK cells for
neutralisation tests involving flaviviruses and BHK cells for tests
involving alphaviruses.

Two hundred pL of plasma was inactivated by heating at 56°C
for 30 min, then diluted 1 in 10 in serum-free Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (Sigma-Aldrich,
St. Louis, MO, United States). This solution was mixed with an
equal volume of virus stock diluted to contain between 50 and
60 plaque forming units (pfu) and added to cell monolayers
at 37°C for 2 h to enable non-neutralised virus to adsorb to
cells. Two mL of 0.75% w/v carboxymethyl cellulose (CMC,
Sigma-Aldrich)/RPMI 1640 was then added and the plates were
incubated at 37°C in an atmosphere of 5% v/v COy/air for an
additional 2-4 days, depending on the virus being employed,
i.e, 2 days for alphaviruses and 4 days for flaviviruses. The
CMC medium was then removed and the cell monolayers were
fixed and stained with 0.05% w/v crystal violet (Sigma-Aldrich)
in formaldehyde (1% v/v) and methanol (1% v/v). Plasma
samples that reduced virus plaque numbers by > 50% were
recorded as reactive.

The prevalence of antibodies against each virus was plotted
against the age of the donors and the line of best fit
was determined by linear regression (Figure 1). The annual
infection rate was calculated from the slope of the line of
best fit. Given previous reports of cross-reactivity between
flaviviruses by polyclonal antisera (De Madrid and Porterfield,
1974; Calisher et al., 1989; Hall et al., 1990), and of mouse
monoclonal antibodies that recognise epitopes on the E1 or E2
proteins of multiple alphaviruses, e.g., 2A2C3 (Roehrig, 1986),
it is possible that plasma samples that recognised more than
one alphavirus or more than one flavivirus might represent
serological cross-reactivity, rather than be due to infections with
multiple viruses. Therefore, the results shown in Tables 1, 2
were analysed based on three different assumptions: (1) The
presence of neutralising antibody against any virus represented
an infection with that virus; ie., ignoring the possibility of
serological cross-reactions (Figure 1, line A); (2) Analyses
were performed with samples that neutralised only one virus;
i.e,, excluding all samples that may have contained cross-
reactive antibodies (Figure 1, line B); and (3) Each subject was
infected with only a single virus and it was the one against
which the highest neutralising activity was observed; i.e., all

other neutralising activity was due to cross-reacting antibodies
(Figure 1, line C).

Detection of IgM Antibodies Against
Australian Alphaviruses and Flaviviruses
in Acute Phase Sera From UFI Patients in
Queensland

A modification of the indirect immunofluorescence assay (IFA)
of Aaskov and Davies (1979) was employed to detect IgM
antibodies against a range of alphaviruses (BFV, RRYV, and SINV)
and flaviviruses (ALFV, EHV, KOKYV, KUNV, MVEYV, and STRV)
in sera from UFI patients. Briefly, 40 pL of a suspension of
virus-infected C6/36 cells (approximately 1.25 x 10* cells) was
aliquoted onto each well of a 12-well Teflon-coated IFA slide
(Cell Line Diagnostic, Thermo Scientific, Dreieich, Germany).
After allowing cells to settle, the liquid in each well was aspirated
and cells were air-dried (at room temperature for 15 min)
before being fixed in ice-cold acetone (2 min). Fifty pL of
serum from each UFI patient was diluted 1 in 20 in phosphate-
buffered saline (PBS), pH 7.2, and added to each spot on the IFA
slide containing infected cells before the slide was incubated at
room temperature for 45 min. Slides were then washed in PBS,
three times for 10 min each. Secondary antibody [FITC-labelled
polyclonal rabbit anti-human IgM (Dako, Glostrup, Denmark)],
was added to the cells and incubated at room temperature for 30—
45 min before undergoing three further washes in PBS. A glass
cover slip was placed over the slide and cells were viewed under
a UV microscope (Eclipse, Nikon, Minato, Japan) using phloem
illumination. Cells were considered to be infected if a clear green
fluorescent signal was observed in the cytoplasm.

In order to exclude the possibility that the apparent anti-
viral IgM reactions in IFAs were due to IgM rheumatoid
factor (RF) attaching to anti-viral IgG, all IgM-reactive samples
were tested for the presence of RF using a latex agglutination
assay, performed according to the manufacturer’s instructions
(Dutch Diagnostics, Zutphen, Netherlands). Briefly, 50 pL of
the UFI sample and one drop of RF-latex reagent were mixed
with a stirrer and then shaken at 100 rpm for 2 min. Semi-
quantitative assays were performed by making twofold dilutions
of serum in normal saline before being added to the RF-latex
reagent. The approximate concentration of RF was calculated
by multiplying the RF titre by 8 IU/mL, as suggested by
the manufacturer.

All IgM-reactive sera were then tested for the presence of
neutralising antibodies against the viruses recognised by IgM
antibody in the IFA assay, by the method described above.

RESULTS

Prevalence of Neutralising Antibodies to
Australian Alphavirues and Flaviviruses

in Blood Donors

Plasma samples from 63 of the panel of 100 donors neutralised
one or more of the arboviruses against which they were tested.
Thirty-eight samples neutralised one or more flavivirus (Table 1),
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FIGURE 1 | Prevalence of neutralising antibodies against arboviruses (A-H) in plasma obtained from blood donors. Analysis performed by plotting prevalence of
neutralising antibodies against age groups: Line A (squares), neutralising antibodies against any virus considered to represent an infection with that virus; i.e.,
ignoring the possibility of serological cross-reactions; Line B (diamonds), including samples that neutralised only one virus; i.e., excluding all samples which may have
contained cross-reactive antibodies; Line C (circles), each subject was infected with only a single virus and it was the one against which the highest neutralising
activity was observed; i.e., all other neutralising activity was assumed to be due to cross-reactive antibodies.
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TABLE 1 | Plasma samples that neutralised one or more Australian flaviviruses by fifty per cent or more (n = 100).

Sample identifier

Reduction in mean plaque count (per cent)

Viruses neutralised to similar levels*

KUNV (A) KOKYV (B) STRV (C) EHV (D) ALFV (E) MVEV (F)
482 79 2 26 40 57 0
347 70 48 39 15 21 6
992 63 56 60 33 21 18 A&B; A&C; B&C
475 63 56 3 38 11 A&C
104 62 3 24 13 2 46
689 61 34 67 6 38 36 A&C
839 61 12 14 24 23 12
429 56 37 41 50 29 43 A&D; D&F
569 56 51 a7 42 7 30 A&B; B&C; A&C
879 56 1 46 0 21 7 A&C
385 54 43 9 17 15
226 54 5 39 44 35 5 A&D
983 52 15 19 45 28 20 A&D
637 51 22 58] 9 29 48 A&C; A&F; C&F
793 51 2 33 4 20 29
262 51 30 31 12 46 0 A&E
26 50 43 66 41 18 62 C&F
864 50 44 35 515 27 9 A&B; A&D
518 50 63 0 4 18 32 A&B
601 45 61 24 52 46 54 B&D; A&D; D&E; E&F; D&F
541 40 59 47 31 7 39
754 17 57 29 21 16 12
633 24 51 50 36 60 61 B&C; B&E; C&E
199 17 51 48 10 24 27 B&C
151 44 10 52 44 24 36 A&C; C&D
141 47 60 19 34 7
522 5 3 63 10 27 10
902 1 27 50 20 16 0
321 1 16 90 8 33 25
933 37 44 52 57 34 1 B&C, C&D
361 —42 33 87 100 36 79
405 37 48 47 83 27 9
86 34 3 12 52 49 19 D&E
241 -39 39 42 91 51 57 E&F; C&E
452 33 48 35 50 63 51 B&D; B&F; D&F
611 0 8 2 4 69 14
488 15 7 9 14 61 31
184 34 26 17 31 24 50
#Total reactive 14 5 8 6 3 2

Values for reactive samples are shaded, with the darker shade notifying the most reactive. *There was no significant difference (p > 0.05, Student’s t-test) between the
neutralisation of the virus pairs indicated. *Numbers are based on an assumption that the subject had been infected with a single virus and it was the one against which

the highest neutralising activity (darker shade) was observed.

and for 21 of these reactive samples no single virus was
neutralised to a greater extent than all others (p > 0.05; Student’s
t-test). Samples 361 and 241 consistently enhanced the number
of plaques formed by KUNV.

Similarly, 51 of the 100 samples neutralised one or more
alphaviruses (Table 2). Of these, samples from 39 donors
neutralised RRV and eight neutralised BFV to a greater extent
than another; i.e., there was a significant difference between
the reductions in plaque count (p < 0.05). Only four samples
neutralised both RRV and BFV.

The prevalence of antibody to a virus increased with the
age of the donor, except for ALFV, but only with RRV, EHV,
and KUNV was there a significant linear association between
antibody prevalence and age (p < 0.05). If it is assumed that
each subject was infected with only a single virus and it was the
one against which the highest neutralising activity was observed
(assumption number 3, section ‘Materials and Methods’), the
annual infection rate calculated for viruses among blood donors
in Queensland were: RRV 1.3%, BFV 0.3%, EHV 0.15%, KUNV
0.15%, MVEV 0.1%, and STRV 0.05%.
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TABLE 2 | Plasma samples that neutralised one or more Australian alphaviruses
by fifty per cent or more (n = 100).

Reduction in mean plaque count (per cent)

Sample identifier = RRV BFV Sample RRV BFV
identifier

412 100.00 42.03 768 58.16 39.86
347 100.00 33.33 980 58.16 11.59
482 100.00 31.88 452 57.14 44.93
653 98.98 31.16 151 57.14 39.86
284 98.98 30.43 405 57.14 34.78
262 95.92 33.33 933 57.14 27.54
992 94.90 23.19 633 56.12 36.23
328 93.88 36.23 598 56.12 25.36
7 93.88 31.88 601 53.06 47.10
351 93.88 31.88 864 53.06 21.74
77 89.80 36.23 754 51.02 31.88
361 89.80 26.09 212 50.00 26.09
242 85.71 23.19 518 50.00 21.74
531 78.57 21.74 199 *89.80 55.07
26 77.55 46.38 241 *77.55 65.22
12 76.53 30.43 982 *77.55 55.07
385 70.41 17.39 541 54.08 *95.65
497 69.39 36.23 368 48.98 89.86
429 67.35 22.46 457 48.98 55.07
569 67.35 18.84 415 47.96 51.45
709 65.31 24.64 290 46.94 50.00
488 63.27 27.54 562 36.73 70.29
293 61.22 30.43 306 30.61 55.80
680 60.20 28.26 141 26.53 50.72
902 59.18 31.16 475 22.45 62.32
600 59.18 21.74

#Total reactive RRV 41; BFV 9

#The numbers are based on an assumption that the subject had been infected
with a single virus and it was the one against which the highest neutralising
activity (darker shade) was observed. *The value is significantly greater (p < 0.05,
Student’s t-test) than the corresponding value in the same row.

Prevalence of IgM Antibodies to
Australian Alphavirues and Flaviviruses

in Acute Phase Sera From UFI Patients
Four-hundred and ninety-two acute phase sera were obtained
from patients between 12 and 75 years of age (median of 45 years);
238 (48.4%) were male and 254 (51.6%) were female. Thirty-
two samples contained IgM antibody that reacted with C6/36
cells infected by either an alphavirus or a flavivirus, or by several
viruses. As the extent of cross-reactivity observed in these assays
to detect anti-arboviral IgM was unexpected (Calisher et al.,
1989), neutralisation tests were performed with each sample
against all of the viruses to which IgM appeared to be reacting.
The four samples (35, 91, 440, and 456 in Table 3) that failed
to neutralise any of the arboviruses, by > 50%, with which
they reacted in IFA were regarded as non-reactive and excluded
from subsequent analyses. Sample 456 consistently enhanced the
number of plaques formed by incubation with KUNV.
Twenty-eight of the 32 IgM-reactive samples (5.7% of 492)
neutralised one or more alphavirus or flavivirus (Table 3).

Of these, 16 samples (3.2% of 492) neutralised a single virus (2
RRYV, 3 BFV, 4 KUNYV, 3 KOKYV, 2 EHV, and 2 STRV). Twelve
IgM-reactive samples neutralised more than one virus with one
(331 in Table 3) neutralising both alphaviruses and flaviviruses.
Only two of the 28 (7.1%) arbovirus-neutralising sera contained
RF (274,64 IU/mL; 331,1104 IU/mL).

Estimates of numbers of clinical infections with these
viruses were made using a range of total infection to clinical
(symptomatic) infection ratios and the seroprevalence data
employing assumptions 3, section ‘Materials and Methods,
above (Table 4).

DISCUSSION

This study suggests that only a small proportion of UFIs in
Australia are caused by flaviviruses for which virological and
serological diagnostic testing is not performed on a routine
basis. The low clinical infection rate is supported by the low
rate of sub-clinical or inapparent infection with these viruses
among blood donors.

The annual RRV infection rate determined by our
investigation (1.3%) is in close agreement with that observed
by Doherty et al. (1966) (1.4 to 3.2% for residents of Cape
York Peninsula, North Queensland), by Doherty et al. (1968)
(1.5% for residents of Innisfail, Far North Queensland) and by
Aaskov et al. (1981) (1.4% for residents of Central and North
Queensland). Taken together, these results suggest that there have
been constant and continuous RRV infections in Queensland for
decades. Furthermore, these findings also indicate that there was
no major bias in the sampling of sera used in the current study.

The annual rate of infections with BFV (0.3%) and
its seroprevalence (9.0%) were similar to those reported
previously for Queensland residents [0.23% prevalence rate
and 6.5% seroprevalence (Phillips et al, 1990)]. However,
the seroprevalence was significantly higher (Chi-square test,
p < 0.05) than that reported previously in Australia by Faddy
et al. (2015) among blood donors in Queensland (2.9%), by Vale
et al. (1986) among blood donors on the south coast of New
South Wales (2.9%), by Hawkes et al. (1987) in inland (0.3%)
and coastal regions (6%) of New South Wales. Some of these
differences may reflect the sensitivities and specificities of the
various assays employed; e.g., the neutralisation test employed in
the current study and a commercial ELISA used by Faddy et al.
(2015), or the type of sample collection and hypothesis of the
particular study. While use of separate assay methodologies may
have influenced the differences in seroprevalence values observed
between Queensland and other states, it is also possible that both
the abundance and species of mosquito vectors at geographically
distant localities played a role (Webb et al., 2016).

The prevalence of antibodies against several neglected
flaviviruses suggested they are associated with human infection.
This conclusion is broadly in line with prior reports from
Queensland (Doherty, 1973), New South Wales (Hawkes et al.,
1985, 1993), and Victoria (Williams et al, 2013). In the
present investigation annual seroconversion rates for flaviviruses
(EHV 0.15%, KOKV 0.05%, MVEV 0.10%, and STRV 0.05%)
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TABLE 3 | Recognition of Australian alphaviruses and flaviviruses by IgM antibody in sera from UFI patients in indirect immunofluorescence assays.

Identifier Age/Sex Recognition of virus by IgM antibody
(R, reactive; N, non-reactive)

RRV BFV SINV ALFV EHV KOKV KUNV MVEV STRV
323 31/F R (99) N N N N N N N N
274 47/M R (98) N N N N N N N N
220 35/F N R (66) N N N N N N N
152 43/F N R (51) N N N N N N N
424 41/F N R (57) N N N N N N N
425 27T/M N N N N (10) R (57) N N N N
103 39/F N N N N R (50) N N (13) N N
88 40/F N N N N N (44) R (74) N (36) N N
432 29/M N N N N (29) N (13) R (54) N N N
43 32/F N N N N N R (59) N N N
86 36/F N N N N N N (12) R (51) N N
259 49/M N N N N N N R (53) N N
474 34/M N N N N N N R (50) N N
215 43/F N N N N N N R (57) N N
347 75/F N N N N N N N N R (88)
1 35/M N N N N N N N N R (87)
14 46/F N N N N N R (71) R (63) N N
468 22/F N N N N N R (73) N R (55) N
47 66/M N N N R (89) N N N R (95) N
33 18/M N N N R (65) N N N N R (*98)
148 70/M N N N R (78) R (55) R (59) N N N
253 61/F N N N R (74) R (66) N N R (*87) N
257 51/F N N N R (64) N R (65) N R (*79) N
299 32/M N N N R (568) N N N R(72) R (87)
305 48/F N N N N N R (*74) N R (65) R (58)
79 64/F N N N R (77) R (74) R (83) N R (77) N
185 20/M N N N R (71) N R (78) N R (83) R (*95)
331 56/M R (84) R (*98) N R (58) N R (65) N (20) N N
91 53/M N (24) N (7) N N N N N N N
35 25/F N N (27) N N N N N N N
456 45/F N N N N (29) N (27) N N (—36) N N
440 12/F N N N N N N N N N (8)

Values for reactive samples are shaded, with the darker shade notifying the most reactive. The neutralisation (per cent) of viruses recognised by IgM antibodies, identified
by the patient serum, is shown in parenthesis. *Neutralisation value is significantly greater (o < 0.05, Student’s t-test) than any other values within the same row (i.e., for

the same serum sample).

(Figures 1A-E) were significantly lower than those that have
been determined for the alphaviruses RRV and BFV. However,
an annual seroconversion rate for KUNV of 0.3% is similar to
that for BFV. This overall disparity between rates of infection
with alphaviruses and flaviviruses might reflect differences in
their transmission cycles, particularly the vectors and reservoirs
that are involved.

Kunjin shares a number of epidemiological characteristics
with MVEYV, including reservoir hosts (wading birds, particularly
the rufous night heron; Nycticorax caledonicus) and mosquito
vector species (particularly the common banded mosquito; Culex
annulirostris) (Evans et al., 2009; Prow, 2013). However, in this
study, antibodies against KUNV were more prevalent than those
against MVEV among, predominantly, urban dwelling blood
donors. This is in contrast to the observations of Doherty et al.
(1959) in Far North Queensland, where approximately 50% of the

residents of one aboriginal community had antibodies to MVEV
but only 8% possessed anti-KUNV antibodies. Lower rates of
infection with MVEV compared to those reported by Doherty
et al. (1959) may reflect the transitory presence of the putative
hosts of MVEV in nature, migratory water birds (Kingsford
and Thomas, 1995). It may also reflect greater transmission of
MVEY at the more northern latitude of Doherty’s study than that
which occurs elsewhere in the state of Queensland, from where
the samples for this study were acquired. The most northerly
part of Queensland from which samples were collected for this
study was Cairns, which is 500 km south of Doherty’s study
site. In Western Australia also, MVEV transmission is more
common in the northernmost Kimberley region than in the
more southern central Pilbara region, where KUNV is most
prevalent (Prow, 2013). Moreover, both annual and longer-term
alterations in rainfall and climate patterns in the 60 years since the
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TABLE 4 | Estimates of subclinical and clinical infection rates with Australian arboviruses in the Queensland population using the annual infection rates determined

from this study.

Virus *Annual infection Estimated annual Assumed clinical infection rate Clinical infections Average annual number
rate per cent per number of infections (clinical/total infection rate) estimated annually of cases reported
annum

RRV 1.3 63,960 20% 12,792 2,779
10% 6,396
5% 3,195
1% 639

BFV 0.3 14,760 20% 2,952 857
10% 1,476
5% 723
1% 148

ALFV 0.2 9,840 20% 1,968 NA
10% 984
5% 492
1% 98

EHV 0.15 7,380 20% 1,478 NA
10% 784
5% 362
1% 73

KOKV 0.05 2,460 20% 492 NA
10% 246
5% 123
1% 24

KUNV 0.3 14,760 20% 2,952 4
10% 1,476
5% 738
1% 148

MVEV 0.10 4,920 20% 984 1
10% 492
5% 246
1% 49

STRV 0.05 2,460 20% 492 NA
10% 246
5% 123
1% 24

2017 census of Queensland estimated 4.92 million population. * The values presented are the annual infection rate per annum for each virus determined in this study. NA,

data not available.

publication of Doherty’s data may have altered the transmission
rates of KUNV and MVEYV in Queensland (Prow, 2013). Further
investigation is required to substantiate our finding of a potential
emergence of KUNV in north-east Australia. The number of
sera containing anti-ALFV antibodies were too small to detect
an increase in the prevalence of anti-ALFV antibodies with
increasing age of the blood donors, even if it was occurring,
suggesting that ALFV infections may occur sporadically rather
than on a regular basis.

Confounders of the observed seroprevalence of anti-flavivirus
antibodies were the failure to test for anti-DENV antibodies and
the possibility that blood donors had been vaccinated against
either yellow fever or Japanese encephalitis. However, neither
yellow fever nor Japanese encephalitis is endemic to Australia
so immunisation would be recommended only in the event of
international travel. Use of these vaccines among the Australian
population, especially in regional communities, is assumed to

be very low and this is unlikely to have influenced the results
obtained. There are both locally acquired DENV infections
and large numbers of Australian tourists returning with DENV
infection acquired overseas. However, few, if any, of the levels
of anti-flavivirus neutralising activity detected among plasma
from blood donors could have been attributed to cross-reactive
anti-DENV antibody from healthy blood donors.

For many of the viruses studied, the ratio of total infections
to clinical infections in humans is unknown. From estimates
made with the data obtained in this study (Table 4), it appears
that approximately 5% of infections with RRV and BFV in
Queensland are clinical infections severe enough to require
medical attention and so be reported. If it is assumed that only
a small proportion, e.g., 1%, of infections caused by flaviviruses
studied in the current study results in disease, there would
be at least 416 clinical infections caused by these viruses in
Queensland annually.
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Approximately 5.7% of UFI subjects had been infected
recently (i.e., this proportion of sera contained anti-viral IgM)
by one of the neglected Australian flaviviruses for which a
diagnostic test was not requested or is not available in commercial
laboratories. However, as these samples were collected during
the wet summer months when the rate of transmission of the
common arboviruses RRV, BFV, and DENV is highest, the annual
value might be less than 5.7%. The detection of anti-RRV and
anti-BFV IgM antibody in sera from a small number of these
patients was unexpected because serology tests to determine the
infection caused by these viruses might have been requested and
performed on these samples using commercial ELISA. However,
the ethical constraints on this study prevented retrospective
access to any related serology that may have been conducted
on these samples by a pathology laboratory. The PanBio ELISA
kits, the only commercial tests for diagnosis of RRV and BFV
currently available in Australia, have a sensitivity of 98.5% for
IgM detection (Harley et al., 2001).

The extent of IgM cross-reactivity between the flaviviruses
also was unexpected, but is reflected in the number of “flavivirus-
unspecified reports made to the Australian Government National
Notifiable Disease Surveillance System (Australian Government
Department of Health, 2019). However, by combining the IgM
data with those for neutralisation tests (Table 3), it was possible
to implicate a given virus as the likely causative agent of a recent
UFL In most instances in which cross-reactive IgM antibody was
detected, neutralising antibodies could be identified against the
same viruses. The absence of detectable RF in almost all samples
suggested it was not responsible for false positive IgM reactions.

Enhancement of infection with KUNV was noted with some
samples examined in this study. There is an extensive literature
describing enhancement of flavivirus infection in vitro by cross-
reactive and non-neutralising antibodies, starting with the report
of Hawkes (1964), who also described enhancement of infection
by West Nile virus (Hawkes, 1964). However, antibody-mediated
enhancement of infection with KUNV, an Australian strain of
West Nile virus, by human antisera has not been reported
previously. It is not known if the PS-EK cells that were used
in this study express the Fc receptors required for antibody-
dependent enhancement of viral infection to occur (Kliks and
Halstead, 1983) or if another mechanism was responsible for
our observations.

While this study identified neglected arboviruses that may
cause UFI, the prevalence of these infections may have been
elevated by the samples tested coming from a collection for which
arbovirus serology or ‘viral studies’ had been requested and while
the presence of anti-viral IgM indicates a recent infection, it does
not indicate that the infection has caused the clinical signs and
symptoms observed. It should be noted that the aetiology of
disease in at least 94% of the patients remained undetermined.

CONCLUSION

The occurrence of UFI due to ‘neglected’” Australian flaviviruses
like ALFV, EHV, KOKYV, and STRV appears to be extremely
low and the reported annual infection rates of these viruses
suggest that this has always been the case. However, they do

infect humans and so population growth, societal changes (such
as increased urbanisation and travel) and variations in the
ecosystem (climate-related or other) could have a profound effect
on their transmission cycles, with consequent changes to the
rates of human infection. Under these circumstances the current
routine diagnostic testing regimes would not detect a rise in
the rate of infection with ALFV, EHV, KOKYV, and STRV. In
order to monitor any future changes in the transmission of these
viruses, there is a strong case to be made for the systematic
testing of a sub-sample of UFI cases by state or national public
health laboratories.
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A variety of pathogens take advantage of cellular heat shock proteins (HSPs) to
complete their life cycle and exert pathogenic effects. MRJ (DNAJB6), a member of the
heat shock protein 40 family, acts as a molecular chaperone for a wide range of cellular
processes. MRJ mutations are linked to human diseases, such as muscular dystrophy
and neurodegenerative diseases. There are two MRJ isoforms generated by alternative
use of terminal exons, which differ in their C-terminus. This mini-review summarizes how
these two MRJ isoforms participate differentially in viral production and virulence, and
the possibility for MRJ as a therapeutic target.

Keywords: heat shock protein, Hsp40, MRJ, virus, morpholino oligonucleotide

INTRODUCTION

Heat shock proteins (HSPs) function as molecular chaperones, thereby assisting protein folding,
and non-covalent assembly or disassembly of macromolecules (Whitley et al., 1999). HSPs are
structurally related proteins and classified based on their molecular weights, ranging from 10
to >100 kDa (Jee, 2016). HSP subfamily members exert similar functions across species. For
example, small HSPs (HspB1 to HspB10) prevent the aggregation of misfolded proteins in an
ATP-independent manner (Bakthisaran et al., 2015). ATP-dependent chaperones include Hsp60,
Hsp70, and Hsp90. Hsp60 assists protein refolding throughout transport from the cytoplasm to
the mitochondrial matrix (Cheng et al., 1989), while Hsp70 exerts the anti-aggregation activity with
co-chaperones Hsp40 or Hsp110 (Kampinga and Craig, 2010). Hsp40 presents unfolded proteins to
Hsp70 and stimulates its ATP hydrolysis (Bascos et al., 2017). Hsp90 regulates assembling, refolding
and stabilizing of substrate proteins (Wandinger et al., 2008). HSPs function in a wide range of
cellular processes to maintain protein homeostasis under physiological conditions and in response
to environmental stresses (Hipp et al., 2019).

Invasion of pathogens, such as bacteria or viruses, may trigger cell stress responses and hence
induces the production of cellular HSPs. Various viruses take advantage of cellular HSPs to
overcome host environmental challenges and complete their infectious cycles (Neckers and Tatu,
2008). HSPs may participate in distinct steps during infection processes, such as viral entry,
replication, and viral particle assembly and movement (Table 1). It is noteworthy that dengue
virus particularly utilizes a set of Hsp70 family members for its entry, RNA replication and virion
production (Taguwa et al., 2015). Moreover, some of the HSPs, particularly Hsp70, even become an
integral component of virions (Santoro et al., 2009). All these findings emphasize the importance
of HSPs in viral infection.
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Heat shock proteins may also negatively impact viral infection.
For example, two Hsp40 members inhibit the replication of
human hepatitis B virus (HBV) (Sohn et al., 2006). Hsp70
interferes with nuclear import of the human immunodeficiency
viruses (HIV) preinitiation complex, and viral gene expression
and replication (Kumar et al., 2011). In addition, HSPs have
immunomodulatory roles, although opposing. HSPs may act as
a pro-inflammatory molecule by facilitating pathogenic antigen
presentation on the antigen-presenting cells (Binder, 2014).
On the other hand, HSPs may prevent immune activation
by reducing inflammatory damages and promoting anti-
inflammatory cytokines production (Hauet-Broere et al., 20065
Broere et al., 2011). Together, HSPs are engaged in both host
immune response and viral pathogenesis during infection.

THE MRJ PROTEIN AND ITS
FUNCTIONAL DOMAINS

Mammalian relative of DnaJ (MRJ/DNAJB6) is an Hsp40 family
member. The Hsp40 family can be categorized into three
major types (I, II, and III), all of which share the ~70-amino
acid J-domain (Li et al, 2009; Figure 1A). In type-I Hsp40
proteins, the J-domain is at the N-terminus, followed by the
glycine/phenylalanine (G/F)-rich region, the zinc finger domain,
and the peptide-binding domain in the C-terminus. Type-II
is similar to type-I but lacks a zinc finger domain. Type-III
members contain only the J-domain, whose location differs
between members (Qiu et al.,, 2006). Many, but not all, Hsp40
members act as cochaperones of Hsp70 by forming a heterodimer
through the J-domain (Langer et al., 1992; Meacham et al., 1999;
Lee et al., 2002). The J-domain of Hsp40 containing the invariant
histidine-proline-aspartic acid (HPD) tripeptide stimulates the
ATPase activity of Hsp70 and increases the affinity of Hsp70 for
the polypeptide substrate released from Hsp40 (Summers et al.,
2009). The G/F-rich region of MR]J contains several hydrophobic
residues responsible for substrate recognition; phenylalanine
mutations disrupt its anti-aggregation activity (Sarparanta et al.,
2012; Palmio et al., 2015). The C-terminal part of MR] contains
a serine/threonine (S/T)-rich region, which is important for
substrate binding (Kakkar et al., 2016). Nevertheless, Hsp40s
bind and transfer non-native polypeptides to Hsp70 through
distinct mechanisms, which are subject to further processing
(Summers et al.,, 2009). In addition, the C-terminal region of
MR] is also involved in polydisperse oligomeric complexes and
oligomerization (Hageman et al., 2010; Figure 1B, protein). All
these functional domains are present in both splice isoforms of
MRJ (see below).

