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Introduction: A novel systemic immune-inflammation index (Sll) has been
proven to be associated with outcomes in patients with cancer. Although some
studies have shown that the Sll is a potential and valuable tool to diagnose and
predict the advise outcomes in stroke patients. Nevertheless, the findings are
controversial, and their association with clinical outcomes is unclear.
Consequently, we conducted a comprehensive review and meta-analysis to
explore the relationship between Sll and clinical outcomes in stroke patients.

Methods: A search of five English databases (PubMed, Embase, Cochrane Library,
Scopus, and Web of Science) and four Chinese databases (CNKI, VIP, WanFang,
and CBM) was conducted. Our study strictly complied with the PRISMA (the
Preferred Reporting ltems for Systematic Reviews and Meta-Analyses). We used
the NOS (Newcastle-Ottawa Scale) tool to assess the possible bias of included
studies. The endpoints included poor outcome (the modified Rankin Scale [mRS] >
3 points or > 3 points), mortality, the severity of stroke (according to assessment by
the National Institute of Health stroke scale [NIHSS] > 5 points), hemorrhagic
transformation (HT) were statistically analyzed.

Results: Nineteen retrospective studies met the eligibility criteria, and a total of
18609 stroke patients were included. Our study showed that high Sl is
significantly associated with poor outcomes (odds ratio [OR] 1.06, 95%
confidence interval [Cl] 1.02-1.09, P = 0.001, 1> = 93%), high mortality (OR
2.16, 95% Cl 1.75-2.67, P < 0.00001, I = 49%), and the incidence of HT (OR
2.09, 95% ClI 1.61-2.71, P < 0.00001, 1> = 42%). We also investigated the
difference in Sl levels in poor/good outcomes, death/survival, and minor/
moderate-severe stroke groups. Our analysis demonstrated that the SlI level of
the poor outcome, death, and moderate-severe stroke group was much higher
than that of the good outcome, survival, and minor stroke group, respectively
(standard mean difference [SMD] 1.11, 95% CI 0.61-1.61, P < 0.00001 [poor/
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good outcome]; MD 498.22, 95% CI 333.18-663.25, P < 0.00001 [death/
survival]; SMD 1.35, 95% Cl 0.48-2.23, P = 0.002 [severity of stroke]). SlI, on
the other hand, had no significant impact on recanalization (OR 1.50, 95% ClI

Discussion: To the best of our knowledge, this may be the first meta-analysis to
look at the link between SII and clinical outcomes in stroke patients. The
inflammatory response after a stroke is useful for immunoregulatory treatment.
Stroke patients with high SlI should be closely monitored, since this might be a
viable treatment strategy for limiting brain damage after a stroke. As a result,
research into Sl and the clinical outcomes of stroke patients is crucial. Our
preliminary findings may represent the clinical condition and aid clinical
decision-makers. Nonetheless, further research is needed to better
understand the utility of Sl through dynamic monitoring. To generate more
robust results, large-sample and multi-center research are required.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,

systemic immune-inflammation index, stroke, SlI, clinical outcome, meta-analysis

Huang et al.
0.86-2.62, P = 0.16).
identifier CRD42022371996.
KEYWORDS

Introduction

Cerebrovascular disease is the second majority cause of
death and disability worldwide. Stroke, including ischemic and
hemorrhagic, is the leading component of it. More than 2.4
million newly diagnosed strokes occur in China yearly, and the
mortality rate has risen to 22.3% (1, 2). Of these patients, 87%
are ischemic stroke (3). Therefore, assessing stroke patients’ risk
and severity early and identifying risk factors that can be
addressed through intervention can improve the dismal
outcomes for stroke patients (4).

In recent two years, Scholars progressively recognize the
secondary injury of the brain’s inflammatory response after
stroke. A study by Kim et al. (5) has shown that inhibiting
inflammatory cells could alleviate brain injury. Therefore,
inflammatory factor-related immunotherapy may become a
potential treatment to improve the outcomes of stroke
patients (6).

Systemic immune inflammatory index (SII) has been used as
a prognostic marker for some diseases. A meta-analysis by
Zhang et al. has shown that elevated pretreatment SII was
significantly associated with worse overall survival and
recurrence-free survival/progression-free survival in with
biliary tract cancers (7). SII based on plateletsxneutrophils/
lymphocytes (P x N/L) was reported to accurately predict
outcomes in patients with venous sinus thrombosis (8). Two
studies have shown that SII is related to the severity of stroke at
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admission (9, 10), but this index has no wide application to
predict functional outcomes in stroke patients. Although some
studies have shown that the SII is a potential and valuable tool to
diagnose and predict the advise outcomes in stroke patients.
Nevertheless, the findings are controversial, and their association
with clinical outcomes is unclear. Consequently, we conducted a
comprehensive review and meta-analysis to explore the
relationship between SII and clinical outcomes in
stroke patients.

Methods
Aims and PICO statement

Our study strictly complied with the PRISMA (the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
statement. We registered our study at PROSPERO with the
identifier CRD42022371996 (https://www.crd.york.ac.uk/
PROSPERO/) (11). The PRISMA checklist is presented in
Supplemental Table 1. These were the PICO statements: 1)
Population: patients who have had an ischemic or
hemorrhagic stroke (also known as an ICH). 2) Intervention:
mechanical thrombectomy, intravenous thrombolysis, or none
of the above. 3) Comparisons: relative low SII vs. relative high
SII, and the grouping definition is the same as our previous study
(12). 4) Outcomes: the mRS > 3 points or > 3 points at follow-up
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https://www.crd.york.ac.uk/prospero/
https://www.crd.york.ac.uk/PROSPERO/
https://www.crd.york.ac.uk/PROSPERO/
https://doi.org/10.3389/fimmu.2022.1090305
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

was defined as poor outcome, and we categorized stroke severity
as NIHSS> 5 points. In AIS patients, symptomatic intracerebral
hemorrhage was considered hemorrhagic transformation (HT).
Besides, mortality and the SII level of the poor/good outcome
and death/survival groups were also extracted.

Literature search strategy

In order to decrease the selectivity bias, a search of five English
databases (PubMed, Embase, Cochrane Library, Scopus, and Web
of Science) and four Chinese databases (CNKI, VIP, WanFang, and
CBM) was conducted. Two reviewers (Huang YW and Yin XS)
systematically screened the databases for the relevant studies
published from databases inception to the end of November
2022. The following search strategy was applied: (“systemic
immune-inflammation index” OR “SII”) AND (“stroke”) for
English databases, and “(F: =4 £ 5 iF 4840 AND (8=
)” for Chinese databases. The detailed search strategy is presented
in Supplemental Table 2. We also comprehensively searched the
main clinical registry centers such as ClinicalTrials.gov, WHO-
ICTRP, and ChiCTR for unpublished works and gray literature in
Greynet, OpenSIGLE, and HMIC databases. The purpose is to
decrease the publication bias as far as possible.

Inclusion and exclusion criteria

After the inclusion and exclusion criteria, all potential
studies were appraised independently by two reviewers (Huang
YW and Yin XS). The reviewers assessed studies that met all the
following criteria: 1) types of publication: articles published
publicly without language restriction. 2) types of participants:
stroke patients with complete data. 3) types of comparison:
relative low SII vs. relative high SII. 4) types of outcome measure:
poor outcome, the severity of the stroke, mortality, HT, and the
SII level of poor/good outcome group, death/survival group.
Case reports, reviews, notes, meta-analyses, editorials, letters to
the editor, commentaries, and conference abstracts
were excluded.

Data extraction

Two reviewers extracted data independently and used the
same tables of data extraction. The extracted data were as
follows: 1) essential characteristics: first author name,
publication year, nation, study design, and participant count
(n); 2) participant characteristics: age(y) (Mean + SD), male (%),
type of stroke, medical history, medication history, time of blood
sample, laboratory test method, type of intervention, cutoff of
SII, primary endpoints, and clinical follow-up (d); 3)
information on interesting results, etc.
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Risk of bias assessment

To evaluate the possible bias of the included research, we
used the NOS (Newcastle-Ottawa Scale) method (13). The three
aspects of the method based on NOS were described in
Supplemental Table 3 and Table 1, together with the specifics
and outcomes for each. Studies were scored on a scale of one to
nine, with over six scores being regarded to be of excellent
quality. The evaluation was carried out separately by three
reviewers (Huang YW, Yin XS, and Li ZP). Any disagreement
was settled, if necessary, in a group investigation discussion.

Statistical analysis

For dichotomous variables, odds ratios (ORs) and their
corresponding 95% confidence interval (CIs) were calculated.
Mean difference (MD) and their corresponding 95% Cls were
calculated for continuous variables. If the values of some
continuous variable varied greatly, we utilized standard mean
difference (SMD) to perform the meta-analysis. Besides, we
extracted the ORs adjusted by confounding factors and their
corresponding 95% Cls in some studies. The confounding
factors of each study were provided in Supplemental Table 4.
We estimated the mean and standard deviation (SD) by the
sample size, median, and interquartile range. The optional
estimating methods were from Luo et al. (31) and Wan et al.
(32). The website is https://www.math.hkbu.edu.hk/~tongt/
papers/median2mean.html. To account for clinical
heterogeneity, we conducted meta-analyses and subgroup
analyses using the random-effects or fixed-effects model (33).
The Cochrane Q test was used to evaluate the heterogeneity (P <
0.1 or 12 > 50% was significant heterogeneity) (34). P < 0.05 was
statistically significant. Specific data of the high SII and low SII
groups were extracted from the studies based on our grouping
definition. The publication bias was assessed by funnel plot. We
performed the statistical analyses by Review Manager software
(version 5.3.3; https://training.cochrane.org/online-learning/

core-softwarecochrane-reviews/revman).

Results

The primary search in English databases yielded 469 records.
Two hundred twenty-four duplicates were excluded, and 245
remained. Two hundred twenty-two records were further
excluded after title/abstract and publication type screening.
Then, 23 potentially eligible articles were retained for full-text
assessment, and six were excluded for insufficient data, theme,
endpoints, and groupings. Besides, we manually searched the
Chinese databases, and two articles met the included criteria.
Finally, 19 studies (9, 10, 14-30) met the eligibility criteria, and a
number of 18609 stroke patients were involved. All the studies
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TABLE 1 Continued

Author

Wu
et al. (26)

Yang
et al. (27)

Zhou
et al. (28)

Zhu
et al. (29)

Liu
et al. (30)

AIS, acute ischemic stroke; IS, ischemic stroke; ICH, intracerebral hemorrhage; CKD, chronic kidney disease; AF, atrial fibrillation; CAD, coronary artery disease; CHD, coronary heart disease; MI, myocardial infarct; CHF, congestive heart failure; PVD,
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Retrospective
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Single-center
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Single-center

Participants
(n)
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379

Age (y)
(mean *
SD)

69.1 £ 15.6

70.8 + 3.5

633 +11.3

394+ 6.8

65.0 + 10.9

Male
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Anti-platelet

Statin
Anti-thrombotic

The first test after
entering the ICU

On admission
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Within 24 h of
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Within 24 h of
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peripheral vascular disease; CPD, chronic pulmonary disease; UTI, urinary tract infection; EVT, endovascular treatment; IVT, intravenous thrombolysis;
MT, mechanical thrombectomy; THIS, in-hospital ischemic stroke; NOAC, new oral anticoagulants.OHIS, out-of-hospital ischemic stroke; NOS, Newcastle-Ottawa Scale; HT, hemorrhagic transformation.
PO, poor outcome
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were retrospective. The literature search process is shown in
Figure 1, and the systematic summary is summarized in Table 1.

Meta-Analysis and subgroup analysis of
different outcomes

Table 2 provides a summary of the findings. When comparing
the poor outcome between the low SII group and the high SII group,
our analysis showed that high SII was significantly associated with
poor outcome (OR 1.06, 95% CI 1.02-1.09, P = 0.001, = 93%;
Figure 2). When comparing the mortality between the low SII group
and the high SII group, our analysis showed that high SII was
significantly associated with high mortality (OR 2.16, 95% CI 1.75-
2.67, P < 0.00001, I* = 49%; Figure 3). When comparing the HT
between the low SII group and the high SII group, our analysis
showed that high SII was significantly associated with HT (OR 2.09,
95% CI 1.61-2.71, P < 0.00001, I? = 42%; Figure 4). SII, on the other
hand, had no significant impact on recanalization (OR 1.50, 95% CI
0.86-2.62, P = 0.16; Figure 5).

Because the other endpoints did not have enough included
studies to perform subgroup analysis, we only performed the
subgroup analysis of clinical heterogeneity of poor outcomes. In
the Subgroup analysis, we identified that the different countries,
types of stroke, and surgery intervention (IVT, EVT, or MT)

10.3389/fimmu.2022.1090305

were associated with clinical heterogeneity of poor outcomes
(Figures 6A-C).

When comparing the SII level between the poor outcome and
good outcome groups, our study showed that poor outcomes had
higher SII (SMD 1.11, 95% CI 0.61-1.61, P < 0.00001; Figure 7A).
When comparing the SII between the death and survival groups,
our study showed that the death group had higher SII (MD
498.22, 95% CI 333.18-663.25, P < 0.00001, I* = 0%; Figure 7B).
Our study compared the SIT between the moderate-to-severe and
minor groups and showed that the moderate-to-severe group had
higher SIT (SMD 1.35, 95% CI 0.48-2.23, P = 0.002; Figure 7C).

Some outcomes had substantial heterogeneity, and we could
not decrease it by removing studies one by one. Therefore, the
source of heterogeneity may be the studies themselves, the study
design, the parameter measurement tool, the highly variable
duration of follow-up, and so on. Although high heterogeneity
influenced the robustness of our results, the preliminary findings
were still worth paying attention to.

Risk of bias assessment and publication
bias assessment

The NOS evaluated and assigned a median of 8 stars to all
research, with an interquartile of (7-9) stars. The methodological

Records identified from: ClinicalTrials.gov,

WHO-ICTRP, and ChiCTR; Greynet,

OpenSIGLE, and HMIC Databases. (n = 0)

Records removed before screening:

@ Duplicate records removed (n =361)

Records excluded: (n =222)
@ Conference abstracts (n = 3)

@ Reviews (n=1)
@ Excluded by title and abstract (n = 218)

Records excluded after full text scan: (n = 6)
@ No effictive comparision (r = 1)

@ Not conformed to the topic (1 = 2)
@ Insufficient data (n = I)

@ No effictive end points (n = 2)

FIGURE 1
PRISMA flowchart of included studies.

Frontiers in Immunology

£ | | Records identified from:
E PubMed, Embase, Cochrane,
=
"E Scopus, Web of Science Databases.
<
2 || (n=469
Records screened:
(n=245)
=0
& || Manually search from:
=
§ CNKI, WangFang, VIP, Full-text articles
@ and CBM Databases. assessed for eligibility
=23
n=2) (n=23)
Studies included
in qualitative synthesis:
(n=19)
= — . — T
.i: 19 studies included in quantitative synthesis
E (meta-analysis)

10

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1090305
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

TABLE 2 Meta-Analysis and subgroup analysis of Different Outcomes.

10.3389/fimmu.2022.1090305

Results

Items Studies, n OR (95% CI) P Value Heterogeneity (I2, P for Cochran Q)
Poor Outcome
Pooled 11 1.06 (1.02, 1.09) P =0.001 12 = 93%, P < 0.00001
China 9 1.05 (1.01-1.08) P = 0.005 12 = 94%, P < 0.00001
Non-China 2 1.54 (0.97-2.43) P = 0.06 12 = 40%, P =0.19
AIS 9 1.05 (1.01-1.08) P = 0.005 12 = 94%, P < 0.00001
ICH 2 1.56 (0.95-2.57) P =0.08 12 = 45%, P =0.18
NNo Surgery Intervention 8 1.04 (1.01-1.07) P =001 12 = 94%, P < 0.00001
IVT, EVT, or MT 3 3.30 (2.27-4.81) P < 0.00001 12 = 0%, P =0.54
Mortality 2 2.16 (1.75-2.67) P < 0.00001 12 = 49%, P = 0.16
HT 4 2.09 (1.61-2.71) P < 0.00001 12 = 42%, P = 0.16
Recanalization 2 1.50 (0.86-2.62) P=0.16 12 = 74%, P = 0.05

Results
Items Studies, n SMD or MD (95% CI) P Value Heterogeneity (12, P for Cochran Q)
PPoor outcome / Good outcome 9 1.11 (0.61-1.61) P < 0.00001 12 = 98%, P < 0.00001
Death / Survival 3 498.22 (333.18-663.25)* P < 0.00001 12 =0%, P =0.68
Severity of Stroke 3 1.35 (0.48-2.23) P =0.002 12 = 96%, P < 0.00001

* The SII level did not vary greatly, so we utilized mean difference (MD) to perform the meta-analysis.

Odds Ratio
log[Odds Ratio] SE Weight [V. Random. 95% CI
0.82417544 0.38950926 0.2% 2.28[1.06, 4.89]
0.85441533 0.36488488 0.2% 2.35[1.15, 4.80]

Odds Ratio
Study or Subgroup 1V. Random, 95% CI
Acar et al 2022

Huang et al 2022

Ji et al 2022 1.20170892  0.2574379  0.4% 3.64 [2.20, 6.03] -
Li et al 2021 0.85866162 0.40151871 0.2% 2.36[1.07,5.18] D
Liu et al (a) 2022 0.00895974  0.0052912 30.3% 1.01[1.00, 1.02] "

Liu et al (b) 2022 0.0009995 0.00488864 30.4% 1.00[0.99, 1.01] "

Trifan et al 2020 0.29266961 0.12834275 1.6% 1.34[1.04,1.72] =

Wang et al 2022 0.62057649 0.0682505  5.1% 1.86 [1.63, 2.13] -

Weng et al 2021
Zhou et al 2022
Zhu et al 2022

1.37447478 0.42987608  0.2%
1.06986982 0.36698966  0.2%
0.0009995 0.0005097 31.2%

3.95[1.70, 9.18]
2.92[1.42, 5.98]
1.00 [1.00, 1.00] L

Total (95% Cl) 100.0% 1.06 [1.02, 1.09]
Heterogeneity: Tau? = 0.00; Chi2 = 148.10, df = 10 (P < 0.00001); 2 = 93% ‘ ‘

o _ 0.02 0.1 1 10 50
Test for overall effect: Z = 3.22 (P = 0.001) Favours [ High SIl | Favours [ Low Sil |

FIGURE 2

The poor outcome between the high Sll and low SII groups. Liu et al. (a) and Liu et al. (b) were from the same study, Liu et al. (c) presented
minor stroke patients, and Liu et al. (b) presented moderate-to-severe stroke patients. We regarded the two groupings as independent studies
when performing a meta-analysis of poor outcomes
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High SlI Low SII Odds Ratio Odds Ratio
M-H, Fix 9 i |
Wang et al 2022 133 4553 72 4554 56.7% 1.87 [1.40, 2.50] L 3
Wu et al 2022 154 591 72 590 43.3% 2.54[1.86, 3.45] -
Total (95% CI) 5144 5144 100.0% 2.16 [1.75, 2.67] *
Total events 287 144
Heterogeneity: Chiz = 1.97, df = 1 (P = 0.16); I = 49% 0 o1 0 " H 1=0 ’ oo:
Test for overall effect: Z =7.16 (P < 0.00001) Favours [ High Sl ] Favours [ Low SII ]
FIGURE 3
The mortality between the high Sll and low Sl groups.
Odds Ratio Odds Ratio
Study or Subgroup  log[Odds Ratio] SE Weight 1V. Random. 95% CI IV, Random, 95% CI
Liu et al 2022 0.62807518 0.0623933 51.9% 1.87 [1.66, 2.12] u
Yang et al 2021 1.16751627 0.34547176 11.8% 3.21[1.63, 6.33] -
Yang et al 2022 1.17248214 0.33117514 12.6% 3.23[1.69, 6.18] =
Yi et al 2021 0.53062825 0.21088739 23.7% 1.70 [1.12, 2.57] =
Total (95% Cl) 100.0% 2.09 [1.61, 2.71] L 2
Heterogeneity: Tau? = 0.03; Chi? = 5.17, df = 3 (P = 0.16); I? = 42% '0_0 ” o? 3 . 1‘0 3 00’

Test for overall effect: Z = 5.55 (P < 0.00001)

FIGURE 4
The HT between the high Sll and low SII groups.

quality of the included studies is displayed in Supplemental
Table 3. The funnel plot results, which evaluated the probability
of publication bias, are shown in Supplemental Figure 1.

Discussion

Exploring the inflammatory response mechanism after
stroke is beneficial for immunoregulatory therapy applications
(10). The SII, calculated from neutrophils, lymphocytes, and
platelets, is more reliable and representative than other
leukocyte-based indicators of inflammation, including platelet-
to-lymphocyte ratio (PLR) and lymphocyte-to-monocyte ratio
(LMR). In addition, SII has the advantage of being easily

Favours [ High SII'] Favours [ Low Sl ]

accessible and rapid, as routine blood analysis is essential for
patients admitted to the hospital at no additional cost to the
patient, thus improving compliance.

The relationship between high SII levels and the clinical
outcome of stroke patients remains unclear. Possible mechanisms
are as follows: first, in the leukocyte family of the peripheral
circulation, neutrophils first infiltrate the lesion within hours after
stroke, further leading to the release of inflammatory mediators that
directly cause necrosis and apoptosis of cells in the ischemic zone
(35, 36). Neutrophils are an essential source of cytokines, free
radicals, and matrix metalloproteinase-9, which induce apoptosis
of neuronal cells and disrupt the blood-brain barrier by directly
damaging brain tissue (37). Leukocytes can penetrate a disrupted
blood-brain barrier, which is linked to various stroke complications,

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
Acar et al 2022 1.31103188 0.54290677 27.7% 3.71[1.28, 10.75] -
Yi et al 2021 0.05826891 0.33563184 72.3%  1.06 [0.55, 2.05]
Total (95% Cl) 100.0% 1.50 [0.86, 2.62]
thpe i — = -2 = 749 ; t t t {
Heterogeneity: Chi? = 3.85, df = 1 (P = 0.05); 12 = 74% 0.01 01 1 10 100

Test for overall effect: Z=1.42 (P = 0.16)

FIGURE 5
The recanalization between high Sll and low SII groups.
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FIGURE 6
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A Odds Ratio Odds Ratio
Study or Subgroup __log[Odds Ratio] SE_Weight 1V, 95% Cl 1V, 95% Cl
7.1.1 China
Huang et al 2022 0.85441533 0.36488488  0.2% 2.35[1.15, 4.80]

Jietal 2022 1.29170892  0.2574379  0.4% 3.64 [2.20, 6.03] ==

Li et al 2021 0.85866162 0.40151871 0.2% 2.36[1.07,5.18] -
Liu et al (a) 2022 0.00895974  0.0052912  30.3% 1.01[1.00, 1.02]

Liu et al (b) 2022 0.0009995 0.00488864 30.4% 1.00[0.99, 1.01]

Wang et al 2022 0.62057649  0.0682505  5.1% 1.86[1.63, 2.13] il

Weng et al 2021 1.37447478 0.42987608 0.2% 3.95[1.70, 9.18] -
Zhou et al 2022 1.06986982 0.36698966  0.2% 2.92[1.42,5.98] -
Zhu et al 2022 0.0009995 0.0005097 31.2% 1.00 [1.00, 1.00]

Subtotal (95% Cl) 98.2% 1.05[1.01, 1.08]

Heterogeneity: Tau? = 0.00; Chi? = 138.48, df = 8 (P < 0.00001); I* = 94%

Test for overall effect: Z = 2.83 (P = 0.005)

7.1.2 Non-China

Acar et al 2022 0.82417544 0.38950926  0.2% 2.28[1.06, 4.89] i
Trifan et al 2020 0.29266961 0.12834275 1.6% 1.34[1.04,1.72] =%
Subtotal (95% CI) 18%  1.54[0.97,2.43] >
Heterogeneity: Tau? = 0.06; Chi? = 1.68, df = 1 (P = 0.19); I = 40%

Test for overall effect: Z = 1.85 (P = 0.06)

Total (95% Cl) 100.0% 1.06 [1.02, 1.09]

Heterogeneity: Tau? = 0.00; Chi? = 148.10, df = 10 (P < 0.00001); I2 = 93% ’O o 0’1 3 1‘0 100‘
Test for overall effet.:l: 3.22 (PA= 0.001) Favours [ High Sl ] Favours [ Low Sii ]
Test for subaroup differences: Chi? = 2.70. df = 1 (P = 0.10). I> = 63.0%

B Odds Ratio Odds Ratio
Study or log[Odds Ratio] SE Weight 1V, 95% Cl 1V, 95% Cl
8.1.1 AIS
Acar et al 2022 0.82417544 0.38950926  0.2% 2.28[1.06, 4.89]

Huang et al 2022 0.85441533 0.36488488 0.2% 2.35[1.15, 4.80] e
Ji et al 2022 1.29170892 0.2574379  0.4% 3.64 [2.20, 6.03] —
Liu et al (a) 2022 0.00895974  0.0052912  30.3% 1.01[1.00, 1.02] "

Liu et al (b) 2022 0.0009995 0.00488864 30.4% 1.00 [0.99, 1.01]

Wang et al 2022 0.62057649  0.0682505 5.1% 1.86 [1.63, 2.13] =

Weng et al 2021 1.37447478 0.42987608  0.2% 3.95[1.70, 9.18]

Zhou et al 2022 1.06986982 0.36698966 0.2% 2.92[1.42, 5.98]

Zhu et al 2022 0.0009995  0.0005097  31.2% 1.00 [1.00, 1.00] .

Subtotal (95% CI) 98.2% 1.05 [1.01, 1.08]

Heterogeneity: Tau? = 0.00; Chi? = 138.38, df = 8 (P < 0.00001); I> = 94%

Test for overall effect: Z = 2.83 (P = 0.005)

8.1.2ICH

Li et al 2021 0.85866162 0.40151871 0.2% 2.36 [1.07, 5.18]

Trifan et al 2020 0.29266961 0.12834275 1.6% 1.34 [1.04, 1.72]

Subtotal (95% Cl) 1.8% 1.56 [0.95, 2.57] -
Heterogeneity: Tau? = 0.07; Chi* = 1.80, df = 1 (P = 0.18); I? = 45%

Test for overall effect: Z = 1.77 (P = 0.08)

Total (95% CI) 100.0% 1.06 [1.02, 1.09]

Heterogeneity: Tau? = 0.00; Chi? = 148.10, df = 10 (P < 0.00001); I* = 93% 5 _1 i i
Test for overall effect: Z = 3.22 (P 01) oo Fa\?ours [High Sl ] Favours [ Low%ll ] %
Test for subaroup differences: Chi? = 2.51, df =1 (P = 0.11), I = 60.2%

c Odds Ratio Odds Ratio
Study or log[Odds Ratio] SE Weight 1V, 95% Cl 1V, 95% Cl
9.1.1 No Surgery Intervention
Huang et al 2022 0.85441533 0.36488488 0.2% 2.35[1.15, 4.80]

Li et al 2021 0.85866162 0.40151871 0.2% 2.36[1.07, 5.18]

Liu et al (a) 2022 0.00895974  0.0052912  30.3% 1.01[1.00, 1.02] "

Liu et al (b) 2022 0.0009995 0.00488864 30.4% 1.00 [0.99, 1.01]

Trifan et al 2020 0.29266961 0.12834275 1.6% 1.34[1.04,1.72] ="

Wang et al 2022 0.62057649  0.0682505 5.1% 1.86 [1.63, 2.13] =

Zhou et al 2022 1.06986982 0.36698966 0.2% 2.92[1.42, 5.98]

Zhu et al 2022 0.0009995 0.0005097 31.2% 1.00 [1.00, 1.00] "

Subtotal (95% CI) 99.2% 1.04 [1.01, 1.07]

Heterogeneity: Tau? = 0.00; Chi* = 108.30, df = 7 (P < 0.00001); I* = 94%

Test for overall effect: Z = 2.47 (P = 0.01)

9.1.2 IVT, EVT or MT

Acar et al 2022 0.82417544 0.38950926 0.2% 2.28[1.086, 4.89]

Ji et al 2022 1.29170892  0.2574379 0.4% 3.64 [2.20, 6.03] o
Weng et al 2021 1.37447478 0.42987608 0.2% 3.95[1.70, 9.18] T
Subtotal (95% CI) 0.8%  3.30[2.27, 4.81] >
Heterogeneity: Tau? = 0.00; Chi* = 1.22, df = 2 (P = 0.54); I = 0%

Test for overall effect: Z = 6.22 (P < 0.00001)

Total (95% CI) 100.0% 1.06 [1.02, 1.09]

Heterogeneity: Tau? = 0.00; Chi? = 148.10, df = 10 (P < 0.00001); I> = 93% 0.02 01 10 50

Test for overall effect: Z = 3.22 (P = 0.001)

i
F High SII] F L« sl
Test for subaroup differences: Chi? = 36.15, df = 1 (P < 0.00001). I? = 97.2% avours [ High SII] Favours [Low Sil]

The subgroup analysis of poor outcomes is based on (A) different countries, (B) different types of stroke, and (C) surgery intervention

including pathological cerebral edema, HT, and a decline in pro-inflammatory cytokines, even if the involvement of
neurological function (38). Consequently, a rise in neutrophils is lymphocytes in ischemic brain injury is debatable. However,
a crucial mediator of ischemic brain damage. More experimental according to other research, lymphocytes are the primary cerebral
data suggests that some specific lymphocyte subtypes, particularly protective immunomodulators following AIS and play a critical role
CD4+ and CD8+ T cells, can release some cytotoxic chemicals and in inflammation-induced neuroprotection (39). Second, after an
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A
Poor outcome Good outcome Std. Mean Difference Std. Mean Difference
i o o
Acar et al 2022 1,932 2,095 148 1,008 1,444 57 11.0% 0.43[0.12,0.74] .
Chen et al 2022 759 577 1759 603 389 1643 11.5% 0.31[0.25, 0.38] o
Chu et al 2020 1422 1355 277 724 522 138 11.3% 0.61[0.40, 0.82] =
Hsu et al 2022 969 935 256 731 506 118 11.2% 0.29[0.07,0.51] kB
Li etal 2021 1,849 328 193 987 176 98  10.9% 3.00 [2.66, 3.35] Ea
Liu et al 2022 852 360 100 431 195 166 11.1% 1.56 [1.28, 1.84] -
Trifan et al 2020 1909 515 147 919 235 92 10.9% 2.30[1.96, 2.63] -
Yietal 2021 1044 897 195 741 674 245 11.3% 0.39[0.20, 0.58] -
Zhu et al 2022 1,382 1,134 51 583 308 131 10.9% 1.22[0.87, 1.57] -
Total (95% CI) 3126 26838 100.0% 1.11[0.61, 1.61] -
Heterogeneity: Tau? = 0.56; Chi? = 418.01, df = 8 (P < 0.00001); I* = 98% M 2 0 2 4
Test for overall effect: Z = 4.39 (P <0.0001) Favours [Poor outcome]  Favours [Good outcome]
B
Death Survival Mean Difference Mean Difference
Study or Mean  SD Total Mean  SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% Cl
Adiguzel et al 2022 2,102 2,187 40 1,602 1906 165 5.0% 500.00 [-237.51, 1237.51] —
Chen et al 2022 1,219 1,385 166 664 460 3236 61.0% 555.00 [343.71, 766.29] ——
Hsu et al 2022 1,175 1,320 89 779 606 285 34.0% 396.00[112.88, 679.12] —
Total (95% Cl) 295 3686 100.0% 498.22 [333.18, 663.25] -
Heterogeneity: Chi? = 0.78, df = 2 (P = 0.68); I = 0%
Test for overall effect: Z = 5.92 (P < 0.00001) 1000 Fafo?,es [ Death ]D Favours [ gl?rovwal ] 100
C
Moderate-to-severe stroke Minor stroke Std. Mean Difference Std. Mean Difference
i % CL IV, Random. 95% CI
Hou et al 2021 651 211 17 516 170 245 34.0% 0.73(0.50, 0.96] =
Huang et al 2022 950 207 105 593 122 129 33.2% 2.15[1.83,247] -
Zhuetal 2022 1468 1,366 39 623 365 143 327% 1.19(0.82, 157 -
Total (95% CI) 261 517 100.0% 1.35[0.48, 2.23] —~

Heterogeneity: Tau? = 0.57; Chi? = 49.39, df = 2 (P < 0.00001); I = 96%
Test for overall effect: Z = 3.04 (P = 0.002)

FIGURE 7

4 2 0 2
Favours [ Moderate-to-severe stroke ] Favours [ Minor stroke ]

the Sll level between the (A) poor outcome and good outcome group, (B) death and survival group, and (C) moderate-to-severe and minor stroke group.

ischemic stroke, platelets encourage brain damage (40-42). In
mouse experiments, Ischemia-reperfusion in the brain causes
platelet necrosis, which regulates injurious neutrophil recruitment
and platelet-neutrophil aggregate formation and reduces cerebral
blood flow (41). Platelets aggregate with circulating leukocytes when
inflammation is activated via direct receptor-ligand interactions,
activating platelet function and changing endothelial cell
properties (43).