REGULATION OF MRJ ISOFORM
EXPRESSION

MR] is ubiquitously expressed in human tissues, with a higher
level in the brain (Chuang et al, 2002). MRJ is upregulated
during mitosis in HeLa cells perhaps to support mitotic activities
(Dey et al,, 2009). Human MR] has two splice isoforms, MR]J-L

and MRJ-S, generated through alternative splicing (Hanai and
Mashima, 2003). The MR] gene has ten exons. The first eight
exons are included in both isoforms, while the last two exons
are missing in MRJ-S (Ko et al.,, 2018; Figure 1B, mRNA). MR]J-
L and MRJ-S proteins are comprised of 326 and 241 amino
acid residues, respectively; both possess the aforementioned three
functional domains. MRJ-L has a nuclear localization signal
(NLS) in its very C-terminal region. Suppression of splicing in
conjunction with activation of aberrant polyadenylation signals
in intron 8 leads to MRJ-S expression. MR] has been identified
as a potential target transcript of cleavage stimulation factor
subunit 2 (CstF64/CSTF2), a cleavage stimulation factor for
mRNA 3’-end processing (Yao et al, 2012). Knockdown or
overexpression of CstF64, respectively, increases and decreases
the L/S isoform ratio (Ko et al., 2018). A decline in the CstF64
level during macrophage differentiation favors MRJ-L expression
(Figure 1B, mRNA). In addition, serine/arginine-rich splicing
factor 3 (SRSF3) may promote MR]-S expression (Ko et al., 2018).
Cyclin-dependent kinase 12 (CDKI12) amplification in breast
cancer results in downregulation of MRJ-L via modulating its
terminal exon selection (Tien et al., 2017). Thus, the MRJ isoform
ratio may be modulated in response to different cellular signals.
Moreover, MRJ-L expression can be enhanced by increasing
the strength of the 5 splice site of intron 8. Single nucleotide
variations in the proximal polyadenylation signal and the
polypyrimidine tract of intron 8 also affect MRJ isoform ratios.
Thus, both alternative splicing and alternative polyadenylation
activities determine MR] isoform expression (Ko et al., 2018).

CELLULAR FUNCTIONS OF MRJ

MR] knockout mice show embryonic lethality due in part to
placental abnormalities and neural tube defects (Hunter et al.,
1999; Watson et al., 2009). MRJ is involved in a variety of
physiological processes, from transcription, cellular signaling
to cell adhesion. MR] suppresses the transcriptional activity
of nuclear factors of activated T-cells (NFAT) by recruiting
class II histone deacetylases, and hence, reduces calcineurin-
induced cardiac myocyte growth. This observation suggests a
role of MR] in preventing cardiac hypertrophy (Dai et al,
2005). More notably, MR] suppresses Wnt/B-catenin signaling
through multiple pathways. Essentially, MR] upregulates the
secretary glycoprotein and Wnt inhibitor dickkopf 1 (DKK1)
and maintains the dephosphorylation status of glycogen synthase
kinase 3p (GSK3p) through the protein phosphatase PP2A and
hence promotes degradation of B-catenin (Meng et al., 2016).
This suppressive effect of MR] on Wnt-B-catenin signaling
negatively regulates tumor growth and metastases. Accordingly,
a reduction of the MR] level is present in various invasive and
metastatic cancers as earlier mentioned. On the other hand, MR]
influences cytoskeletal organization, which is responsible for cell
growth, division, and migration. For example, MR] modulates
intermediate filament organization via its direct interaction
with keratins (Izawa et al., 2000). MRJ knockout causes actin
cytoskeletal collapse in chorionic trophoblast cells (Watson et al.,
2011). MRJ also contributes to cell adhesion and migration
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TABLE 1 | Function of the HSP-virus interaction.

HSP family Member Virus Interacting viral Engrave roles in HSP-virus References
proteins interaction
Hsp40 DNAJAT, 1AV NP, PB2, PA Enhance nuclear import of vRNP Cao et al., 2014; Batra
DNAJB1 complex and viral RNA synthesis etal., 2016
DNAJA2 HCV NS5A NS5A-mediated IRES translation Gonzalez et al., 2009
Hsp60 HSPD HBV HBx Enhance HBx-induced apoptosis and Tanaka et al., 2004; Zhang
HBx protein folding etal., 2005
Virus polymerase Enhance viral polymerase activity Park et al., 2002
Hsp70 HSPA1A HIV Virion Virion assembly Gurer et al., 2005
HSPA1A MuV P protein Facilitate IBs formation and modulate Katoh et al., 2015
degradation of P protein
HSPATA HCV NS5A NS5A-mediated IRES translation Gonzalez et al., 2009
HSPA1, KSHV RTCs Facilitate RTCs formation and nuclear Baquero-Perez and
HSPA2, HSPA8 import Whitehouse, 2015
HSPA5 RSV Viral IBs Enhance viral polymerase activity Brown et al., 2005
HSPA9 HBV HBx Viral protein folding Zhang et al., 2005
Hsp90 HSP90AAT, 1AV PB1, PB2 Facilitate VRNP stabilization and nuclear Momose et al., 2002; Naito
HSPO0AB1 import, viral RNA synthesis et al., 2007
HSP90AA1 Rotavirus NSP3 Viral protein folding and stabilization Dutta et al., 2011
HSP90A RSV Viral filaments and IBs Viral particle assembly Radhakrishnan et al., 2010
HSP90 MuV L protein Viral protein stabilization Katoh et al., 2017
HSP90 HCV NS3 Viral protein stabilization Ujino et al., 2009

IAV, influenza A virus; NR, nucleoprotein; vRNR, viral ribonucleoprotein complex; PB2, polymerase basic protein 2, PB1, polymerase basic protein 1; PA, polymerase acidic
protein; HCV, hepatitis C virus; NS5A, non-structural 5A protein; HBV, hepatitis B virus; HBx, hepatitis B virus X protein; HIV, human immunodeficiency virus;, MuV, mumps
virus; P protein, phophoprotein; KSHV, kaposi’s sarcoma-associated herpes virus, RTCs, replication and transcription compartments,; RSV, respiratory syncytial virus; IBs,
inclusion bodies; NSP3, non-structural protein 3; L protein, large protein; NS3, non-structural protein 3.

via its interaction with urokinase-type plasminogen activator
receptor (uPAR) (De Bock et al,, 2010; Lin et al., 2014). A recent
report reveals that MR] promotes spindle pole focusing via its
interaction with dynactin, which is essential for chromosome
segregation during cell division (Rosas-Salvans et al., 2019).

PATHOLOGICAL EFFECTS OF
DEFECTIVE MRJ

Genetic mutations or dysfunction of MR] have been
observed in human diseases such as limb-girdle muscular
dystrophy (LGMD), myopathy and neurodegenerative diseases.
Phenylalanine mutations in the (G/F)-rich region of MR]
are found in LGMD and distal myopathy, indicating that the
chaperone activity of MR] is critical for preventing proteinopathy
(Harms et al., 2012; Sarparanta et al., 2012; Li et al., 2016; Jonson
et al, 2018). MRJ mutations result in myofibrillar aggregates
containing ubiquitin, ubiquitin-binding protein p62 and TAR
DNA-binding protein 43 (TDP-43) (Sato et al, 2013; Sandell
et al., 2016). Notably, TDP-43 aggregation is a characteristics of
amyotrophic lateral sclerosis (Tamaki et al., 2018), emphasizing
the pathological effect of defective MR] in neurodegenerative
disorders. The C-terminal S/T-rich region in MR]J exhibits the
suppressive effect on the formation of different aggregation-
prone peptides such as amyloid-p and polyglutamine peptides
that are involved in the pathogenesis of Alzheimer’s disease and
Huntington’s disease, respectively (Kakkar et al., 2016; Mansson
et al.,, 2018; Bason et al., 2019). MR] has also been implicated

in Parkinson’s disease. Upregulation of MR] in parkinsonian
astrocytes prevents the neuronal release of a-synuclein/SNCA,
which has the potential to form toxic aggregates, suggesting
a protective role of MR] (Durrenberger et al., 2009; Aprile
et al., 2017). A more recent study indicates that the chaperone
activity of MR]J also suppresses mutant parkin aggregation
(Kakkar et al, 2016). Thus, it is likely that the chaperone
function of MR] contributes to preventing protein misfolding in
neurodegenerative diseases.

ROLE OF MRJ IN VIRUS INFECTION

In addition to the cellular functions above mentioned, both MRJ
isoforms have been implicated in infection and pathogenesis of
multiple human viruses. A recent report unveils the involvement
of a translocon complex factor, Sec6l, in the biogenesis of
several different viral proteins, suggesting that targeting Sec61
can provide an antiviral strategy against multiple viruses (Heaton
et al,, 2016). In light of this finding, we review the roles of MR]J
in infection and propagation of several viruses and discuss the
potential of targeting MR]J as an antiviral strategy.

Human Immunodeficiency Viruses (HIV)

Human immunodeficiency viruses is a retrovirus that causes
acquired immunodeficiency syndrome (AIDS), which destroys
the immune system of infections (Sharp and Hahn, 2011). HIV
infects macrophages and CD4™" T helper cells through the CD4
receptor and its coreceptor, i.e., chemokine receptor CCR5 or
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FIGURE 1 | Human MRJ gene and functions in the viral life cycle. (A) Schematic diagram of three major types of Hsp40. All

located at the N-terminus of type | and Il Hsp40 but is found at various locations within the type Il members. Additional domains are as depicted. (B) Schematic
diagram (upper) shows genomic organization of the human MRJ gene and its transcript isoforms that are generated by alternative splicing and polyadenylation.
A reduction in the CstF64 level in macrophages favors MRJ-L production. A morpholino oligonucleotide targeting the 5’ splice site of intron 8 suppresses
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FIGURE 1| Continued

MRJ-L expression. The bottom schematic diagram shows three major domains of the MRJ protein, including the J-domain followed by the G/F-rich domain in the
N-terminal part, and the C-terminal peptide-binding domain, which interacts with denatured polypeptides and also directs the function of Hsp70. The conserved
HPD motif of the J-domain, the SSF and SST motifs (namely the S/T-rich region) in the C-terminal peptide-binding domain and LGMD-associated mutations in the
G/F domain are indicated. MRJ-S has a truncated C-terminal domain that lacks the NLS. (C) The two MRJ isoforms participate in the infection of the following
viruses. HIV, MRJ-L facilitates nuclear import of the PIC via its interaction with Vpr (HIV-1) or Vpx (HIV-2), and hence facilitates the integration of the HIV genome into
host chromosomes. HCMV, MRJ-L interacts with the DNA polymerase UL70 of HCMV and facilitates its nuclear import so that MRJ-L enhances viral genome
synthesis. RSV, MRJ-L is essential for the expression of viral MRNAs and proteins, and viral production, but how it functions remains yet unclear. DENV: DENV
replicates its genomes released from the pore of DENV-induced vesicle-like structures. The newly synthesized genome is packaged in the nucleocapsid with the
capsid protein, which subsequently buds form proximal ER membranes. MRJ-S is colocalized with the viral capsid protein on the LD surface and facilitates viral
assembly. Assembled viruses are transported to the Golgi apparatus for the maturation processes.

CXCR4 (Maartens et al., 2014). After infection, HIV is integrated
into the human genome, which is essential for the viral life
cycle (Moir et al., 2011). For integration, HIV establishes the
pre-integration complex (PIC), consisting of the cDNA that is
converted from its genomic RNA and several cellular and viral
proteins including the viral protein R (Vpr). Vpr participates
in proviral integration into the host genome (Chiang et al,
2014; Pirrone et al., 2014). MRJ-L facilitates nuclear localization
of the HIV-1 pre-integration complex via its direct interaction
with Vpr (Chiang et al., 2014). As compared to MRJ-L, MRJ-
S displays a relatively weak activity in nuclear localization of
Vpr/Vpx likely due to its lack of the C-terminal NLS of MRJ-L
(Chengetal., 2008; Chiang et al., 2014). Notably, mutations in the
HPD motif of MRJ-L disrupt the activity of MRJ-L in facilitating
Vpx (or HIV) nuclear import, indicating the involvement of
Hsp70 (Cheng et al., 2008). Analogously, MRJ-L assists nuclear
import of the HIV-2 viral protein X (Vpx), the paralog of HIV-
1 Vpr. Depletion of MRJ-L restricts HIV-2 replication due to
reduced nuclear import of the PIC (Cheng et al., 2008). On the
other hand, overexpression of MRJ-S suppresses HIV proviral
transcription and hence compromises HIV-1 production (Urano
et al,, 2013). These observations together suggest that a higher
L/S ratio of MR] may promote HIV infection (Figure 1C, HIV).
A cohort study reveals that HIV-infected individuals indeed
exhibit a slightly higher level of MRJ-L in macrophages than
healthy subjects (Chiang et al., 2014), supporting the positive
role of MRJ-L in HIV-1 infection. It is speculated that cis-
element polymorphisms of MRJ that favor L isoform expression
may increase the probability of HIV infection (Ko et al., 2018).
Therefore, the MRJ-L level difference between individuals may
predict HIV susceptibility. On the other hand, the negative
regulatory factor (Nef) of HIV facilitates nuclear translocation
of Hsp40, which subsequently facilitates viral gene expression.
Nevertheless, Hsp70 can counteract the nuclear import of Vpr-
mediated PIC complex and hence inhibits viral replication
(Iordanskiy et al., 2004).

Human Cytomegalovirus (HCMV)

Human cytomegalovirus is a common opportunistic pathogen
that may establish long-life latency without any symptoms
in healthy individuals but may threaten immunocompromised
individuals and neonates (Kenneson and Cannon, 2007). HCMV
has the largest genome among the human herpesviruses and
replicates in the nucleus of cells. The HCMV DNA-dependent
RNA polymerase, i.e., the primase UL70, forms the helicase-
primase complex with UL102/105 to synthesize short RNA

primers for viral DNA replication (McMahon and Anders, 2002).
MRJ-L interacts with UL70 through a fragment containing the
G/F-rich region and facilitates nuclear entry of UL70, thereby
promoting viral DNA synthesis (Figure 1C, HCMV). On the
other hand, MRJ-S is co-localized with the primase in the
cytoplasm that reduces viral genome expression and synthesis
(Pei et al., 2012). Thus, MR]J isoforms differentially modulate
HCMV replication. Reduction of the MRJ-L expression level
conceivably inhibits viral Iytic infection and can be used as an
anti-HCMYV strategy (Biron, 2006).

Respiratory Syncytial Virus (RSV)

Human RSV causes lower respiratory tract infection in infants
and children worldwide. RSV infection shows a higher risk
of mortality compared to seasonal influenza infection in
elder individuals (Kwon et al, 2017). RSV belongs to the
Paramyxoviridae family, consisting of a negative-sense single-
stranded RNA genome that replicates in the host cytoplasm.
The viral RNA-dependent RNA polymerase is responsible for
both viral transcription and replication (Noton et al., 2019).
Intriguingly, knockdown of MRJ-L reduces viral mRNA and
protein expression and virion production, while depletion of
MRJ-S has no such effects (Ko et al., 2018), indicating the critical
role of MRJ-L in RSV propagation. Nevertheless, whether MR]-
L interferes with the RNA polymerase activity of RSV remains
to be determined. Additionally, whether the nuclear localization
property of MRJ-L is required for RSV viral production also
remains puzzling (Figure 1C, RSV). If this were the case, it would
be interesting to elucidate why an RNA virus, which completes
its life cycle in the cytoplasm, requires the nuclear function(s) of
MRJ-L for propagation.

Dengue Virus (DENV)

Dengue virus is a mosquito-transmitted pathogen and its
infection may cause haemorrhagic fever (Brady et al., 2012;
Bhatt et al., 2013). DENV is a member of the Flaviviridae
family with a positive-sense single-stranded RNA genome.
Viral genome replication and package solely occur in the host
cytoplasm. DENV infection induces autophagy that targets
cellular lipid droplets (LDs), which are endoplasmic reticulum-
derived storage organelles of neutral lipids, and hence stimulates
lipid metabolism (Randall, 2018). On the other hand, LDs are
essential for DENV production. During virion assembly, the
DENV capsid protein binds to an LD surface protein and
forms the nucleocapsids with viral genomes in the endoplasmic
reticulum (Samsa et al, 2009; Heaton and Randall, 2010).
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HSPs participate in multiple steps in the DENV life cycle
(Taguwa et al,, 2015). Among them, MRJ-S is colocalized with
the capsid protein on LDs and aids viral particle assembly
(Taguwa et al., 2015; Figure 1C, DENV). Depletion of MR]J-S
impairs viral RNA replication and virion production (Taguwa
et al., 2015). MRJ-S with mutations in the HPD motif fails to
rescue viral production in MRJ-S-depleted cells, indicating the
cooperative role of MRJ-S and Hsp70 in viral particle biogenesis.
Nevertheless, MRJ-L is not engaged in the process of DENV
propagation (Taguwa et al., 2015).

TARGETING MRJ AS AN ANTIVIRAL
STRATEGY

Antisense morpholino oligonucleotides targeting viral RNAs or
host mRNAs that encode proteins essential for viral propagation
have been designed for treatment of viral infection (Warren
et al, 2012). For example, a splice switching morpholino
oligonucleotide can restrict influenza viral replication by
suppressing exon inclusion of the host transmembrane serine
protease 2 (TMPRSS2) (Bottcher-Friebertshauser et al., 2011). In
light of the findings that MRJ is involved in viral propagation,
it is possible to interfere with viral infection by targeting
MR]J or modulating its splice isoform expression. Depletion
of MRJ-L by siRNAs inhibits viral life cycles of HCMV and
HIV (Cheng et al.,, 2008; Pei et al., 2012). Our recent report
shows that a morpholino oligonucleotide complementary to
the 5 splice site of MRJ intron 8 efliciently inhibits MRJ-L
expression in vitro (Ko et al., 2018). This morpholino disrupts
the propagation of both pesudotyped and native HIV-1 in
macrophage-like cells, and also effectively restricts subgenomic
synthesis of RSV (Ko et al,, 2018). It is likewise possible that
masking the polyadenylation signal in intron 8 can suppress MRJ-
S production. Since flaviviruses share a similar viral processing
mechanism in LDs, it would be interesting to know whether MRJ-
S-targeting agents may have a broad-spectrum antiviral effect.
Since small molecule splicing modulators developed recently
demonstrate their therapeutic potentials (Bates et al., 2017), it
is worthy to evaluate whether any of them could influence MR]
isoform ratios, and hence impact viral infection. As described
above, MR] acts as an efficient suppressor of polyglutamine
aggregation (Chuang et al,, 2002). Therefore, harnessing the
expression or chaperone activity of MR] would be used for
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Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1)-mediated DNA episomal genome
replication and persistence are essential for the viral pathogenesis. Cyclophilin A (CYPA)
is upregulated in EBV-associated nasopharyngeal carcinoma (NPC) with unknown roles.
In the present approach, cytosolic CYPA was found to be bound with EBNA1 into the
nucleus. The amino acid 376-459 of the EBNA1 domain was important for the binding.
CYPA depletion attenuated and ectopic CYPA expression improved EBNA1 expression
in EBV-positive cells. The loss of viral copy number was also accelerated by CYPA
consumption in daughter cells during culture passages. Mechanistically, CYPA mediated
the connection of EBNA1 with oriP (origin of EBV DNA replication) and subsequent oriP
transcription, which is a key step for the initiation of EBV genome replication. Moreover,
CYPA overexpression markedly antagonized the connection of EBNA1 to Ubiquitin-
specific protease 7 (USP7), which is a strong host barrier with a role of inhibiting
EBV genome replication. The PPlase activity of CYPA was required for the promotion
of oriP transcription and antagonism with USP7. The results revealed a strategy that
EBV recruited a host factor to counteract the host defense, thus facilitating its own
latent genome replication. This study provides a new insight into EBV pathogenesis
and potential virus-targeted therapeutics in EBV-associated NPC, in which CYPA is
upregulated at all stages.

Keywords: Epstein-Barr virus nuclear antigen 1, latent genome, cyclophilin A, replication, persistence,
pathogenesis

INTRODUCTION

Epstein-Barr virus (EBV) is a member of the gamma herpesviruses and was the first confirmed
human tumor virus (Ding et al., 2013; Lu et al., 2017). EBV ubiquitously infects more than 90%
of the global population and is closely associated with the development of several malignancies,
including Burkitt’s lymphoma and nasopharyngeal carcinoma (NPC) (Shair et al., 2008; Yu et al.,
2012; Young, 2014; Young and Dawson, 2014; Liu et al., 2017). NPC, which is primarily of epithelial
origin, is a type of metastatic head-and-neck neoplasm that is highly prevalent in southern China
and some other areas in East Asia and Africa (Tang et al., 2016; Tu et al., 2017; Jiang et al., 2018).
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EBV is able to establish life-long persistence in the human host
(Young and Murray, 2003; Zuo L. et al., 2017). It contains a large
genome approximately 172 kb in size and has two phases in its life
cycle (the latent and lytic stages) (Yu et al., 2011; Hammerschmidt
and Sugden, 2013). EBV mainly spreads through the saliva of
human host, infects B cells through the oral mucosal epithelium,
and then transforms B lymphocytes into resting memory B cells
through a series of viral latent transcription programs, thus
establishing a lifelong latent infection pattern (Thorley-Lawson
et al., 2013). The majority of EBV infections in vivo are latent
(Thorley-Lawson, 2015). During EBV latency, the EBV genome
exists in the form of episome DNA, few viral genes are expressed,
and no virion is produced. EBV nuclear antigen 1 (EBNA1)
is the only viral protein that is expressed in all types of EBV-
associated tumors (Lu et al., 2010; Tao et al,, 2015). Determining
how EBV is able to maintain its stable latent status in host
cells is a topic of interest, because it may provide understanding
about the pathogenesis of EBV and new targets to inhibit the
persistence of EBV genome in the therapy of EBV-associated
cancers. EBV replication is under the control of some host and
viral factors that are not fully understood. EBNA1 plays a key
role in the replication and mitotic segregation of EBV DNA
episomes to daughter cells (Yates and Guan, 1991; Frappier,
2012b). EBNAI1-mediated S-phase episome replication depends
on binding of EBNAL1 to the EBV origin of genome replication
(oriP) (Reisman et al., 1985). Viruses are obligate intracellular
parasites, and their replication cycles depend on some host cell
factors. For example, some studies suggested that cellular origin
recognition complex (ORC) and minichromosome maintenance
(MCM) complex are related to the DS element of oriP, implicating
them in the initiation of EBV DNA replication (Frappier, 2012a;
Capone et al., 2015). These host factors may also be potential
targets for antiviral therapy.

Cyclophilin A (CYPA) is a protein with multiple functions
as a typical member of the cellular peptidyl-prolyl cis-trans
isomerase (PPIase) family (Braaten et al., 1996; Bahmed et al.,
2012). CYPA was discovered initially as an intracellular receptor
of the immunosuppressive drug cyclosporin A (CsA) (Braaten
et al., 1996; Bahmed et al., 2012). Studies have shown that CYPA
can use IL-6 to induce cell signal conversion, activate tyrosine
phosphorylation and nuclear transport of transcription factor 3,
and can bind and activate NF-kB (Tang et al., 2015). CYPA is
involved in the life cycles of multiple viruses and plays a critical
role in their successful infectivity and replication, including
human immunodeficiency virus type 1 (HIV-1), hepatitis C
virus (HCV), hepatitis B virus (HBV), vesicular stomatitis virus
(VSV), vaccinia virus (VV), coronaviruses (CoVs), and feline
coronavirus (Bose et al., 2003; Naoumov, 2014; Jyothi et al., 2015;
Phillips et al., 2015). The interaction between CYPA and HIV
protein promotes the replication and infection of HIV particles;
CD147 is the main signal receptor of CYPA, and the two interact
to regulate the early steps of HIV replication (Ciesek et al., 2009;
Tang et al., 2015). Conversely, CYPA suppresses the replication
of some viruses, such as rotavirus, infectious bursal disease virus
and influenza virus (Xu et al., 2010; Liu et al., 2012). However,
the role and mechanism of CYPA in the function of EBV remain
unknown. Our laboratory previously performed a proteomics

study using NPC tissues and found that CYPA was upregulated
from the early stages of NPC (atypical hyperplasia and stage I)
to the malignancy stages (Yang et al., 2014). Since EBV infection
also occurs during the early stage of NPC (Morrison et al.,
2004), we speculated that a potential relationship might exist
between CYPA and EBV, which initiated the present approach.
Recently, we have reported that the exosomal CYPA level in NPC
is positively related that of exosomal latent membrane protein
1, which is another latent protein of EBV. The result suggests a
relationship between CYPA and EBV (Liu et al,, 2019).

Ubiquitin-specific protease 7 (USP7) is a type of
deubiquitinase that is also known as herpesvirus-associated
ubiquitin specific protease (HAUSP) and has been documented
as a host factor that inhibits EBV replication (Holowaty et al.,
2003a). The USP7-EBNAL1 interaction was selectively disrupted
by deletion of EBNA1 residues 395-450 just upstream of the DNA
binding domain, and the resulting EBNA1 mutant exhibited
significantly increased DNA replication activity (Holowaty et al.,
2003b). USP7 also plays a role in the replication inhibition of
Kaposi’s sarcoma-associated herpesvirus (KSHV) by interacting
with the latency-associated nuclear antigen 1 (LANA), which
is the homology of EBNAI (Jager et al., 2012). As it is known,
KSHV also persists in infected cells mainly in a latent state, and
LANA, is expressed in all latently KSHV-infected cells (Rainbow
et al,, 1997). However, the mechanism by which EBV overcomes
host suppression to maintain its own pathogenesis remains to
be investigated.

Here, we demonstrate that EBNA1 binds to and recruits
CYPA to the nucleus to support the function of EBNAI in
the replication of the viral latent genome. CYPA overexpression
could antagonize the host barrier, USP7. The results revealed a
strategy that EBV recruited one host factor to counteract another,
thus favoring the viral DNA replication and persistence in latent
infection. The study provides novel insights into understanding
EBV pathogenesis in epithelial cells.

MATERIALS AND METHODS

Cell Lines and Plasmids

The p2089 plasmid (Maxi-EBV), which contains the complete
EBV genome of the B95-8 strain, was kindly provided by
Dr. W Hammerschmidt (Delecluse et al., 1998). The human
embryonic kidney HEK293 cell line (HEK293) was originally
obtained from ATCC and was used to establish latent infection
of the whole EBV genome (p2089) by using hygromycin for the
screening, resulting in the C2089 cell line that was previously
described by our group (Zuo et al, 2015). Subsequently, the
cells were divided into groups of shRNA (using pRNAT-U6.1-
shRNA-CYPA treated cells), the NC shRNA group (pRNAT-
U6.1-shRNA treated cells CYPA NC), Liposomal transfected
cells are based on Lipofectamine 3000 transfection reagent
(Invitrogen-Thermo Fisher; United States). The day after
transfection, cells were treated with G418 was added (Sigma-
Merck; Germany) for cell selection. Cells were subcultured
every 2 days. The cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) supplemented with 10%

Frontiers in Microbiology | www.frontiersin.org

December 2019 | Volume 10 | Article 2879


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xin et al.

CYPA Promotes EBV Genome Replication

FCS. The C666-1 cell line is an EBV-positive NPC cell line
(Zuo L.L. et al., 2017).

All recombinant plasmids used for bimolecular fluorescence
complementation (BiMC) were constructed using standard
cloning techniques according to the schematic diagram
(Supplementary Figure S1) by using the pCAGGS vector,
which is a gift from Dr. Harty (Lu et al, 2013). CYPA and
CYPB were amplified from 93 cells by RT-PCR. CYPA or
CYPB gene was fused with the N-terminal fragment of the
yellow fluorescent protein (YFP), constructing the plasmids
of pCAGGS-Flag-CYPA-NY (CYPA-NY) and pCAGGS-Flag-
CYPB-NY (CYPB-NY), respectively. The EBNA1 protein was
expressed as a fusion protein with the C-terminal fragment of
(YFP), constructing the plasmid pCAGGS-Myc-EBNA1-CY
(EBNA1-CY). The expression plasmids pCAGGS-Flag-CYPA
and pCAGGS-Flag-CYPB were also constructed respectively.
The Myc tag sequence was added to the N-terminal of EBNAL.
Myc-tagged EBNA1 was generated by cloning into the Sphl
and Nhel sites of the pCAGGS vector to produce the pPCAGGS-
Myc-EBNA1 plasmid. The truncations EBNA1 (NT, 1-90)
and EBNA1 (607-641) were generated by PCR based on
the plasmid pCAGGS-Myc-EBNA1 using the primers listed
in Supplementary Table S1. The EBNA1 deletion mutants
EBNA1 (NT, 90-376), EBNAI (376-459) and EBNAI1 (459-
607) were generated by inverse PCR. For example, primer
complementary to 243-67 bp (anti-sense) and 1129-1156 bp
(sense) of EBNA1 were used for amplification, and the
resulting PCR.

product was gel-purified and self-ligated, resulting in EBNA1
(Aaa 90-376). Then a SphI-Nhel fragment from EBNA1 (Aaa
90-376) was inserted into the Sphl and Nhel sites of the
pCAGGS-Myc-EBNA1 to produce the pCAGGS-Myc-EBNA1
(Aaa 90-376).

The oriP-SV40-Luc expression vector was obtained by
introducing the flanking sequence of oriP amplified from the pc3-
oriP plasmid, which was a gift from Prof. Frappier (Sivachandran
etal., 2011). The oriP sequence was cloned into the Sacl and Xhol
sites of the luciferase reporter vector, PGL3-enhancer.

RT and Real-Time Quantitative PCR
(RT-qPCR)

The RT-qPCR was performed as previously described (Yu et al.,
2012). Briefly, total RNA was isolated from cells using the
TRIzol reagent (Invitrogen). First, TRIzol was added to lyse
the cells, then 1/5 volume of chloroform was added to the
lysate to separate the DNA, protein and RNA, followed by
the isopropanol and 75% absolute ethanol to precipitate the
RNA. For RT, 1 pg of RNA was reversely transcribed into
cDNA using the One-Step gDNA Removal and cDNA Synthesis
SuperMix kit (TransGen Biotech, Beijing, China). Real-time
quantitative PCR (RT-qPCR) was then performed by using the kit
of TransStart® Top Green qPCR SuperMix (TransGen Biotech,
Beijing, China) according to the manufacturers instructions.
The following program was used for the RT reaction: 65°C
for 5 min, ice for 2 min, followed by 42°C for 15 min and
then 85°C for 5 s. The CFX Multicolor Detection System

(Bio-Rad) was employed for the detection. Primers for RNA
detection by qRT-PCR were designed based on RNA sequences,
and bate-actin was used as an endogenous control. The
following procedure was used for the RT-qPCR: 95°C for
3 min, followed by 40 cycles of 95°C for 12 s and 62°C for
35 s. Data obtained by the conventional method of calculating
comparative method 2(72A<)_ Repeated three times for each
sample in parallel in each experiment, and the results were
expressed as the mean of three independent experiments.
The sequences of the qRT-PCR primers are provided in
Supplementary Table S1.

Western Blotting Analysis

Western blotting (WB) was performed using a standard protocol
as described previously (Zuo L.L. et al., 2017). cells was lysed
in RIPA (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, sodium orthovanadate,
sodium fluoride, EDTA, leupeptin) followed by incubation
on ice for 30 min, protein quantification according to the
specification of BCA kit (Beyotime, Shanghai, China). The
cells lysates were centrifuged at 12000 x g for 20 min at
4°C. Supernatant fractions were used for detection. Samples
with equivalent amounts of denatured protein were separated
using 10% SDS polyacrylamide gels (Epizyme, Shanghai, China).
After electrophoretic separation, the proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane (Millipore,
Danvers, MA, United States). The membrane was blocked with
5% skimmed milk for 1 h at room temperature, followed
by an overnight incubation with the primary antibody at
4°C. After washing three times, the membrane was incubated
with a secondary antibody for 1 h at 37°C. Finally, the
proteins of interest were detected using the Luminata Crescendo
HRP Substrate (Millipore) and viewed with the ChemiDoc
XRS + Molecular Imager (Bio-Rad). The results were analyzed
using the Image Lab software (Bio-Rad).

The following antibodies were used for the immune detection:
anti-EBNAT1 (Santa Cruz Biotech, DE, United States, sc-81579),
anti-CYPA (Proteintech, Chicago, IL, United States, 10720-1-
AP), anti-C-Myc (Sigma, St. Louis, MO, United States, C3956),
and anti-Flag (Sigma, H9658). GAPDH (Proteintech, Chicago,
IL, United States, 10494-1-AP) and bate-actin (Proteintech,
Chicago, IL, United States, 66009-I-Ig) were used as the
loading controls. The secondary antibodies used for WB
and IF were as follows: HRP-conjugated anti-rabbit (CST,
Chicago, IL, United States, #7074P2), HRP-conjugated anti-
mouse (GE Healthcare, United Kingdom, NA931V) and
Alexa Fluor 488 donkey anti-rabbit IgG (Life technologies,
United States, 1480770).

Cell Counting Kit-8 Assay

C2089 cells were plated in a 96-well plate at a density of 1 x 103
cells per well. The next day, different CsA concentrations as
indicated were applied for treatment. At 24, 48 and 72 h post-
treatment, the Cell Counting Kit-8 (CCK8) was used to test
cell viability according to the manufacturer’s instructions. The
absorbance was detected at the 450 nm wavelength using a
microplate reader.
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Cyclosporin A (CsA) Treatment

Cyclosporin A (Dalian Meilun, China) is a type of
immunosuppressive preparation that targets CYPA (Chatterji
et al., 2009). The drug was dissolved in dimethyl sulfoxide
(DMSO). EBV-positive cells were cultured in medium containing
40 wM of CsA. After 48 h of treatment, the cellular proteins and
total RNA were extracted and subjected to detection.

Bimolecular Fluorescence
Complementation (BiMC) Assay

Bimolecular fluorescence complementation assay was performed
as described previously (Liu et al., 2011; Lu et al., 2013, 2014). The
schematic diagram of BiMC assay is shown in Supplementary
Figure S1. In brief, human HEK293T cells were grown on
coverslips in six-well plates. The pCAGGS-Myc-EBNA1-CY
plasmid or the mutant constructs and the pCAGGS-Flag-
CYPB-NY plasmid were cotransfected into the cells using the
Lipofectamine 3000 transfection reagent (Invitrogen) according
to the manufacturer’s instructions. Approximately 0.25 pg of
each plasmid was used for the transfection. Transfection of a
single plasmid for each used in BiMC assay was performed as
a negative control. After 24 h, the cells were gently washed for
three times with PBS and fixed with cold 4% paraformaldehyde
for 30 min at room temperature. Then, the cells were washed
and subsequently stained with Hoechst 33342 (Sigma) for 3 min
at room temperature. Finally, the cells were washed again, and
the slides were observed for the specific YFP signal under a
fluorescence microscope.

Co-immunoprecipitation (co-IP)

A typical co-IP procedure was performed as described (Liu
et al,, 2011; Lu et al.,, 2013, 2014). Cell lysates were harvested
directly or at 48 h post-transfection as indicated. The lysed
sample was centrifuged at 13,000 rpm for 20 min at 4°C.
The supernatant lysates of about 1 mg were incubated with a
primary antibody, such as an anti-Flag monoclonal antibody
(mAb) (H9658, Sigma, 1:100) or anti-mouse IgG antibody
(control) (sc-0025, Santa Cruz, 1:200), for 10 h at 4°C. After
centrifugation, the supernatant was transferred to a new tube
containing 40 wl of protein G beads (TransGen Biotech,
Beijing, China) and incubated for 6 h at 4°C. After extensive
washes with cold lysis buffer, the immunoprecipitated proteins
were eluted in SDS sample loading buffer (Aurigene Biotech,
Changsha, China), separated by SDS-PAGE, transferred onto
polyvinylidene difluoride membranes (Millipore), and detected
by WB (Zheng et al., 2012).

RNA Interference

Three small interfering RNAs (siRNAs) targeting CYPA
(GenBank accession number: NM 001166326) were designed
and synthesized by Guangzhou RIBOBIO Company. To evaluate
the knock-down efficiency of the siRNAs, 100 pmol of each
siRNA was transfected into HEK293 cells. The cells were lysed
with RIPA as described by WB, and lysates were used for
western blotting with anti-CYPA and anti-bate-actin antibodies.
The siRNA with the best knock-down efficiency was chosen

for the subsequent experiments. A scramble siRNA-NC was
used as the control.

Immunofluorescence (IF) Assay

HEK293T and Vero cells grown on coverslips in six-well plates
for 24 h were washed gently three times with PBS, fixed with 4%
formaldehyde in PBS for 15 min, and then permeabilized with
0.5% Triton X-100 in PBS for 5 min. Subsequently, the cells were
blocked with fresh 10% goat serum. The cells were incubated with
an anti-CYPA rabbit polyclonal antibody and anti-Flag mouse
mAD overnight at 4°C, respectively. After washing five times with
PBS, the secondary antibody was added for 1 h of incubation at
37°C. Then, Hoechst 33342 was applied for nuclear staining for
3 min at room temperature. The coverslips were finally mounted
onto slides and observed under a florescent microscope (BX53,
Olympus, Japan).

Chromatin Immunoprecipitation (ChiIP)

Assay

The ChIP assay was performed to detect the binding of
EBNAI-oriP according to previous reports (Shen et al., 2016).
The Immunoprecipitation Kit (Millipore) was used for the
assay. HEK293 cells were transfected with Lipofectamine 3000
(Invitrogen) according to the manufacturer’s protocol. Cells
were collected after 48 h and lysed with lysis buffer (Beyotime,
Shanghai, China) [20 mM Tris (pH7.5), 150 mM NaCl, 1% Triton
X-100, sodium pyrophosphate, B-glycerophosphate, EDTA,
Na3VOy, leupeptin]. The immunoprecipitated nucleoprotein
complexes were eluted by incubation twice for 15 min at 25°C
with 200 pl of elution buffer (1% SDS and 100 mM NaHCO3),
and the crosslinks were reversed by incubation at 65°C for 4 h.
The DNA was extracted with phenol/chloroform and precipitated
with ethanol. Then oriP DNA was amplified by qRT-PCR using
the primers listed in Supplementary Table S1.

Luciferase Reporter Assay

The experimental procedure for the detection of oriP
transcription activation mediated by EBNAI was carried
out according to previous description from other group
(Chen et al, 2014). Cells were seeded into 24-well plates
24 h prior to transfection. The following day, 1000 ng of the
orip-SV40-Luc reporter plasmid was transfected into the cells
using Lipofectamine 3000. The SV40-Luc reporter plasmid
was transfected as a control. Cell lysates were collected at
24 h post-transfection and assayed for luciferase activity using a
luciferase assay kit (Promega, Madison, W1, United States) on the
Panomics Luminometer. The Renilla luciferase activity was also
measured using an enzyme assay kit (Promega). The results were
normalized to the Renilla activity. Three parallel repeats were
performed for each sample in each experiment, and the results
were expressed as the mean of three independent experiments.

Detection of the EBV Copy Number

The detection of EBV copy number was performed as described
previously (Zuo et al, 2015). DNA was extracted from the
C2089-shNC and C2089-shCYPA cells using the General AllGen
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Kit (CWBio, Hunan, China) and quantified. The relative EBV
copy number was determined by RT-qPCR using the EBV
DNA Quantitative Fluorescence Diagnostic Kit (Sansure Biotech,
Hunan, China) according to the manufacturer’s instruction.
In this product, BamHI-W fragment in EBV genome is
designed as the specific primers and probes. The EBV copy
number concentration (copies/cell) of the samples was calculated
according to the level of internal reference. The experiment was
repeated for three times.

Statistical Analysis

The statistical analyses were performed using GraphPad Prism
5 (GraphPad Software, CA, United States). Differences between
groups were determined using Student’s ¢-test or one-way
analysis of variance (ANOVA). The data are expressed as the
means =+ standard deviations (SDs). Single, double and triple
asterisks indicate statistical significance (*P < 0.05, **P < 0.01
and ***P < 0.001).

RESULTS
CYPA, but Not CYPB, Binds to EBNA1

By immunofluorescence (IF) assay, CYPA was detected to be
mainly localized in the cytoplasm in Vero and HEK293T cells
(Supplementary Figure S2). To study the potential interaction
between EBNA1 and CYPA, BiMC assay was performed. The
BiMC assay is a useful tool for detection of protein-protein
interactions in living cells, and the results can be visualized
under a fluorescence microscope (Hudry et al., 2012; Yang et al,,
2014). A diagram of the basic principle of the BiMC assay is
shown in Supplementary Figure S1. The EBNA1 protein was
expressed as a fusion protein with the C-terminal fragment of
the YFP (pCAGGS-Myc-EBNA1-CY), and CYPA was fused with
the N-terminal fragment of YFP (pCAGGS-Flag-CYPA-NY).
These two plasmids were co-transfected into HEK293T cells,
with the single pCAGGS-Flag-CYPA-NY plasmid transfection
as a negative control. The results showed that EBNA1 and
CYPA interacted with each other in the nucleus (Figure 1A,
Top). When the nuclear localization signal (NLS) sequence of
EBNA1 was deleted, the proteins interacted in the cytoplasm
(Figure 1A). This translocation showed the specificity of the
interaction mediated by EBNA1 with an NLS. Cyclophilin B
(CYPB) is another member of the cyclophilin family, but we did
not detect any binding signal for CYPB-EBNAI in the BiMC
assay (Figure 1A). There was no fluorescence signal in the
cells transfected with only single plasmid which was a negative
control (Figure 1A, Lower). EBNA1 and CYPA/B expression in
the BiMC assay was detected by WB (Figure 1B). We further
evaluated EBNA1 and CYPA intracellular localization in EBV-
positive cells by IF assays (Figure 1C). The result showed that
CYPA expressed in both cytoplasm and nucleus in EBV-positive
C2089 cells, while mainly in the cytoplasm of the EBV-negative
HEK293 cells (Figure 1C). The co-immunoprecipitation (co-IP)
assay was used to verify the interaction of EBNA1 with CYPA.
These results showed that both endogenous and exogenous CYPA

interacted with EBNA1 (Figures 1D-F). The plasmids pCAGGS-
Myc-EBNA1 and pCAGGS-Flag-CYPA or pCAGGS-Flag-CYPB
were transfected in HEK293 cells, Myc-EBNA1 was immune-
precipitated with anti-Flag antibody. As shown in Figure 1G, the
result of co-IP assay further validated that EBNA1 interacted with
CYPA but not CYPB.

EBNA1 Domain With Amino Acids
376-459 Is Essential for the CYPA-EBNA1

Interaction

To identify the contribution of the functional domains of
EBNA1 to the CYPA-EBNAL interaction, we constructed five
deletion mutants of Myc-tagged EBNA1 named EBNA1A1-
90, EBNA1A90-376, EBNA1A376-459, EBNA1A459-607, and
EBNA1A607-641. The plasmid structures are illustrated in
Figure 2A. The BiMC assay revealed that YFP was reconstructed
in HEK293T cells using wild-type EBNA1 and four of the mutants
(EBNA1A1-90-CY, EBNA1A90-376-CY, EBNA1A459-607-CY
and EBNA1A607-641-CY) but not the EBNA1A376-459-CY
mutant (Supplementary Figure S3A). Each negative control
with single plasmid transfection is shown in Supplementary
Figure S3C. Subsequently, we co-transfected pCAGGS-Myc-
EBNAI or a pCAGGS-Myc-EBNA1 mutant plasmid with
PCAGGS -Flag-CYPA into HEK293 cells. A co-IP assay using
a Flag-tag antibody for the pulldown showed the same result
(i.e., CYPA did not interact with EBNA1A376-459) (Figure 2B).
This domain, which is also the region containing the USP7-
binding domain in EBNA1 (Figure 2A), was thus critical for
the binding of EBNA1 to CYPA. Co-expression of EBNAI1
376-459-CY (only this one domain of EBNA1) and CYPA-NY
recovered their binding function based on the BIMC assay results
(Supplementary Figure S3B). The NLS (amino acids 379-386)
is also included in the domain containing amino acids 376-
459, and thus YFP was detected in the nucleus (Supplementary
Figure S3B). These results indicated that amino acids 376-459 of
EBNA1, which contain the USP7-binding domain, were essential
for the interaction between EBNA1 and CYPA.

CYPA Influences EBNA1 Expression and
Maintenance of EBV Genome During Cell

Culture Passages

We designed three siRNAs to observe their efficiency on
CYPA protein expression in HEK293 cells (Figure 3A). The
results showed that the knock-down of siCYPA-1 was best, and
this siRNA was used in the subsequent experiments, whereas
a scrambled control siRNA (siNC) had no effect on CYPA
expression. As shown in Figures 3B,C, EBNAI protein and
mRNA expression decreased in response to siCYPA in EBV-
positive NPC C666-1 and C2089 cells. Conversely, ectopic CYPA
overexpression in the EBV-positive cell lines resulted in an
increase in the EBNAI expression levels detected by WB and
qRT-PCR (Figures 3D,E).

As EBV episomal genome is easy to be lost with culture
passages in vitro (Frappier, 2012b), we investigated whether
CYPA depletion might expedite this process in consecutive
passages. Then we collected gDNA from different generations
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FIGURE 1 | Detection of CYPA-EBNAT binding by the BIMC and co-IP assays. (A) Detection of the EBNA1-CYPA interaction by the BIMC assay. HEK293T cells
were transfected with the indicated plasmids, including CYPA-NY, EBNA1-CY, EBNA1ANLS-CY, and CYPB-NY following by BiIMC analysis, and fluorescence was
observed. Transfection of a single CYPA-NY plasmid did not lead to the production of fluorescence. Scale bar, 50 pm. (B) The proteins expressed from the plasmids
used in the BIMC assay were detected by WB. (C) The detection of CYPA and EBNA1 in EBV-negative and EBV-positive HEK293 cells by IF assay. Scale bar,

50 um. (D) Endogenous CYPA interacts with EBNAT in HEK293 cells. The plasmid pCAGGS-Myc-EBNAT was transfected into cells. An anti-Myc antibody was
used for the pull-down the CYPA, and the WB assay was carried out for detection. (E) Endogenous CYPA interacts with EBNA1 in C2089 cells. EBNA1 was
immune-precipitated with anti-CYPA. EBNA1 was detected by WB (F) Exogenous CYPA interacts with EBNA1. HEK293 cells were transiently transfected with
Flag-CYPA alone or with Myc-EBNA1. Flag-CYPA was immune-precipitated with anti-Myc antibody. IgG was used as a negative control for the pull-down in the
co-IP assay. Flag-CYPA was detected by WB. (G) Co-IP assay for comparison of the interactions of CYPA and CYPB with EBNA1. PCAGGS-Myc-EBNAT and
pCAGGS-Flag-CYPA or pCAGGS-Flag-CYPB were transfected in HEK293 cells. Myc-EBNA1 was immune-precipitated with anti-Flag antibody.
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of cells and detected the copy number of each cell. As it shown
in Figure 3F, CYPA depletion significantly facilitated loss of
EBV copy numbers.

CYPA Regulates Transcription Initiation
of the EBV Genome via Promoting the

EBNA1-Mediated OriP Transcription

EBNA1l-oriP binding has been validated to be necessary for
the replication initiation of EBV genome (Shen et al., 2016).
Here, we investigated the effect of CYPA knockdown on the
oriP luciferase activity in cells transfected with an oriP luciferase
reporter in C2089 cells. EBV-positive C2089 and EBV-negative
HEK293 cells were stably transfected with a lentivirus expressing
a short hairpin (sh) of CYPA and a scramble control (shNC)
(Figure 4A), and the results showed that CYPA was successfully
knocked down. EBNAI protein expression was restored in
the C2089-shCYPA cells transfected with the wild-type CYPA
expression plasmid (Figure 4B). In these cells, an oriP luciferase
reporter, oriP-SV40-Luc was transiently transfected. After 24 h
transfection, luciferase activities were detected. The EBNA1
activated oriP Luciferase was decreased by 3.5-fold in the
luciferase assay compared to that in the control cells (C2089-
shNC) due to CYPA depletion. In contrast, there was no effect
on the transfection of an SV40-Luc reporter plasmid with CYPA
depletion (P < 0.001, Figure 4C), EBNA1 mRNA was detected
by qRT-PCR. When EBNA1 was lacked, CYPA knockdown did
not affect luciferase activity of oriP-SV40-Luc (Figure 4C). The
results indicated that CYPA enhanced the EBNAL1 activation of
oriP transcription. The ChIP assay was used to further validate
that CYPA played a role in EBNA1-oriP binding. pPCAGGS-Myc-
EBNA1 and oriP-SV40-Luc were co-transfected into HEK293-
shNC and HEK293-shCYPA cells. As shown in Figure 4D, CYPA
interference (shCYPA) reduced the EBNA1 binding to oriP DNA
by approximately 50% compared to that of the control (shNC) in
HEK293 cells (P < 0.05).

The PPlase Activity of CYPA Is Required
for Its Role in Viral Replication

CYPA is an intracellular receptor of CsA, which in turn
inhibits the PPIase activity of CYPA through binding to
the hydrophobic pocket of CYPA (Chatterji et al., 2009).
Based on above data about CYPA regulation in EBV genome
transcription initiation, we further investigated the possibility
of CsA against EBV replication. The working concentration
of CsA was considered as 40 pm according to its inhibition
effectiveness and low cytotoxicity by the Cell Counting
Kit-8 assay (Figure 5A). Rescue experiments showed that
EBNA1 protein levels were restored compared to the CsA
treatment group (Figure 5B). EBNA1 protein expression
was evaluated by WB after treated or untreated with CsA
(Figure 5C, left). RT-qPCR analysis showed that there was
a significant reduction for the EBNA1 following the decrease
of CYPA caused by CsA (Figure 5C, right). Subsequently,
C2089 cells were transiently transfected with the CYPA
expression plasmid together with oriP-SV40-Luc. Luciferase
activities were increased at 24 h post-transfection compared
with that of no CYPA overexpression, but there was no
change for SV40-Luc (without oriP), and EBNAI-oriP-Luc
activity increased in CYPA overexpression (Figure 5D). The
protein level of CYPA and the mRNA level of EBNAI are
detected (Figure 5D).

We further investigate the role of CsA in EBNA1-mediated
oriP transcription. After transfection of oriP-SV40-Luc, the
cells were treated with CsA. The result showed that CsA
decreased EBNA-oriP-Luc activity compared to the untreated
group, with a decrease in CYPA and EBNA1 (Figure 5E).
However, overexpression of CYPA and treatment of CsA
in HEK293 cells did not affect the activity of oriP-SV40-
Luc (Figure 5F). These data indicated that CsA inhibited
the EBNAIl-mediated oriP activation. ChIP assay followed
by quantitative PCR (ChIP-qPCR) was used to evaluate the
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FIGURE 3 | Effect of CYPA on EBNAT expression and loss of viral copy numbers. (A) Designations of the CYPA siRNAs. Three siRNAs for CYPA and a control
siRNA were designed and used for detection of the interference efficiency. HEK293 cells were transfected with one of the siRNAs, and a WB assay was performed at
48 h post-transfection for analysis of the CYPA protein level. (B,C) Effect of siCYPA on EBNA1 expression in EBV-positive cells. Two EBV-positive cell lines [C666-1
(B) and C2089 (C)] were used for siRNA transfection. At 48 h post-transfection, the cell lysates and RNA were subjected to the WB and RT-qPCR assays
respectively, with siCYPA standarized to 1. (D,E) Effect of CYPA overexpression on EBNA1 expression at protein and mRNA levels in EBV-positive cells [C666-1 (D)
and C2089 (E)]. (F) The effect of CYPA depletion on loss of EBV copy numbers during passages. EBV-positive C2089 was used for shRNA stable transfection and
selection. Cell lines stably transfected with sShRNA-CYPA or shRNA-NC were established for the experiment. Cell dispersal for each passage was performed at a
ratio 1:2. The copy number of the C2089-shCYPA cells was decreased compared with the C2089-shNC, with passage 10th of C2089-shCYPA set to 1. *P < 0.05,
**P < 0.01, *** P < 0.001.

effect of CYPA overexpression and CsA treatment on EBNA1 EBNAIl-oriP binding, while CYPA overexpression increases its
binding to oriP in HEK293 cells. Myc antibody (for Myc- binding (Figure 5G). The results suggested that the PPlase
EBNA1) efficiently pulled down oriP-DNA from the above activity of CYPA was required for the role of CYPA in EBV
samples, and the results showed that CsA treatment eliminates latent replication.

Frontiers in Microbiology | www.frontiersin.org 136 December 2019 | Volume 10 | Article 2879


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xin et al.

CYPA Promotes EBV Genome Replication

A C2089 HEK293
ShNC shCYPA shNC shCYPA
CYPA | e o || o
GAPDH| s S || mmm—

@B C2089-shNC @B C2089-shNC @ 293-shNC @B 293-shNC
3 C2089-shCYPA 3 C2089-shCYPA ©£3293-shCYPA ©3293-shCYPA
49 an c  1.5- 1.5- 1.51
> % = %
= X ——
2 34 g = g | Ns 3 -
s 50 2 o
3] 2 < 1.0 s 1.04
L] X0 ©1.0 5
o o o 2
S <8 g £
- NS E [ - =
P &
2 E £ 05 2051 <
514 . 5 ©
0 ‘Zt o4 nﬁ:
12 E s i
0- . 0.0° 0.0- CYPA
oriP-SV40-Luc + + - -OriP-8V40-Luc + + - oriP-SV40-Luc + N
SV4O-Luc - - + +  SVdOLuc - - + EBNA1

FIGURE 4 | The effect of CYPA knockdown on EBNA1-mediated oriP transcription activity. (A) The detection of CYPA expression in stably transfected cell lines with
shRNA-CYPA and shRNA-NC. (B) Restoration of EBNAT protein expression in C2089-shCYPA cells transfected with wild-type CYPA expression plasmids. CYPA
and EBNA1 proteins were detected by WB. (C) Effect of CYPA knockdown on EBNA1-oriP-mediated transcription activity in the luciferase reporter assay. The
EBNA1 mRNA was detected by RT-gPCR. (D) Effect of CYPA knockdown on binding of EBNAT to oriP in the ChIP assay. CYPA was depleted from HEK293 with
shRNA. Antibodies against Myc and IgG control were respectively used for the pulldown in ChIP assaysHEK293. The precipitation of oriP DNA was quantitated by
RT-gPCR. CYPA and EBNA1 proteins were detected by WB. *P < 0.05, **P < 0.01, *** P < 0.001.

B
shNC shCYPA

PCAGGS-CYPA - - +
CYPA I- — '.\

» 7
EBNA1|—— — —-l

GAPDH [wm W |

CYPA Overexpression Antagonizes
EBNA1-USP7 Binding

Ubiquitin-specific protease 7 has been implicated in strong
inhibition of EBV replication through its tight connection with
EBNA1 (Holowaty et al., 2003b). In this study, as the above
results demonstrated, the CYPA binding domain was located
within the domain containing amino acids 376-459, which
spanned the USP7-binding domain in EBNAI. Because CYPA
played an opposite role in regulating EBNA1 function compared
with USP7, HEK293-shNC and HEK293-shCYPA cells were
transiently transfected with pCAGGS-Flag-CYPA alone or with
PCAGGS-Myc-EBNAL, a co-IP assay was carried out. The results
showed that USP7-EBNA1 binding was strong in the HEK293-
shCYPA and HEK293-shNC cells. However, when CYPA was
overexpressed, the amount of USP7 bound with EBNA1 was
decreased remarkably (Figure 6A). In order to study the PPIase
activity of CYPA in this mechanism in EBV replication, a co-
IP assay was performed to using the treatment of CsA. The
result verified that CsA eliminated the antagonism of CYPA on
EBNA1-USP7 interaction (Figure 6B).

To investigate the ability of CYPA to influence the EBNA1-
oriP connection through antagonizing USP7, in HEK293 cells,
oriP-SV40-Luc was transfected with pCAGGS -Myc-EBNAL,
PCAGGS-Flag-CYPA or pCAGGS-Myc-EBNA1 mutant, a ChIP
assay was designed based on ectopic CYPA expression. As
shown in Figure 6C, the interaction of oriP and the EBNA1

mutant with deletion of amino acids 376-459 (EBNA1A376-459)
was significantly enhanced. In contrast, CYPA overexpression
increased EBNAIl-oriP binding to a high level. The result
demonstrated that the deletion of the binding site for both USP7
and CYPA exhibited the enhancement of EBNA1-oriP binding
(Figure 6C). This was a priority effect of the release of USP7
inhibition but not CYPA facilitation. Only when CYPA was
overexpressed, could the effect of USP7 inhibition be reversed.
The results further showed that CYPA overexpression was
essential to overcome the USP7 suppression in regulating EBNA1
replication function.