Up to now, some studies have reported the value of SII in
cerebrovascular diseases and the association between high SII levels
and clinical outcomes. Chu et al. (14) showed that SII increases
dynamically from the onset of symptoms in AIS patients eligible for
thrombolytic therapy. Higher levels of SII indicate more in-hospital
complications and worse short-term prognoses. Another study from
America demonstrated that in patients with supratentorial
spontaneous ICH, the early SII was an independent predictor of
poor outcomes at discharge (15). Hou et al. (9) investigated SIT’s
effect on stroke severity and found that SII was independently
associated with stroke severity. Li et al. (16) demonstrated that SII,
particularly in the acute phase (day 1), is highly correlated with 90-
day functional outcomes in ICH patients. This index can be used to
predict the prognosis. Weng et al. (17) found similar results to Li
et al. and Hou et al. in AIS patients treated with IVT. In 2021, Yang
et al. (18) conducted a more in-depth and detailed study, and the
results showed that in patients with acute ischemia of the anterior
circulation due to significant artery atherosclerosis, higher SIT was
associated with a greater risk of HT, particularly in artery-to-artery
embolism and in situ thrombosis. This is the first study on HT. Then
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Yang et al. (27) and Yi et al. (19) continued to study this. Their
findings demonstrated that admission SII is positively associated
with HT in AIS due to large vessel occlusion patients treated with
EVT, and higher SII meant more risk of HT. Besides, a study by Yi
et al. (19) showed that a reduction in SII after mechanical
thrombectomy (MT) was associated with favorable clinical
outcomes. SII represents potential prognostic factors in patients
undergoing MT for large artery occlusion. Acar et al. (20)
considered SII a potential indicator to predict unsuccessful cerebral
reperfusion and unfavorable clinical outcomes for patients with AIS
undergoing EVT. Nevertheless, our analysis showed that no
significant influence of SII for recanalization was observed. Further
investigations were required. Adiguzel et al. (21) showed that
significant variations of SII were observed during the first two
weeks following the stroke. However, due to age and post-
treatment clinical stroke severity, the discriminative capacity of
these changes was limited. An investigation by Chen et al. (22)
divided into two groups, one for in-hospital ischemic stroke (THIS)
and the other for out-of-hospital ischemic stroke (OHIS), and their
study found that IHIS patients had more complicated clinical
features, higher levels of SII and higher rates of mortality than
OHIS patients. The underlying significance of the study was that
THIS patients should be paid more attention to in clinical practice.
Hsu et al. (23) thought higher SII was associated with larger ICH
volumes, poorer initial Glasgow Coma Scale, and unfavorable
outcomes but was not an independent prognostic predictor.
Furthermore, the association of SII and hematoma expansion in
ICH patients requires further in-depth investigation. Huang et al.
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(10) further identified that higher SII meant a greater risk of stroke
severity and adverse clinical outcomes after AIS. Ji et al. (24)
identified elevated SII as related to malignant brain edema after
EVT. Wang et al. (25) findings further affirmed that SII was closely
associated with the short- and long-term prognosis of patients with
AIS, and higher SII were more likely to have poor outcomes. Wu
etal. (26) elevated SII increased the rate of 30-day all-cause mortality
as an available index to elucidate the role of thrombocytosis,
inflammation, and immunity interaction in developing AIS. Zhou
et al. (28) obtained similar findings to previous studies, and a
nomogram based on the SII could predict the risk of adverse
outcomes in patients with AIS with an accuracy of 80.2%.

SII is not only associated with functional prognosis but also with
psychic disorders. Hu et al. (44) conducted a study based on a
prospective stroke cohort, and their findings showed that increased
SII, especially SII at admission, is significantly correlated with post-
stroke depression. The findings may provide some diagnostic clues
to determine the early discovery of post-stroke depression.
Nevertheless, whether SIT is correlated with other psychic
disorders secondary to stroke or not, comparative studies are
urgent, and this may be the point of future research. Another
study by Li et al. (45) demonstrated that the SII was not associated
with neurological recovery at three months. In contrast, a low
neutrophil-to-lymphocyte ratio was an independent factor for
predicting neurological recovery three months after stroke.
Topcuoglu et al. (46) considered that SII only had moderate utility
and was far from perfection. In patients with HT, SII increased after
bleeding occurred, and the admission values are not very valuable in
this regard. Additionally, according to Li et al. (47) findings, the SIT at
admission is an independent predictor for the requirement of
decompressive craniectomy (DC) in patients with large artery
occlusion-AIS after MT. Based on the findings, the authors
created a unique SII-based nomogram that assisted neurosurgeons
in making prompt and sensible judgments about whether DC was
required, potentially improving the prognosis of these patients. In
elderly patients who underwent non-cardiac surgery, preoperative
SII was a potential prognostic biomarker for predicting perioperative
IS. SII > 583 was an independent risk factor for perioperative IS (48).
In like manner, this finding may assist surgeons in avoiding severe
complications and improving clinical outcomes.

By comprehensively and systematically reviewing the
currently available literature, this may be the first meta-analysis
assessing the relationship between SII and clinical outcomes of
stroke patients. We obtained three significant findings by
analysis: firstly, high SII is significantly associated with poor
outcome, high mortality, and the incidence of HT; secondly, the
SII of poor outcome, death, and moderate-to-severe stroke group
was much higher than that of the excellent outcome, survival, and
minor stroke group, respectively; thirdly, no significant influence
was observed of SII for recanalization in patients with stroke who
was undergoing operation procedure. Nevertheless, limited
studies on some endpoints restricted the prevalence of our
findings. Consequently, more studies on mortality, HT,
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recanalization, the difference of SII in the death/survival group,
and stroke severity are urgent.

Limitations

There are some limitations: first, other than randomized
controlled trials, the majority of available studies are
retrospective, and the study design may limit the evidence level
of our findings; second, the majority of scholars are from China,
and most of the participants are Chinese, too. Consequently,
studies from other countries are required, as well as the other races
of participants; third, the high heterogeneity of some endpoints
influenced the robustness of our results. Despite these limitations,
the preliminary findings of our meta-analysis may be useful to
clinicians in making treatment decisions for stroke patients.

Conclusion

To the best of our knowledge, this may be the first meta-analysis
to look at the link between SII and clinical outcomes in stroke patients.
The inflammatory response after a stroke is useful for
immunoregulatory treatment. Stroke patients with high SII should
be closely monitored, since this might be a viable treatment strategy for
limiting brain damage after a stroke. As a result, research into SII and
the clinical outcomes of stroke patients is crucial. Our preliminary
findings may represent the clinical condition and aid clinical decision-
makers. Nonetheless, further research is needed to better understand
the utility of SII through dynamic monitoring. To generate more
robust results, large-sample and multi-center research are required.
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Hypertension is regarded as the most prominent risk factor for cardiovascular
diseases, which have become a primary cause of death, and recent research
has demonstrated that chronic inflammation is involved in the pathogenesis of
hypertension. Both innate and adaptive immunity are now known to promote
the elevation of blood pressure by triggering vascular inflammation and
microvascular remodeling. For example, as an important part of innate
immune system, classically activated macrophages (M1), neutrophils, and
dendritic cells contribute to hypertension by secreting inflammatory
cy3tokines. In particular, interferon-gamma (IFN-vy) and interleukin-17 (IL-17)
produced by activated T lymphocytes contribute to hypertension by inducing
oxidative stress injury and endothelial dysfunction. However, the regulatory T
cells and alternatively activated macrophages (M2) may have a protective role
in hypertension. Although inflammation is related to hypertension, the exact
mechanisms are complex and unclear. The present review aims to reveal the
roles of inflammation, immunity, and oxidative stress in the initiation and
evolution of hypertension. We envisage that the review will strengthen public
understanding of the pathophysiological mechanisms of hypertension and may
provide new insights and potential therapeutic strategies for hypertension.

KEYWORDS

hypertension, inflammation, immunity, oxidative stress, cytokines, cardiovascular diseases

1 Introduction

Hypertension has become the leading global risk factor for cardiovascular diseases
(CVDs) (1), and 1.15 billion adult individuals have been confirmed with hypertension
according to related data (2). In addition, the American Heart Association and the
American College of Cardiology formulated strict new diagnostic criteria that are
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expected to extend the number of patients with hypertension by
two-threefold (3, 4). Many common and effective drugs,
including angiotensin-converting enzyme inhibitors (ACEISs)/
angiotensin II (Ang II) type 1 receptor blockers (ARBs), beta-
blockers, calcium channel blockers (CCBs), and diuretics, have
been widely confirmed to control raised blood pressure (5),
causing a significant reduction of mortality associated with
hypertension; however, hypertension still remains a major
public health problem and health care burden in both
developed and developing countries. Blood pressure is still
poorly controlled in approximately half of patients who are
receiving treatment (6), so potential therapeutic targets are
urgently needed.

The pathogenesis of hypertension is complex and there are
many risk factors. Accumulating evidence confirms that an
activated inflammatory response and immune system are an
indispensable part in the genesis and evolution of hypertension
and are associated with hypertensive complications, such as
myocardial infraction, hemorrhagic stroke, and renal injury
(7). The elevated level of inflammatory biomarkers, including
C-reactive protein (CRP) and cytokines, have been detected in
patients with hypertension, revealing that the immune system is
involved in hypertension as a low-grade inflammatory condition
which is a chronic and continuous process and is more
characterized by the increase of inflammatory cells and
inflammatory mediators compared with infectious diseases,
and usually does not show significant symptoms (5, 8, 9).
Elevated BP by many risk factors including genetic
susceptibility and several environmental factors can induce
organ injury promoting the formation of damage-associated
molecular patterns (DAMPs) and new antigens which are
regarded as the main impetus for the low-grade inflammation
(10). Inappropriate immune activation may act in the kidney,
microvascular, nervous system, and even gut microbiome to
promote the elevation of blood pressure (11-17), especially salt-
sensitive hypertension (18, 19). Inflammation is generally
considered an immune response and thus, in the early stage,
mainly engages the innate immune system (IIS) and is
subsequently followed by the adaptive immune response.
Although interactions occur between these responses, they
have different effects on disease progression and clinical
significance; therefore, we will discuss these separately in
this review.

In 1967, Okuda and Grollman first reported there was a
relationship between the immune and vascular systems based on
the induction of artery hypertension in rats after they had
received lymphocytes derived from rats with hypertension
(20). According to the surface markers and functions,
macrophages are classified into proinflammatory M1
macrophages and anti-inflammatory M2 macrophages. The
recent study has confirmed the damage effect of Ml
macrophages and the inconsiderably protective role of M2
macrophages in hypertension (10). Moreover, increasing
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evidence showed that hypertension has a chronic
inflammatory status characterized as the transmigration,
accumulation, and activation of inflammatory cells, and the
proinflammatory cytokines and free radicals produced by
activated innate immune cells and endothelial cells (21). In the
present review, we will discuss how the immune system and
associated inflammation and oxidative stress affect the
procession of hypertension and will summarize the potential
therapeutic targets in hypertension.

2 The relationship of inflammation,
immunity, and oxidative stress

Although numerous risk factors promote the genesis and
progress of hypertension, the role of inflammation, immunity,
and oxidative stress have been overwhelming confirmed by
evidence from many laboratories worldwide (22-26). The
causal state of circulating immune cells, such as monocytes,
neutrophils, and lymphocytes, has been demonstrated (27), and
the imbalanced activated immune system is known to produce
an inflammatory condition with an increasing amount of
proinflammatory cytokines. First, leukocytes gather via
cytokine and chemokine signaling and roll on the vascular
endothelium regulated by E and P selectin in the early phase
of vascular inflammation. The interaction of leucocyte integrins
and the intracellular adhesion molecules (ICAMs) 1-5 and
vascular cell adhesion molecule 1 (VCAM-1) then play a
crucial part in the subsequent processes (28). Cytokines and
chemokines promote oxidative stress, a typical characteristic of
essential hypertension. Reactive oxygen species (ROS) are the
major effector of the oxidative stress injury and consequently
may have a crucial role in connecting inflammation, immune
system, and hypertension (10). A low inflammatory condition,
resulting from massive production of the superoxide anion (-O,)
and hydrogen peroxide (H,0,) by endothelial cells, monocytes,
and macrophages, promotes oxidative stress and causes vascular
dysfunction and target-organ damage in the process of
hypertension (29). The activated renin-angiotensin-aldosterone
system (RAAS) is a crucial regulator of oxidative stress, and
results in the inflammatory damage of vessels (30). As the major
component of the RAAS, Ang II promotes vascular
inflammation by activating nicotinamide adenine dinucleotide
phosphate oxidase oxidases (NOXs) and increasing the
expression of endothelin-1 (ET-1), causing the production of a
large number of proinflammatory mediators that contribute to
the endothelial dysfunction. The main function of NOXs are
producing ROS. For example, the low level of ROS produced by
NOX2 in physiological state is closely related to the process of
cell proliferation and differentiation. However, excessive ROS by
activated NOXs is responsible for the CVDs, especially
hypertension. Although 7 isoforms of NOXs have been
reported, NOX2 and 4 are considered as having tight
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association with CVDs. NOX 2 and 4 are mainly expressed in
endothelial cells and cardiomyocytes (31). NOX2 causes vascular
oxidative stress via producing superoxide directly, while NOX4
mainly depend on the production of H,0, through the rapid
dismutation of superoxide into H,O, (32). The role that
activated NOX2 contributes to hypertension via mediating
oxidative stress injury and further promoting endothelial
dysfunction has been observed (33, 34). According to the
results from Toral M et al., the NOX2 inhibitor decreased
vascular ROS production and restored endothelial dysfunction
in the hypertensive mice (34). NOX4 facilitates vascular
hyperproliferation and microvascular remodeling through the
induced hyperoxidation and ER stress (35). Furthermore, Ang II,
ET-1, and aldosterone may be responsible for impaired
remodeling of vessels in a large extent via upregulating
expression of chemokines in vascular smooth muscle cells and
endothelial cells (36, 37). In addition, activated neutrophils can
release ROS as well as proinflammatory cytokines, causing
significant oxidative stress. The positive association between
the concentration of CRP and the level of oxidative stress has
been confirmed (38), and Savoia et al. reported that CRP may
upregulate expression of angiotensin type 1 receptors, which
could then modulate the formation of ROS (39).

The kidneys have an indispensable role in modulating blood
pressure, and renal hypertension resulting from chronic kidney
injury and renal artery stenosis is one of most common
secondary hypertension diseases globally (40). ROS has been
detected in the early stage of chronic kidney disease and
exasperates renal function contributing to oxidative stress and
chronic inflammation (41, 42), which further accelerates the
process of hypertension.

In summary, oxidative stress may be a trigger as well as the
result of both inflammation and imbalance in the immune
system, contributing to the vascular injury and remodeling,
and results in the progression of hypertension.

3 Pathophysiological mechanisms of
essential hypertension

Essential hypertension is a disease of unknown etiology that
includes the complex interaction of many factors, especially
those of genetic and environmental origin. However, it is
unclear how these factors increase blood pressure. Increasing
evidence indicates that essential hypertension is not a
homogeneous disease and that the etiology and pathogenesis
vary among individuals. Furthermore, hypertension has a long
course and generally slow progression. The mechanisms of
initiation, maintenance, and acceleration are different in
different stages, and there are interactions among various
pathogenic mechanisms (e.g., oxidative stress and
inflammation and the immune system) (43). Therefore,
hypertension is a multi-factor, -link, and -stage disease that is
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also affected by differences between individuals. In this section,
we intend to briefly summarize the potential pathophysiological
process of essential hypertension.