DISCUSSION

EBV latent infection is an important causative factor in the
development of related cancers such as NPC (Dittmer et al.,
2008; Zheng et al., 2014, 2018), although the mechanism is largely
unclear. Viral replication and genome maintenance in host cells
are important for the pathogenesis. CYPA was found to be highly
expressed in NPC in the previous work from our laboratory
(Yang et al., 2014; Liu et al., 2019) and played an unknown role
related to EBV. Herein, we reveal that CYPA, especially when
increasingly expressed, contributes to the replication function of
EBNA1. CYPA first was recruited by EBNAI1 into the nucleus
and then mediated EBNA1-oriP binding and replication activity.
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FIGURE 5 | The effect of CYPA-specific inhibitor CsA on EBNA1-mediated oriP transcription and EBNA1-oriP binding. (A) The concentration determination of CsA
by Cell Counting Kit-8 (CCK-8) assay. The concentration of 40 uM at 48 h was determined as the working concentration for treatment. (B) Rescue experiment of
EBNA1 protein level after CsA treatment in C2089 cells. (C) The protein expression of CYPA and EBNA1 detected by WB assay at 48 h post-treatment with CsA.
The mRNA expression of EBNA1 measured by RT-gPCR. EBV-positive C2089 cell lines were used for the test. (D) C2089 cells were transfected with oriP-SV40-Luc
reporter plasmid and CYPA expression plasmids. Overexpressed CYPA significantly increased EBNA1- oriP-dependent luciferase activity, but had no effect on SV40
promoter dependent luciferase activity (left). EBNA1T mRNA was measured by RT-gPCR (right). (E) OriP-SV40-Luc reporter plasmid was transfected into C2089 cells,
following the CsA treatment. CsA treatment greatly reduced EBNA1- oriP luciferase activity compared with untreatment. (F) CsA and elevated CYPA on
EBNA1-oriP-mediated transcription activity in the luciferase reporter assay in HEK293 cells. (G) ChIP- gPCR was used to determine EBNAT-oriP binding. CsA
treatment reduced EBNA1-oriP binding while elevated CYPA increased binding. CYPA and EBNA1 proteins were analyzed by WB. *P < 0.05, **P < 0.01,

P < 0.001.
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FIGURE 7 | Schematic for the mechanism of CYPA in supporting the
replication function of EBNA1. EBV genomic DNA exists within the host
genome in the form of extrachromosomal episomes. Cytoplasmic CYPA can
be hijacked by EBNA1 into the nucleus. Overexpressed CYPA can overcome
the suppression of USP7 in binding to EBNA1. Nuclear CYPA mediates
EBNA1-oriP transcription, and thus contributing to the viral genome
replication and maintenance.

On the other hand, when CYPA was upregulated, the USP7
suppression in EBNA1-mediated replication could be reversed.
This interaction is a type of quantity-driven winning for CYPA,
because its rival USP7 is too powerful. It was reported that
the affinity of USP7-EBNA1 was 10-fold higher than USP7-p53,
implying the strong binding of USP7-EBNA1 (Saridakis et al.,
2005). The CsA treatment demonstrated that the PPIase activity
of CYPA was required for this function. The schematic working
model is shown as in Figure 7.

Cyclophilin A has been implicated in the life cycles of
several viruses and plays a critical role in the successful

infectivity and replication of these viruses, including some
tumor viruses, such as HBV and HCV (Bose et al., 2003;
Naoumov, 2014; Jyothi et al., 2015; Phillips et al., 2015). It
has not been reported for the relationship between CYPA and
KSHYV, another tumor virus in the same family of gamma
herpesvirus as EBV. Though CYPA is involved in the regulation
of several viruses, its function mode is different from that
in other viruses depending on the different mode of viral
infection and replication. For example, the interaction between
CYPA and HIV Gag was proposed to facilitate disassembly
of the viral RNA containing core following virus entry
and thus supports the efficient reverse transcription of the
HIV-1 genome (Luban et al, 1993; Ott, 2002) CYPA also
enhances virus attachment to the host cell membrane through
interactions with heparans (Saphire et al., 2000) and after
membrane fusion through interaction with CDI147, thereby
promoting viral infection. In the present study, for the first
time, we showed that CYPA was also utilized by EBV in
the modulation of viral replication function in epithelial cells.
Thus, CYPA is involved in the maintenance of the virus
during its latency in host cells. EBNA1 mediates DNA episome
replication from oriP (Frappier, 2012a). Our results revealed
that CYPA was recruited to influence EBNAI1-oriP-mediated
transcription. CYPA depletion significantly facilitated loss of
EBV copy numbers (Figure 3F), suggesting that impairment of
EBNA-oriP binding further weakened successful replication and
maintenance of the EBV genome.

Epstein-Barr virus can naturally infected B cells and latently
maintained in resting B cells (Thorley-Lawson et al., 2013). As
CYPA is a multi-functional protein, which can be expressed in
all kinds of cells, and EBNA1 is the only expressed protein of
EBV in all latency types. Therefore, we think that both CYPA
and EBNAI may be expressed in resting B cells. How CYPA
plays a role in the function of EBV in B cells remains to be
further investigated.
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The deubiquitinase USP7 is also known as a HAUSP and has
been found to be associated with several herpesviruses, including
HSV-1, EBV, and KSHV (Holowaty et al., 2003b; Jager et al,
2012; Hammerschmidt and Sugden, 2013). A previous study
demonstrated that USP7 suppressed EBV replication (Holowaty
et al., 2003b). Here, we showed that EBV hijacked the host factor
of elevated CYPA to counteract USP7, thereby adding to the
definition of HAUSP. Additionally, our data showed that deletion
of the binding domain in EBNA1 for both USP7 and CYPA
resulted in significantly increased EBNA1-oriP binding activity
(Figure 6C), mainly due to release of USP7 inhibition. The result
was consistent with that of previous report (Holowaty et al.,
2003a), demonstrating that the suppressive role of USP7 was
strong enough to greatly overshadow the improved role of CYPA.

In summary, the study reveals that CYPA is a novel critical
host factor utilized by EBNAI in the viral DNA replication
in epithelial cells. Elevated CYPA levels remarkably antagonize
USP7 in the interaction with EBNAL. The results revealed a
strategy that EBV recruited a host factor to counteract the host
defense, thus facilitating its own latent genome replication and
efficient persistence. Our findings implied that EBV has evolved
sophisticatedly. This study provides a new insight into EBV
pathogenesis and potential virus-targeted therapeutics in EBV-
associated NPC, in which CYPA is upregulated.
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transfected with an overlength HBV genome. Similar upregulation was observed in
HepG2.2.15 cells as well. SEL1L co-localized with HBV surface antigen (HBsAg), which
changed its staining pattern. Treatment with an inhibitor of ERAD pathway remarkably
increased intracellular S protein. Surprisingly, silencing SEL1L to block the ERAD pathway
activated an alternative ER quality control (ERQC)-autophagy pathway, which might
account for the increased HBV RNAs and core protein. Together, our results demonstrate
that SEL1L is a host restriction factor that exerts anti-HBV effect through ERAD and
alternative ERQC-autophagy pathway.

Keywords: hepatitis B virus, SEL1L, endoplasmic reticulum-associated degradation, endoplasmic reticulum
quality control-autophagy, immune tolerant, inactive carrier

INTRODUCTION

Hepatitis B virus (HBV) infection is a common public health concern worldwide (Schweitzer
et al, 2015). Patients with chronic hepatitis B (CHB) are at high risk of developing liver
cirrhosis and hepatocellular carcinoma (Tiollais et al., 1985). The natural history of chronic
HBV infection refers to four phases, which is immune tolerant (IT), immune active (IA),
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inactive carrier status (IC), and HBeAg-negative active chronic
hepatitis (ENH; European Association for the Study of the
Liver. Electronic address: easloffice@easloffice.eu and European
Association for the Study of the Liver, 2017).

Although the immune tolerant (IT) and inactive carrier
(IC) phases of CHB are considered to maintain a similar
inactivated host immune status, they have entirely different
virological characteristics. Thus, viral loads are typically very
high (>107 IU/ml) in IT subjects although usually <2,000 IU/ml
in patients at IC phase, suggesting the existence of host
immunity-independent restrictive factors against the virus.
Recently, we found the intrahepatic mRNA level of host gene
suppressor of lin-12-like 1 (SEL1L) to be significantly upregulated
in patients at IC phase compared to that in patients at IT
phase (Liu et al., 2018). SELIL protein is a core component
of an endoplasmic reticulum (ER) quality control pathway,
namely the endoplasmic reticulum-associated degradation
(ERAD) pathway, which in turn plays a vital role in preserving
a secretory function by recognizing terminally misfolded
polypeptides and processing them for proteasomal degradation
(Vembar and Brodsky, 2008).

HBV is a non-cytopathic, hepatotropic virus belonging to
the Hepadnaviridae family. The virion is an enveloped icosahedral
nucleocapsid containing a partially double-stranded relaxed
circular (RC) DNA genome of 3.2 kb. The synthesized envelope
proteins of HBV-infected hepatocytes are translocated into the
endoplasmic reticulum (ER), where N-glycosylation, folding,
followed by oligomerization occurring (Gerlich et al., 1992).
Several viruses were found to trigger the ERAD pathway (Isler
et al,, 2005; Yu et al,, 2006; Barry et al., 2010). A previous
report had found HBV to activate the ERAD pathway by
increased expression of ER degradation-enhancing mannosidase-
like proteins (EDEMs), thus leading to reduced amount of
intracellular envelope proteins (Lazar et al, 2012). However,
whether SEL1L, a vital component of ERAD pathway, can
regulate HBV life cycle, still remains unknown.

In the present study, we demonstrated that SEL1L functioned
as a host restriction factor against HBV replication. Interestingly,
silencing SEL1L could activate ER quality control (ERQC)-
autophagy pathway, which was considered as an alternative
route for protein degradation.

MATERIALS AND METHODS

Cell Culture and Transfection

Human hepatoma cell line Huh7 was maintained in DMEM
medium (Gibco, USA), supplemented with 10% fetal bovine
serum, 10 mM HEPES, 100 U/ml penicillin, and 100 pg/ml
streptomycin. Cells were seeded in 12-well plates at a density
of 1.0 x 10° cells per well. Each well was transfected with a
total of 3 pg of plasmid using Lipofectamine 3000 (Invitrogen,
USA) following the manufacturer’s instruction. The human
hepatoma cell line HepG2.2.15 harboring the integrated dimer
of HBV genome (GenBank accession number: U95551) was
cultured using the same medium, except for supplementation
with 400 pg/ml of G418 (Gibco, USA).

Plasmids and Reagents

HBV replication competent plasmid pHBV1.3 (genotype D,
subtype ayw, GenBank accession number V01460.1), in which
the transcription of viral pregenomic RNA (pgRNA) is governed
by an authentic HBV core promoter, was constructed as described
previously (Mao et al, 2011). Plasmids SEL1L-FLAG and
SEL1L-GFP were synthesized by GeneChem Co. (China). Plasmid
HBsAg-mCherry was given as a gift from Prof. Xinwen Chen,
Wuhan, China. Plasmid HBs-2-s, expressing low level of HBsAg,
was kindly provided by Dr. Reinhold Schirmbeck and Dr.
William Carman.

The siRNA designed to silence SEL1L expression (siSEL1L,
cat.no. SI02664494) and negative control siRNA (siNC, cat.no.
1022076) was purchased from Qiagen (Germany). Kifunensine
(KIE K1140), 3-methyladenine (3-MA, M928), and chloroquine
(CQ, C6628) were purchased from Sigma-Aldrich (USA).

Analysis of Hepatitis B Virus DNA and RNA
Intracellular HBV core DNA and total RNA were extracted
as described previously (Mao et al., 2011). For DNA analysis,
HBV core DNA was separated by electrophoresis on a 1.5%
agarose gel and transferred onto Hybond-XL membrane (GE
Healthcare). For RNA analysis, 10 pg of total cellular RNA
was resolved in a 1.5% agarose gel containing 2.2 M
formaldehyde and transferred onto a Hybond-N+ membrane
(GE Healthcare). Membranes were probed with either o-*2P-
UTP-labeled minus or plus strand-specific full-length HBV
riboprobe and then exposed to a phosphor imager screen.
Hybridization signals were measured with a computerized
imaging system (Image] software).

Western Blot Assay

Cells were seeded in 12-well plates and washed twice with
PBS followed by lysing in 200 pl of Red Loading Buffer (Cell
Signaling Technology). Ten microliters of the cell lysate were
then resolved by electrophoresis in 12% SDS-PAGE, and proteins
were transferred onto nitrocellulose filter membrane (GE
Healthcare, USA). The membranes were blocked with 5% skim
milk and incubated with antibodies against SEL1L (ab78298,
Abcam, UK), EDEM1 (ab209660, Abcam, UK), HBsAg (ab9193,
Abcam, UK), HBcAg (ab8639, Abcam, UK), LC3 (Cell Signaling
Technology, USA), p62 (Cell Signaling Technology, USA), or
B-actin (Cell Signaling Technology, USA). The membranes
were washed with 1x TBST (as appropriate) and incubated
with secondary antibodies (315-035-048, 111-035-045, Jackson
ImmunoResearch, USA). Immunoreactive bands were captured
by enhanced chemiluminescence system (RPN2106, GE
Healthcare, USA).

Luciferase Reporter Assay

The Dual-Glo luciferase reporter assay system (E2940, Promega,
USA) was used to detect both firefly and Renilla (as internal
control) luciferase activity. The firefly luciferase reporter
plasmids pSP1, pSP2, pCP, and pXP (containing HBV
promoters) were generated and used as previously described
(Zhang et al., 2011).
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Immunofluorescence

Huh7 cells were seeded on cover slips and transfected with
plasmids or siRNAs. Forty-eight hours after transfection, cells
were fixed in 4% paraformaldehyde for 10 min and permeabilized
with 0.1% Triton X-100 for 10 min. Nuclei were stained with
DAPIL. HBsAg and LC3 were stained with Anti-Hepatitis B
Virus Surface Antigen (Ad/Ay) antibody (ab9193, Abcam, UK)
and LC3B (D11) XP® Rabbit mAb (3,868, Cell Signaling
Technology, USA). Co-localization of SELIL or LC3 (green)
with HBsAg (red) was determined using a confocal microscope
(LSM 7105 Carl Zeiss) with objectives Plan-Apochromat 63x/1.40
oil Iris M27. Images were visualized by ZEN acquisition software
(2012; Carl Zeiss) and analyzed by Image].

Histological Analysis and
Immunohistochemistry Staining

Pieces of liver tissues from patients at IT and IC phases were
fixed in 10% (vol/vol) neutralized formalin. Pathological
examination of tissue section was performed by a collaborating
pathologist in our hospital. For immunohistochemistry staining
(IHC), paraffin-embedded liver tissues were rehydrated, boiled
in 1 mM EDTA for antigen retrieval, and stained with DAB
substrate from Invitrogen. After incubation with SELIL antibody
(Abcam, 1:200), IHC sections were scanned using the Aperio
Scanscope, and pictures were acquired at various magnifications.

Statistical Analysis

We undertook two-way ANOVA, including multiple comparisons,
using GraphPad Prism 5 (GraphPad Software, Inc., San Diego,
CA), and specifying p < 0.05 as the standard for statistical
significance. Compared and other means are shown + standard
error of the mean. All experiments were replicated three or
more times.

RESULTS

Intrahepatic SEL1L Expression Was
Significantly Higher in Inactive Carrier
Subjects Than in Immune Tolerant Ones
Liver biopsies of 83 treatment-naive patients, from four natural-
history phases, were followed by subsequent RNA extraction
and microarray analysis. Supplementary Table 1 contains an
overview of the CHB patients’ clinical and virological
characteristics. Patients in IT and IC phases had different HBV
DNA loads, with normal alanine aminotransferase (ALT) levels.
Our previous study had revealed a set of host genes, including
SEL1L, which may be involved in the control of HBV replication
in IC phase (Liu et al., 2018). As shown in Figure 1A, SEL1L
expression was significantly higher in IC phase than in IT
phase. Next, we investigated SEL1L distribution in vivo. Liver
tissues from treatment-naive patients with chronic hepatitis B
were fixed and stained with SEL1L antibody. For patients in
IT phase, representative images showed SELIL to be mostly
distributed homogeneously. However, for patients in IC phase,
SEL1L accumulated as visible coarse granules, which suggested

the possibility of SEL1L protein to aggregate and form a
functional complex (Figure 1B).

Hepatitis B Virus RNA, DNA, and Core and
Envelope Proteins Were Increased by
SEL1L Silencing and Decreased by Its
Overexpression in Human Hepatoma Cells
Huh7 cells were transiently transfected with a 1.3-mer construct
of the HBV genome, together with SELIL siRNA, thereby
increasing HBV DNA levels relative to that in co-transfection
with control siRNA. Reduced expression of SEL1L was confirmed
by western blot (Figure 2B, bottom panels) with no cytotoxic
effect observed. Knockdown of SEL1L increased the secreted
HBsAg (Figure 2A, p = 0.0142) and HBeAg (p = 0.1331) in
the supernatant compared to control group and generated
higher levels of HBV DNA (Figure 2B, top panels) as well
as intracellular core and S proteins (Figure 2B, bottom panels).
Similar results were obtained in HepG2.2.15 cells (Supplementary
Figure 1A) as well. Conversely, co-transfection with a 1.3-mer
construct of the HBV genome, together with empty vector or
increasing concentrations of an expression construct for human
SEL1L, reduced the secreted HBV proteins (Figure 3A, HBsAg,
SELIL 1.5 pg and vector, p = 0.0463; HBeAg, SELIL 1.5 pg
and vector, p = 0.0477) and intracellular levels of replicative
HBV DNA in a dose-dependent manner (Figure 3B, top panels).
Similar tendencies were observed for intracellular levels of S
and core proteins as well (Figure 3B, bottom panels). Secreted
HBsAg from HBs-2-s could be reduced by more than 50%
by SELIL overexpression (Supplementary Figure 1B), which
indicated a limited ability of SELIL to reduce HBsAg. HBV
genotypes B and C responded similarly, with overexpressed
SELIL resulting in reduced replication (Supplementary
Figures 2B,D), while reduced SEL1L increased HBV DNA
and secreted HBsAg (Supplementary Figures 2A,C). Collectively,
these results suggested that host SEL1L protein negatively
regulates HBV RNA, DNA, and proteins.

SEL1L Could Regulate Hepatitis
B Virus Replication via a Post-
transcriptional Mechanism
In order to clarify whether SEL1L-mediated downregulation
of HBV RNA may be attributed to a transcriptional or post-
transcriptional mechanism, HBV RNA analysis and promoter
reporter assays were performed. Knockdown of SELIL did not
significantly alter HBV RNAs, including the 3.5-kb pregenomic
(pg) RNA, the precursor for HBV DNA replication, and
subgenomic RNAs of 2.4/2.1 kb for HBV envelope protein
translation (Figure 4A). SEL1L overexpression decreased HBV
RNA levels slightly (Figure 4B). Moreover, SEL1L did not
significantly inhibit the activities of HBV core promoter or X
promoter. It, in fact, increased the activities of SP1 and SP2
promoters, although the difference did not reach statistical
significance (Figure 4C).

The decay kinetics of HBV RNA were measured with and
without SEL1L overexpression. HepDES19 cells were transfected
with control vector or plasmid SEL1L without tetracycline and
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FIGURE 1 | Intrahepatic expression of SEL1L was significantly higher in inactive carrier patients than in immune tolerant patients. (A) Liver biopsies were performed
in the patients and then subjected to RNA extraction and microarray analysis using Affymetrix Human Genome U133 Plus 2.0 Array in our previous studies (Liu

et al., 2018). The intrahepatic SEL1L expression was displayed in scatter plots. The mean expression levels of SEL1L in the immune tolerant (IT), inactive carrier
state (IC), and immune reactive (IR) patients were calculated and compared. p < 0.05 was considered significant. (B) Two sheets of liver tissues from immune
tolerant and inactive carrier patients, respectively, were fixed and stained with SEL1L antibody (yellow).
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incubated for 36 h to induce HBV RNA transcription. Tetracycline
was then added so that de novo transcription of HBV pgRNA
from the transgene ceased (Supplementary Figure 3A). Time-
course measurements of the decay kinetics of HBV RNA were
made following cessation of expression (Supplementary
Figure 3B). HBV RNA degraded no faster in HepDES19 cells
with overexpressed SEL1L than that in the controls. Thus,
we concluded that SELIL did not promote such degradation
and therefore had no significant effect on the stability of HBV
RNA. SEL1L-mediated HBV RNA reduction was not due to
transcriptional inhibition but most likely attributed to a post-
transcriptional mechanism.

Blocking the Endoplasmic Reticulum-
Associated Degradation Pathway
Increased Intracellular and Secreted
Levels of Hepatitis B Virus

Envelope Proteins

SEL1L is an adaptor protein for the ubiquitin ligase HRD1 in
ERAD pathway. A previous study had demonstrated the
activation of ERAD pathway by HBV, which in turn reduced
the levels of three envelope proteins (Lazar et al, 2012). In
the present study, we treated HBV-transfected cells with

kifunensine (KIF), a potent inhibitor of ER mannosidase to
block the ERAD pathway. It increased the secreted HBsAg
levels in the supernatant of cultured cells in a dose-dependent
manner (Figure 5A). Similar trend was observed for intracellular
HBYV envelope proteins (Figure 5B). Moreover, two important
components of ERAD pathway, SEL1L and EDEMI, were also
increased (Figure 5B), which probably resulted from the less
consumption after ERAD inhibition. However, KIF did not
increase HBV core protein level (Figure 5B), indicating that
the decrease of core protein by SELIL overexpression was
not via ERAD pathway.

SEL1L Co-localized With HBsAg

in the Cytoplasm to Generate a

Granular Distribution

To check the interaction of SEL1L with HBV envelope proteins,
we first examined its intracellular distribution in the absence
of HBV. Immunofluorescence staining showed cytoplasmic
localization of SEL1L protein (Supplementary Figure 4A), with
homogeneous distribution. Strikingly, when HBsAg was also
expressed in Huh7 cells, SEL1L accumulated into visible coarse
granules (green spots) co-localizing with HBsAg-cherry (red
spots) as obvious granules (yellow spots; Figure 5C). Nevertheless,
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(A) Huh7 cells in 12-well plates were co-transfected with 1.5 pg pHBV 1.3 100 103 105 101 % of control
containing 1.3 mer genome-length HBV sequences and 20 nM control siRNA
or siSEL1L and harvested after 72 h. Secreted HBsAg and HBeAg from the FIGURE 3 | Overexpression of SEL1L decreased HBV replication in Huh7
supernatant of cell culture were measured and reported as fold change. cells. Huh7 cells in 12-well plates were co-transfected with 1.5 pg pHBV1.3
(B) Core DNA and proteins were analyzed by southern blot (upper panels) and and control empty vector or constructed plasmid expressing flag-tagged
western blot (lower panels) assays, respectively. The positions of relaxed circular PSEL1L in a dose-dependent manner. Secreted viral proteins (A), HBV DNA,
(RC), single-stranded (SS) DNA were indicated. The expression of intracellular and proteins (B) were detected as described above. The expression of SEL1L
viral proteins including surface and core proteins was also measured. The levels was revealed by western blot analysis with FLAG antibodies. *p < 0.05.
of p-actin served as a loading control. The relative gray-scale value for each lane
of DNA and proteins was measured by Image J software as the percentage of
DNA in control cells. *p < 0.05; ns, not significant.
We further noted that SELIL maintained a homogeneous,

the pattern of homogeneous distribution could still be observed
in some sections, despite HBsAg co-expression (Figure 5C,
bottom panels). The separate localizations of SELIL-GFP and
HBsAg-cherry were shown in Supplementary Figures 4B,C.

non-granular distribution where HBcAg expression was occurring
in Huh7 cells (Supplementary Figure 4D). Incomplete
co-localization was observed for SEL1L and HBcAg. The results
suggested the association of SEL1L with HBsAg, which might
be an intermediate in HBsAg degradation. Another mode is
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suspected as the explanation for the decrease of HBcAg when
SEL1L was expressed.

SEL1L Silencing May Promote Hepatitis B
Virus Replication Through the Activation of
Endoplasmic Reticulum Quality Control-
Autophagy Pathway

ERAD is not the only pathway for degradation of misfolded
proteins. Buchberger had demonstrated another ER quality
control-autophagy (ERQC-autophagy) pathway that allows the
entry of ERAD-resistant conformers, followed by degradation
through the autophagosome-lysosome format (Buchberger, 2014;
Houck et al., 2014). However, whether ERQC-autophagy is a
compensatory pathway or parallel option for proteins that
cannot be recognized, ubiquitinated, or transported by ERAD
pathway remains to be clarified.

To examine the effect of SEL1L knockdown on autophagy,
plasmid pHBV1.3 and siRNAs were co-transfected into Huh7
cells. As shown in Figure 6A, knockdown of SELIL increased
LC3 and HBsAg expression, which was observed to
be co-localized. CQ, which is an autophagy activator, was used
as a positive control. It, therefore, suggests that knockdown
of SELIL induced autophagy activation.

As described above, SEL1L overexpression decreased HBV
RNA and core protein, which cannot be otherwise explained

by the ERAD pathway. Hence, we added 3-methyladenine
(3-MA), an autophagy inhibitor, to the culture medium, either
alone or together with the knockdown of SELIL, in Huh7
cells transfected with pHBV 1.3 plasmid. Results showed that
HBV core DNA secreted and intracellular HBsAg and HBeAg
levels were reduced by 3-MA treatment, as was the level of
LC3-II (Figures 6B,C), thus suggesting a reduction in autophagy
(consistent with previous studies; Lin et al., 2018). Interestingly,
knockdown of SEL1L had the opposite effect and led to a
significant increase in LC3-II. If 3-MA treatment was performed
along with knockdown of SEL1L, LC3-II levels were still higher
than 3-MA treatment alone but slightly lower than in SELIL
knockdown alone (Figure 6C). HBV DNA and core protein
have been earlier reported to be increased by autophagy (Liu
et al., 2014; Lin et al., 2017). Thus, we suspect that knockdown
of SELIL blocked the ERAD pathway due to deficiency of a
key component. The alternative ERQC-autophagy is then activated
as a compensatory mechanism for degradation of conformers
(Figure 6D). As for HBV, ERQC-autophagy activation may
increase both HBV RNA and core protein levels.

DISCUSSION

Our present study raised the possibility of SEL1L playing an
indispensable role in either ERAD or ERQC-autophagy pathway
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HBsAg was measured by confocal microscopy.

to degrade viral proteins and inhibit HBV replication.
Overexpression of SELIL resulted in the reduction of HBV
DNA, RNA, and viral proteins, whereas knockdown of SELIL
showed opposite results. We noticed that SELIL did not inhibit
HBV  promoters, which suggested post-transcriptional
mechanisms to be involved in the reduction of HBV RNA
and core proteins. Furthermore, our data suggested that while
SEL1L probably decreased HBV envelope proteins through the
ERAD pathway, SELIL silencing increased HBV RNAs and
core protein possibly via the ERQC-autophagy pathway.
SEL1L is a highly conserved ER-resident trans-membrane
protein involved in the degradation of a subset of misfolded
ER proteins through ERAD pathway [13,14,17]. SELIL was
found to be indispensable for mammalian ERAD and ER
homeostasis (Sun et al., 2014). However, the relationship between
SELIL and HBV infection had not been investigated earlier.
Infection of several viruses has been shown to induce unfolded
protein response (UPR; Ambrose and Mackenzie, 2011; Trujillo-
Alonso et al., 2011). Recently, importance of the ERAD pathway
in modulating HCV and HBV infection was demonstrated
with more attention on EDEMs. EDEMs interact with HCV
glycoproteins, inducing increased ubiquitylation (Saced et al.,
2011). As for HBV, ERAD pathway was found to reduce the
intracellular level of envelope proteins (Lazar et al., 2012). The

downstream SEL1L is usually thought to form a complex with
HRD1 and OS9, and control HRD1 stability (Cattaneo et al.,
2008). Our data demonstrated the decrease of HBV envelope
proteins by SEL1L overexpression, thus resulting in ERAD
pathway activation; however, no effect was observed on HBV
core protein when ERAD was blocked by kifunensine. Besides,
silencing OS9 and HRD1 did not alter HBsAg or core protein
levels (data not shown). We, therefore, suspected that SELIL
may occupy an important site in another pathway for the
reduction of core protein.

SEL1L may function as HRD1-independent pattern in cells
[15]. A recent study showed that a SELIL-LC3-I complex
was formed to deliver ERAD-associated proteins, which
controlled the efficacy of ERAD (Noack et al., 2014). Sharma
et al. found replication of Japanese encephalitis virus to
be suppressed by autophagy occurring on LC3-I-containing
membranes, which are activated by silencing of SEL1L and
EDEM1 (Sharma et al., 2014); this suggested that SELIL
deficiency activates autophagy. On the contrary, Sun et al.
proposed that SEL1L deficiency did not induce increase of
autophagy in the pancreas, as evidenced by LC3B cleavage
in mice (Sun et al.,, 2014).

Autophagy is known to impact on HBV replication significantly
(Sir et al., 2010; Li et al., 2011; Liu et al.,, 2014). Independent
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studies have consistently demonstrated that autophagy inhibition
strongly decreases HBV replication in hepatic cells (Sir et al,
2010; Li et al, 2011). Additionally, autophagy deficiency was
found to strongly reduce HBV replication in a transgenic mouse
model (Tian et al,, 2011). In fact, at the late stage of autophagy,
HBYV replication is enhanced (Lin et al., 2018). In yeast, autophagy
function is a distinct degradation pathway to remove proteins
from the ER (Kruse et al., 2006). Relation between ERAD and

autophagy was established when Houck et al. reported that
novel ERQC-autophagy could degrade ER-resistant proteins
(Houck et al., 2014). The key structure of polypeptide substrate,
which can be recognized by ERQC-autophagy;, is yet to be defined,
and the relationship between ERAD and ERQC-autophagy
remains largely unknown. It is, however, tempting to suggest
that in case of insufficient degradation by ERAD, usually due
to abnormally structured polypeptides or deficiency of ERAD

Frontiers in Microbiology | www.frontiersin.org

December 2019 | Volume 10 | Article 2869


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

SEL1L Prevents HBV Infection

components, proteins aggregate on the ER membrane to increase
ER stress and stimulate autophagy. Our data suggested that
SEL1L deficiency is actually related to the increase of autophagy
in liver, suggesting the possibility of organ-specific properties
of ERQC-autophagy. Due to the differential structures of HBV
core protein and surface proteins, they might enter different
degradation pathways induced by SEL1L overexpression. However,
we did not clarify the details of this event, which deserves
further investigation. The demonstration of host-virus interaction
will be definitely helpful in exploring new methods for therapy
of chronic hepatitis B.

In summary, our study suggested SELIL as indispensable
in ERAD as well as alternative ERQC-autophagy pathway for
degradation of HBV proteins and control of HBV replication.
Although the exact mechanisms for degradation of HBV proteins
remain unclear at the moment, the novel function of SELI1L
is worth further investigation.
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Influenza A viruses (IAVs) continuously challenge the poultry industry and human health.
Studies of IAVs are still hampered by the availability of suitable animal models. Chinese
tree shrews (Tupaia belangeri chinensis) are closely related to primates physiologically
and genetically, which make them a potential animal model for human diseases. In this
study, we comprehensively evaluated infectivity and transmissibility in Chinese tree shrews
by using pandemic H1N1 (A/Sichuan/1/2009, pdmH1N1), avian-origin H5N1 (A/Chicken/
Gansu/2/2012, H5N1) and early human-origin H7N9 (A/Suzhou/SZ19/2014, H7N9) IAVs.
We found that these viruses replicated efficiently in primary tree shrew cells and tree
shrews without prior adaption. Pathological lesions in the lungs of the infected tree shrews
were severe on day 3 post-inoculation, although clinic symptoms were self-limiting. The
pdmH1N1 and H7N9 viruses, but not the HSN1 virus, transmitted among tree shrews by
direct contact. Interestingly, we also observed that unadapted H7N9 virus could transmit
from tree shrews to naive guinea pigs. Virus-inoculated tree shrews generated a strong
humoral immune response and were protected from challenge with homologous virus.
Taken together, our findings suggest the Chinese tree shrew would be a useful mammalian
model to study the pathogenesis and transmission of IAVs.

Keywords: HIN1, H5N1, H7N9, tree shrew, infectivity, transmissibility

INTRODUCTION

Influenza A viruses (IAVs) are segmented, single-stranded, negative-sense RNA viruses, whose
genome comprises eight gene segments, including basic polymerase 2 (PB2), basic polymerase
1 (PB1), acidic polymerase (PA), hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA),
matrix (M), and nonstructural protein (NS). IAVs are divided into 18 HA and 11 NA subtypes
on the basis of the antigenicity of their HA and NA surface glycoproteins.

IAVs continuously challenge the poultry industry and human health due to antigenic shift
and drift. In the twentieth century, HIN1, H2N2, and H3N2 viruses caused four influenza
pandemics in humans, resulting in widespread disease and severe loss of life (Medina and
Garcia-Sastre, 2011; Lipsitch, 2013). In 2009, a novel swine-origin influenza A (HIN1) pandemic
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caused huge economic losses and casualties (Novel Swine-Origin
Influenza A (HIN1) Virus Investigation Team et al, 2009).
In addition, since 1997, increasing numbers of humans have
been infected with highly pathogenic avian influenza H5N1
viruses, with a mortality rate of about 60% among confirmed
cases (WHO, 2017). Most recently, avian influenza A (H7N9)
viruses have emerged and infected human. To date, the H7N9
avian influenza virus has caused multiple outbreaks of severe
disease in humans (Shi et al., 2018; WHO, 2018).

Animal models are essential for studies on the infection,
immunity, and transmission of IAVs. Animal models such as
mouse, cotton rat, pig, guinea pig, ferret, and nonhuman primate
have been extensively developed, but many gaps remain in
our understanding (Margine and Krammer, 2014). Each
laboratory animal has its advantages and drawbacks. Generally,
mouse and guinea pig models are used for pathogenicity and
transmission studies. However, these animals do not exhibit
some of the clinical symptoms experienced by humans, such
as nasal exudates, fever, sneezing, and coughing, and their
genetic backgrounds are far from those of humans. Ferrets
and nonhuman primates (e.g., macaques) are excellent
mammalian animal models for influenza virus pathogenicity
and host immunity. Also, ferrets have been used as an important
model for influenza virus transmission (Sun et al., 2016, 2019).
Moreover, the clinical symptoms of influenza virus-infected
ferrets are similar to those of humans (Maines et al., 2006;
Shinya et al., 2012). However, availability, cost, livestock
requirements, and ethical constraints limit the widespread use
of these animals. Therefore, efforts remain focused on the
development of new animal models in the influenza field.

The Chinese tree shrew (Tupaia belangeri chinensis) is a
squirrel-like mammal widely distributing in south and southwest
China. It has a small body size (100-150 g), a low maintenance
cost, a short reproductive cycle (~6 weeks) and life span (6-8 years),
and a much closer affinity to primates than that of ferrets and
rodents (Xu et al, 2013). A comparative analysis of the tree
shrew and human genome identified 28 genes in the tree shrew
genome that were previously considered to be primate-specific
(Fan et al., 2013). The high level of similarity in gene sequences
between the tree shrew and humans has laid the foundation
for the genetic basis to evaluate the tree shrew as a feasible
animal model to study related diseases. In contrast, the unique
genetic characteristics of tree shrews provide an opportunity for
us to understand specific pathways mediated by the unique genes.
For instance, loss of the important antiviral gene DDX58/RIG-I
(retinoic acid inducible gene I) in the Chinese tree shrew has
made the tree shrew a suitable animal model for studying viral
infections (Fan et al., 2013; Xu et al., 2016; Yao, 2017).

Since 1970s, tree shrews have been used as animal models
for various viruses. Herpes simplex virus (HSV) was the first
virus known to infect tree shrews, and tree shrews proved to
be a viable model to study HSV latency (Darai et al., 1978;
Li et al., 2015, 2016). Moreover, the tree shrew was the only
non-primate animal found to be susceptible to hepatitis B
virus (HBV) infection, and therefore was used to study HBV
infection for many years (Guo et al., 2018). In 2012, the cellular
functional receptor of HBV, sodium taurocholate cotransporting

polypeptide (NTCP), was identified in tree shrew model (Yan
et al., 2012). Tree shrews have been demonstrated to possess
all of the essential factors required for hepatitis C virus (HCV)
infection and can be used as a potential platform for studying
HCV infection (Tong et al, 2011; Feng et al, 2017). Most
recently, the tree shrew was used as an animal model to study
Zika virus (ZIKV) infection, exhibiting robust viral secretions
in sera and saliva as well as cutaneous inflammation and
dermatological manifestations, which were similar to those in
ZIKV-infected patients (Zhang et al., 2019).

In 2013, Yang et al. analyzed the distribution of a2,3 and
a2,6 sialic acid receptors in the respiratory tract of tree shrew
(Yang et al., 2013), and investigated the pathological change,
seroconversion, and cytokine response of tree shrews infected
with HIN1, HON2 IAVs, and influenza B virus (Yang et al,
2013; Li et al,, 2018; Yuan et al., 2019). Most recently, Sanada
et al. assessed the pathogenicity of H5N1 and H7N9 IAVs in
tree shrews and found that H5NI1 influenza virus infection
caused severe diffuse pneumonia with fever and weight loss;
in contrast, H7N9 influenza virus infection caused focal pneumonia
in this tree shrew model (Sanada et al., 2019). These studies
suggested that tree shrews could be a useful alternative mammalian
model to study the pathogenesis of influenza virus. However,
transmissibility and immune responses in the tree shrew model
for different IAVs have not been comprehensively investigated.

To better prepare for AV pandemics and develop more effective
prevention and control strategies, a comprehensive understanding
of the biological characteristics of the various influenza virus
infections is necessary through the use of a suitable animal model.
In the present study, we investigated the susceptibility and
transmissibility of HIN1, H5N1, and H7N9 IAVs in tree shrews,
and assessed the humoral immune response in this model.

MATERIALS AND METHODS

Biosafety and Ethical Statements

All experiments with live influenza viruses were conducted within
enhanced animal biosafety level 3+ (ABSL3+) facilities. This study
was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the Ministry of Science and Technology of the People’s Republic
of China. The details of the facility and the biosafety and biosecurity
measures used have been previously reported (Zhang et al,
2013b). The protocols for animal studies were approved by Animal
Ethics Committee of Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences.

Animals

One to four-month-old female Chinese tree shrews weighing
90-110 g was obtained from the experimental animal core
facility of the Kunming Institute of Zoology, Chinese Academy
of Sciences (Kunming, China). Six-week-old female Balb/c mice
and five- to six-week-old female Hartley strain guinea pigs
(250-300 g) were purchased from Vital River Co. Ltd., Beijing,
China. All animals were housed in ventilated cages, and provided
food and water ad libitum.
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Cells and Viruses
Madin-Darby canine kidney (MDCK, American Type Culture
Collection, USA) cells were grown in DMEM (Gibco-BRL;
11965-092) supplemented with 10% (vol/vol) FBS (Gibco-BRL;
10099-141) and 1x penicillin/streptomycin  (Gibco-BRL;
10378016) at 37°C in 5% CO,. Primary renal cells (TSPRCs)
and lung cells (TSPLCs) were established from Chinese tree
shrews (aged 1-4 months) as follows: kidneys or lungs were
taken from the sacrificed tree shrew and minced into small
pieces (about 1 mm?®) in pre-cold PBS, and the pieces were
transferred into a 50 ml sterile plastic tube containing 5 mg/
ml collagenase type IV (Invitrogen, USA) solution for 30 min
in a 37°C water bath. After digestion, the solution was filtered
through a 200-mesh sieve to remove tissue pieces. The TSPRCs
or TSPLCs were suspended and washed three times with
pre-cold PBS. Finally, the cells were resuspended and cultured
at a density of 2 x 10° cells/ml in high-glucose DMEM
supplemented with 10% FBS and 1x penicillin/streptomycin
at 37°C in 5% CO, until confluent. The cells were passaged
three times and then used for the indicated experiments.
HINI1 virus A/Sichuan/1/2009 (pdmH1N1) was isolated from
the first human case of the 2009 influenza pandemic in China.
H5N1 highly pathogenic avian influenza virus A/Chicken/
Gansu/2/2012 (H5N1) was isolated in Gansu Province in China
in 2012 (Yang et al,, 2019). H7N9 virus A/Suzhou/SZ19/2014
(H7N9) was isolated from Jiangsu Province in China in 2014.
Virus stocks were propagated in specific-pathogen-free (SPF)
chicken eggs and stored at —70°C until use.

Experimental Infection of Animals

Each animal was inoculated with viruses at 10° EID;, in a
volume of 200 pl for tree shrews, 50 pl for mice or 300 pl
for guinea pigs after they were lightly anesthetized with 0.5%
pentobarbital sodium or carbon dioxide. The control animals
were inoculated with an equal volume of PBS. Clinical signs
of infection and body weight were recorded daily. The animals
were sacrificed on the indicated days post-inoculations for
virologic and pathological assays.

Viral Growth Kinetics

TSPRCs and TSPLCs were infected with viruses at a multiplicity
of infection (MOI) of 0.01. One hour after infection, the
mediums were replaced with fresh OPTI-MEM (containing
0.05 pg/ml TPCK-trypsin) and the cells were maintained at
37°C. Virus-containing culture supernatants were collected at
the indicated timepoints, and titrated in eggs. Growth data
are presented as the average of three independent experiments.

Receptor Binding Specificity Assay

We tested the receptor binding specificity of the HA protein
for «2,3- or a2,6-linked sialic acid using a solid-phase binding
assay with two different glycopolymers: «-2,6 glycans (6'SLN,
Neu5Aca2-6Galbl-4GIcNAcb-PAA-biotin) and «-2,3 glycans
(3’SLN, Neu5Aca2-3Galb1-4GlcNAcb-PAA-biotin), as previously
described (Imai et al., 2012). Briefly, a streptavidin-coated high-
binding capacity 96-well plate (Pierce) was incubated with PBS

containing different concentrations (starting from 2.4 pM) of
biotinylated glycans at 4°C overnight. After the glycan solution
was removed, the plates were washed four times with ice-cold
PBS and then incubated at 4°C overnight with PBS containing
128 HA units of purified influenza virus. After washing, the
plates were incubated for 4 h at 4°C with mouse antibody against
influenza NP. The plates were then washed four times and
incubated with horseradish peroxidase (HRP)-conjugated goat-
anti-mouse antibody (Sigma-Aldrich) for 2 h at 4°C. After four
washes, the plates were finally incubated with tetramethylbenzidine
substrate (Thermo Scientific), and the reaction was stopped with
50 pl of 2 M H2SO4. Absorbance was determined at 450 nm.

RNA Isolation and Quantitative PCR

Total RNA from tree shrew primary cells was extracted with
TRIzol (Invitrogen), following the manufacturer’s instructions,
and was subsequently transcripted into cDNA using M-MLV
Reverse Transcriptase, according to the manufacturer’s protocol
(Promega). Real-time PCR was carried out using the ABI 7500
detection System (Applied Biosystems, CA). The mRNA level
of each cytokine or chemokine was shown as fold of induction
(272%¢T) in the graph. The sequences of the gene-specific primers
used for qPCR were shown in Table 1.

Virus Titration

Virus titers of virus stocks and homogenized tissue samples
were determined by end-point titration in eggs and/or MDCK
cells. For end-point viral titration in eggs, 10-fold serial dilutions
of each sample were inoculated into eggs. Sixty hours after
inoculation, fluid from the allantoic cavity was collected and
tested for the ability to agglutinate chicken erythrocytes as an
indicator of viral replication. Infectious virus titers are reported
as logl0 EIDs)/ml, and were calculated from three replicates
by the method of Reed-Muench.

Pathological Analysis

Lung tissue was collected and fixed in 10% neutral buffered
formalin for histopathological examination, which was performed
as described previously (Masic et al,, 2009). Tissue sections
of lungs were stained with hematoxylin and eosin (H&E) and
examined microscopically for alveolar edema, interstitial edema,
hemorrhage, and inflammatory infiltration. The lesion severity
of each of four pathological lesions was scored according to
the distribution or extent of lesions within the sections examined

TABLE 1 | Primers for gRT-PCR used in this study.

Primer name Sequence (5'-3')

GAPDH-F TCATTGACCTGAACTACAT
GAPDH-R GAAGATGGTGATGGACTT

IFNB-F CTGAGGAAATTCAACGACCAC
IFNB-R ATAATAGCTCTTCAGGTGCAT
IFIT2-F GGCCAATGGAAATCTCTACCAG
IFIT2-R AGATAGCCTTTTCTTCGCACT
OASL-F CTCGAGCTACTAACCATCTACGC
OASL-R TCTGCCTCCTTCTGCTACGTT
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according to the following scale: 0, no visible changes; 1, mild
focal or multifocal change; 2, moderate multifocal change; 3,
moderate diffuse change; or 4, severe diffuse change. Two
independent pathologists scored all slides from blinded
experimental groups.

Protein Content and Differential Blood
Count of Bronchoalveolar Lavage Fluid

The bronchoalveolar lavage fluid (BALF) was obtained from
tree shrews on day 3 post-inoculation. BALF was obtained
from individual animals via tracheal cannulation and lavage
with 2 ml of PBS. Protein content as a surrogate metric of
lung barrier function was quantified by use of a BCA assay.
For BALF cell analysis, BALF was centrifuged at 500 xg for
10 min to spin down the cells and the collected cells were
resuspended in 2 ml of PBS. The cell suspension was washed
three times in PBS buffer. Differential cell counts were obtained
from smears stained with May-Griinwald-Giemsa. At least 200
cells were counted for each animal.

Antibody Response Assessment

Tree shrews were prime-inoculated intranasally (i.n.) with 10°
EID;, of test viruses. Sera were collected from all animals 1
day before and on day 14 post-inoculation (p.i.). Twenty-one
days post prime-inoculation, the tree shrews were challenged
in. with 10° EIDs, of the same virus. Nasal washes were
collected from all of the animals at 2-day intervals, beginning
on day 2 post-challenge and titrated in eggs. Sera were collected
from all tree shrews on day 14 post-challenge for hemagglutinin
inhibition (HI) and virus neutralization (VN) tests.

Intra- or Inter-Species Transmission Study
For the intra-species transmission study, groups of three guinea
pigs or tree shrews were inoculated i.n. with 10° EIDs, of test
virus and housed in a ventilated cage. After 24 h, three guinea
pigs or tree shrews were cohoused in the same cage as the
inoculated animals. For the interspecies transmission study,
three animals (tree shrews or guinea pigs) were inoculated
in. with 10® EIDs, of test virus and three animals of the other
species (guinea pigs or tree shrews) were cohoused in the
same cage at 24 h post-inoculation. Body weights of the
inoculated and exposed animals were recorded at 2-day intervals,
starting on day 0 p.i. Nasal washes were collected from all of
the animals at 2-day intervals, starting on day 2 p.i. [1 day
post-exposure (p.e.)], which was performed as descripted
previously (Lowen et al,, 2006). The nasal wash samples were
first kept in —80°C and titrated in eggs. Sera were collected
from each animal on day 2 before inoculation and day 21
p.i. for HI and VN tests.

Serological Assays

After serum samples were pretreated with receptor-destroying
enzyme to eliminate inhibitors of hemagglutination, serum
antibody titers were determined by using the HI test with 0.5%
chicken red blood cells (prepared in our laboratory from SPF

chickens) and VN in MDCK cells, which were performed as
described previously (Maines et al., 2006; Laursen et al., 2018).
The cutoff value used for the HI and VN antibody assays was 10.

Statistical Analysis

The statistical significance of comparisons between two groups
was determined with the Students t-test. p less than 0.05 were
considered statistically significant. Comparisons of more than
two groups were made with ANOVA with Bonferroni corrections.
Survival analysis was performed with GraphPad Prism 6.

RESULTS

Pandemic H1N1, Avian H5N1, and Human
H7N9 Influenza Viruses Efficiently
Replicate in Primary Tree Shrew Cells
Yang and his colleagues demonstrated that HIN1 and HON2
influenza viruses replicate in the upper respiratory tract of
tree shrews, and exhibited moderate respiratory symptoms
and pathological signs (Yang et al,, 2013; Li et al., 2018).
In the present study, to characterize the susceptibility of
tree shrews to different IAVs, pandemic 2009 HINI virus
A/Sichuan/1/2009 (pdmH1N1), avian-origin H5N1 virus A/
Chicken/Gansu/2/2012 (H5N1), and human-origin H7N9
virus  A/Suzhou/SZ19/2014 (H7N9) were selected as
representative viruses. We found that the growth and infectivity
of all three viruses were comparable in 9-day-old specific-
pathogen-free (SPF) chicken eggs, but diverse in MDCK cells
(Table 2). Our recent study showed that A/Chicken/
Gansu/2/2012 (H5N1) was lethal to chickens and intravenous
pathogenicity index was 2.97, indicating that the H5N1 virus
was highly pathogenic for chickens (Yang et al, 2019).
Molecular characterization indicated that the H5N1 virus
possesses a polybasic cleavage site motif (PQRERRRKR/GLE),
whereas pdmHIN1 and H7N9 viruses lack this feature
(PSIQSR/GLF or PEIPKGR/GLF), suggesting pdmHI1IN1 and
H7NO9 viruses may be low pathogenic for chickens (Table 2).
Additionally, we tested the receptor-binding properties of
three viruses and found that pdmHIN1 virus only bound
to o2, 6-siaylglycopolymer (human-type receptor), H5N1
virus only bound to a2, 3-siaylglycopolymer (avian-type
receptor), and H7N9 virus bound to both receptors, which
had greater affinity with o2, 6-siaylglycopolymer than that
with the a2, 3-siaylglycopolymer (Supplementary Figure S1).
Next, we evaluated the infectivity of tree shrew primary
renal and primary lung cells (TSPRCs or TSPLCs) by infected
them with three viruses at a MOI of 0.01 in the presence
of trypsin. Supernatants were collected at the indicated time-
points for virus titration. As shown in Figure 1A, each virus
replicated efficiently in the two cell types. The H5N1 virus
titer reached a higher level in both cell types compared
with the titers of the pdmHIN1 and H7N9 viruses at 24,
48, and 72 h post-infection (hpi). Virus replication in the
TSPLCs reached a peak at 48 hpi, whereas in the TSPRCs,
the titers of all three viruses continued to increase during
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TABLE 2 | Growth and pathogenicity characteristics of three viruses.

Viruses Virus growth? HA cleavage site motif Receptor-binding preference
logoEIDs/ml logoTCIDs/ml SA «-2,3 SA a-2,6
pdmH1N1 8.35+0.13 558 +0.14 PSIQSR/GLF No Yes
H5N1 8.69 +0.17 6.64 +0.13 PQRERRRKR/GLF Yes No
H7N9 8.24 £ 0.08 4.69 +0.17 PEIPKGR/GLF Yes Yes
2All data are the mean + SD from three independent experiments.
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FIGURE 1 | Growth kinetics of influenza viruses and cytokine response in primary tree shrew cells. (A) Virus titers in tree shrew primary cells infected with
pdmH1N1, H5N1, and H7N9 influenza viruses. Virus growth characteristics were determined by use of multi-cycle growth curves in tree shrew primary lung (left) or
renal (right) cells infected with viruses at a MOI of 0.01. Viral titers were quantitated in SPF embryonated chicken eggs. (B) Cytokine expression at the transcription
level in primary tree shrew renal cells infected with pdmH1N1, H5N1, or H7N9 influenza viruses. Primary tree shrew cells were either mock-infected or infected with
one of the three viruses at a MOI of 1. Total RNAs were prepared at the indicated time points and analyzed by gRT-PCR to quantitate the cytokine mRNA levels. The
data shown represent three independent experiments; bars represent the mean + SD of the three independent experiments (n = 3). *o < 0.05.

the observation period (72 hpi) and were relatively high
compared with those in the TSPLCs. We also assessed the
mRNA levels of three major cytokines in the TSPRCs infected
with the viruses (Figure 1B). Within the observation period,
H7N9 virus induced a sharp increase of IFN expression
at the mRNA level to about 1,000 folds at 24 hpi, while
only 28 folds or even less induced by the H5N1 or pdmHI1N1
virus. As for the IFNp associated genes (IFIT2 and OASL),
the H5N1 virus induced an upregulated expression within
three viruses at the earliest stage. While at 24 hpi the H5N1
and H7N9 viruses induced higher expression of IFIT2 and
OASL, compared with the pdmHINI1 virus. These results
indicate that the pdmHINI1, H5NI1, and H7N9 influenza
viruses can efficiently replicate and activate innate immune
responses in primary tree shrew cells.

PdmH1N1, H5N1, and H7N9 Viruses
Efficiently Replicate in Tree Shrews and
Cause Subclinical Symptoms

To evaluate virologic characteristics in tree shrews, we intranasally
inoculated tree shrews and balb/c mice (as controls) with pdmHINTI,
H5N1, and H7N9 viruses. As shown in Figure 2A, all three
influenza viruses replicated well in the respiratory tract. In the
tree shrew respiratory tract, the viral titers reached a peak on
day 1 or 2 post-inoculation (dpi), with infectious viral loads of
over 10° and up to 107 EIDs,/g. The H5NI virus also replicated
in the brains and spleens of the infected tree shrews on 1, 2,
and 3 dpi, although the virus titers only ranged from 10%%* to
10" EIDsy/g. The viruses were not detected in the spleens or
brains of tree shrews inoculated with the pdmHINI or H7N9
viruses within the experimental time period. The virus titers
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animals. *p < 0.05.
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FIGURE 2 | Pathogenicity and virus titers in tissues of animals inoculated with pdmH1N1, HEN1, or H7N9 viruses. Three tree shrews or mice in each group were
inoculated with pdmH1N1, H5N1, or H7N9 viruses or were mock-inoculated on day 0. Three tree shrews (A) or BALB/c mice (B) in each group were euthanized on
days 1-5 post-inoculation, and the trachea, nasal turbinate, lung, brain, kidney, spleen, liver, and intestine were collected for viral titration in chicken eggs. Data
shown are viral titers (log, EIDsy/g) from three animals; error bars indicate standard deviations. Averages and standard deviations of body weight changes (C) and
survival (D) of three tree shrews in each group were calculated daily. Body weights are presented as percentages of the body weights before virus inoculation. Body
weight changes of individual animals on each day after virus inoculation were compared with the average body weight days 2 before virus inoculation. Thereafter,
averages and standard deviations of the body weight changes of the animals are indicated in the graphs. The values for body weights are means + SD from live
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declined dramatically from 3 dpi in the trachea and in almost
all lung lobes of animals inoculated with the pdmHIN1 and
H7N9 viruses, and reached a very low level (<10° EIDs/g) by
4 dpi. However, the virus titers in these same tissues of animals
inoculated with H5N1 virus remained high (>10° EIDs/g) until
3 dpi, and decreased to a very low level (<10° EIDs/g) by 5
dpi. As a control, we noted that the three viruses effectively
replicated in the respiratory tract of the mice, and even saw
systemic replication in the brain, liver, spleen, kidneys, and
intestine (Figure 2B). These results indicate that tree shrews are
susceptible to HIN1, H5N1, and H7N9 influenza viruses, as are
mice, and that the tissue tropism of IAVs in the tree shrew
model is mainly restricted in the respiratory tract.

Clinical observation during the course of infection revealed
occasional snivel and sneezing. None of the infected tree shrews
showed any weight loss during the observation period
(Figure 2C). However, the infected mice showed varying degrees
of decreased body weight, especially the H5N1-infected mice,
which died within 5 days of infection (Figures 2C,D). These
data suggest that, compared with the mouse model, tree shrews
show a subclinical pathotype on infection with pdmHINI,
H5N1, and H7N9 viruses.

PdmH1N1, H5N1, and H7N9 Influenza
Viruses Induce Pathological Lesions and
Inflammatory Responses in the Lung of
Tree Shrews

We assessed whether histological changes occurred in the lung
tissues of tree shrews and mice inoculated with pdmHIN1,
H5N1, or H7N9 viruses. The lungs of virus-infected tree shrews
at 3 dpi showed obvious alveolar edema, interstitial edema,
hemorrhage, and inflammatory infiltration. The inflammation
was slightly milder at 5 dpi (Figure 3A). The histopathology
score of the infected lungs from tree shrews was as high as
9.0 at 3 dpi and 6.0 at 5 dpi (Figure 3B). Of note, pdmHIN1
induced more severe lesions in infected lungs than H5N1 and
H7N9. Lung inflammation in inoculated mice was relatively
worse at 5 dpi compared with at 3 dpi, which may have been
due to persistent high-level virus loads.

The physiopathology and disease progression induced by
influenza virus involve destruction of the pulmonary capillary
endothelium and alveolar epithelium as a result of neutrophil,
macrophage, and erythrocyte accumulation, as well as protein-
rich fluid in the alveolar spaces (Herold et al., 2006). Proteins
in the bronchoalveolar lavage fluid (BALF) are usually measured
as surrogates for disruption of the alveolar-capillary barrier (Ware
and Matthay, 2000). As shown in Figure 3C, the alveolar-capillary
barrier integrity following H5N1 virus infection was seriously
disturbed, as indicated by the increased BALF protein content.
For pdmHIN1 and H7N9 viruses, the BALF protein content
was increased to different degrees compared with the mock
infection. The total white cell count in the BALF was significantly
increased following virus infection, especially for H5N1 virus
(Figure 3D). Differential cell counts of BALF from infected tree
shrew showed a significant increase in neutrophil and lymphocyte

numbers compared with mock-infected tree shrews. These results
suggest that influenza viruses induce pathological lesions and
inflammatory responses in the lungs of tree shrews.