The main mechanisms of hypertension include
microvascular remodeling, imbalance of the autonomic
nervous system (ANS), and activation of the RAAS (43). The
increase of peripheral resistance in small arteries, ranging from
100 to 300 um in diameter, is the central mechanism and the
most significant characteristic in essential hypertension (44). As
mentioned above, ROS, activated immune cells, and
inflammation, can stimulate endothelial cells to produce and
release large amounts of vasoactive substances, such as nitric
oxide (NO), prostaglandin-I-2 (PGI2), ET-1, and endothelium-
dependent vasoconstrictor factor (EDGF) (44). Age and various
cardiovascular risk factors, including dyslipidemia, elevated
blood sugar, and smoking, lead to abnormal blood endothelial
cell function, increase the production of oxygen free radicals,
enhance NO inactivation, vascular inflammation, and oxidative
stress response, and influence the elastic function and structure
of arteries. With the decreased elasticity of the aorta, the pulse
wave conduction velocity increases, and the phase of the
reflected wave arriving at the central aorta advances from
diastole to systole. The occurrence of a delayed systolic
pressure peak can elevate systolic blood pressure and reduce
diastolic blood pressure. Changes in the structure (sparse
number of tubes or increased wall/lumen ratio) and function
(decreased elasticity and increased resistance) and function of
resistance arterioles affect peripheral pressure responses.

The position of the origin or the intensity of the reflected
wave also has an important part in increasing the pulse pressure.
In the nervous system, various reasons can cause changes in the
function of the cerebral subcortical nerve center leading to
abnormal concentrations and activities of various
neuropeptides and neurotransmitters, including
norepinephrine, epinephrine, dopamine, serotonin,
vasopressin, enkephalin, and brain natriuretic peptide as well
as changes in the central renin-angiotensin system. These
changes eventually hyperactivate the sympathetic nerve
system, increasing the concentrations of plasma
catecholamines and constriction of arteries and causing
resistance and increased blood pressure (45, 46).

AT-II is the main effector of the RAAS and is involved in a
range of processes that can increase blood pressure. These
include acting on angiotensin receptor 1, making arteriole
smooth muscle contract, stimulating the glomerular zona of
adrenal cortex to secrete aldosterone, and promoting the release
of norepinephrine through the positive feedback in sympathetic
nerve terminal presynaptic membrane. Recently, many tissues,
including the blood vessel wall, heart, central nervous system,
kidney, and adrenal gland, have been found to contain various
components of the RAAS (47). The role of tissue RAAS in the
function and structure of the heart and blood vessels may have a
greater impact on the occurrence and maintenance of
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hypertension (44). In addition, water and sodium retention and
insulin resistance can contribute to elevating blood pressure.

4 Inflammation in hypertension

Inflammation is a rapid, nonspecific defense response of the
body that acts to maintain hemostasis via monitoring and
clearing of foreign bodies. This involves coordinating vascular
endothelial cells and circulating inflammatory cells and
cytokines (48). Although inflammation has beneficial effects,
including eradicating pathogens and protecting organs from
damage, imbalanced regulation may cause serious and
sustained inflammatory response that can in turn cause
progressive tissue injury, organ dysfunction, and fibrosis, and
even systemic inflammatory response syndrome. Overwhelming
evidence shows that low-grade chronic inflammation
contributes to the initiation and maintenance of essential
hypertension (49, 50). A recent study reported that the
chronic inflammatory condition induced by excessive and
prolonged stimulation of IIS could lead to vascular endothelial
cell damage (51). In this section, we mainly discuss the role of
inflammasomes and inflammatory cytokines and of
neuroinflammation in the progress of essential hypertension.

4.1 Inflammasomes

The inflammasomes are cytosolic protein complexes, such as
NLR-family pyrin domain-containing protein (NLRP)1 and
NLRP3 mainly expressed in innate immune cells (like
monocytes and macrophages) and endothelial cells, that
identify pathogens and activate inflammatory responses,
including the intracellular IIS receptors (52, 53). As
inflammasomes are major components of the IIS, they mediate
important inflammatory responses and pyroptosis, which are
tightly associated with endothelial dysfunction. Improperly
activated inflammasomes are involved in the potential
pathogenesis of many inflammations related diseases (54).
NLRP3 is the most characteristic inflammasome among the
pattern recognition receptors (PRRs) that recognize damage-
associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs) to initiate and
promote an inflammation response (55). Briefly, a wide range
of DAMPs or PAMPs stimulate NLRP3 activation by inducing
ion transporting (e.g., K" efflux and Ca®" influx) and lysosomal
leakage. The activated NLRP3 inflammasome then triggers
caspases to induce cleavage of inactive proinflammatory
cytokine precursors, such as pro-IL-1pB, pro-IL-18, and pro-IL-
37 (Figure 1) (48). Numerous studies show that activated NLRP3
inflammasomes are tightly associated with many chronic
inflammatory and metabolic diseases, such as ischemic heart
diseases and diabetes mellitus, stroke, atherosclerosis, and
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hypertension (56-59). Studies have suggested that
inflammasomes and their related cytokines are tightly
associated with raised blood pressure. According to Dalekos
et al., an elevated serum concentration of IL-1f3 was detected in
patients with hypertension (60). Endothelial cells are not only
the action target of IL-1f but also produce IL-1B (61). In vitro
experiments show that monocytes derived from hypertensive
patients can release a high level of IL-1f in response to the
stimulation of Ang II or lipopolysaccharide (LPS) (62). In
addition, the production of mitochondrial ROS is a vital
component of cellular oxidative stress, and NLRP3 activation
is indispensable in this process. More and more agonists have
been reported to produce vascular inflammation and injury by
triggering NLRP3 inflammasome activation. According to Xie
et al., the NLRP3 inflammasome is involved in visfatin-mediated
vascular injury, which may cause atherosclerosis (63). IL-1f and
IL-18 would then be released into the blood flow to activate more
inflammatory cells and thereby expand the inflammatory
response when inflammasomes are activated.

Recent research suggests that endothelial dysfunction is
associated with activated NLRP3 inflammasomes through the
release of HMGBI. Activated NLRP3 inflammasome and
subsequent release of HMGB1 have been considered as the
underlying cause of cell-to-cell junction breaks in mouse
vascular endothelial cells treated with high-glucose levels (64).
Interestingly, NLRP3 deficiency has a significantly protective
role via preventing tight junction disruption in diabetic mice and
ameliorating endothelial permeability in endothelial cells in vitro
(64), and inhibiting the NLRP3 inflammasome by
pharmacological inhibition also produced potent therapeutic
effects (65). More recently, knockdown of NLRP3 also
exhibited remarkable effect on lowering blood pressure,
improving vascular remodeling and insulin resistance, and
ameliorating or delaying the atherosclerosis via regulating
metabolism, relieving oxidative stress and reducing release of
inflammatory cytokines (58, 66, 67). WEHD, a caspase-1
inhibitor, could significantly reduce inflammasome activity
and prohibited ATP-induced hypertension in mice (68).

4.2 Role of cytokines in raising
blood pressure

Traditionally, essential hypertension was thought to be
caused by hemodynamic changes, but in recent years,
numerous studies have revealed that inflammatory cytokines
play a significant part in promoting the progression of
hypertension via affecting vascular and renal function.
Cytokines are a major component of the immune system and
the main performer of inflammatory response, which connects
them with vascular remodeling and hypertension. Until recently,
the connection between how inflammation and immunity affect
blood pressure levels was not well understood. According to
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Classic mechanisms of inflammasome activation. Lipopolysaccharide (LPS), which is regarded as the prototype of pathogen associated molecular
patterns (PAMPs) and heat shock proteins (HSPs) as a typical representative of damage associated molecular patterns (DAMPs), can be recognized
by toll-like receptor 4 (TLR4). Nuclear factor kappa B (NFkB) mediates these signals to produce NOD-like receptor family pyrin domain containing 3
(NLRP3), pro-IL-1B, pro-1L-18, and pro-IL-37. Next, NLRP3 is activated by potassium (K+) efflux, calcium (Ca2+) influx, and lysosomal leakage to
recruit cysteine-requiring aspartate protease-1 (caspase-1). Caspase-1 then induces the maturation and release of pro-IL-1f, pro-IL-18, and pro-IL-
37 and other related inflammatory agents that cause the inflammatory reaction and participate in the occurrence and development of the disease.

previous observations, numerous T cells and monocytes/
macrophages accumulated in vessels and kidneys in the mice
model with renal ischemia-reperfusion injury (69). Based on
other’s and our own research, these cells have been shown to
secret potent cytokines that impair organs, especially the heart
and kidneys. Modern experimental technologies have
demonstrated that a variety of cytokines are involved in the
initiation and progression of hypertension (Table 1).

4.2.1 Interleukin 17

IL-17 is derived from TH17 cells, an important subset of CD4"
T cells, and includes several isoforms, including IL-17A and IL-17F;
several B cells and CD8" cells also produce IL-17 (84). IL-17A is
generally considered to act synergistically with other cytokines (e.g.,
TNF) during inflammatory response. IL-17A and TNF-o have been
demonstrated to synergistically enhance lung inflammation and
expression of C-C motif chemokine ligand 2 (CCL2) in an NADPH
oxidase-dependent manner (70), which affects vascular functions by
influencing gene expression (71). Moreover, IL-17A is reported to
be involved in multiple inflammatory diseases, such as asthma,
psoriasis, and systemic lupus erythematosus (84). Considering the
important position of IL-17 in inflammation-related diseases,
research on anti-IL-17 monoclonal antibodies (Ixekizumab and
Secukinumab) and anti-IL-17 receptor antibodies (Brodalumab)
has become a scientific hotspot in recent years, and these antibodies
have shown satisfactory treatment effects in clinical trials (85, 86).

Growing evidence has linked IL-17A to increased blood
pressure, although the exact mechanisms are unclear. Plasma
IL-17A concentrations were significantly increased in Ang II-
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induced animal models with hypertension. In contrast, Ang II
infusion could not impair endothelial function or result in an
elevation of blood pressure in IL-17A”" mice. A similar result
was observed when the level of oxidative stress was lowered and
infiltration of T cells decreased in IL-17A”" mice compared with
that in the control group. Treatment with anti-IL-17 antibody
was found to significantly lower blood pressure and reduce
collagen deposition in mouse heart and kidneys. Consistent
with these findings, when co-cultured human vascular smooth
muscle cells (VSMCs) with TNF-o in vitro, IL-17A facilitate the
expression of various cytokines and chemokines, such as CCL7
and 8, CXCL2 and CSF3, which could recruit more
inflammatory cells. Subsequently, another exact role of IL-17A
in hypertension has been demonstrated by Nguyen et al. that IL-
17A could reduce the production of NO by phosphorylating
threonine 495 of endothelial nitric oxide synthase (eNOS) in
porcine aortic endothelial cells (87). And the study also showed
intravenous administration of IN-17A could elevate the blood
pressure modestly in the normal mice. Taking together,
inhibition of IL-23/IL-17 axis has been regarded as promising
therapeutic target in the future precise therapy of
hypertension (72).

4.2.2 Interleukin 6

IL-6 is a 21 kDa glycoprotein secreted by monocytes,
macrophages, and dendritic cells, which can activate related
genes and upregulate expression of receptors involved in cell
proliferation, differentiation, and apoptosis. Once the receptor
recognizes the IL-6 signals, the related cellular events, such as
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TABLE 1 Examples of inflammatory cytokines involved in hypertension.

10.3389/fimmu.2022.1098725

Cytokines Cell Disease Mechanisms Biological effects Reference
sources models
Enhance CCL-2 in an NADPH
CD4" T cells . frhan ma L .
IL-17A oxidase-dependent manner, and Promotes oxidative stress and increases the number
1L-17 and some i i . K (70-72)
. mice altering gene expression in vascular of infiltrated T cells
CD8" cells
smooth muscle cells
Monocytes, .
A . " . promotes the production of IL-17 and upregulates
macrophages, g polarizes the CD4" cells and facilitates R R .
1L-6 = IL-6"" mice K X the expression and increase the activity of the (73-75)
dendritic cells, water and sodium retention . . .
ete epithelial sodium channel in duct cells
regulates the expressions of chemokine and
Monocytes rheumatoid P g. XP. ' . .
. i L adhesion molecule in vessels, facilitates microvascular
TNF-o. and arthritis NF-kB and NADPH oxidase activation i i X (76-81)
. remodeling and sodium retention, and reduce NO
macrophages patients .
production
Ang II-
treated IFN-
reate Increases the angiotensinogen Promotes renal fibrosis and decreases glomerular
IFN-y Th1 cells m expression filtration rate ®2)
X]
knockout P
mice
M , T
onocytes Diabetic db/ | Polarize the naive macrophages into
IL-1B cells and i Releases a large amount of IL-6 (83)
. db mice M1 subtype
neutrophils

CCL-2, C-C motif chemokine ligand 2; IL, interleukin; IFN-y, interferon gamma; NADPH, nicotinamide adenine dinucleotide phosphate; NF-kB, nuclear factor kappa-B; NO, nitric

oxide; Th, T helper; TNF-0,, tumor necrosis factor o.

activation of Janus kinases and Ras-mediated signal pathways,
are initiated immediately (88). IL-6 is responsible for regulating
the expression of the acute-phase plasma proteins in liver cells.
In addition, IL-6 could facilitate the production of IL-17 via
polarizing CD4" T cells. Mounting evidence indicates that IL-6
has a crucial role in aspects of the chronic inflammatory
response, such as hypertension, rheumatoid arthritis, and
ischemic heart disease. Blocking IL-6-related signaling
pathways by using the human monoclonal antibody
Tocilizumab has shown considerable clinically therapeutic
effect on rheumatoid and juvenile arthritis, and related clinical
trials are being performed in other inflammatory diseases (89).
Therefore, IL-6 may well have a potential therapeutic role in
CVD treatment, especially with hypertension.

Accumulating evidence strongly indicates that IL-6 signaling
pathways are a vital link in Ang II-induced hypertensive animal
models, as the level of IL-6 had a positive relationship with blood
pressure and was significantly lower when the Ang-II receptor
was blocked (73). In vivo animal studies show that injection of
Ang II can increase plasma IL-6 concentration and blood
pressure, whereas the blood pressure-raising effect of Ang-II
was clearly weakened in IL-67" mice (74, 75), and was also
blocked by spironolactone, suggesting the activation of
mineralocorticoid receptors. In addition, evidence from in
vitro experiments indicated that IL-6 promotes the expression
and activity of sodium channels in mouse cortical collecting duct
cells (90), implicating that IL-6 may have the ability to facilitate
water and sodium retention in vivo. Thus, these research
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suggested that IL-6 may a potential and promising therapeutic
targets in lowering blood pressure leading to the inhibition of the
activity of mineralocorticoid receptors and sodium channels in
duct cells.

4.2.3 Tumor necrosis factor-o

TNF-o is a well-established inflammatory cytokine in the
acute phase response, whose expression has been shown to
increase in human and rodent hypertension studies (91). The
role of TNF-a signaling in modulating many secondary
inflammatory processes, such as cytokine secretion, cell
differentiation, and apoptosis, is complex and cell-type and
dose-dependent (92). Clinical trial data show that elevated
plasma IL-6 concentrations are tightly associated with the
severity of refractory hypertension and the six-year risk of
death (93). In contrast, TNF-a inhibitors could lower the level
of blood pressure in patients and animal models (76, 77).
Although a variety of cells can secrete TNF-o, which can
activate other immune cells through TNF-o receptors (TNFR1
and TNFR2), it is mainly secreted by monocytes and
macrophages. The activation of TNF-o receptors is responsible
for cell apoptosis, NADPH oxidase activation, and nuclear factor
kappa B (NFxB) activation (78). An accumulating body of
studies suggest that NFkB and NADPH oxidase activation
promote hypertension by upregulating the expression of
chemokines and adhesion molecules in blood vessels,
facilitating microvascular remodeling and sodium retention
(79). Superoxide production from NADPH oxidase could react
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with endothelial NO to form the strong oxidant peroxynitrite.
This can severely affect vasodilation and cause a significant
elevation of blood pressure because of the decrease in NO
levels. Moreover, TNF-a. can affect the promoter of eNOS and
help destabilize the eNOS mRNA structure, which eventually
leads to the massive degradation of eNOS and reduction of NO
synthesis (80, 81). In kidneys, TNF-o can inhibit eNOS activity
in the renal medulla in a Rho-kinase dependent fashion, thereby
reducing production of NO which inhibits sodium reabsorption
at several sites along the renal tubule (94, 95), and can result in
renal injury directly which shift the pressure natriuresis curve to
promote the elevation of blood pressure. Thus, TNF-o. plays an
important role in elevating blood pressure. Unfortunately, TNF-
o inhibitors are currently mainly used to treat autoimmune
diseases, and there is no evidence that they can be used to lower
blood pressure and improve cardiovascular prognosis, but that is
worthy to explore and evaluate in the future.