PdmH1N1, H5N1, and H7N9 Influenza
Viruses Induce Protective Responses
Against Homologous Challenge in

Tree Shrews

Next, we examined sera from the inoculated tree shrews for
antibodies against the influenza viruses by using hemagglutination
inhibition (HI) and virus neutralization (VN) tests (Table 3).
All tree shrews inoculated with pdmHIN1, H5N1, or H7N9
viruses generated specific antibodies at 3 weeks post-inoculation.
The HI antibody against pdmHINI virus showed the highest
titers in the sera of the inoculated tree shrews, whereas H5N1
virus induced the lowest antibody level in the sera. The VN
test showed antibodies from the inoculated tree shrews had
high neutralizing activity against the corresponding viruses.
Not surprisingly, pre-inoculation sera were negative for influenza
virus-specific antibodies by the HI and VN tests.

To test the protection efficacy against homologous challenge,
we first inoculated tree shrews with 10° EIDs,/ml of pdmHIN1,
H5N1, or H7N9 virus and then challenged them with 10°
EIDs,/ml of homologous viruses at 3 weeks after inoculation.
During the observation period, no clinic symptoms appeared
in the tree shrews. Sera were collected at 14 days post-inoculation
and 14 days post-challenge for HI and VN tests, which revealed
a significant increase in the antibody level in each challenge
group (Figures 4A,B). In addition, considerable virus shedding
was detected in the nasal wash collected from the inoculated
tree shrews from day 1 to day 7 post-inoculation, whereas
almost no virus was detected in any of the nasal wash collected
from the challenged tree shrews within the observation period
(Figure 4C). These data suggest that single dose inoculation
of tree shrews induced protective immunity against homologous
influenza virus challenge.

PdmH1N1 and H7N9, but not H5N1,
Influenza Viruses Are Transmissible in

Tree Shrews

To test whether the three different influenza viruses can
transmit in the tree shrew model, we evaluated their
transmissibility among tree shrews by using a direct-contact
approach, and employed a well-defined transmission model
(guinea pig) for influenza virus as a control. The pre-inoculation
sera from each animal at day 2 before inoculation were
negative for influenza virus-specific antibodies by the HI and
VN tests (data not shown). In the transmission experiment
for pdmHINI virus, virus efficiently replicated in the upper
respiratory tract of guinea pigs with titers of >10*%, > 10°7,
and > 10** EIDs/ml on days 2, 4, and 6 post-inoculation,
respectively. Low titers of virus were detected in the nasal
washings of exposed guinea pigs from day 1 p.e. (Figure 5A).
Only one of three exposed guinea pigs seroconverted, with
an HI titer of 80 and a VN titer of 531, whereas all pdmHIN1
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FIGURE 3 | Histopathology and inflammatory response in the lungs of tree shrews inoculated with influenza viruses. (A) Representative pathological images of
inoculated lungs on days 3 and 5 post-inoculation. Scale bars, 100 pm. (B) Histopathological lung lesion scores from tree shrews inoculated with one of the three
test viruses. Black arrows indicate edema, hemorrhage, or inflammatory infiltration. (C) Protein content was quantified by using a BCA assay with the BALF obtained
from tree shrews at day 3 p.i. (D) Differential cell counts of BALF obtained from tree shrews at day 3 p.i. The data are presented as means + SDs for samples of
three animals (n = 3). *p < 0.05.

three nasal wash samples from day 5 p.e. in the exposed
tree shrews (Figure 5B). Serum antibodies from two of three
exposed tree shrews were seroconverted with HI titers of 40

virus-inoculated guinea pigs possessed HI titers >80 and
VN titers >376 (Table 4). A similar trend was observed in
the tree shrew groups; however, viruses were detectable in
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and 320 and VN titers of 266 and 1,259 against pdmHIN1,
respectively, whereas all inoculated tree shrews possessed HI
titers >80 and VN titers >447 (Table 4). In the H7N9
transmission experiment, not surprisingly, H7N9 virus was
readily transmitted from the three inoculated guinea pigs to
the three contact ones with viral loads of up to 10*° EIDs/
mL on day 5 p.e. (Figure 5A). Sera from all guinea pigs
exposed to H7N9 virus were seroconverted with HI titers
of 40-160 and VN titers of 79-447, whereas the inoculated
guinea pigs possessed higher antibody titers with HI titers
of 80-160 and VN titers 224-531 (Table 4). H7N9 virus

TABLE 3 | Seroconversion of tree shrews pre- and post-inoculated with different
influenza viruses.

Tree shrews Seroconversion (positive/total)?

inoculated
with Pre-inoculation sera Post-inoculation sera

HI titer VN titer HI titer VN titer
pdmH1N1 - - 3/3 (80-160)  3/3 (447-1,778)
H5N1 - - 3/3 (20-80) 3/3 (158-447)
H7N9 - - 3/3 (80-160) 3/3 (56-447)

aSera were collected from the animals at 2 days pre- or 3 weeks after the virus
inoculation. The range of antibodly titers obtained is indicated in parentheses.
°No antibodly titer was detected.

also transmitted from the inoculated tree shrews to the contact
animals (Figure 5B). Detectable virus persisted in nasal wash
samples until day 9 p.e, while the viral load reached its
peak on day 5 at 10*" EIDs/ml (Figure 5B). Sera from the
exposed tree shrews were all seroconverted with HI titers
of 20-80 and VN titers of 94-112, whereas the inoculated
tree shrews induced higher antibody levels with HI titers of
80-160 and VN titers of 56-447 (Table 4). However, avian-
origin H5N1 did not transmit in guinea pigs or tree shrews
by direct contact in the present study (Figures 5A,B). No
virus was detected in any of the nasal wash samples collected
from the exposed guinea pigs or tree shrews within the
observation period, and sera collected from the contact animals
were negative against H5N1 virus at 21 days post-exposure
(Figures 5A,B and Table 4). Together, these results indicate
that pdmHI1N1 and H7N9 viruses can transmit among guinea
pigs and tree shrews in a direct contact model and that
H7N9 has stronger transmissibility among guinea pigs than
tree shrews compared with pdmHIN1 and H5N1 viruses.

Interspecies Transmission of H7N9
Influenza Virus From Tree Shrews to
Guinea Pigs

The interspecies transmission of IAVs poses a potential threat
to humans and animals (Shi et al., 2018; WHO, 2018;
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FIGURE 4 | Antibody response and virus shedding in tree shrews inoculated or challenged with influenza viruses. (A,B) Serum antibody titers were measured by
using the HI method and virus neutralization test with serum collected at 14 days post-inoculation (red dots) and 14 days post-challenge (blue dots). (C) Nasal washes
for virus shedding detection were collected every other day from tree shrews from day 2 post-inoculation or -challenge. Viral titers in nasal wash samples from each of
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Horizontal dashed lines indicate the lower limit of virus detection.
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TABLE 4 | Seroconversion of guinea pigs and tree shrews inoculated with or exposed to different influenza viruses.

Virus Animals Seroconversion (positive/total)®
Inoculated Exposed

HI titer VN titer HI titer VN titer
H1N1 Guinea pig 3/3 (80-320) 3/3 (376-631) 1/3 (80) 1/3 (631)
H5N1 Guinea pig 3/3 (20-40) 3/3 (112-447) 0/3 0/3
H7N9 Guinea pig 3/3 (80-160) 3/3 (224-531) 3/3 (40-160) 3/3 (719-447)
HIN1 Tree shrew 3/3 (80-160) 3/3 (447-1,778) 2/3 (40-320) 2/3 (266-1,259)
H5N1 Tree shrew 3/3 (20-80) 3/3 (158-447) 0/3 0/3
H7N9 Tree shrew 3/3 (80-160) 3/3 (66-447) 3/3 (20-80) 3/3 (94-112)

aSera were collected from the animals at 3 weeks after the virus inoculation or exposure; these animals are the same ones that were used for the transmission studies shown in

Figure 5. The range of antibody titers obtained was indicated in parentheses.

Zeng et al, 2018). Based on the transmissibility of pdmHIN1
and H7N9 viruses in guinea pigs and tree shrews described
above, we next sought to test whether these two viruses could
transmit from guinea pig to tree shrew, or vice versa. For pandemic
HINI virus, as shown in Figures 6A,B, the virus was not detected
in the respiratory tract of the exposed guinea pigs or tree shrews,
although pdmHIN1 was detectable in the nasal wash from the
inoculated guinea pigs and tree shrews, suggesting that pdmHIN1
is not transmissible from tree shrews to guinea pigs, or vice
versa. For H7N9 virus, viral shedding was detected on days 3-7
p-e. from the three exposed guinea pigs housed with the tree
shrews inoculated with H7N9 virus (Figure 6C), but the
corresponding interspecies transmission model was not established
(Figure 6D). Consistent with the above, in the four groups of
exposed animals, only the serum antibodies from two of the
exposed guinea pigs co-housed with the H7N9-inoculated tree
shrews were seroconverted with HI titers of 80 and VN titers
of 316 (Table 5). These results suggest that the H7N9 virus, but
not pdmHINI, is transmissible from tree shrews to guinea pigs.

DISCUSSION

Previous studies have demonstrated that HIN1 and H9N2
influenza viruses replicate in the upper respiratory tract of tree
shrews, which showed moderate respiratory symptoms and
pathological signs (Yang et al., 2013; Li et al., 2018). Furthermore,
while our manuscript was in preparation, Sanada and colleagues
documented the pathogenicity of H5N1 and H7N9 IAVs in
tree shrews (Sanada et al, 2019). In the present study,
we performed a more comprehensive and in-depth investigations
and comparison of the suitability of the tree shrew as an animal
model for the study of three different IAV subtypes from various
species. Three influenza viruses, pdmHI1N1, H5N1, and H7NO9,
were isolated from humans and birds, respectively, and represent
a severe threat to human health. Our integrated evaluation of
the tree shrew model enriched the study about the infectivity
and transmissibility of animal influenza viruses in the field.
Numerous human and non-human cell lines have been used
to study the pathogenicity, replication, and innate immune
response of influenza viruses (Steel et al., 2009; Elbahesh et al.,

2014; Wang et al,, 2018). Compared with cell lines, primary
cells could reflect viral infectivity and pathogenicity in vivo
from another facet since primary cells from animal models
possess their inherent biological properties. For instance, primary
tree shrew cells have been used as an in vitro platform for
HBV, HCV, and ZIKV (Glebe et al,, 2003; Feng et al, 2017;
Zhang et al,, 2019). In the present study, we demonstrated that
primary renal and lung epithelial cells from the tree shrew
were suitable to study the infectivity and innate immune response
induced by pdmHIN1, H5N1, and H7N9 viruses (Figure 1).

The clinical manifestations of influenza virus are various
in humans. Most infected people develop a fever, cough, runny
nose, loss of appetite, etc. In the worst cases, influenza virus
may cause pneumonia, respiratory distress syndrome, and even
death (Carrat et al., 2008). Previous studies have demonstrated
that tree shrews infected with HIN1, H7N9, or HIN2 virus
showed moderate respiratory symptoms and pathological signs
(Yang et al,, 2013; Li et al,, 2018; Sanada et al., 2019). Sanada
et al. reported that H5N1 infection induced severe clinical
symptoms including pneumonia, fever, weight loss, and death
in tree shrews (Sanada et al, 2019). However, in our study,
tree shrews infected with HIN1, H5N1, or H7N9 virus did
not show significant weight loss or obvious clinical signs
(Figure 2). The reasonable explanation for this discrepancy is
the origin of the virus strains. The H5N1 virus used in our
study was isolated from chickens, whereas the H5N1 virus
(A/Vietnam/UT3040/2004) used in Sanada’s study was from a
human patient and possessed adaptive mutations (PB2 E627K,
G309D) that can lead to enhanced virulence in mammals. In
addition, pdmHINI1, H5NI1, and H7N9 viruses possessed
different abilities to replicate in the non-respiratory organs of
mice and tree shrews because of a distinct tissue tropism.
(Figure 2), suggesting that these three IAVs could be used
for the study on the respiratory tract-related diseases in the
tree shrew model. Finally, in the tree shrew, we observed
obvious pulmonary lesions and inflammatory responses and
a large number of neutrophils, monocytes, and proteins in
the BALE which similarly appeared in many human clinical
cases infected with influenza viruses (Yokoyama et al., 2010;
Shen et al., 2015). Therefore, tree shrews have potential as a
mammalian model for the study of influenza virus pathogenesis.

Frontiers in Microbiology | www.frontiersin.org

163

December 2019 | Volume 10 | Article 2955


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Xu et al.

Studies on IAVs in Tree-Shrews

A Jnoculated Exposed
Je
E
‘b
&
8
2,
g
>0

Viral titers (logyg EIDsp/mL)
£

-]

ry

Viral titers (logqg EIDsgp/mL)
N

S

Viral titers (logjg EIDsg/mL)

=)

limit of virus detection. | or E means Inoculated or Exposed, respectively.

dmH1N1
Inoculated P Exposed
Tree shrew Guinea pi
e [N E1
E2
13 EE E3
4 6 8 10 1 3 5 7 9
Days post-inoculation/exposure
pdmH1N1
Inoculated Exposed
Guinea pi Tree shrew
Wi R E1
I 2 E2:
I 13 EE3 E3
6 8 10 1 3 5 7 9
Days post-inoculation/exposure
Inoculated H7N9 Exposed
Tree shrew 1 Guinea pig
1 || E1
: E2
1 E3 E3
1
1
1
1
|
1
=
Days post-inoculation/exposure
Inoculated H7N9 Exposed
Guinea pig Tree shrew
I E1
2 E2
I 13 EE E3

4 6 8 10 1 3 5 7 9
Days post-inoculation/exposure

FIGURE 6 | Interspecies transmission of pdmH1N1 and H7N9 viruses between guinea pigs and tree shrews. Three animals were inoculated with 10° EIDs, of
pdmH1N1 virus (A,B) or H7N9 virus (C,D), respectively. The next day, for A and C, the inoculated tree shrews were cohoused with three naive guinea pigs; for B
and D, the inoculated guinea pigs were cohoused with three naive tree shrews. Nasal washes for virus shedding detection were collected every other day from all
animals from day 2 of the initial infection. Viral titers in nasal wash samples from each of three individual inoculated animals (solid bars, left) and contact animals
(dotted/diagonal bars, right) are expressed as log,, EIDsy/ml. Each color bar represents a value from an individual animal. Horizontal dashed lines indicate the lower

Vaccination is the most effective and cost-effective healthcare
intervention to prevent influenza infection. However, the frequent
antigenic shift and drift of influenza virus results in mismatches
between the vaccine and circulating influenza virus strains,
making it important to assess vaccine potency promptly in a
suitable animal model (Singanayagam et al., 2018). Animal
models not only play an important role in our understanding
of viral pathogenicity, but also serve as a platform for the
evaluation of vaccine candidates and new therapeutics (Margine
and Krammer, 2014). In the present study, tree shrews induced
an ideal humoral immune response upon infection with different

influenza viruses. Infected tree shrews were protected against
a second challenge with the homologous virus. Although the
magnitude of the antibody responses in the tree shrews was
variable, this variation appears to be due to the different viruses,
which would assist us in selecting appropriate vaccine candidate
strains. Therefore, we believe that the tree shrew model would
be helpful for evaluating the efficacy of vaccines for the
prevention of influenza infection.

Studies of influenza virus transmission in mammals are essential
to assess potential public health risks and for pandemic preparedness.
Previous work has shown that both strong binding to human
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TABLE 5 | Seroconversion of animals in the interspecies transmission study.

Virus Seroconversion (positive/total)®
Inoculated Exposed
Animals HI titer VN titer Animals HI titer VN titer
pdmH1N1 Tree shrew 3/3 (80-640) 3/3 (188-376) Guinea pig 0/3 0/3
pdmH1N1 Guinea pig 3/3 (40-320) 3/3 (40-266) Tree shrew 0/3 0/3
H7N9 Tree shrew 3/3 (20-40) 3/3 (79-188) Guinea pig 2/3 (80) 2/3 (316)
H7N9 Guinea pig 3/3 (80-160) 3/3 (224) Tree shrew 0/3 0/3

aSera were collected from the animals at 3 weeks after virus inoculation or exposure, these animals are the same ones that were used for the transmission studies shown in

Figure 6. The range of antibody titers obtained was indicated in parentheses.

like 02,6 sialic acid receptors and potent replication in the
respiratory tract are necessary for efficient transmission in mammals
(Schrauwen and Fouchier, 2014). Previous findings indicate that
human-like 02,6 sialic acid receptors are mainly distributed in
the nasal mucosa, trachea, and bronchus of tree shrews, and
avian-like a2,3 sialic acid receptors are primarily distributed in
the trachea, bronchiole, and alveolus of tree shrews (Yang et al.,
2013). In our study, the H5NI avian influenza virus prior to
adaptation in mammals had no affinity for 2,6 sialic acid receptors
(Table 2; Supplementary Figure S1), it is not surprising that
the H5N1 virus failed to transmit in either the guinea pig or
tree shrew model, consistent with previous studies in other animal
models (mouse, guinea pig, and ferret) (Lowen et al., 2006; Maines
et al, 2006). In contrast, the low pathogenic pdmHIN1 and
H7NO viruses tested in this study transmitted efficiently between
tree shrews with high-titer virus shedding in nasal wash and
seroconversion of directly inoculated and exposed groups. To
our knowledge this represents the first reporting of an unadapted
H7N9 influenza virus being transmitted among tree shrews by
direct contact. Further studies should examine whether aerosol
spread of H7N9 influenza virus occurs in tree shrews.

The risk of a new influenza pandemic increases with repeated
interspecies transmission events (Wang et al., 2013; Zhang et al,,
2017). In early 2013, a novel reassortant avian-origin influenza
A (H7N9) virus crossed the species barrier and caused the
first human infection (Gao et al., 2013; Zhang et al, 2013a).
So far, five waves of human H7N9 infection have caused 1,567
cases, with a fatality rate of approximately 39% (WHO, 2018;
Zeng et al., 2018). Moreover, in 2017, H7N9 highly pathogenic
influenza viruses were detected in poultry and humans (Shi
et al., 2017, 2018). H7N9 viruses easily acquire the PB2 E627K
or D70IN mutation upon replication in mammals (Chen et al,,
2013; Shi et al, 2017). Additionally, the viral PA protein and
host ANP32A protein are crucial for the emergence of PB2
E627K during adaptation of H7N9 avian influenza viruses to
humans (Liang et al, 2019). Nevertheless, there is currently
no evidence that the H7N9 influenza virus can spread from
person to person. Among the mammalian hosts, pigs, possessing
both avian-like and human-like receptors in the respiratory
tract, are susceptible to infection with various influenza viruses
and have been deemed to be “mixing vessels” (Hass et al,
2011). Two studies reported that H7N9 isolate was able to
infect and easily adapted to pigs, and the six internal gene
combination of H7N9 virus, which are probably derived from

HON2 viruses, functions in viral replication and transmission
in mammals (Zhu et al,, 2013; Li et al,, 2014; Xu et al.,, 2014).
Therefore, human or avian H7N9 influenza virus could
be potentially introduced into swine population and initiate a
multiple gene reassortment in nature. In the present study, the
tree shrew-guinea pig interspecies transmission model can mimic
the transmission between porcine and human to some extent.
Our data suggest that H7N9 virus can cross the species-barrier
from tree shrews to guinea pigs (Figure 6), which implies the
importance of implementing biosecurity measures in pig farms
and the necessity of changing the co-habitation pattern of
different livestock and poultry to prevent interspecies transmission.
Future studies will examine why this interspecies transmission
is unidirectional and why H7N9 virus rather than pdmHIN1
virus was able to transmit interspecies. The tree shrew is thus
a promising tool for studies on the interspecies transmission
of H7N9 influenza virus.

In summary, our comprehensive study suggests that tree
shrew is susceptible to different subtypes of IAVs that replicate
efficiently in the both the upper and lower respiratory tracts
prior to adaptation. Virus inoculation may protect tree shrews
against challenge from homologous virus. Importantly, this
study revealed that unadapted H7N9 virus is transmissible
among tree shrews and interspecies transmission can occur
from tree shrews to guinea pigs via the direct-contact mode.
Therefore, taken together with all of the merits of tree shrews
in our or previous studies, we believe that tree shrews could
be a promising alternative animal model for the study of
influenza virus pathogenesis and transmission, and for
assessments of antiviral agents and vaccines.
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Viruses have evolved many mechanisms to escape host antiviral responses. Previously,
we found that classical swine fever virus (CSFV) infection induces autophagy using the
autophagosome as a self-replication site, thereby evading the host immune response
and promoting long-term infection. However, the underlying mechanisms used by
CSFV to enter autophagosomes and the mechanism by which autophagy promotes
viral replication remain unclear. We found that CSFV infection inhibited autophagy
receptor nuclear dot protein 52 kDa (NDP52) expression, ubiquitination, and SUMO2-
4 modification. Further analyses revealed that CSFV mediated ubiquitination and
SUMOylation of NDP52 via Pten-induced kinase 1 (PINK1)-Parkin. Moreover, NDP52
inhibition also inhibited CSFV replication and the induction of mitophagy marker proteins
expression. Inhibition of NDP52 reduced CD63 expression and binding to CSFV E2
protein, which has an essential role in persistent CSFV infection. As NDP52 has a close
relationship with the NF-kB innate immunity pathway and plays an important role in the
antiviral response, we investigated whether NDP52 inhibited CSFV replication through
the release of immune factors and antivirus signals. Our results showed that inhibiting
NDP52 boosted interferon and TNF release and promoted NF-kB pathway activation.
In summary, we found that NDP52 inhibition not only reduces CSFV binding and entry
into autophagic vesicles, but also inhibits CSFV replication by active NF-kB antiviral
immune pathways. Our data reveal a novel mechanism by which NDP52, an autophagy
receptor, mediates CSFV infection, and provide new avenues for the development of
antiviral strategies.

Keywords: classical swine fever virus, NDP52, ubiquitination, CD63, NF-xB

INTRODUCTION

Swine fever, caused by classical swine fever virus (CSFV) infection, is characterized by acute fever
and death, and is classified as a Class A infectious disease by the World Organization for Animal
Health (OIE) (Paton and Greiser-Wilke, 2003). CSFV belongs to the genus Pestivirus within the
family Flaviviridae. The virus has a small, enveloped, single-stranded, positive-sense 12.3 kb RNA
genome with a long, open reading frame that encodes a 3898 amino acid polypeptide (Becher
etal., 2003). Co-and post-translational processing of the polypeptide by cellular and viral proteases
yields 12 cleavage products, including four structural proteins (C, Erns, E1, and E2) and eight non-
structural proteins (NP™, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Heinz-Jurgen et al., 1991).
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CSFV can infect several cells types, including immune cells,
leading to cellular immunosuppression (Fan et al, 2018).
However, CSFV infection does not cause typical pathological
changes, and the underlying infection mechanisms remain
unclear (Bensaude, 2004; Johns et al., 2009).

Macroautophagy, hereafter referred to as autophagy, is an
internal balancing mechanism for maintaining homeostasis in
eukaryotic cells. After receiving an autophagy induction signal,
such as pathogen infection (Deretic et al., 2013), starvation
(Tattoli et al., 2012), growth factor withdrawal (Lum et al., 2005),
endoplasmic reticulum (ER) stress (Ciechomska et al., 2013), or
oxidative stress (Scherz-Shouval et al., 2007), the cell forms a
small liposome-like membrane structure in the cytosol, which
expands to form a bowl-like structure consisting of two layers
of lipid bilayers that can be observed under electron microscopy.
The bowl structure is called a phagophore. Many components in
the cytoplasm, including protein aggregates, damaged organelles,
and foreign invading pathogens, are wrapped in vesicles and then
closed into a closed spherical autophagosome (Hoyer-Hansen
and Jdatteld, 2008). Microtubule-associated protein 1 light chain
3 (MAPI1LC3 or simply LC3), consisting of the interconvertible
forms LC3-I and LC3-II, is involved in the formation of
autophagosome membranes. Early pro-LC3 cleavage by ATG4
exposes the C-terminal glycine to form the cytosolic soluble
form LC3-I, which is modified by ubiquitination and coupled
with the substrate PE on the surface of the autophagosome
membrane under the action of the El-like enzyme ATG?7, the
E2-like enzyme ATG3, and the E3-like enzyme ATG5-ATG12-
ATGI16L complex to form the membrane-bound form LC3-II.
After autophagosome formation, this fuses with lysosomes to
form autolysosomes. Under the action of various hydrolases,
the substrate in the autophagosomes is degraded (Bizargity
and Schroppel, 2014). Autophagy is a way for cells respond
to unfavorable environmental factors. Many RNA viruses,
such as enteroviruses, hepatitis C virus (HCV), and CSFV,
circumvent and utilize host autophagic machinery to promote
viral propagation (Pei et al, 2013; Mohamud and Luo, 2018;
Wang and Ou, 2018). During CSFV infection, the viral proteins
NS5A and E2 colocalize with the autophagy marker CD63
on autophagosome-like vesicle membranes. Moreover, CSFV
infection can use mitophagy to inhibit cell apoptosis to create
a persistent environment for viral infection (Pei et al., 2016;
Gou et al., 2017). However, the mechanisms underlying CSFV-
autophagosome entry are unclear.

Autophagy was initially considered to be non-selective,
but recent studies have found that autophagy can also
be selective. The most important feature of the selective
autophagy pathway is the involvement of autophagy receptors
that recognize and transport autophagic substrates, thereby
regulating autophagy substrate degradation under very precise
dynamic control (Lazarou et al, 2015). These autophagy
receptors contain a conserved LC3-interacting region (LIR)
domain, which binds to Atg8 molecules on autophagosomes
and mediate autophagy degradation (Zaffagnini and Martens,
2016). Ubiquitin acts as a signaling molecule, inducing
polyubiquitination of autophagy substrates (Kocaturk and
Gozuacik, 2018). Autophagy receptor proteins recognize and

bind autophagic substrates in a UBA domain-dependent or -
independent manner. The LIR is anchored to the autophagosome
membrane, followed by autophagosome fusion, lysosome fusion,
and substrate degradation in lysosomes (cargo recognition
and trafficking in selective autophagy) (Shaid et al., 2012;
Nakamura and Yoshimori, 2017). In addition to the autophagy
receptor functions, the protein itself is also ubiquitinated.
Hou et al. found that the ubiquitin ligase HACEl with
tumor suppressor activity binds to the OPTN protein and
catalyzes the polyubiquitination of OPTN. OPTN is modified
by HACE1 with a K48-linked polyubiquitin chain, followed by
autophagy-lysosomal pathway degradation. HACE1 mediates
the modification of the 193th lysine of OPTN by a ubiquitin
chain, which specifically interacts with the UBA domain
of p62 to activate autophagy. Clearly, ubiquitinated OPTN
interacts with p62 to increase the efficiency of autophagy
receptor-mediated transport of substrates to autophagic vacuoles,
significantly increasing autophagic flux and thereby more
effectively recruiting and transporting autophagy substrates
(Liu et al., 2014).

It is well known that NF-kB plays a key role in regulating
the immune response to infection. It participates in the
inflammatory response and immune response and regulates
apoptosis and the stress response (Liu et al., 2017). There
are three main signal transduction pathways that activate
NF-kB: the classical pathway, bypass pathway, and atypical
pathway (Oeckinghaus and Ghosh, 2009). Several proteins
encoded by NF-kB target genes are involved in the activation
of immune and inflammatory responses. NF-kB activation
during viral infection is interpreted as a host protective
response to viral pathogens (Schmitz et al, 2014). Type I
interferons (IFNs) also play an important role in the immune
response to viruses. The production of type I IFN in immune
cells is mediated by pattern recognition receptors in the
host cell (Ivashkiv and Donlin, 2013). There are four main
ways to induce the production of type I IFN: (1) DNA
virus activates the second messenger cGAMP (cyclic GMP-
AMP) induction pathway; (2) RNA virus activates the RIG-
I-like receptor (RLR) induction pathway; (3) the Toll-like
receptors TLR3 and TLR4 activate the adaptor protein TRIF
induction pathway; and (4) TLR7/TLR8 and TLRY activate the
transcription factor IRF7 induction pathway (Majzoub et al.,
2019). Interestingly, CSFV replication in cells suppresses type I
IFN-inducible antiviral activity and apoptosis by interfering with
IFN production, resulting in the persistent survival of CSFV in
host cells in vitro.

Nuclear dot protein 52 kDa (NDP52), also called CALCOCO2,
has been well studied in xenophagy and primary adaptation
to Parkin-mediated mitophagy (Sharma et al., 2018; Ravenhill
et al, 2019). Pten-induced kinase 1 (PINKI1) can promote
NDP52 recruitment and ubiquitination. Further, the xenophagy
kinase TBK1 forms a complex with NDP52, thus promoting
xenophagy (Fu et al, 2018). In Salmonella typhimurium
infection, NDP5 promotes pathogen-containing autophagosome
maturation and independently regulates targeting of bacteria to
mature autophagosomes (Verlhac et al., 2015a). Further studies
have found that Rab35 GTPase and myosin VI play important
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roles in NDP52-microorganism binding and autophagosome
maturation (Minowa-Nozawa et al., 2017). During viral infection,
NDP52 not only interacts with viral proteins, but also activates
RIG-I and NF-kB signaling pathways to exert antiviral effects
(Jin et al., 2017). Many studies have shown that NDP52 has a
negative regulatory effect on the NF-kB pathway. Moreover, in
CVB virus infection, CALCOCO?2, but not SQSTM1, suppresses
antiviral type I IFN signaling by promoting autophagy-mediated
degradation of the mitochondrial antiviral signaling (MAVS)
protein (Mohamud et al., 2018). Therefore, we sought to explore
the regulatory effect of NDP52 on NF-kB and IFN in swine fever
virus infection and hypothesized that it plays an important role
in CSFV infection.

Here, we found that CSFV infection activates the PINKI1-
Parkin pathway, resulting in NDP52 SUMOylation, which
inhibits NDP52 and permits CSFV replication. Further, NDP52
colocalizes with viral protein E2, thereby inhibiting CD63
expression, promoting CSFV binding by NDP52 and increasing
cytokine release and NF-kB signaling activation.

MATERIALS AND METHODS

Cells, Viruses, and Virus Titration Assays
The swine kidney cell line PK-15 (ATCC, CCL-33) was grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) at 37°C in a 5% CO,
incubator. The CSFV strain (Shimen) used in the study
was propagated in PK-15 cells. Viral titers in CSFV-infected
cell culture media were determined as previously described
(Hongchao et al., 2017). Briefly, cells cultivated in 96-well
plates were inoculated with 10-fold serial dilutions of virus
and incubated at 37°C for 3 days. Cells were fixed with 80%
acetone at -20°C for 30 min, and viruses were detected by
immunofluorescence assay using mouse anti-CSFV E2 antibody
and FITC-conjugated goat anti-mouse secondary antibody.
Viral titers are expressed as 50% tissue culture infective doses
(TCID50)/0.1 ml.

Reagents and Antibodies

The chemical reagents MG-132 (M8699) and BAY (11-7082,
S2913) were purchased from Sigma-Aldrich and Selleck. The
following primary antibodies were used in this study: rabbit
polyclonal anti-PARK2 (Abnova, PAB0714), rabbit polyclonal
anti-LC3B (Cell Signaling, 2775), rabbit polyclonal anti-MFN2
(Santa Cruz, sc-50331), goat polyclonal anti-VDACI (Santa Cruz,
sc-32063), goat polyclonal anti-TOM20 (Santa Cruz, sc-11021),
mouse monoclonal anti-Beclin-1 (Cell Signaling, 2A4), rabbit
polyclonal anti-CD63 (Beyotime, AF1471), mouse monoclonal
anti-Ub(A-5) (Santa Cruz, sc-166553), mouse monoclonal anti-
CSFV E2 (JBT, 9011), mouse monoclonal anti-IkBa (Cell
Signaling, 112B2), mouse monoclonal anti-kB-Ras2 (Santa Cruz,
sc-374311), rabbit monoclonal anti-P65 (Santa Cruz, sc-AF1870),
mouse monoclonal anti-GAPDH (Beyotime, AG019), mouse
monoclonal anti-tubulin (Beyotime, AT819), normal rabbit IgG
(Beyotime, A7016), and normal goat IgG (Beyotime, A7007). The
polyclonal anti-CSFV Npro was kindly provided by Dr. Xinglong

Yu (Veterinary Department, Hunan Agricultural University,
China). The secondary antibodies used for immunofluorescence
were Alexa Fluor 350 goat anti-mouse IgG (Beyotime, A0412),
Alexa Fluor 488 goat anti-mouse IgG (Beyotime, A0428), and
Alexa Fluor 647 goat anti-rabbit IgG (Beyotime, A0468). The
secondary antibodies used for immunoblotting analysis were
HRP-conjugated goat anti-mouse IgG (Bioworld Technology,
BS12478), HRP-conjugated goat anti-rabbit IgG (Bioworld
Technology, BS13278), and HRP-conjugated rabbit anti-goat IgG
(Bioworld Technology, BS30503).

Plasmids and RNA Interference

The EGFP-LC3 plasmid was prepared in our laboratory. Plasmid
pAT016 (p-mito-mRFP-EGFP) was a kind gift from Dr. Andreas
Till (University of California, United States). Parkin-targeting
shRNAs and scrambled shRNA were obtained from Cyagen.
Small interfering RNAs (siRNAs) for NDP52 were synthesized
by Sangon Biotech. The shRNA and siRNA sequences are listed
in Table 1. PK-15 cells grown to 60% confluence in six-well cell
culture plates were transfected with siRNA and shRNA using
Lipofectamine 3000 reagent (Thermo Fisher, L3000015). Targeted
protein knockdown was evaluated by western blotting.

Virus Infection

Twenty-four hours after siNC or siRNA transfection, cells were
infected with CSFV at a multiplicity of infection (MOI) of
0.1. Two hours later, the viral inoculum was removed and the
infected cells were washed twice with phosphate-buffered saline
(PBS) (pH 7.4). DMEM containing 2% FBS was then added
to each culture. At various time points post-infection, cell-free
culture supernatants and cell lysates were harvested and stored at
—80°C until use.

Immunoprecipitation

For immunoprecipitation analysis, PK-15cells were infected
with CSFV at an MOI of 0.1 for 24 h. SUMOylated
NDP52 and ubiquitinated Parkin or NDP52 from whole cell
lysates (WCL) were incubated on ice with IP lysis buffer
(Beyotime, P0013) containing 1 mM PMSF (Beyotime, ST506)
for 10 min. The precipitates were removed by centrifugation
at 14,000 x g for 10 min at 4°C. The supernatant was
immunoprecipitated with the appropriate antibodies (anti-
Parkin or anti-NDP52) and protein A + G Sepharose (7sea

TABLE 1 | shRNA and siRNA sequences of targeted genes.

Gene Sequence (5'~3)

shParkin GCATCACCTGTACGGACATTCTCTTGAAATGTCCGTACAG
GTGATGC

scrambled GCGCGCTTTGTAGGATTCGTTCAAGAGACGAATCCTACAAA
GCGCGC

sINDP52 Sense: GCAGGAAGUCCAGUUCAAATT
Antisense: UUUGAACUGGACUUCCUGCTT

siNC Sense: UUCUCCGAACGUGUCACGUTT

Antisense: ACGUGACACGUUCGGAGAATT
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biotech, P001-2). The immunoprecipitated proteins were then
analyzed by western blotting with SUMO or ubiquitin antibodies.

Quantitative Real-Time RT-PCR (qPCR)

For targeted gene expression analysis, total RNA was prepared
using a total RNA Kit I (Omega, R6834-01). Complementary
DNA (cDNA) was synthesized using PrimeScript RT Master
Mix (Takara, RR036A). Real-time qPCR was performed using
SYBR Premix Ex Taq II (Takara, RR820A) using an iQ5
iCycler detection system (Bio-Rad, United States). Relative
mRNA expression was assessed using the 2744 method
and normalized to the housekeeping gene GAPDH. The
primers used are described in Table 2. For virus copy
detection, viral RNA was extracted using a MiniBEST Viral
RNA/DNA Extraction Kit Ver.5.0 (Takara, 9766) and reverse-
transcribed using PrimeScript RT Master Mix (Perfect Real
Time; Takara, RR036A). The resulting cDNA was then amplified
using SYBR Premix Ex Taq (Tli RNaseH Plus; Takara,
RR420B) and an iQ5 iCycler detection system (Bio-Rad,
United States). Primer sequences targeting the CSFV NS5B
gene were: CSFV1: CCTGAGGACCAAACACATGTTG; CSFV2:
TGGTGGAAGTTGGTTGTGTCTG. Viral copy number was
calculated using a standard curve from a recombinant plasmid
containing the CSFV NS5B gene.

Western Blot Analysis

After treatment, cells were washed with cold PBS and
incubated on ice with RIPA lysis buffer (Beyotime, P0013B)
supplemented with 1 mM PMSF (Beyotime, ST506) for
10 min. Cell lysates were centrifuged at 14,500 x g for
20 min at 4°C. Protein concentration was determined using
a BCA protein assay kit (Beyotime, P0012). Samples with
equal protein amounts were diluted in 5x SDS-PAGE loading
buffer and boiled for 5 min. Proteins (20 mg) were separated
by SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (Beyotime, FFP30). After blocking with PBS
containing 2% non-fat milk powder and 0.05% Tween 20
(Sigma-Aldrich, P2287) for 2 h at 25°C, the membrane was
incubated with primary antibodies overnight at 4°C. Then,
membranes were incubated with corresponding HRP-conjugated
secondary antibodies at 37°C for 2 h at appropriate dilutions.
The protein bands were visualized using an ECL Plus kit

TABLE 2 | Primers used in this study.

Gene Sequence (5'~3) GenBank

NDP52 F: CGGAATTCCATGAGGGGCGGGCCCCG XM003131552.4
R: GGGGTACCTCACAGGTCCTTCAGATCCTT

IFNA F: CTCAGCCAGGACAGAAGCA NM_214393.1
R: TCACAGCCCAGAGAGCAGA

IFNB1 F: TCGCTCTCCTGATGTGTTTCTC NM_001003923.1
R: AAATTGCTGCTCCTTTGTTGGT

TNF F: TGGCCCAAGGACTCAGATCAT EU682384
R: TCGGCTTTGACATTGGCTACA

GAPDH  F: TGGAGTCCACTGGTGTCTTCAC NM_001206359.1

R: TTCACGCCCATCACAAACA

(Beyotime, P0018). Blots were imaged with a CanoScan LiDE
100 scanner (Canon, Japan) and quantified with Image Pro
Plus 6.0 software.

Confocal Microscopy

Cells were grown in 35 mm glass-bottom petri dishes (NEST,
GBD-35-20). The indicated interfering RNA was transfected at
various time points. Cells were washed with PBS, fixed with 4%
paraformaldehyde for 30 min, and washed with 0.2% Triton X-
100 (Sigma-Aldrich, T8787) in PBS for 10 min. The cells were
blocked in PBS containing 5% bovine serum albumin (BSA;
Beyotime, ST023) for 30 min. Next, the cells were stained with
primary antibodies and appropriate secondary antibodies for 1 h
at 37°C. Wherever indicated, nuclei were stained with DAPI
(Beyotime). Fluorescence was visualized with a TCS SP2 confocal
fluorescence microscope (Leica).

Cell Viability Assay

Cell viability was detected by the CCK8 assay according to the
manufacturer’s instructions (Dojindo, CK04). In brief, PK-15
cells were cultivated in 96-well plates at a density of 1 x 10* cells
per well and cultured for 24 h at 37°C. The cells were transfected
with siNDP52, siNC, shParkin or non-targeting shRNA using
Lipofectamine 3000 reagent. After 48 h, the medium was replaced
with 100 pl of fresh medium containing 10 pl of CCK8. The
cells were further cultured for 1 h at 37°C, and the optical
density was measured at 570 nm using a model 680 microplate
reader (Bio-Rad).

Statistical Analysis

Statistical analysis was performed with unpaired Student’s ¢-tests,
as implemented in GraphPad Prism 5 software (mean £ SD;
n=3;*P < 0.05 *P < 0.01; **P < 0.001; *P > 0.05).

RESULTS

CSFV Infection Inhibits NDP52
(CALCOCO2) Ubiquitination and

SUMOylation

To explore whether CSFV infection affects NDP52, we first
evaluated changes in NDP52 mRNA and protein expression after
CSFV infection. PK-15 cells were tested at several time points
post-CSFV infection. NDP52 mRNA and protein expression was
decreased by CSFV infection at 24, 36, and 48 h post-infection
(hpi) (Figures 1A,B). These results suggest that CSFV infection
has a negative effect on the expression of NDP52. Several reports
indicate that autophagy receptors undergo self-modification (Liu
et al,, 2014). Therefore, we examined NDP52 ubiquitination and
SUMOylation after CSFV infection. CSFV-infected cell lysate
was immunoprecipitated with an NDP52-specific antibody and
immunoblotted with SUMO2-4 or Ub(A-5) antibody. These
results showed that NDP52 ubiquitination and SUMOylation
were decreased in CSFV-infected cells compared to that in un-
infected PK-15 cells (Figures 1C,D). The above results indicate
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FIGURE 1 | Classical swine fever virus (CSFV) inhibits NDP52 (CALCOCO2) ubiquitination and SUMOylation. (A) PK-15 cells were infected with CSFV (MOl = 0.1) or
un-infected (MOCK) at the indicated time points. CALCOCO2, NP©, and GAPDH levels were analyzed by Western blot. (B) After CSFV infection, CALCOCO2 mRNA
was detected by gRT-PCR. The data represent the mean + SD of three independent experiments. Data were tested by one-way ANOVA with Fisher’s least significant
difference (LSD) post hoc correction. *P < 0.05; **P < 0.01; ***P < 0.001; #P > 0.05. (C) PK-15 cells were infected with CSFV. NDP52 SUMOylation was analyzed
by immunoblot using anti-SUMO2-4 antibody. SUMO2-4 expression in CSFV-infected cells was used as the input control. (D) Ubiquitinated NDP52 was
immunoblotted with anti-Ub(A-5) antibody. Ub(A-5) expression in CSFV-infected cells was used as the input control. GAPDH was used as the internal loading control.

that CSFV infection not only inhibits the expression of NDP52,
but also mediates the protein modification of NDP52.

CSFV Infection Promotes Ubiquitination
of Parkin and Mediates NDP52

Modification via PINK1-Parkin

Several reports suggest that NDP52 is closely related to the
PINKI1-Parkin pathway (Heo et al, 2015). To verify whether
CSFV infection affects NDP52 modification via the PINK1-Parkin
pathway, we first examined Parkin expression and ubiquitination

at 24 h post-CSFV infection. We observed that CSFV infection
promotes Parkin2 protein expression and ubiquitination
(Figures 2A,B). The shParkin interference plasmid (Table 1)
was applied to PK-15 cells for 24 h. Then, cells were infected
with CSFV at an MOI of 0.1. Cell lysate was immunoprecipitated
with anti-NDP52 antibody and immunoblotted with SUMO2-
4 antibody or Ub(A-5) antibody. The results showed that
ubiquitinated and SUMOylation NDP52 were significantly
increased with shParkin, suggesting that Parkin plays a key role
in NDP52 protein modification (Figure 2C). Thus, CSFV can
activate the PINK1-Parkin pathway and promote the expression
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FIGURE 2 | CSFV infection promotes ubiquitination of Parkin2 and mediates NDP52 modification via the PINK1-Parkin pathway. (A) PK-15 cells were treated as in
Figure1 A. Western blotting was used to examine Parkin2, N°P"© and GAPDH protein expression 24, 36, and 48 h after CSFV infection. (B) PK-15 cells were infected
0.1) for 24 h. Cell lysates were immunoprecipitated with an anti-Parkin antibody and assayed for Parkin2 with anti-Ub(A-5) antibody. (C) PK-15
0.1) for 24 h, followed by shParkin2 or shNC plasmid (MOI = 10) for 24 h. After immunoprecipitation with an anti-NDP52
antibody, NDP52 ubiquitination and SUMOylation were blotted with anti-Ub-5a and anti-SUMO2-4 antibodies.

with CSFV (MOI =
cells were infected with CSFV (MOI =

: anti-NDP52
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of Parkin. After inhibition of Parkin, the protein modification
of NDP52 induced by CSFV is attenuated. These results show
that CSFV infection promotes the ubiquitination of Parkin and
mediates NDP52 modification via the PINK1-Parkin pathway.

NDP52 Inhibition Decreases CSFV
Replication

To assess the functional effects of NDP52 on CSFV infection, we
performed RNA knockdown experiments to silence endogenous
NDP52 expression in CSFV-infected PK-15 cells. As shown
in Figure 3A, the silencing effect on NDP52 expression was
verified by western blotting. Decreased expression of CSFV
NP protein in NDP52-silenced cells suggested that CSFV
replication is promoted by NDP52. To verify this finding, we
analyzed CSFV replication after treatment with NDP52 siRNA,
by measuring viral titers and RNA copy numbers. These results

indicated that NDP52 silencing decreased viral replication in
PK-15 cells (Figures 3B,C), demonstrating a positive role for
NDP52 in CSFV replication. Moreover, we found that CSFV
E2 protein and NDP52 colocalize to the cytoplasm by confocal
microscopy (Figure 3D). The above results indicated that NDP52
promotes replication of CSFV and can colocalize with CSFV
structural proteins.

NDP52 Inhibition Reduces Autophagy
Related Proteins Expression, but
Decreases Ubiquitin and LC3 Binding

Several studies show that NDP52 is essential for autophagosome
maturation (Tumbarello et al., 2012; Verlhac et al., 2015b). To
investigate the role of NDP52 in CSFV-mediated autophagy, we
examined the effect of NDP52 on autophagy and mitophagy.
We assessed expression of the autophagy marker LC3 by
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FIGURE 3 | NDP52 inhibition reduces CSFV replication. (A) PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1) after transfection with siNDP52 for
24 h. NDP52 expression was analyzed by Western blotting at 24 hpi. CSFV infection was verified by immunoblotting with anti-CSFV NP© antibody. GAPDH was
used as an internal loading control. (B) Statistical analysis of the effect of NDP52 siRNA transfection on the viral copy numbers in CSFV-infected cells. PK-15 cells
were transfected with scrambled or NDP52 siRNA for 24 h, followed by mock infection and CSFV infection (MOI = 0.1). At 48 hpi, CSFV RNA levels were analyzed
by real-time gRT-PCR (mean + SD; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ¥P > 0.05). P-values were calculated using an unpaired Student’s t-test.

(C) Statistical analysis of the effect of NDP52 siRNA transfection on virus titers in CSFV-infected cells. PK-15 cells were transfected with scrambled or NDP52 siRNA
for 24 h, followed by mock infection and CSFV infection (MOI = 0.1). At 48 hpi, CSFV titers were analyzed (mean + SD; n = 3; *P < 0.05; **P < 0.01; **P < 0.001;
#P > 0.05). P-values were calculated using an unpaired Student’s t-test. (D) PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1), after 24 h infection,

cells were immunostained with antibodies against CSFV E2 (green) and NDP52 (red). In the merged images, protein colocalization is displayed as yellow.

transfecting the plasmid of GFP-LC3 and observed by
fluorescence microscopy (Figure 4A). We also used the
plasmid of GFP-RFP-LC3 to detect its distribution in cells. The
results showed that LC3B in the cytoplasm was reduced and
the yellow spots more than red spots in NDP52-inhibited cells.
Thus, inhibition of NDP52 reduced LC3 expression and the
normal fusion of autophagosomes with lysosomes. We also

assessed the mitochondrial autophagy marker Tom20 using
laser confocal microscopy and found that inhibition of NDP52
enhanced Tom20 expression (Figure 4B), suggesting positive
regulation of autophagy by NDP52. At the same time, we
detected expression of cellular and mitochondrial autophagy
markers LC3B and Beclin-1 expression decreased, while VDAC1
and Tom20 expression increased (Figure 4C), indicating that
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FIGURE 4 | Inhibition of NDP52 reduces autophagy and mitophagy, and decreases ubiquitin and LC3 binding. (A) PK-15 cells were transfected with scrambled or
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inhibition, eGFP levels were significantly reduced, the yellow dots were more than red dots and the LC3B expression in the cytoplasm. (B) PK-15 cells were treated
as above, after 24 h transfection, cells were immunostained with antibodies against Tom20 (red). After NDP52 inhibition, Tom20 expression was enhanced. (C) The
expression of the autophagy markers, LC3 and Beclin-I, and mitophagy markers, Mfn2, VDAC, and Tom20, in PK-15 cells were analyzed by Western blotting after
transfection with scrambled or NDP52 siRNA for 24 h. GAPDH was used as the internal loading control. The expression of IkB-a, LC3, VDAC, and Tom20 in PK-15
cells were analyzed by Western blotting after co-transfection with scrambled or NDP52 siRNA with DMSO or MG-132 for 24 h. Tubulin was used as the internal
loading control. (D) Ub(A-5) (green) and LC3 (red) expression in PK-15 cells. In the merged images, protein colocalization is displayed as yellow.

Frontiers in Microbiology | www.frontiersin.org 175 January 2020 | Volume 10 | Article 2962


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Fan et al.

NDP52 in CSFV Infection

I ZSdAN-VNI!S
T CSAAN-VNA'S
€ CSdAN-VNYU!IS

ON-VNUIS

78
4
!
{
|

35— — ——

c DAPI E2

siNC

siNDP52

siNC

siNDP52

immunostained with antibodies against CSFV E2 (green) and Ub(A-5) (red).

Parkin2

FIGURE 5 | Inhibition of NDP52 reduces CD63 and Ub(A-5) binding to E2. (A) Three different NDP52 interference plasmids were verified by Western blot. GAPDH

was used as the internal loading control. sSiRNA-NDP52-1 was used to inhibit NDP52 expression for subsequent experiments. (B) PK-15 cells were transfected with
scrambled or NDP52 siRNA for 24 h, followed by mock or CSFV infection (MOI = 0.
the internal loading control. (C) Treated PK-15 cells were immunostained with antibodies against CSFV E2 (green) and CD63 (red). (D) PK-15 cells were

1). CDE3 protein expression was detected by Western blot. GAPDH was used as

MOCK CSFV
% v
Z s
» g © g
kDa & 5 % &
35— . =
%g— =S oo

35— e e— v GAPDH

CD63 Zoom

DAPI/E2/CD63

E2/Parkin2 Zoom

inhibition of NDP52 has an inhibitory effect on the expression
of autophagy proteins. To explore the role of ubiquitin in this
process, we co-transfected NDP52 interfering RNA with MG-132
(5 pM), a ubiquitin-proteasome system inhibitor. We found
that in the cells treated with MG-132, the effect of SINDP52

on the autophagy-related protein disappeared, indicated that
ubiquitin-proteasome system affects the effect of NDP52 on
autophagy. In selective autophagy, the function of NDP52
is closely related to LC3 and ubiquitin, so we examined the
expression and colocalization of LC3 and Ub(A-5) in cells.
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FIGURE 6 | Inhibition of NDP52 promotes innate immunity through the NF-«B signaling pathway. (A) Inhibition of NDP52 has a positive effect on NF-«B signaling
pathway. PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1) after transfection with siNDP52 for 24 h. NF-kB signaling pathway proteins [kB-A, P65,
IkB-Ras expression were analyzed by western blotting at 24 hpi. (B) PK-15 cells were treated as above. mRNA levels of the cytokines IFN-a, IFN-B, and TNF were
detected by gRT-PCR. (C) PK-15 cells were co-transfection with scrambled or NDP52 siRNA with DMSO or BAY (5 uM) for 24 h. NF-«B signaling pathway proteins
IkB-A, P65, p-IkB-A expression were analyzed by western blotting at 24 hpi. (D) PK-15 cells were treated as (C), mRNA levels of the cytokines IFN-a, IFN-B, and
TNF were detected by gRT-PCR. The data represent mean + SD in three independent experiments. Data were tested by one-way ANOVA with post hoc LSD (L).
*P < 0.05; **P < 0.01; ***P < 0.001; #P > 0.05.

Indeed, NDP52 inhibition also decreased LC3 expression and
subsequent binding to Ub(A-5) (Figure 4D).

Inhibition of NDP52 Reduces
Colocalization of Autophagy Vesicle
CD63 With CSFV E2 Protein

Our previous studies showed that CSFV induces autophagy, with
autophagosomes as self-replication sites. However, the specific

mechanism of CSFV-autophagosome entry is unclear (Pei et al.,
2013). Because NDP52 regulates autophagy, we investigated
the role of NDP52 in autophagic vesicles mediated by CSFV
infection. We screened NDP52-interfering RNAs using western
blotting and found that SINDP52-1 had the best interference
effect (Figure 5A). After NDP52 RNA interference for 24 h, PK-
15 cells were infected with CSFV or mock-infected. Western blots
showed that NDP52 inhibition decreased expression of CD63,
a marker of autophagic vesicles (Figure 5B). Moreover, in the
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FIGURE 7 | The effect of RNA interference on cell viability. The cell viability of
PK-15 cells transfected with scrambled or Parkin shRNA (A) and siNC or
NDP52 siRNA (B) was analyzed using the CCK8 assay as described in
section “Materials and Methods” (mean + SD; n = 3; *P < 0.05; **P < 0.01;
=P < 0.001; #P > 0.05).

case of CSFV infection, this inhibition was more pronounced,
indicating that NDP52 has a positive effect on the expression
of CD63. To further verify the effect of NDP52 on CD63
and E2 colocalization, we used laser confocal microscopy to
observe the localization of CD63. The results showed that
CD63 binding to the CSFV E2 protein was decreased in the
cytoplasm after NDP52 suppression (Figure 5C). We also found
that Ub-5a binding to the CSFV E2 protein was reduced after
NDP52 suppression (Figure 5D), suggesting that NDP52 plays
an import role in CSFV entry into autophagosomes. These results
indicate that NDP52 promotes colocalization of E2 with CD63
and Ub(A-5).

Inhibition of NDP52 Activates the NF-xkB
Pathway to Release IFN/TNF Cytokines

NF-kB activation during viral infection is part of the protective
response to pathogens (Santoro et al., 2003). Interestingly, CSFV
replication in cells suppresses type I IFN-inducible antiviral
activity and apoptosis by interfering with IFN production,
thereby resulting in the persistent survival of CSFV in host cells
in vitro (Bensaude, 2004). To examine the effect of NDP52 on
the innate antiviral immune pathway, we first examined NF-kB
signaling activation following NDP52 inhibition. We observed
increased expression of NF-kB signaling pathway proteins after
NDP52 inhibition, indicating that inhibition of NDP52 promotes
the activation of the NF-kB signaling pathway (Figure 6A).
We also found that inhibition of NDP52 promotes release
of cytokines, including IFN-a, IFN-8, and TNF (Figure 6B),
indicating that NDP52 also plays an important role in the innate
immune response. Therefore, NDP52 may inhibit CSFV infection
via the NF-kB signaling pathway. In order to verify whether the
release of SINDP52 on the above cytokines is regulated by the
NF-kB pathway, we treated cells with NF-kB inhibitor BAY 11-
7082 (5 wM) and found that BAY 11-7082 had no effect on
cytokine release, but BAY 11-7082 affects the effect of SINDP52
on IEN-a release (Figures 6C,D).

Cell Viability Was Not Affected by RNA

Interference

To exclude the possibility that NDP52 siRNA inhibited CSFV
replication or that Parkin shRNA inhibited NDP52 protein
modification by downregulating cell viability, we assessed the
effects of RNA interference on the viability of PK-15 cells. The
results showed no significant changes in the viability of cells
following silencing of NDP52 or Parkin (P > 0.05) (Figure 7).

DISCUSSION

The body has several cellular immune mechanisms to maintain
the internal environment and prevent invasion by pathogenic
microorganisms. However, many viruses have evolved replication
strategies to cope with the adverse host environment. Indeed,
virus-induced autophagy as a protective mechanism has been
widely reported (Sugden et al,, 2005). In our previous study,
we found that CSFV infection induces complete and high-yield
autophagic flux and that CSFV replicates in the autophagosome.
Together, these processes provide a suitable environment for
long-term viral infection in host cells. Further research found
that the viral E2 protein colocalizes with the autophagosome
marker CD63 (Metzelaars et al, 1991), but the function of
this interaction was unclear. As an autophagy receptor, NDP52
plays an important role both in bacterial and viral infection.
NDP52 mediates targeting of cytosolic substrates to autophagy
machinery, and promotes the maturation of autophagic vesicles
(Von muhlinen et al., 2012; Cemma et al., 2014; Leymarie
et al.,, 2017). Therefore, we wanted to define the role of the
autophagy receptor NDP52 in CSFV infection. The current study
provides further insights into the role of NDP52 in CSFV-
autophagic vesicle entry and the mechanism of induction of
virus-mediated autophagy.

In the case of viral infection, Mohamud et al. (2018) reported
that NDP52 binds to the coxsackievirus B3 viral protein VP1
and mediates VP1 ubiquitination via the K48 ubiquitin pathway.
Other studies have shown that CALCOCO?2 binds the non-
structural protein 2 of the Chikungunya virus to promote viral
replication in humans (Judith et al., 2013), and plays a pro-
viral role in measles viral infection (Petkova et al., 2017). In this
study, our results showed that CSFV infection inhibits NDP52
expression. Moreover, NDP52-interfering RNA inhibits CSFV
replication, indicating that NDP52 plays an important role in the
infection of swine fever virus.