4.2.4 Interferon gamma

IFN-vy is the only known member of the type II family of
interferons and is mainly produced by T helper (Th) 1 cells. IFN-
Y is not only an important part of adaptive immune responses
but also indispensable in protecting hosts from infection.
William et al. reported that IFN-y-producing CD4" and CD8"*
T cells are consistently increased in hypertensive mice (21), but,
according to the results from Ishimitsu et al., subcutaneous
injections of IFN-y could lower blood pressure and alleviate
proteinuria and glomerular injury in Dahl salt sensitive rats (96).
However, the effect on lowering blood pressure did not observe
in the mice with essential hypertension (96). The study neglected
the role of endogenous IFN-y in hypertension, which might be
responsible for the conflicting results. The previous study
suggested that IFN-yYR deficiency can significantly attenuate
ventricular hypertrophy and ventricular electrical remodeling
(82). Although high doses of angiotensin were injected, blood
pressure levels did not increase significantly, but the degree of
renal fibrosis was reduced while the glomerular filtration rate
was maintained in mice lacking the IFN-y receptor 1 compared
with that in wild-type mice (82). One of the most important
mechanisms whereby IFN-y triggers hypertension is that IFN-y
can increase the expression of angiotensinogen of rat renal
proximal tubule cells in a JAK2/STAT3-dependent manner
(97), which consequently increases blood volume. Therefore, it
is reasonable to infer that interferon-secreting T cells may
establish a link with RAAS by regulating the production of
angiotensinogen, resulting in an increase in blood pressure.

4.2.5 Interleukin 1 beta

IL-1B is known as an important component of the IL-1
family of interleukins and mainly derived from monocytes, T
cells and neutrophils. A growing amount of evidence has
confirmed the association between IL-1B and hypertension
(98). Specifically, it has been demonstrated that IL-1B could
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upregulate many proinflammatory genes, including IL-6, IL-17
and IFN-y, resulting in further tissue injury and inflammation
related events, like hypertension and myocardial infarction (99-
101). High levels of IL-1f have been detected in the serum of
patients with essential hypertension in recent studies (102),
indicating the role of IL-1f in elevating blood pressure.
Considering the tight association with hypertension and the
essential role in inflammation, more and more studies on how
the IL-1B involves in pathophysiological mechanisms of
hypertension have been performed and explored. According to
a previous study, IL-1B not only triggers the inflammatory
response directly but also mediates the phenotype and
functions of VSMCs and eventually leads to vascular
remodeling on inflammatory-dependent or independent
mechanisms (103). A recent study which aimed to evaluate the
effect of an IL-1R1 receptor Inhibitor (Anakinra) on lowering
the blood pressure in patients with obesity suggested Anakinra
could significantly lower the systolic blood pressure and
peripheral vascular resistance (104), which supported that the
IL-1B could affect the progression of hypertension. Another
study suggests that IL-13 derived from renal tubular epithelial
cells of diabetic db/db mice could polarize the naive
macrophages into M1 subtype which releases a large amount
of IL-6 resulting in salt-sensitive hypertension, but could be
blunted when inhibited the synthesis of IL-1f or knocked out the
IL-1 R1 in immune cells (83). Thus collectively, IL-1B plays a
crucial role in the progression of essential hypertension and may
be a novel promising therapeutic targets of hypertension.

4.3 Gut microbiota and
neuroinflammation in hypertension

Recently, we have gained greater understanding of the role of
gut microbiota and neuroinflammation in the pathogenesis of
hypertension. Interaction between the gut microbiota and
epithelial cells of the gut-brain axis is involved in regulating
ANS activity to control blood pressure. The endocrine pathway
of hypertension mainly involves the activation of the
hypothalamus-pituitary-adrenal axis. The complex interactions
of immune-regulatory organs such as bone marrow, gut, and
spleen, which can enhance vascular tone and contraction, can
contribute to increases in peripheral resistance and
blood pressure.

In addition, increased neural activity may result in
neuroinflammatory events, activating microglia, producing
more proinflammatory molecules, and an inflammatory
environment in autonomic brain regions. Disorder of the gut-
brain axis, including gut microbiota dysbiosis, gut epithelial
injury, and deranged brain input, is responsible for
hypertension through inflammatory mediators, metabolites,
circulating bacteria, and altered afferent information, causing
neuroinflammation and disorder of the ANS. This in turn can
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negatively impact gut functions and associated microflora to
create a vicious spiral. In this section, we address the role of an
impaired gut-brain axis in the pathophysiology of hypertension.

The ANS can regulate the arterial blood pressure by
controlling the vasomotor activity of sympathetic and
parasympathetic nerves. Numerous inflammatory cytokines,
including IL-1f (105), TNF-a, IL-6 (88), and IFN-y (91), were
detected in animal brains in hypertension models, and these
cytokines have been demonstrated to raise blood pressure by
increasing sympathetic nerve activity. Furthermore, the
impaired blood-brain barrier is another important cause of
neuroinflammation. For example, increasing evidence suggests
that Ang-II as well as gut microbes and their metabolites affect
the blood-brain barrier permeability, which allows more
cytokines to enter the brain. Once the blood-brain barrier is
disturbed, circulating inflammatory factors and toxins can enter
autonomic brain regions, interfering with normal neural activity
and causing hypertension (106). Microglial cells are the
important part of the IIS in the brain, and responsible for
homeostasis of the central nervous system via clearing
senescent and apoptotic cells (107). Inhibition of microglia
activation helps to decrease hypertension and alleviate
sympathetic activation and peripheral inflammation (108).
Interestingly, specific deletion of microglia could significantly
relieve the Ang II-induced elevation of blood pressure and
inflammation (109).

In recent years, the gut microbiota has become a hot research
topic in CVDs and metabolic diseases and is considered as the most
promising interventive target of chronic diseases in the coming
decades. Rapid developments and major breakthroughs in
sequencing technologies have helped recognize the important role
of the gut microbiota on body homeostasis, especially regarding
obesity, insulin resistance, and CVDs. Animal and human
experiments consistently showed that patients with hypertension
had significantly lower gut flora richness compared with that of
normotensive subjects (110). Two concurrent studies have reported
the relationship between gut microbiome composition and
hypertension (111, 112). A recent study by Mell et al. highlighted
differences in the cecal microflora between salt-sensitive and
-tolerant strains in Dahl rats (111). Moreover, changes in the
variety and abundance of several short chain fatty acids in the
plasma were observed after cecal transplantation. Thus, there is
reason to believe microbial composition may affect the levels of
short chain fatty acids in the plasma via roles in metabolism.
Significant dysbiosis due to decreased microbial richness, diversity,
homogeneity, and increased Firmicutes/Bacteroides ratios in
hypertensive animals have been observed by comparing changes
in the fecal microflora in spontaneously hypertensive and chronic
Ang II-infused hypertensive rats (112). Another difference between
the microbiota of normotensive and hypertensive patients is the
production of LPS. Veillonellae are enriched in gut microbes in
human hypertensive patients and produce LPS. Biofilms
encapsulate bacterial communities in an extracellular matrix
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produced by bacteria, increasing their adhesion, and creating an
environment that is more suitable for their grow. LPS-producing
bacteria in biofilms were more inflammatory than Gram-negative
bacteria were without biofilm protection (113, 114). This shows that
the hypertensive microbiota are more inflammatory throughout the
body and, because of the arrival of LPS in the brain, are more
responsible for the possibility of ANS activation and hypertension.

5 Immunity in hypertension

The human immune system includes the IIS and the
adaptive immune system (AIS), and the components of these
function in an extremely complex and complementary manner
to exterminate invaders and rescue injured tissue, thereby
maintaining homeostasis. Most immune cells become involved
in the initiation, progress, and maintenance of hypertension
(Figure 2). Briefly, in the presence of genetic susceptibility,
several environmental factors, especially salt and
environmental stress, can cause a small rise in arterial blood
pressure responsible for activating sympathetic nerves or
inhibiting parasympathetic nerves. Next, elevated blood
pressure causes or aggravates tissue damage and together with
oxidative stress damage caused by Ang I and ET-1 is conducive
to the formation of DAMPs and new antigens, and thereby
initiates subsequent inflammatory activation. DAMPs trigger the
activation of the IIS by recognizing and activating the Toll-like
receptors (TLRs) on antigen-presenting cells while the new
antigens enhance the immunogenicity of dendritic cells and
facilitate their production and release of proinflammatory
cytokines, which not only enable the proliferation and
activation of T cells but also further produce more cytokines.
DAMPS and new antigens can activate Y3 T cells, which can
activate T lymphocytes directly. Several infectious diseases can
also enhance the activation of the IIS in a PAMP-dependent
manner. Innate immune cells and Y0 T cells release
proinflammatory cytokines as well as autoantibodies, directly
or through the activated AIS, producing vascular and renal
damage, which is a feedforward process contributing to a
progressive raise in blood pressure. In addition, additional
effects, such high salt intake, may reactivate the T effector
memory cells in the lymphoid organs, which will induce a
more intense inflammatory response and cause more severe
tissue damage. M2 macrophages and Treg cells have a role in
anti-inflammatory response during this process, although their
effect is very weak and not enough to reduce the organ damage.

5.1 Innate immune system
Innate immunity is the rapid, nonspecific defense response

to a variety of exogenous stimuli that is often considered as the
early stage of inflammation. The key effectors are mainly
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Role of inflammation and immunity in hypertension. Many risk factors, such as genetic susceptibility, high salt, and environmental stress, can
elevate blood pressure (BP) and consequently activate the sympathetic nerve system (SNS) or inhibit the parasympathetic nerve system (PNS).
Over time, elevated BP can induce organ injury promoting the formation of damage-associated molecular patterns (DAMPs) and new antigens.
In addition, several infectious diseases can enhance the activation of the innate immune system through the binding of pathogen-associated
molecular patterns (PAMPs) to toll-like receptors. DAMPs, new antigens, and PAMPs activate innate immunity which interacts with adaptive
immunity. Next, numerous proinflammatory cytokines are released and result in further organ injury. Through alternatively activated
macrophages (M2) and Tregs have roles in anti-inflammatory response, the effect is too weak to reduce the organ damage. Finally, peripheral
vascular resistance and blood volume increases to result in hypertension (Created with BioRender.com).

monocytes, M1 macrophages, natural killer cells, and
neutrophils. Monocytes/macrophages have been revealed to be
tightly associated with the microvascular remodeling. In a
rodent model with a deficiency in macrophage colony
stimulating factor, Ang II failed to induce endothelial injury
and vascular oxidative stress or elevate blood pressure (115).
Consistently, removing lysozyme M-positive myelomonocytic
cells prevented mice from suffering severe hypertension (116).
As mentioned above, macrophages are crucial to the progress of
hypertension and, although the exact mechanisms remain
elusive, increasing evidence indicates that a large amount of
ROS derived from activated macrophages may cause irreversible
vascular endothelial cell damage and microvascular remodeling,
causing increased peripheral arteriolar resistance (116, 117).
Experiments have shown that activated monocytes can
produce endothelial dysfunction. Chemokines become
involved in the pathological process of hypertension by
recruiting immune cells to the site of endothelial injury,
causing further impairment of endothelial function. An
increase in the number of monocytes and neutrophils with the
CXCLI receptor CCR2 can be clearly detected in patients with
hypertension, suggesting that blocking CCR2 may alleviate
inflammation and control blood pressure. Neutrophils are an
important component of the IIS and produce large quantities of
cytokines and superoxide anion when stimulated (118). Ang-II
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could connect thromboinflammation with essential
hypertension by inducing neutrophil to release extracellular
traps. The use of plasma from untreated patients with
hypertension to stimulate neutrophils in normal patients can
facilitate the production of endothelial collagen, thereby causing
vascular remodeling and injury (119). More recently, the gene
SH2B3 (LNK) that encodes SH2B adaptor protein 3 have been
confirmed that regulate the immune cell (notably T cells and
macrophages) development, differentiation, and signaling in the
hypertension according to the genome-wide association studies
(120). Therefore, elucidating molecular mechanisms where
SH2B3 regulating immune cells in hypertension may found
novel therapeutic targets for hypertension.

5.2 Adaptive immune system

Increasing evidence suggests that the activated AIS promotes
the pathogenesis of hypertension and aggravates targeted organ
damage. The AIS executes a highly specific response and is
regulated by activated T and B lymphocytes. According to
specific markers on the cells, T lymphocytes are divided into
two subpopulations: CD4" and CD8" T lymphocytes. Although
it has been confirmed that both types of T cells are involved in
the initiation and progression of hypertension, results based on
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in vivo models showed that CD4" T cells are likely to the key
factor in promoting hypertension (121). However, Trott et al.
reported that CD8" T cells can be a crucial motivating force in
experimental hypertension. Once the endogenous or exogenous
antigens presented by antigen-presenting cells are recognized,
lymphocytes are activated and differentiated into T effector cells
or Treg cells (122). Under the action of inflammatory cytokines
or chemokines, these activated T lymphocytes target the site of
inflammation. The balance among T cell subsets can influence
inflammatory responses. Kassan et al. (123) described the
relationship between Tregs and vascular dysfunction in
patients with hypertension and found that endothelial damage,
plaque rupture, and arterial occlusion mainly resulted from the
imbalance of Treg cells.

The hypothesis that T lymphocytes are the important
participant in the pathogenesis of hypertension was proposed
many years ago but failed to receive enough attention initially. It
was not until the past 20 years that experimental evidence
confirmed the exact role of T lymphocytes in elevating blood
pressure and promoting vascular injury (76). Elevated blood
pressure may further activate the immune response via modifying
self-antigens or generating new antigens. Studies have shown that
several T lymphocyte subsets may promote the occurrence of
hypertension and vascular remodeling (124). T- and B-
lymphocyte-deficient mice, produced by silencing recombination-
activated gene 1 (RAG17), exhibited a blunted hypertensive
response compared with that in control mice in the Ang II-
induced hypertension animal model. Adoptive transfer of effector
T cells, but not B cells, to the RAG1™~ mice restored the effects of
Ang II (76). Moreover, in mice lacking T cells, there was insufficient
infiltration of innate immune cells in vascular pathological sections,
which was possibly related to the absence of cytokines derived from
Th cells (76).

Studies have demonstrated that T lymphocyte-mediated
immune responses can be induced by oxidative stress. The role
of Th17, an important part of effector T cells, in hypertension
has been identified by Madhur et al. (125). Th17 not only
promotes but can also inhibit inflammation. Using the Ang II-
induced hypertension animal model, improved vascular
function, lowered oxidative stress levels, and decreased T
lymphocyte infiltration have been observed in IL-17" mice
compared with these parameters in control mice (125). Madhur
et al. revealed that the blood pressure level is positively
correlated with the amount of circulating Th17 cells and that
the inhibition of IL-17 contributes to the improvement of
hypertension, which is consistent with previous research. In
addition, enhanced acquired immunity due to genetic
susceptibility, and vascular inflammation due to decreased
Treg immunosuppressive function may contribute to
hypertension (126). Viel et al. proposed a famous hypothesis
that the genetic predisposition based on loci on chromosome 2
where many proinflammatory genes locate enhances adaptive
immunity (127).
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6 Oxidative stress in hypertension

Oxygen molecules can easily form free radicals because of
their special electronic arrangement structure. These oxygen
molecules are called oxygen free radicals (OFR) and include
the superoxide anion, hydroxyl radical, and NO free radical. The
hydroxyl radical is the most active OFR found so far.
Furthermore, ROS, which includes H,O, and Os as well as
OFR, is a critical signaling molecule that mediates the activation
of transcription factors, induction of immune response genes,
and the phosphorylation of kinases (128). Cumulative evidence
from humans and animals suggests that ROS plays an important
part in regulating endothelial cell function and vascular
remodeling (129, 130). In the development of hypertension,
the interaction of ROS and humoral factors such as ET-1 and
Ang-II increases the production of ROS, especially the
superoxide anion produced by the uncoupling of NOXs family
and eNOS (130). Recently, studies have suggested that
hypertension is associated with the decrease in NO and the
increase in oxidative stress (131). ROS directly inhibits the
activity of NO (132). In addition, ROS can stimulate the PI3K/
Akt-MAPK pathway related to redox transcription factors
causing overexpression of redox genes and thereby inhibiting
the expression of eNOS mRNA and eNOS activity, which
reduces the availability of NO. NADPH oxidase is regarded as
the most important provider of ROS in vascular walls and
endothelial cells and has an indispensable role in the
pathogenesis of endothelial dysfunction and vascular
remodeling. There is another crucial source of eNOS, xanthine
oxidase and mitochondrial uncoupling, that helps to explain the
increase in ROS production in different vascular diseases (133,
134). Previous evidence demonstrated that ROS regulates the
arrangement of various proteins and the role of signal pathways
in cells and that this redox biology is precisely and spatially
regulated to influence the individual healthy conditions.
Moreover, disordered physiological ROS production can cause
a variety of diseases, including hypertension. During
hypertension, neurohumoral factors can stimulate receptors
located on the cell membrane to activate NADPH oxidase and
mitochondria to produce ROS, such as highly active superoxide
anions, which can then initiate cellular phosphorylation
pathways (135). This subsequently initiates gene expression of
factors such as p53, activating protein-1 (AP-1), nuclear E2-
related factor 2 (Nrf2), and NF«B. Eventually, these changes
result in endothelial dysfunction and hypertension (136, 137).