During viral infection, autophagy receptors can induce
viral phagocytosis in a ubiquitin-dependent manner and
can bind directly to viral capsid proteins or indirectly to
host ubiquitin factors via E3 ubiquitin ligase (Mohamud
et al, 2018). In the present study, we found that CSFV
infection can reduce NDP52 ubiquitination and SUMO2-4
protein modification. Since the PINKI1-Parkin pathway and
autophagy receptors are closely related to functional ubiquitin
modification, we examined the CSFV-mediated regulation of
NDP52 protein modification after Parkin inhibition. CSFV can
mediate NDP52 ubiquitination by PINK1-Parkin. Interestingly,
when we inhibited NDP52 expression by RNA interference,
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we found that Ub(A-5) expression increased while LC3
expression decreased. Ubiquitin acts as a signaling molecule,
which causes polyubiquitination of autophagic substrates (Lu
et al,, 2017a,b). Autophagy receptor proteins recognize and bind
autophagic substrates through a ubiquitin domain-dependent or
independent manner (Walinda et al., 2014). The substrate is
anchored to the autophagosome membrane by its LIR, followed
by autophagosome-lysosome fusion and substrate degradation.
We speculate polyubiquitination is required to recruit NDP52 or
other autophagy receptors and reduce LC3 expression, and thus
virus-induced ubiquitin molecules persist within the cell.

Because NDP52 mediates bacterial entry into autophagosomes
(Sudhakar et al., 2019), we investigated whether NDP52 plays
a role in CSFV entry into autophagosomes. We first assessed
the effect of NDP52 on autophagy and observed that autophagy
markers LC3 and Beclin-I decreased. Further analyses revealed
that after NDP52 inhibition, CD63 protein expression was
reduced, leading to decreased binding of CD63 to the viral E2
protein. These results suggest that NDP52 plays an important
role in the mechanism of CSFV entry into autophagic vesicles.
However, it is unclear whether NDP52 is modified by self-protein
or by modifying CSFV protein to promote CSFV entry into
autophagic vesicles.

NDP52 is involved in the negative regulation of the classical
NF-kB pathway (Inomata et al, 2011). Our previous studies
confirmed that CSFV can bind to MDA5 and RIG-1, inducing
NF-kB nuclear translocation via RIG-1 signaling (Xiao-Ying
et al., 2013). Moreover, NF-kB signaling also regulates CSFV
replication (Ling et al., 2018). However, the effect of NDP52
on the NF-kB signaling pathway during CSFV infection was
unclear. Therefore, we used RNA interference to inhibit NDP52
after CSFV infection. We found that NDP52 inhibition activates
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Transmissible gastroenteritis virus (TGEV) is a porcine intestinal coronavirus that causes
fatal severe watery diarrhea in piglets. The neonatal Fc receptor (FcRn) is the only
lgG transport receptor, its expression on mucosal surfaces is triggered upon viral
stimulation, which significantly enhances mucosal immunity. We utilized TGEV as a
model pathogen to explore the role of FCRn in resisting viral invasion in overall intestinal
mucosal immunity. TGEV induced FcRn expression by activating NF-kB signaling in
porcine small intestinal epithelial IPEC-J2) cells, however, the underlying mechanisms
are unclear. First, using small interfering RNAs, we found that TGEV up-regulated
FcRn expression via TLR3, TLR9 and RIG-I. Moreover, TGEV induced IL-18, IL-6, IL-
8, TGF-B, and TNF-a production. TGF-g-stimulated IPEC-J2 cells highly up-regulated
FcRn expression, while treatment with a JNK-specific inhibitor down-regulated the
expression. TGEV nucleocapsid (N) protein also enhanced FcRn promoter activity via
the NF-kB signaling pathway and its central region (aa 128-252) was essential for
FcRn activation. Additionally, N protein-mediated FcRn up-regulation promotes IgG
transcytosis. Thus, TGEV N protein and TGF-p up-regulated FcRn expression, further
clarifying the molecular mechanism of up-regulation of FcRn expression by TGEV.

Keywords: transmissible gastroenteritis virus, nucleocapsid protein, TGF-8, neonatal Fc receptor, toll-like
receptor, NF-xB

INTRODUCTION

Transmissible gastroenteritis virus (TGEV) infection mainly causes severe watery diarrhea,
vomiting, dehydration, and mortality in suckling piglets less than 2 weeks old, as well as colossal
economic losses in the worldwide pig industry (Zhao et al., 2014). TGEV has a 28.5-kb single-
stranded, positive-sense RNA genome, including at least nine open reading frames (ORFs):
ORFla, ORF1b, Structural proteins, nucleocapsid (N) protein, membrane (M) glycoprotein,
spike (S) glycoprotein, a small envelope (E) glycoprotein, and accessory proteins 3a, 3b, and 7
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(Escors et al.,, 2003). ORFla and ORF1b, located in the 5 two-
thirds of the viral genome, are cleaved into 16 non-structural
proteins (nspl to nspl6) by the nsp3 and nsp5 proteases. These
nsps are responsible for viral replication, viral transcription, and
the antagonization of host innate immune responses.

Transmissible gastroenteritis virus replication occurs in the
small intestinal epithelial cells, while viral entry and release
are restricted to the apical surface of polarized epithelial cells.
Neonatal Fc receptor (FcRn) is a specific receptor for the
immunoglobulin IgG, which is expressed in many cells, including
epithelial cells, macrophages, and dendritic cells (Ye et al., 2008).
FcRn transports of IgG in the female reproductive tract plays an
important role in combating infection (Li et al., 2011). In addition
to IgG, FcRn binds albumin, which regulates liver damage (Pyzik
et al., 2017). It has been found that FcRn can enhance HIV-I
endocytosis in transmucosal epithelial cells (Gupta et al., 2013).
It has also been documented that the use of fusion proteins
of the Fc fragment as immunogenic antigens can improve the
impact of vaccines. Intranasally inoculated fusion protein, HSV-
2 gD, HIV Gag fused with the Fc region of IgG, and targeted
FcRn can all induce systemic and mucosal immunity to genital
infections (Lu et al., 2011; Ye et al., 2011). Most studies on FcRn
have focused on the function of FcRn in humans and mice;
so far, only a few relevant studies about pathogenic infection
and FcRn expression regulation have been reported. In our
previous study, TGEV induced FcRn expression via the NF-kB
pathway in IPEC-J2 cells (Guo et al., 2016b), but the regulatory
mechanisms underlying this remain unclear; thus, we need to
further explore the involvement of pattern recognition receptors
(PRRs), inflammatory factors, and virus-coding proteins in the
regulation of FcRn.

In the innate immune system, PRRs recognize pathogen-
associated molecular patterns (PAMPs) as the first step in the
host’s resistance to infection. After recognition of PAMPs, these
receptors interact with their corresponding binding molecules to
trigger downstream signaling events that activate NF-kB and IFN
regulatory factors that induce several types of antiviral cytokines
(Thompson and Locarnini, 2007). TGEV infection activates
transcriptional activator 1 (JAK-STAT1) signaling pathways
according to a quantitative proteomics study in PK-15 cells (An
et al,, 2014). TGEV infection has been reported to activate the
mitogen-activated protein kinase (MAPK) pathway and destroy
epithelial barrier integrity in IPEC-]J2 cells (Zhao et al., 2014).
TGEV N, nsp2 and nspl4 proteins all induce NF-kB activation
(Zhou et al, 2017; Wang et al.,, 2018; Zhang et al., 2018), but
the regulatory mechanism of FcRn is still unknown. Most studies
on TGEV have focused on the induction and activation of NF-
kB and IFN, but host cell biology may affect cell function.
However, the detailed mucosal immunity mechanism during
TGEV pathogenesis remains unknown.

Viral invasion always triggers an inflammatory response,
which is the key mediator of host response to microbial
pathogens (McDonnell et al., 2016). TGEV infection has been
shown to induce the production of IFNs and pro-inflammatory
cytokines in vitro and in vivo (Cruz et al, 2013). A direct
correlation between dsRNA antiviral response induction and
TGEV virulence has been demonstrated (Cruz et al., 2011).

Moreover, the inflammatory factors produced will also contribute
to the production of a strong immune response. TNF-o and IL-
18 can activate NF-kB to up-regulate the expression of human
FcRn, which enhances FcRn-mediated IgG transport (Liu et al.,
2007). TGEV infection was also found to induce EMT via TGF-
B in IPEC-J2 cells (Xia et al., 2017). The aim of this study was
to identify the TGEV-encoded proteins involved in inducing
FcRn production.

MATERIALS AND METHODS

Cells, Virus, and Antibodies

IPEC-J2 cells donated by Xiaoping Li from Huazhong
Agricultural University (Hubei Province, Wuhan, China)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Hyclone, United States) containing 10% fetal bovine serum
(FBS; Gibco, United States) and 1% penicillin/streptomycin at
37°Cin a 5% CO, atmosphere. The isolated TGEV strain WH-1
(GenBank HQ462571) was propagated in IPEC-J2 cells. In our
laboratory, AffiniPure rabbit anti-cytoplasmic tails of porcine
FcRn (anti-FcRn-CT) polyclonal antibodies were prepared
(Guo et al,, 2016a). Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit and goat anti-mouse IgG were purchased from
Abclona (China). Monoclonal antibody (mAb) against GAPDH
in mice was purchased from Abclona (China). Mouse mAbs
against HA, IxBa, NF-kB, p65 and rabbit mAbs against phospho-
NEF-kB and p65 were obtained from Cell Signaling Technology
(United States).

Plasmid Construction and siRNA

Luciferase reporter plasmids FcRn-Luc, NF-kB-Luc, pR-TK, p65-
EGFP, and p65-Tag2B were prepared in our laboratory and
have been described previously. Genes encoding TGEV proteins
were amplified from the genomic RNA of the TGEV strain
WH-1 and then cloned into the expression vector pCAGGS-
HA (Guo et al.,, 2016b) (Table 1). pCAGGS-N was used as a
template to amplify several deletion mutants of the virus N
gene. These mutants were then cloned into the pCAGGS-HA
(Table 2). Small interfering RNA (siRNA) molecules targeting
TLR2, TLR3, TLR4, TLRS8, TLR9, RIG-I, MyD88, TRIF, and
negative controls were obtained from Shanghai GenePharma
(Table 3). MAPK inhibitors SB203580, SP600125, U0126 and
DMSO were purchased from Sigma-Aldrich (United States).

RNA Extraction and Real-Time RT-qPCR
Total RNA was prepared using TRIzol® reagent (Invitrogen).
RT-qPCR was performed using SYBR Green PCR Master Mix
(Takara, Osaka, Japan) in the Bio-Rad Sequence Detection System
(Bio-Rad). Each transcript from each sample was determined
three times. The delta threshold cycle (27 AACTY method was
used to calculate the fold-change compared to the normal gene
expression. The specific pig gene primers (Table 4) were designed
using Primer Express software (version 3.0; Applied Biological
Systems, Carlsbad, CA, United States) as previously described
with some modifications (Temeeyasen et al., 2018).
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TABLE 1 | Sequences of primers for cloning the TGEV genomic fragments.

Primer Sequence (5'-3') Restriction
enzyme site
nspi-F GCGGTACCATGAGTTCCAAACAATTCAAG Kpnl
nspi-R ATTAGATCTACCTCTGCCAGTGCGAGCAAT Bglll
nsp2-F GGCGGTACCGCCATATATGTTGATCAATA EcoRl
nsp2-R GCCCTCGAGACCACCCATTTTATTATAC Xhol
nsp3-F GGCGGTACCGGTGACAAAACTGTCTCAT Kpnl
nsp3-R GCCCTCGAGACCACTTTTTGGAGACACA Xhol
nsp4-F CTCGGTACCTCAGGCTTTTTCGATGTAAT Konl
nsp4-R CGACTCGAGCTGAAGTGTAGAATTAACAC Xhol
nsp5-F GCGAATTCTCAGGTTTGCGGAAAATGGC Xhol
nsp5-R CGGGGTACCCTGAAGATTTACACCATAC Byl
nsp6-F GGCGGTACCGCTGGTAAAGTAAAATCTTT Kpnl
nsp6-R GGCCTCGAGCTGTACAGTTGAAATTTTG Xhol
nsp7-F GCCGGTACCTCAAAACTTACAGAGATGAA Konl
nsp7-R TAGAGATCTCTGGAGTATGGTGGTGTTCT Bglll
nsp8-F TCGAATTCAGTGTGGCTTCAGCTTATGC EcoRl
nsp8-R TAACTCGAGCTGAAGCTTTGTGGTTCTCT Xhol
nsp9-F CCGGTACCAACAATGAAATTATGCCAGG Kpnl
nsp9-R TACTCGAGTTGCAGACGAACTGTTGCA Xhol
nsp10-F  CGGAATTCGCTGGTAAACCCACTGAA EcoRl
nsp10-R  TGCTCGAGATAGAAGTACGATCGCACATG Xhol
nspi1-F  CGGGGTACCATGAGTTTTACTGTTGATCAA Kpnl
nspi1-R  AAGCTCGAGTGTTGCAGCAATTGACTT Xhol
nspi2-F  ATTGGTACCTAGAACCCTGCAATGGTACT Kpnl
nspi12-R  CAACTCGAGTTGCAAGACAGTGGACTTTT Xhol
nspi13-F  TAAGAATTCGCTGCAGGCATGTGTGTAGT EcoRl
nspi13-R  CGGCTCGAGTTGTAAACCAATCTTTGAA Xhol
nspi14-F  GCGAATTCGCAAAACCTGAAACTTGTGG EcoRl
nspi14-R  TGGCTCGAGCTGAAGTGCTTTGCTATTAA Xhol
nspi15-F  GCCGGTACCAGTCTAGAAAATGTGGCTTT Kpnl
nspi15-R  AGCTCGAGTTGGAGTTGTGGATAGAAGG Xhol
nspi16-F  TAAGAATTCTCTGCTGAATGGAATCCCGG EcoRl
nspi16-R  ATACTCGAGTGGTGTGTTAACGAAGTGGT Xhol
S1-F CCGGAATTCGCCATGAAAAAACTATTTGTGG  EcoRlI
S1-R CCAACTATGGTACCATCAATAACAGCTGC Kpnl
S2-F GCAGCTGTTATTGATGGTACCATAGTTGG Kpnl
S2-R GCGGTCGACAATTTAATGGACGTGCACT Sall
M-F GCGGGTACCATGAAGATTTTGTTAATA Kpnl
M-R GCGCTCGAGTAGTTATACCATATGTAA Xhol
N-F CATGAATTCATGGCCAACCAGGGACAAC EcoRl
N-R CACCTCGAGTTAGTTCGTTACCTCATC Xhol
E-F CTCGAATTCATGACGTTTCCTAGGGCATTG EcoRl
E-R ACTAGATCTTCAAGCAAGGAGTGCTCCATC Bglll
3b -F GCCCTCGAGATGATTGGTGGACTTTTTCTT EcoRl
3b -R CGGGAATTCCTAGGAAACGTCATAGGTATG Xhol

Western Blot and Porcine Cytokine Array
The samples were harvested with lysis buffer (4% sodium

dodecyl sulfate, 3% dithiothreitol, 65 mM Tris-HCI
[pH 6.8], and 30% glycerol). Proteins were separated
via SDS-PAGE and then electrotransferred onto a

polyvinylidene difluoride membrane (Bio-Rad, United States).
Western blot analysis was performed using the indicated

TABLE 2 | Sequences of primers used for cloning the TGEV N-protein
deletion mutants.

Primer Sequence (5'-3') Restriction
enzyme site

AN1-F CATGAATTCATGGCCAACCAGGGACAAC EcoRl
AN1-R CACCTCGAGAAGCGTGGTTGGTTTGTTCAT  Xhol

AN2-F CATGAATTCATGGGTAGTCGTGGTGCTAAT EcoRl
AN2-R CACCTCGAGAGCTCCATAAAATCTTGTCAC Xhol

ANSG-F CATGAATTCATGAGAAGCAGTTCAGCCA EcoRl
AN3-R CACCTCGAGTTAGTTCGTTACCTCATC Xhol

AN4-F CGCGAATTCATGAAAGCTTTGAAATTCGAT EcoRl
AN4-R CGCCTCGAGACGTTCTTTAGATTTAGAACG Xhol

TABLE 3 | Sequences of siRNA used in the study.

Gene name siRNA sequence (sense) siRNA sequence
(anti-sense)

siTLR2 GCC CUU CCU ACA CAC UAA AGU GUG UAG GAA
UUU ATT GGG CTT

SITLR3 GCUUAAGUGUGAUUGGU UUACCAAUCACACUUAA
AATT- GCTT

siTLR4 GCAUGGAGCUGAAUUUC UAGAAAUUCAGCUCCAU
UATT GCTT

SITLR8 GCUGGAAGACAACCAGU UAACUGGUUGUCUUCCA
UATT GCTT

SITLR9 GCCUCUCCUUACUCUCC UUGGAGAGUAAGGAGAG
AATT GCTT

siRIG-I GGUACAAAGUUGCAGG AUGCCUGCAACUUUGUA
CAUTT CCTT

siMyD88 CAG CUG AGA AGC CUU UGU AAA GGC UUC UCA
UAC ATT GCU GTT

SiTRIF GGA GUU AUC GGA ACA UUU CUG UUC CGA UAA
GAA ATT CUC CTT

Negative control

UUC UCC GAA CGU GUC
ACG UTT

ACG UGA CAC GUU CGG
AGA ATT

antibodies following the procedure as described previously
(Guo et al., 2016b).

IPEC-J2 cells grown in a six-well plate were infected with
TGEYV, the supernatant of IPEC-]2 cells was harvested, and IL-18,
IL-6, IL-8, TGF-B, and TNF-a protein levels were measured with
a Quantibody Porcine Cytokine Array 1 (Ray Biotech, Norcross,
GA, United States) according to the manufacturer’s instructions.

Transfection and Dual-Luciferase Assay
IPEC-J2 cells at 80% confluence were co-transfected with
0.2 ig FcRn-Luc and 0.1 pg pRL-TK using Lipofectamine 2000
(Invitrogen) reagent before treatment with TGEV, specific siRNA
molecules, or recombinant plasmids. Cell lysates were collected
at the indicated time points over 36 h and measured using a
dual-luciferase assay kit (Promega).

Eukaryotic Expression of TGEV N Protein

and IgG Transcytosis

The recombinant TGEV N protein were prepared using a
baculovirus/insect cell expression system as previously described
(Chen et al., 2017). IPEC-J2 cells were added (0, 10, 20, 50, 100
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TABLE 4 | Sequences of the primers used for RT-qgPCR.

Gene sequence (sense) sequence (anti-sense)
name
TLR2 TCATCTCCCAAATCTGCGAAT GGCTGATGTTCTGAATTG
ACCTC
TLR3 GCGGTCCTGTTCAGTTTCT AAGGCATCTGCTGGGATTT
TLR4 CCTGCCTGTGCTGAGTTTCA AAGGTGAGAACTGACGCAC
TAATG
TLR8 CTTTGATGATGACGCTGC GGTGTGTCACTCCTGCT
TTTC ATTC
TLR9 CCTCACACATCTCTCACT GGTGACAATGTGGTTGT
CAAG AGGA
RIG-I GAGCCCTTGTGGATGCTTTA GGGTCATCCCTATGTTCTG
ATTC
MyD88 GGCAGCTGGAACAGACCAA GGTGCCAGGCAGGACATC
TRIF ACTCGGCCTTCACCATCCT GGCTGCTCATCAGAGACT
GGTT
FcRn GGCGACGAGCACCACT AGCCGACCATGATTCCA
ACTG ACC
TGF-B ACGTGGAGCTATACCAGAAAT ACAACTCCGGTGACATCA
ACAG AAGG
IL-18 GGCCGCCAAGATATAACTGA GGACCTCTGGGTATGGC
TTTC
IL-6 AACCTGAACCTTCCAAAA ACCGGTGGTGATTCTCA
ATGG TCA
IL-8 AGTTTTCCTGCTTTCTGCA TGGCATCGAAGTTCTGC
GCT ACT
TNF-a TCCACCAACGTTTTCCTCACT AGGGCTCTTGATGGCA
GAGA
GAPDH CCCCAACGTGTCGGTTGT CCTGCTTCACCACCTTC
TTGA

or 200 ng/mL) recombinant TGEV N protein in medium and its

FcRn expression detected by RT-qPCR and Western blot.

IgG transport was performed as previously described
methods (Guo et al.,, 2016a). Transepithelial electrical resistance
(TEER) was measured with planar electrodes (World Precision
Instruments). IPEC-J2 cells were grown on 0.4-pm pore size
transwell filter inserts (Corning Costar, United States) to
form a monolayer exhibiting TEER > 1000 Q/cm? about
6-7 days. Monolayers were stimulated with recombinant
TGEV N protein (100 ng/mL) for 12 h. Thereafter, Biotin-
IgG (200 pg/mL) were applied to the basolateral or apical
DMEM medium and incubated for 3 h at 37°C. Meanwhile,
the opposite chamber was incubated in DMEM medium.
Three hours later, samples were collected in which apically
and basolaterally directed IgG transports were conducted.
Subsequently, the bidirectional transport (apical-to-basolateral or
basolateral-to-apical) of IgG were measured by Western blot and
avidin blot analysis.

Statistical Analysis

All experiments were repeated a minimum of three times.
Differences among groups were determined by one-way
ANOVA using GraphPad Prism (version 5.0; GraphPad
Software). The significance levels for all analyses were set as
p <0.05(*)and p < 0.01 (**).

RESULTS

TGEV-Induced FcRn Activation Is Closely

Related to Viral Replication

To examine if TGEV infection induces FcRn promoter activation,
IPEC-J2 cells were co-transfected with FcRn-luc or pRL-TK.
Twenty-four hours later, the cells were incubated with live or UV-
inactivated TGEV for 12, 24, 36, and 48 h post-infection (hpi).
Enhanced FcRn luciferase activities tended to increase during
the progression of TGEV infection from 24 to 48 hpi, and this
increase was significantly different compared with mock-infected
IPEC-J2 cells (Figure 1A). Therefore, the up-regulation of FcRn
is closely related to the replication of TGEV.

In order to determine whether TGEV induces FcRn expression
in IPEC-]2 cells, live or UV-inactivated TGEV at a multiplicity
of infection (MOI) of 1 was used to inoculate IPEC-]J2 cells,
which were then harvested for FcRn analysis at 12, 24, 36,
and 48 hpi by RT-qPCR and Western blot (Figures 1B,C).
TGEV induced FcRn mRNA expression about two fold higher
at 24, 36, and 48 hpi, and the elevation in protein levels
correlated with the increased mRNA. However, UV-inactivated
viral treatment resulted in only a 1.3-fold up-regulation of
FcRn expression compared with that in simulated infected cells,
indicating that the replicating virus is more effective than the
UV-inactivated virus.

Role of TLR and NF-kB in
TGEV-Mediated Activation of FcRn

The small intestine of pigs expressed different TLRs, such as
TLR1, TLR2, TLR3, TLR4, TLR6, TLRS, TLRY, and TLR10 (Arce
et al.,, 2010). It has been reported that viral nucleic acids are
recognized by TLR3, TLR8, and TLR9, whereas viral proteins are
recognized by TLR2 and TLR4 (Thompson and Locarnini, 2007).
To determine whether TLRs are involved in mediating TGEV-
induced FcRn activation, specific siRNAs were synthesized to
target binding molecules in the TLR2, TLR3, TLR4, TLRS,
TLRY, TRIF, MyD88, and RIG-I pathways. Transient transfection
and RT-qPCR assays proved the low knockout efficiency of
each siRNA, and the silencing efficiencies of the siRNAs to
these receptors were over 50% (Figure 2A). The cells were
transfected with each siRNA and then infected with TGEV;
then, the changes in FcRn expression were detected by RT-qPCR
and Western blot. The results showed that, compared with the
cells transfected with NC siRNA, siRNA knockdown of TLR3,
TLRY, RIG-I, TRIF, and MyD88 effectively reduced the TGEV-
induced up-regulation of FcRn, while FcRn mRNA expression
was not inhibited in cells transfected with siRNA targeting
TLR2, TLR4, or TLR8 (Figure 2B). Next, IPEC-J2 cells were
transfected with TLR-specific siRNA or NC siRNA. After 12 h,
the cells were infected with 1 MOI TGEV for an additional
36 h. Compared with NC siRNA, TLR3, TLR9, RIG-I, TRIF,
and MyD88-specific siRNAs inhibited TGEV-induced FcRn
expression, while no significant change was detected in s TLR2,
TLR4 and TLRS8-specific siRNAs (Figures 2C,D). These data
suggest that TGEV infection activates FcRn via TLR3, TLR9Y,
TRIF, MyD88, and RIG-1.
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FIGURE 1 | TGEV-induced activation of FcRn depends on viral replication. (A) IPEC-J2 were co-transfected with pRL-TK and FcRn-Luc, followed by alive TGEV or
UV-inactivated TGEV (MOI 1). Cells were harvested at 12, 24, 36 or 48 hpi, and the lysates were analyzed by dual-luciferase assay. (B) IPEC-J2 cells were infected
with alive TGEV or UV-inactivated TGEV at a MOI of 1. Cells were harvested at 12, 24, 36 or 48 hpi, and the lysates were analyzed by RT-gPCR. (C) IPEC-J2 were
infected with alive TGEV at a MOI of 1. Cells were harvested at 12, 24, 36 or 48 hpi, and the lysates were analyzed by Western blot. *p < 0.05, **p < 0.01.
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TGF-p Stimulated by TGEV Promotes the

Expression of FCRn

To detect the effect of TGEV infection on inflammatory
cytokines, RT-qPCR and a porcine cytokine array were used to
detect the expression levels of IL-1f, IL-6, IL-8, TGF-f, and TNF-
a in IPEC-]2 cells infected with TGEV at 36 h. TGEV significantly
increased the expression levels of five cytokines, especially TGF-f
(Figures 3A,B).

We treated IPEC-J2 cells with TNF-a and IL-1f in different
concentrations. TNF-a and IL-1f induced FcRn expression in
a dose-dependent manner, increasing mRNA levels 1.5-1.7-fold
after 2 h (Figures 3C,D). Interestingly, we found that TGF-8
can also up-regulate FcRn, increasing the mRNA level 1.9-fold
after 2 h (Figure 3E). Meanwhile, IPEC-]J2 cells were treated
with SB202190 (p38 inhibitor), SP600125 (JNK1/2 inhibitor)
and U0126 (ERK1/2 inhibitor), followed by TGF-f incubation.
Treatment with SP600125 sharply reduced FcRn expression,
indicating that TGF-p up-regulated FcRn expressions via the

c-Jun amino-terminal kinase (JNK)-MAPK pathway in IPEC-]2
cells (Figure 3F).

TGEV N Protein Enhances FcRn
Expression via NF-kB Signaling
Pathways

Because NF-kB is a necessary transcription factor for FcRn
production, we examined the effects of all TGEV-encoded
proteins on NF-kB promoter activity. TGEV encodes 16 non-
structural proteins (nspl1-16), four structural proteins (S, E, M,
and N), and three helper proteins (ORF7, ORF3a, and ORF3b),
which were constructed recombinant plasmids by using the
PCAGGS-HA vector. However, efficient expression occurred only
for the plasmids encoding N, E, 3a, nsp1, nsp2, nsp5, nsp7, nsp8,
nsp9, nspl0, nspl3, and nspl4 (Figure 4C). IPEC-]2 cells were
co-transfected with NF-kB-Luc or FcRn, pRL-TK and different
TGEV protein expression vectors. We found that TGEV N, nsp2
and nsp14 can all activate NF-«kB (Figure 4A), and TGEV N, 3a,
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FIGURE 2 | Involvement of TLR signaling cascades in FcRn activation by TGEV. (A) IPEC-J2 cells were transfected with 50 nM specific sIRNAs targeting
TLR2/3/4/8/9, TRIF, MyD88, RIG-I or NC siRNA, respectively for 24 h, then cells were collected for analysis of mRNA levels using RT-gPCR assays. (B) IPEC-J2 cells
were transfected with the siRNAs TLR2/3/4/8/9, TRIF, MyD88, RIG-I or NC siRNA, respectively for 24 h, then with/without TGEV infection (MOI = 1). At 24 hpi, total
RNA was extracted and FcRn or GAPDH mRNA expression was analyzed by RT-gPCR. (C,D) IPEC-J2 cells were transfected with the siRNAs TLR2/3/4/8/9, TRIF,
MyD88, RIG-I or NC siRNA, respectively for 24 h, then with/without TGEV infection (MOI 1). IPEC-J2 cells were harvested at 36 hpi and measured by Western blot.
The right panel represents the quantification of the bands by densitometry, corrected by the amount of GAPDH. **p < 0.01.

nspl and nsp5 can up-regulate FcRn by about 1.5-2-fold and N pRL-TK, NF-kB-Luc or FcRn-Luc and N expression vectors were
was the most significant inducer produced by FcRn (Figure 4B).  added at different concentrations. Interestingly, N enhanced the

To confirm the involvement of N protein in NF-kB or FcRn  activation of NF-kB and FcRn in a dose-dependent manner
promoter activation, IPEC-J2 cells were co-transfected with (Figures 4D,E), following Western blot analysis with antibodies
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FIGURE 3 | Regulation of FcRn mRNA on IPEC-J2 cells stimulated by TGF-B. (A,B) The relative mRNA and protein levels of IL-18, IL-6, IL-8, TNF-a, and TGF- in
IPEC-J2 infected with TGEV for 36 hpi by RT-PCR and porcine cytokine array. (C-E) IPEC-J2 cells were <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>