7 Novel potentially therapeutic
strategies in hypertension

Multiple animal experiments have proved that an
insufficiency of vascular endothelial cells is closely related to
the increase in arterial blood pressure. Considering the
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pathogenesis, prevalence, and severity of hypertension, it is
critical to find novel and potential therapeutic strategies to
lower blood pressure. In this section, we will summarize and
explore the role of anti-inflammation and antioxidant therapies
for hypertension (Figure 3).

7.1 Anti-inflammation therapeutic role
in hypertension

As mentioned above, chronic inflammation has a close
association with elevated blood pressure. Clinical studies
indicate that elevated CRP levels at baseline are more likely
due to an increased risk of hypertension (138). Although
inflammatory activation is closely associated with elevated
blood pressure, so far there is no obvious data supporting that
routine use of anti-inflammatory drugs can treat hypertension.
Table 2 describes several drugs that may lower blood pressure
via an anti-inflammatory effect. A preliminary analysis of one
clinical study shows that minocycline, a broad-spectrum
tetracycline antibiotic has a continuous antihypertensive effect
in patients with hypertension (139). Mycophenolate mofetil is a
well-known immunosuppressant, whose active metabolite
inhibits the activation and synthesis of T and B lymphocytes
by inhibiting dihydrolactate dehydrogenase and thereby
decreases the synthesis of pyrimidine nucleotides, which can
significantly lower blood pressure in salt-sensitive hypertension
(140). In addition, a significant effect of mycophenolate mofetil
on lowering blood pressure has been observed in patients

10.3389/fimmu.2022.1098725

suffering from psoriasis and rheumatoid arthritis (141).
Another observational study showed that long-term use of
immunosuppressive drugs can alleviate arterial stiffness and
lower blood pressure in patients with chronic kidney disease
(142). A monoclonal antibody against IL-17A could lower
baseline blood pressure in patients with psoriasis (143). In
addition, an IL-1 receptor antagonist (anakinra) could
significantly reduce the blood pressure after a 14-day
treatment via specifically inhibiting the actions of IL-1ot and
IL-1P (145, 146), but no significant antihypertensive effect was
observed with canakinumab (an IL-1f antagonist) in large-scale
randomized controlled trials in patients with previous
myocardial infarction and elevated hsCRP (147). The study
suggests that the mechanisms of reducing major adverse
cardiovascular events are not associated with the change of
blood pressure. The main reason that canakinumab does not
lower the blood pressure may be related to the enrolled
populations of whom 80% are patients with hypertension and
were taking antihypertensive drugs, which may mask the real
antihypertensive effect of canakinumab. Statins are widely used
lipid-controlling drugs in clinics and can significantly reduce
cholesterol levels, thereby reducing the risk of CVDs and
improving prognosis. Statins also show multiple effects and
have particular benefits on the cardiovascular system.
Mounting evidence has demonstrated that statins have mild
antihypertensive effects, especially in patients with intractable
blood pressure and with hypertensive target organ damage (102,
144). The underlying mechanism whereby statins reduce blood
pressure may be associated with the protective effect on the
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Mechanisms of oxidative stress causing hypertension in vascular endothelial cells. Ang Il and ET-1 can stimulate NADPH oxidase and
mitochondria to produce ROS (e.g., H202 and OFR), which are recognized by their receptors on the endothelial cells. ROS stimulate the PI3K/
Akt-MAPK pathway to inhibit the expression of eNOS mRNA and eNOS activity, thus reducing the availability of NO, which results in vasodilation
insufficiency and elevation of blood pressure. Moreover, angiotensin converting enzyme inhibitors (ACEls), angiotensin receptor blockers (ARBs),
calcium channel blockers (CCBs) and vitamin C (VC) may be potential therapeutic strategies in the process of oxidative stress.
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TABLE 2 Anti-inflammation therapeutic strategies in hypertension.

10.3389/fimmu.2022.1098725

Reference

Biological effects

Intervention Mechanisms
objects
. . A patient with resistant Has direct effects on gut
Minocycline . . .
hypertension microbiota
Ang-II induced
Mycophenolate | hypertensive rat models | Prevents the development of salt-
mofetil or patients with sensitive hypertension
autoimmune disease
Anti-IL-17A Hypertension 'rat . N '
. models or patients with Inhibits IL-17 receptor unit A
antibody L .
psoriatic arthritis
Anti-inflammatory and
. Patients with intractable | antioxidant effects that could
Statins . Y gl
hypertension reduce arterial stiffening and
protect vascular endothelium

vascular endothelium by inhibiting the production of ROS,
reducing the circulating level of proinflammatory cytokines,
and inhibiting the expression of adhesion molecules on
vascular endothelial cells and smooth muscle cells.

7.2 The value of antioxidant therapy
in hypertension

Antioxidants are substances that effectively trap ROS, so they
can reduce oxidative damage and may lower blood pressure
(Table 3). The use of antioxidants, such as vitamin C and E, have
been confirmed as effective therapeutic strategies in lowering the
level of blood pressure. Vitamin C as an enzyme manager, increases
eNOS activity and reduces ROS, and has been proved to improve
vasodilation in hypertensive patients (158). Studies from humans
and animals have shown that vitamin C can enhance endothelial
function in a variety of situations (159). The effect of antioxidants
on lowering blood pressure and enhancing vascular function has
been confirmed in the hypertensive animals (160). One possible
reason is that the free contractile response to norepinephrine is
increased in patients with hypertension, which can be reduced by
vitamin C (148). However, in several large-scale clinical trials, the
effect of supplementation of vitamin C on blood pressure was
unpredictable and more experiments are needed to confirm the
exact effect (161-163), which may result from the reduced
bioavailability of NO. B-cell lymphoma 6 (BCL6) is known as a
key intervention target for autoimmune diseases by inhibiting
production of ROS and apoptosis (149); however, it is unclear
whether this can reduce hypertension. Chen et al. recently reported
that BCL6 can lower blood pressure by suppressing vascular
smooth muscle cell proliferation, attenuating oxidative stress
injury, and microvascular remodeling in the Ang-II induced
hypertensive rats (150).
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May cause a large reduction in Firmicutes and Bacteroidetes

. . . . 139
and a corresponding dramatic increase in Proteobacteria (139)

Significantly reduces tubulointerstitial injury, superoxide-

140-142
producing cells and T-cell infiltration and activation ( )
Blocks the transport pathway including sodium hydrogen
exchanger 3, Na-K-2Cl-cotransporter, Na-Cl cotransporter, (72, 85-87,

epithelial sodium channel of renal tubules stimulated or 143)
upregulated by IL-17A

Inhibits the production of ROS, reducing the circulating level

of pro-inflammatory cytokines and inhibits the expression of (102, 144)
adhesion molecules on vascular endothelial cells and smooth ’

muscle cells

In addition, several antihypertensive drugs currently used in
the clinic have a significant and specific effect on decreasing the
incidence of hypertension independent of the expected
mechanism. Next, we will mainly discuss the ACEI, ARB,
beta-blockers, and CCBs. RAAS has a crucial part in the
production of ROS during the process of hypertension. NOXs
are recognized as one of most important sources of ROS in the
endothelium and are mainly induced by Ang-II (149). Both
ACEI and ARB can not only effectively inhibit the activity of
NOXsbut improve the superoxide dismutase activity (151). In
addition, they can prevent eNOS from uncoupling and enhance
NO activity (152, 153). The novel beta-blockers, nebivolol and
carvedilol, have been reported to have antioxidant properties.
According to the results from clinical and experimental studies,
these drugs have favorable protective effects on endothelial
function and do not depend on the activity of beta-blockers.
The antioxidant effect of carvedilol is mainly based on reducing
the ROS production from inflammatory cells and the oxidation
of low-density lipoprotein (LDL). Carvedilol and nebivolol could
improve endothelium dependent vasodilation performance in
patients with hypertension (154). Moreover, nebivolol exhibits a
protective effect in the endothelial function and lowers blood
pressure through suppressing the activity and expression of
NADPH oxidase, thereby preventing eNOS uncoupling and
promoting eNOS activity to produce more NO (155, 156).
CCBs, especially dihydropyridines (like nifedipine) could
directly reduce production of ROS to protect the endothelial
function. CCBs have been demonstrated to prevent oxidized
LDL, which can promote ROS production to trigger oxidative
damage from causing endothelial dysfunction (157). Therefore,
in addition to the direct effect of lowering blood pressure,
dihydropyridine, CCBs play an additional antihypertensive
effect by improving the function of vascular endothelial cells
through antioxidation.
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TABLE 3 Antioxidant therapy in hypertension.

Intervention

10.3389/fimmu.2022.1098725

Agents . Mechanisms Biological effects Reference
objects
Have a
Vitami Patients with
famin atients “Tl beneficial effect Antagonizing the free contraction induced by norepinephrine by antioxidation (148)
C hypertension L
on vasodilation
Reduces
BCL6 Ang-II induced producing of Inhibits vascular smooth muscle cells proliferation, attenuating oxidative stress injury and (149, 150)
hypertensive rats ROS and cell microvascular remodeling ’
apoptosis
Diabetic rats or
. . Suppress the . S . . . . .
ACEIs/ patients with RAAS Effectively inhibit the activity of NADPH oxidase, improve the superoxide dismutase (149, 151-
ARBs coronary artery . activity, prevent eNOS from uncoupling and enhance of NO activity 153)
. producing ROS
disease
Novel . Protect Reduces the ROS production from inflammatory cells and the oxidation of LDL, improve
Hypertensive . . [ o . .
beta- atients endothelial endothelium dependent vasodilation performance, inhibit the activity and expression of (154-156)
blockers P function NADPH oxidase and prevent eNOS uncoupling and promoting eNOS activity
CCBs Human aortic Prevent Lower the ROS production to alleviate oxidative damage (157)
endothelial cells oxidized low
density
lipoprotein

ACEIs, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor blockers; BCL6, B-cell lymphoma 6; CCBs, calcium channel blockers; eNOS, endothelial nitric oxide
synthase; LDL, low density lipoprotein; NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; ROS, reactive oxygen species.

8 Conclusion

Accumulating evidence shows that hypertension is a chronic
inflammatory condition that involves the migration,
accumulation, and activation of immune cells and the
production of ROS. Although many studies have been
performed, the specific molecular mechanisms of
inflammation and immunity that affect elevated blood pressure
remain unclear. Inflammatory or oxidative stress can damage
vascular endothelial cells and cause microcirculation
remodeling; however, whether this can increase blood pressure
through other mechanisms requires more research. Although
there are many drugs that can treat hypertension, a deeper
understanding of the mechanism of elevated blood pressure and
the discovery of more action targets will be more conducive to
earlier detection and intervention of hypertension and thereby
significantly reduce the occurrence of cardiovascular adverse
events. As emphasized in this review, the occurrence of
hypertension is complex, so it is necessary to understand the
pathological mechanism of the different stages. In addition, there
is also an urgent requirement for the research and development
of new antihypertensive drugs for different targets.
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Glossary
ACEIs angiotensin converting enzyme inhibitors
Ang II angiotensin II
AP-1 activating protein-1
ARBs angiotensin receptor blockers
BCL6 B-cell lymphoma 6
CCBs calcium channel blockers
CCL-2 C-C motif chemokine ligand 2
CVD cardiovascular disease
DAMPs damage-associated molecular patterns
EDGF endothelium-dependent vasoconstrictor factor
eNOS endothelial nitric oxide synthase
ET-1 endothelin-1
H,0, hydrogen peroxide
L interleukin
IFN-y interferon gamma
LDL low density lipoprotein
M1 classic activated macrophages
M2 alternatively activated macrophages
MMF mycophenolate mofetil
NADPH nicotinamide adenine dinucleotide phosphate
NADPH-Ox nicotinamide adenine dinucleotide phosphate oxidase
NFxB nuclear factor kappa-B
NO nitric oxide
PAMPs pathogen-associated molecular patterns
PPRs pattern recognition receptors
RAAS Activated renin-angiotensin-aldosterone system
RAG1 recombination-activated gene 1
ROS reactive oxygen species
Nrf2 nuclear E2-related factor 2
Th T helper
TLR Toll-like receptors
TNF-ou tumor necrosis factor o
TNFR TNF-o receptor
Treg T regulatory cells
VCDM vascular cell adhesion molecule

Frontiers in Immunology

35

10.3389/fimmu.2022.1098725

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1098725
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

.‘ frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Nadine Suffee,
Sorbonne Universités, France

REVIEWED BY
Haocheng Lu,

Southern University of Science and
Technology, China

Sijia Liang,

Zhongshan School of Medicine, Sun
Yat-sen University, China

*CORRESPONDENCE
Wenjing Wang
wangwenjing85321@ccmu.edu.cn
Dong Zhang
zhangdong0660@aliyun.com
Jizong Zhao
zhaojizong@bjtth.org

These authors have contributed
equally to this work

SPECIALTY SECTION
This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

RECEIVED 31 October 2022
AccepTED 20 December 2022
PUBLISHED 18 January 2023

CITATION
Ge P, LiH, YaX XuY, MalL HeQ,
Wang R, Liu Z, Zhang Q, Zhang Y,
Wang W, Zhang D and Zhao J (2023)
Single-cell atlas reveals different
immune environments between stable
and vulnerable atherosclerotic
plaques.

Front. Immunol. 13:1085468.

doi: 10.3389/fimmu.2022.1085468

Frontiers in Immunology

TYPE Original Research
PUBLISHED 18 January 2023
Dol 10.3389/fimmu.2022.1085468

Single-cell atlas reveals different
immune environments between
stable and vulnerable
atherosclerotic plaques
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Introduction: Regardless of the degree of stenosis, vulnerable plaque is an
important cause of ischemic stroke and thrombotic complications. The
changes of the immune microenvironment within plaques seem to be an
important factor affecting the characteristics of the plaque. However, the
differences of immune microenvironment between stable and vulnerable
plagues were remained unknown.

Methods: In this study, RNA-sequencing was performed on superficial
temporal arteries from 5 traumatic patients and plaques from 3
atherosclerotic patients to preliminary identify the key immune response
processes in plagues. Mass cytometry (CyTOF) technology was used to
explore differences in immune composition between 9 vulnerable plaques
and 12 stable plaques. Finally, immunofluorescence technique was used to
validate our findings in the previous analysis.

Results: Our results showed that more CD86+CD68+ M1 pro-inflammatory
macrophages were found in vulnerable plaques, while CD4+T memory cells
were mainly found in stable plaques. In addition, a CD11c+ subset of CD4+T
cells with higher IFN-r secretion was found within the vulnerable plaque. In two
subsets of B cells, CD19+CD20-B cells in vulnerable plaques secreted more
TNF-a and IL-6, while CD19-CD20+B cells expressed more PD-1 molecules.

Conclusion: In conclusion, our study suggested that M1-like macrophages are
the major cell subset affecting plaque stability, while functional B cells may also
contribute to plaque stability.

KEYWORDS

Vulnerable plaques, single-cell, immune environments, CyTOF/mass cytometry, RNA-
seq analysis
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Introduction

The latest Global Burden of Disease report showed that ischemic
heart disease and stroke had become the leading causes of mortality.
The common pathological basis was atherosclerosis, a disease of
vascular stenosis, in which subendothelial resident LDL undergoes a
series of oxidations to produce ox-LDL with immune effects (1-3).
On the one hand, ox-LDL can be endocytosed by macrophages from
the innate immune system through scavenger receptors. On the
other hand, these antigens can be taken up by antigen-presenting
cells. Then, it is processed and presented to lymphocytes, activating
the adaptive immune response (4, 5). Multiple types of cells and the
complex immune microenvironment in plaques lead to the puzzle of
plaque formation and development, which are even now not
fully understood.

The bifurcation of the carotid artery is the most common site of
atherosclerosis. About 10% to 15% of patients with carotid artery
stenosis will experience an ischemic stroke, mainly related to local
thrombosis caused by plaque rupture (6-9). Usually, atherosclerotic
plaques progress slowly and silently, but some plaques can rupture
suddenly, leading to acute vascular events. Therefore, the concept of
vulnerable plaque was introduced to identify these high-risk plaques
(9). Pathological studies suggested that vulnerable plaques were
often manifested as a thin fibrous cap and large eccentric
necrotic core occupying approximately one-quarter of the
plaque area (10, 11). The difference in the clinical process and
pathological feature implies that the two types of plaques may have
different changes in the immune microenvironment. In recent
years, anti-inflammatory programs have successfully treated
atherosclerosis (12, 13). Therefore, researchers have paid
more attention to immunotherapy. Exploring the differences in
immune microenvironment composition in different plaque types
and finding key intervention targets will help guide the
precision immunotherapy.

In this study, we used Mass Cytometry (Mass Cytometry,
CyTOF), a precise, high-dimensional approach, to identify the
differences in immune microenvironment between stable and
vulnerable plaques. The results showed that more M1 pro-
inflammatory macrophages were found in vulnerable plaques,
while CD4+T memory cells were mainly found in stable plaques.
In contrast, B-cell subsets and T-cells within vulnerable plaques
showed higher activity. These clusters may be important for plaque
vulnerability. Our study revealed the surface characteristics of these
clusters in detail, which may help identify vulnerable plaque cells
and understand the relevant mechanisms of rupture.

Materials and methods
Human specimens and ethics statements

From August 2021 to November 2021, 21 atherosclerotic
patients undergoing carotid atherectomy at Beijing Tiantan
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Hospital were enrolled in this study after informed consent
provided. The detailed clinical data of the enrolled patients
are shown in Table 1. Plaques were obtained from each
patient. According to the imaging results (CTA/MRA/CU),
plaque vulnerability was determined based on imaging
biomarkers (Intraplaque haemorrhage, Lipid-rich necrotic
core, Neovascularisation, Carotid plaque thickness, Surface
morphology and Carotid plaque volume) (14). Normal
superficial temporal arteries were obtained from other 5
patients undergoing craniocerebral trauma surgery for RNA-
seq analysis (See Figure 2 for details). This research was
approved by the Institutional Review Board (IRB) and Ethics
Committee of Beijing Tiantan Hospital. Written informed
consent was obtained from all patients.

RNA extraction and library construction

Peripheral blood and plaque tissues from 3 patients were
used for RNA-seq analysis. In addition, superficial temporal
artery samples from 5 patients undergoing craniocerebral
trauma surgery were used as blank controls. The plaque tissues
and artery samples were washed with DPBS (Sigma-Aldrich,
United States) within 1 hour after surgical resection. Then,
TRIzol method was also adopted. Sequencing libraries were
generated using rRNA-depleted RNA with an NEBNext Ultra
Directional RNA Library Prep Kit for Illumina (NEB, MA)
following the manufacturer’s recommendations. We then
performed the paired-end sequencing on illumina NovaSeq
6000(illumina, USA)as recommended by the supplier. After
cluster generation, the libraries were sequenced on the
Ilumina HiSeq platform, and 150-bp paired-end reads
were generated.

Quality control and data analysis

In order to obtain clean data, raw data in fastq format were
first processed through in-house Perl scripts. Reference genome
and gene model annotation files were downloaded directly from
the genome website. The index of the reference genome was built
using bowtie2 v2.2.8, and paired-end clean reads were aligned to
the reference genome using Hisat2 v2.0.5. Hgl9 RefSeq (RNA
sequences, GRCh38) was downloaded from the UCSC Genome
Browser (http://genome.ucsc.edu). The clean reads were aligned
with both genome hgl9 and transcript reference using STAR
v2.2.1, and gene expression was calculated by RSEM v1.3.0 using
FPKM (fragments per kilobase of exon per million fragments
mapped). We then compared RNA-seq in peripheral blood
between healthy individuals and atherosclerotic patients.
P<0.05 indicated statistically significant difference in
expression. R was used for analysis of the gene expression data.
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TABLE 1 Clinical characteristics of the patients.

Stable Plaque Vulnerable Plaque p-value
Gender (male/female) 9/3 8/1 0.810
Age (Mean + SD) 64.76 + 4.94 65.15 + 4.76 0.492
Hypertension 8 6 1.000
Diabetes 5 2 0.640
Hyperlipidemia 1 0 1.000
Smoking 10 6 0.712
Drinking 8 5 0.293
Degree of stenosis 0.681
Severe stenosis (70~100%) 8 6
Moderate stenosis (50~69%) 4 3
P[aque tissue and su perﬁcia[ tempora[ Aldrich, United States) containing 2% formaldehyde and stored
arteries si ng le-cell dissociation at 4°C until mass cytometry examination. Before acquisition, the
samples were washed with deionized water and then
Atherosclerotic plaque tissues were washed with Dulbecco’s resuspended at a concentration of 1 x 10° cells/mL in
phosphate-buffered saline (DPBS, Sigma-Aldrich, United States) deionized water containing a 1:20 dilution of EQ Four
within 1h after surgery. Each specimen was digested at 37°C for Element Beads (Fluidigm, United States). The samples were
1h using miscible liquids that contain collagenase type IV then examined by CyTOF2 mass cytometry (Fluidigm,
(GIBCO, Gaithersburg, United States), DNase (Sigma, DN25), United States).

hyaluronidase (Sigma, H3506), collagenase type XI (Sigma,
C7657) and collagenase type II (Sigma, C6885). The mixture
was filtered through a 70pum cell strainers with DPBS and CyTOF data analysis
washed with red blood cell (RBC) lysis buffer (BD Biosciences,

United States). The dissociated cell suspension was then washed CyTOF data were acquired in the form of.fs files from the

once with DPBS and resuspended in 1 mL of staining buffer CyTOF2 system. The addition of EQ Four Element Beads
(DPBS containing 5% fetal bovine serum, ScienCell, allowed us to use the MATLAB-based normalization
United States). technique. The obtained data were uploaded to Cytobank.
Firstly, beads are filtered and active cells were selected from
the specific gate. Then, CD45+ cells were gated (see

Mass cytometry Supplementary Figure 1 for details). Further analysis using the

automated dimensionality reduction algorithm FlowSom by R

A panel of 39 antibodies designed to distinguish a broad language. The results were shown by viSNE, a visual
range of immune cells was used. Antibodies were either dimensionality reduction algorithm.

purchased in a preconjugated form from Fluidigm (South San

Francisco, United States) or purchased from Biolegend (San

Diego, United States) in a purified form and conjugated inhouse H iStOlOgy and immunofluorescence
using the Maxpar X8 Multimetal Labeling Kit (Fluidigm, United staini ng

States) according to the manufacturer’s instructions. The

antibodies and reporter isotopes are included in Plaques from 9 patients (4 vulnerable plaques and 5 stable
Supplementary Table 1. The samples were then washed and plaques) were fixed overnight in 4% formalin (4°C) and
stained with cisplatin-195Pt (Fluidigm, 201064) as a viability embedded in paraffin blocks for paraffin sections. Three
dye. Cell samples were then washed and stained with cell surface paraffin sections (4 um) were cut from each specimen.
antibodies for 30 min on ice. Subsequently, the samples were Hematoxylin and eosin (H&E) staining was performed. For
permeabilized at 4°C overnight and stained with intracellular immunofluorescence, paraffin sections were washed twice
antibodies for 30 min on ice. The antibody-labeled samples were 15 min in PBS (Sigma-Aldrich, United States), permeabilized
washed and incubated in 0.125 nM intercalator-Ir (Fluidigm, in 0.2%-0.5% Triton X-100 (Solarbio, China) and blocked in 5%
United States) diluted in phosphate-buffered saline (PBS, Sigma- normal donkey serum (Jackson Lab, United States) for 1 h and
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stained with primary antibody overnight. Primary antibody was
detected using fluorescent-conjected second antibodies (ZSGB-
BIO, China). Primary antibodies were: anti-CD68 (Abcam,
United States), anti-CD86 (Abcam, United States), and anti-
HLA_DR (Abcam, United States). Sections were mounted with
fluorescence mounting medium (Glostrup, Denmark).
Fluorescent images were acquired on a Zeiss LSM880 NLO
microscope and Zeiss Axio Scope Al was used to obtain H&E
images. Three fields were randomly selected from each staining
and the number of fusion particles of CD68, CD86 and HLA_DR
in each field was counted. The Wilcoxon rank test was used and
P<0.05 indicated statistically significant difference.

Results

RNA-seq data from plaques and normal
superficial temporal artery was analyzed
to preliminarily explore the immune
microenvironment in plaques

In order to explore the composition of immune
microenvironment in plaques, RNA sequencing data from
plaques of 3 atherosclerotic patients and data from superficial
temporal artery of 5 patients undergoing craniocerebral trauma
surgery were analyzed. A total of 16036 differentially expressed
genes (defined as |log2FoldChange|>1 and FDR <0.05) were
identified. Among them, 3656 genes were upregulated in the
atherosclerosis plaques (Figure 1A). To elucidate the functional
implications of the differentially expressed genes, we performed
pathway enrichment analyses of the upregulated and
downregulated genes. For genes upregulated in plaques, NF-
kappaB signaling and B cell activation were found to be
significantly by Gene Ontology analysis and T cell receptor
signaling pathway and B cell receptor signaling pathway were
found to be significantly by Kyoto Encyclopedia of Genes and
Genomes analysis. These results suggested immune responses
involved T lymphocyte and B lymphocyte were existed in
plaques (Figure 1C). Some of the up-regulated genes in
plaques were also enriched in the biological processes
associated with TNF signaling pathway. This suggested the
TNF-a mediated immune responses within the plaques
(Figure 1D) (Complete GO and KEEG enrichment data were
shown in Supplementary Tables 2 and 3).

Finally, based on these RNA-Seq data, we used xCell (R
package, Aran Dvir, 2017) to infer the type and proportion of
cells contained in atherosclerotic plaques. The results showed
that endothelial cells, smooth muscle cells and fibrous cells were
composed of superficial temporal artery (Figure 1E). In addition
to these cells, atherosclerotic plaques also contain a large number
of macrophages, dendritic cells, T and B lymphocytes

Frontiers in Immunology

39

10.3389/fimmu.2022.1085468

(Figure 1E). The results of immune infiltration analysis
provided guidance for the subsequent selection of CyTOF
antibody profiles.

Composition of immune cells in
atherosclerotic plaque

According to the imaging (CTA/MRA/UTA) results, we
divided the enrolled specimens into 12 stable plaques and 9
vulnerable plaques (Typical H&E images of stable and
vulnerable plaques were shown in Supplementary Figure 2).
Specific metal antibodies were selected on the basis of RNA-seq
analysis (Detailed information of antibodies panel was shown in
Supplementary Table 1). Flowsom, an unsupervised clustering
method, was used to analyze the cellular composition of
atherosclerotic plaques from 21 patients (Figure 2). Finally, 15
clusters were found. Each cell type was identified by specific
markers on the its surface (Figure 3A). We found that
macrophages and lymphocytes were the main components of
plaques (Figure 3B). Macrophages were composed of 6 clusters,
accounting for 63.9%. Lymphocytes consisted of T lymphocytes
and B lymphocytes. While 7 clusters made up T lymphocytes,
accounting for 31.9%. B lymphocytes were composed of two
clusters, accounting for 4.2% (Figure 3B). T-SNE was employed
to convert high-dimensional CyTOF data and was used to map
the immune compartments of all samples.

T cells were dominant in stable plaques,
and macrophages were dominant in
vulnerable plaques

The composition of the two plaques was compared to
explore differences in immune composition between stable and
vulnerable plaques. Overall, each cell subset was distributed in
both types of plaques. T cells were predominant in stable
plaques, accounting for 57.2%. Macrophages accounted for
39.1%. However, macrophages were the most abundant cell
group in vulnerable plaques, accounting for 56.4%. T cells only
accounted for 36.7% (Figure 4C). These seemed to suggest
differences in immune environments between the two plaques.

CD4+T memory cells were more
abundant in stable plaques, while CD1lc
+CD4+T cells in vulnerable plaques
secreted higher IFN-r

The type of T cells in plaques was diverse. CD4+T cells dominate
the plaques. There were 5 clusters of CD4+T lymphocytes, including
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Workflow: According to preoperative imaging data, 21 enrolled atherosclerotic patients were divided into the vulnerable plaque group (n=9) and
the stable plaque group (n=12). All plaques were examined by Mass Cytometry after special treatment. Among them, 9 remaining plaque
samples were paraffin-embedded and were stained with immunofluorescent antibodies. Atherosclerotic plaques from 3 additional patients were
performed for RNA-seq analysis. In addition, superficial temporal artery from 5 patients undergoing craniocerebral trauma surgery were also
used for RNA-seq analysis as control groups (This Figure was created by Biorender).

memory cells and effector cells. Comparing the percentage of cell
subsets in the two plaques, CD4+T cells of cluster10 were the only
group of cells more abundant in stable plaques (p<0.05) (Figures 4B,
D). CD45RO+ and CD127, surface markers of memory cells, co-exist
on the surface of cells from this cluster (15, 16). There was no
difference in the content of other subsets between the two types of
plaque. However, Cluster2 (CD11c+CD4+T cells) in vulnerable
plaques secreted a higher level of IFN-r than in stable plaques (p<
0.05) (Figure 4E-1). It was suggested that this group of cells in
vulnerable plaques might also play a unique function.

CD19+CD20-B cells in vulnerable
plaques secreted more TNF-a and IL-6,
while CD19-CD20+B cells expressed
more PD-1 molecules

Two types of B cells existed in samples. These B cells have
different surface molecular patterns. Cluster9 expressed CD19+,
whereas Cluster8 expressed CD20 but not CD19 (Figure 3D).
Cluster9 also expressed surface markers HLA_DR and CCR?7,
which were involved in cell activation and migration, suggesting
that this cluster may be a group of activated B subsets cells (17,
18). There was no difference in the number of these clusters
between the two types of plaque. Functional analysis showed that
cluster8 expressed a higher level of PD-1 molecule in vulnerable
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plaques (p<0.05) (Figure 4E-2). Cluster9 showed a higher level of
TNF-a and IL-6 (p<0.05) (Figure 4E-3 and 4E-4).

Vulnerable plaques contain
more CD86+CD68+ M1 pro-
inflammatory macrophages

Macrophages were the most abundant cluster in plaques and
contained multiple cell subsets (Figure 4C). However, compared
with stable plaques, cluster14 was the only cluster that was more
abundant in vulnerable plaques (Figures 4B, D). These clusters
expressed CD68 and HLA_DR, typical macrophage surface
markers (19). In addition, CD86, corresponding to MI-like
macrophages, existed on the surface of clusterl4 (20, 21).
Polychromatic immunofluorescence showed that there were
more M1 macrophages in vulnerable plaques (Figures 5A, B).
Functional analysis showed that this cluster also expressed IL-6
and IFN-r (pro-inflammatory cytokines), and functional
analysis did not reveal a significant difference (Figure 4E-4).

Discussion

Stroke has become a severe disease endangering human
health, and its high mortality and disability rate have increased
the global burden of disease (22, 23). Many of these diseases are
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caused by plaque shedding in the carotid artery that blocked the
distal blood vessels. Deciduous plaques (often referred to as
vulnerable plaques) are more likely to cause distal vascular
obstruction than stable plaques (14, 24). Therefore, it is
particularly important to explore the differences in immune
microenvironment composition between stable plaques and
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vulnerable plaques. In this study, we used CyTOF technology
to analyze the cell composition between two types of plaques. It
was found that CD4+T memory cells were mainly present in
stable plaques, while M1 macrophages were mainly existed in
vulnerable plaques. Polychromatic immunofluorescence and
RNA-seq analysis further confirmed this finding that was
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FIGURE 4
Comparison of cellular components in stable plaques and vulnerable plaques. (A) T-SNE plots of clusters were displayed for representative
stable and vulnerable plaques. (B) The accumulation histogram showed the proportion of each cell subset in two types of plaques. (C)
SPADEVizR method was used to analyze and present cell composition differences between vulnerable and stable plaques. (D) Bar graphs
showing the changes in abundance of the cell populations identified in the t-SNE clustering, between vulnerable and stable plaques (Asterisks
represented subsets of cells that were statistically different). (E) (1-4): The levels of functional molecules expressed by the same cell subsets
within the vulnerable plaques and stable plaques (Asterisks represented subsets of cells that were statistically different).

more M1 macrophages in vulnerable plaques. In subgroup
analysis, different polarization directions of macrophages
seemed to play an important role in the stability of plaques. In
addition, CyTOF analysis also found that plaque-derived CD4
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+T cells and B cells showed more active function, although there
was no statistical difference in their content.

As an important cell type in plaques, T lymphocytes are
widely involved in the development of atherosclerotic lesions
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Polychromatic immunofluorescence. A larger amount of
activated M1 macrophages were expressed in vulnerable plaques
than in stable plaques. Typical multicolor immunofluorescence
images of stable and vulnerable plaques are shown in Figure (A).
Statistical difference in CD68+CD80+HLA_DR+ particles
between two groups were shown in Figure (B)

(25, 26). Comparative analysis showed that cluster2, a CD4+T
cell subset, was highly secreted IFN-r in vulnerable plaques. IFN-
r is the main effector molecule of Th1 cells (26-28), suggesting
that cluster 2 cells in vulnerable plaques were more inclined to
the pro-inflammatory Thl activation state. IFN-r, as an
important proatherogenic cytokine, plays an important role in
the development of atherosclerosis (29, 30). IFN-r could
promote the formation of foam cells and lead to plaque
instability by affecting endothelial cell function (31-33). This
implied that CD11c+ CD4+T cells with high secreted IFN-r in
vulnerable plaques might be the primary cell subsets causing
vulnerable transformation of plaques.

Although B cells are less abundant in plaque tissue, they are
also considered important in the immune microenvironment of
plaques (34, 35). We found two clusters of B lymphocytes in
plaques, and there was no difference in the amount of B
lymphocytes between the two types. Our study suggested that
the two subsets of B cells in vulnerable plaques may play a role in
plaque vulnerability in different ways. CD19+CD20- B cells from
vulnerable plaques expressed the pro-inflammatory cytokines
IL-6 and TNF-a. IL6 generally was consider to be a pro-
atherogenic cytokine that had a strong regulatory effect on the
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extracellular matrix (36, 37). IL-6 stimulates the synthesis of
matrix-degrading enzymes that erode the matrix within plaques,
leading to the rupture of plaques (38, 39). In addition, TNF-a
derived from B cells can activate macrophages within plaques to
produce more TNF-a, further leading to apoptosis and causing
rupture (40). This subset of B cells may influence plaque stability
via these proinflammatory cytokines. The other CD19-CD20+ B
cells from vulnerable plaques expressed higher level of PD-1.
Studies have found that high expression of PD-1 by innate-type
B cells after their activation by antigens and PD-1 molecule on
the surface of B cells facilitate the adaptive responses through
longer-lived plasma cells and memory cells generated (41).
Animal experiments have also found that B2 cells involved in
adaptive immune response can promote the progression of
atherosclerotic plaques (42). This suggests that CD19-CD20+B
cells in vulnerable plaques may mediate local adaptive immune
response through PD-1 molecules on their surface and trigger
plaque progression. Differences in expression levels of functional
molecules expressed by the same clusters reflected the difference
in immune microenvironment between stable and vulnerable
plaques. These differences may be an important cause of
plaque instability.

Macrophages are key players in atherosclerotic disease and
their polarization states have a role in atherogenesis (43).
Phagocytosis, clearance of ox-LDL, secretion of a variety of
cytokines and antigen presentation were the important
functions of macrophages involved in plaque lesions (44).
These macrophages can change the phenotype expression,
depending on the location and microenvironment. Previous
studies have found that the lesions of stable plaques were
mainly composed of M2-like macrophages, while MI-like
macrophages primarily existed in vulnerable plaques (45). This
is consistent with our findings. In this study, we found that a
variety of macrophage subpopulations existed in plaques, among
which cluster14 content was higher in vulnerable plaques. This
subgroup expressed the surface marker of CD86 and CD68,
which were surface markers of MIl-like pro-inflammatory
macrophages. Functional analysis showed that these cells
secreted pro-inflammatory cytokines and the functional status
were consistent in different type of environments. The small
number of these cells in the stable plaques suggested that a weak
proinflammatory response was also present in the stable plaque,
The change in the number of CD86+CD68+ MIl-like
macrophages may disrupt the original homeostasis and
promote plaque vulnerability.

This also reflected the dynamic association between vulnerable
and stable plaques. Further multicolor immunofluorescence
revealed the presence of more MMP2 and MMP9 within the
vulnerable plaques (see Supplementary Figure 3 for details). It is
generally believed that M1 macrophages degraded the extracellular
matrix by secreting proteolytic enzymes, thus causing the rupture of
fibrous caps (25). This may also be a reason for the
vulnerable transformation.
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Compared with vulnerable plaques, the immune environment
in stable plaques was relatively mild. The same subsets of cells
presented in stable plaques were not as active as those in vulnerable
plaques. In contrast, only CD4+T memory cells were more
abundant in stable plaques. Memory cells are generally
considered the evidence of a prior adaptive immune response.
This evidence also suggested that atherosclerotic plaque was a
chronic progressive disease. In response to reappeared antigen
stimulation, memory T cells may trigger the next inflammatory
response within the plaque, promoting further plaque progression.

There are also some limitations to our study. Firstly, only 32
antibodies were selected, and some subsets could not be
effectively distinguished. Secondly, mononuclear cells were
extracted from the specimen as a whole, which could not
reflect the immune changes in different parts of the plaque.
In future study, spatial single-cell technology could effectively
solve this problem. Finally, atherosclerotic plaques from
patients undergoing surgery may be in the terminal stage
of lesion evolution, so it is necessary to analyze the immune
components of plaques in different periods, and reflect
the dynamic changes in plaque immune environment more
comprehensively. Further and more refined exploration
is needed.
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Leukocyte cell population data
in patients with cardiac surgery
and cardiopulmonary bypass: A
potential readily available tool to
monitor immunity
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Purpose: Cardiac surgery with cardiopulmonary bypass triggers sterile
inflammation that is responsible for post-operative morbidity. Automated flow
cytometry devices used for leucocyte count provide cell population data (CPD)
regarding fluorescence intensity, size and granularity of leukocytes that have never
been studied in the context of sterile inflammation. Our objective was to explore
leukocyte cell population data in patients undergoing cardiac surgery with
cardiopulmonary bypass in order to determine whether CPD could be used to
monitor immune cell activation.

Methods: This is an ancillary study of a cohort of patients undergoing cardiac
surgery with cardiopulmonary bypass. Cell population data (CPD) extracted from a
routine automated flow cytometer were analyzed (Fluorescence targeted to
nucleic acids). The time points of interest were: pre-operative, postoperative and
5 days after surgery. The variations in those parameters were studied. Data were
then compared between patients according to the occurrence of a composite
criteria (supra-ventricular arrythmia, stroke, acute renal failure, and/or death).

Results: Data from 1453 patients were analyzed. The neutrophil count,
fluorescence granularity (NE-SCC), intensity (NE-SFL) and size (NE-FSC)
increased with surgery. Heterogeneity of neutrophils decreased in terms of
fluorescence granularity (NE-WX) and size (NE-WZ) but increased in terms of
intensity (NE-WY). The lymphocyte count decreased with surgery. While
fluorescence granularity (LY-X) and size increased (LY-Z), Lymphocyte intensity
decreased (LY-Y). Lymphocytes were less heterogeneous in terms of their
granularity, size and intensity after surgery (LY-WX, LY-WY, LY-WZ). Patients who
developed the composite complication criteria had a higher pre-operative
neutrophil count (5.08 [3.89;6.95] vs 4.76 [3.60;6.13], p = 0.02; AUC = 0.56
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[0.51;0.60]), and more heterogeneous neutrophils in terms of fluorescence
granularity (NE-WX, AUC = 0.57 [0.52;0.62]) and intensity (NE-WY, AUC 0.61
[0.56;0.65]). Those patients also had lower pre-operative lymphocyte count
(1.49 [1.10;1.14] vs 1.81 [1.39;2.39], p<0.01, AUC = 0.61 [0.57;0.66]) and
fluorescence granularity (LY-X, AUC = 0.57 [0.53;0.62]). NE-WX, NE-WY and LY-
X were associated with post-operative complications after adjustment on the
EuroSCORE 2 (adjusted odd ratio of 1.01 [1.00;1.02]; 1.01 [1.00;1.01] and 1.08
[1.02;1.15] respectively).

Conclusion: Cardiac surgery with cardiopulmonary bypass was associated with
substantial alterations of CPD probably reflecting leukocytes activation in sterile
inflammation. Pre-operative NE-WX, NE-WY and LY-X biomarkers levels were
associated with post-operative complications, independently of the EuroSCORE 2.
Such routine, unexploited and low cost parameters might represent useful tools
likely to monitor immune function and predict outcomes for patients undergoing

cardiac surgery. Our findings requires validation on a larger external cohort.

KEYWORDS

biomarker, cell population data, cardiac surgery, cardiopulmonary bypass, inflammation,
post-operative outcome, immunity, acute kidney injury

Introduction

Immune dysregulation is a major issue in critically ill patients and
biomarkers for the monitoring of the immune function are urgently
needed in order to implement therapies targeting immunity (1).
Cardiac surgery with cardiopulmonary bypass (CPB) is performed
daily for the treatment of cardiovascular conditions. Although the
procedure of CPB has been improved, this surgery is associated with
high incidences of complications and mortality. Cardiac surgery with
CPB represents a major aggression (to the human body) and the
sterile inflammatory response triggered by CPB drives post-operative
complications (2).

In addition to cell count, automated hematology analyzers
measure cell population data (CPD) that do not appear on
traditional reports, meaning this information remains unused.
These parameters are directly linked to leukocyte characteristics
(granularity, size and fluorescence) and in patients with sepsis (3) it
has been suggested that these CPD reflect leukocyte activation (4).
However, they have never been studied in the context of sterile
inflammation such as cardiac surgery with CPB.

The objective of the present study was to explore CPD as a
potential marker of immune function in sterile inflammation by
following the changing patterns of leukocyte CPD in patients
undergoing cardiac surgery and cardiopulmonary bypass and by
reporting associations between leukocyte CPD and post-
operative complications.

We hypothesized that CPD would be highly modified by cardiac
surgery and cardiopulmonary bypass (reflecting the activation of
leukocytes) and that pre-operative levels of those parameters
reflecting a pre-operative pro-inflammatory state would be
associated with post-operative complications.

Frontiers in Immunology

Material and methods
Patients

This is an ancillary analysis of a prospective cohort that aimed to
study risk factor for vasoplegia in patients undergoing cardiac surgery
with cardiopulmonary bypass. Patients were recruited between
October 2017 and July 2021.The inclusion criteria were as follows:
all adult patients undergoing cardiac surgery with cardiopulmonary
bypass, covered by a social insurance system, who have given oral
consent to participate after receiving full information and with at least
one blood count at any of the time points of interest. Exclusion
criteria were: cardiac graft, pre-operative extracorporeal life support
or membrane oxygenation, mechanical cardiac assistance and patient
deprived of liberty. Only patients included in Dijon university
hospital were considered for the present analysis.

This report was drafted in accordance with the STROBE
statement (5). This study was approved by the Institutional Review
Board (IRB 00010254 - 2022 - 034). All patients received written
information of their inclusion in the study.

Protocol

Cytometry data were retrospectively extracted from the
automated hematology analyzer (Sysmex XN-200, Sysmex, France).
No blood sampling was mandatory for the study as blood cell count is
usually monitored daily after cardiac surgery in our centre. Those data
were merged with the data from the prospective cohort
(ClinicalTrials.gov Identifier: NCT03281317). Three time points of
interest were defined: pre-operative, post-operative (on the day of
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surgery) and 5 days after surgery. We choose the pre-operative and
post-operative time points to capture the modifications of CPD
induce by the surgery. Day 5 was chosen because it allowed to
describe the evolution of CPD with the resolution of inflammation
without too many lost too follow-up patients.

Blood cell count (CBC) was measured on an automated Sysmex
XN2000 analyzer equipped with impedance and fluorescence flow
cytometry devices. The optical system of the XN2000 employs a red
diode laser producing a light beam. Cell permeabilization is
performed by treatment with specific lysis reagents allowing specific
dyes to enter the cells, where they bind to nucleic acids in the
cytoplasmic organelles and the nucleus. Three mains signals are
recorded (Figure 1): forward-scattered light (FSC, cell size), side-
scattered light (SSC, internal cell structure and granularity), and side
fluorescence light intensity (SFL, reflecting DNA/RNA content).
Based on the resulting fluorescence and scattered light
characteristics, the cells can be separated. For each type of
leukocyte (neutrophil, lymphocyte and monocyte), the cell count
and CPD were extracted. Neutrophil to lymphocyte ratio (NLR)
was calculated.

The CPD included:

- Neutrophil cell complexity (NE-SCC), heterogeneity in cell
complexity (NE-WX)

- Fluorescence intensity (NE-SFL), heterogeneity in fluorescence
intensity (NE-WY)

- Neutrophil size (NE-FSC) and heterogeneity in size (NE-WZ)

- Lymphocytes cell complexity (LY-X), heterogeneity in cell
complexity (LY-WX)

- Fluorescence intensity (LY-Y), heterogeneity in fluorescence
intensity (LY-WY)

- Monocytes size (LY-Z) and heterogeneity in size (LY-WZ).

- Monocytes cell complexity (MO-X), heterogeneity in cell
complexity (MO-WX)

=
z
@
Q
Q
[ =
Q
a
<
S "
= Neutrophils
w
Granularity index (SSC, X)
FIGURE 1

Cell population data parameters as visualized on the analyzer SCC:
Granularity, SFL: Fluorescence
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- Fluorescence intensity (MO-Y), heterogeneity in fluorescence
intensity (MO-WY)
- Monocytes size (MO-Z) and heterogeneity in size (MO-WZ).

Endpoints

The primary endpoint was inflammation-related complication or
death occurring during the hospitalisation (6, 7). This endpoint was
defined by a composite criteria (8) that included de novo supra-
ventricular arrythmia, stroke, acute renal failure (defined according to
KDIGO guidelines (9)) and/or death.

Data collection

Baseline demographic data, per-operative and ICU data presented
were collected prospectively. The EuroSCORE 2, a validated score for
post-operative morbimortality of patients undergoing cardiac surgery
was calculated (10). The American Society of Anesthesiologists
physical status (ASA score) has been evaluated during the pre-
operative consultation (11). Complications were monitored until
hospital discharge. All those data were recorded in a data base
(Excel, Microsoft). Cell population data are recorded prospectively
by the automated hematology analyzer and were extracted
retrospectively. The two data bases were merged in order to
perform this analysis.

Statistical analysis

Normality was assessed graphically; quantitative data were
presented as means (standard deviation/SD) or medians
(interquartile range/IQR) and were compared using the Student t-
test and the Kruskall-Wallis nonparametric test. Categorical, ordinal,
and binary data were presented as frequencies and percentages and
were compared using Chi-squared or Fisher’s exact tests if the
conditions of validity were not fulfilled. A Bonferroni correction
was applied to compensate for alpha risk inflation with repeated
measurements. For longitudinal data, changing patterns of CPD with
time were assessed using mixed linear modeling. ROC curve analyses
were carried out for cell line parameters of interest. Optimal cut-off
values were calculated using Youden’s method. An adjusted logistic
regression analysis based on the EuroSCORE 2 was also carried out in
order to determine whether those associations were independent of
classical risks factors of post-operative morbi-mortality included in
this validated score. Last, we developed a multivariable model
combining the CPD variable of interest with the EuroSCORE 2 to
predict post-operative complications. Data were split into a training
set (60%) and a validation set (40%). The model was developed using
logistic regression on the training data set. Variable selection was
stepwise, AIC based. Then the model accuracy and area under the
curve were calculated on the validation set. The Hosmer-Lemeshow
Goodness-of-fit Test was also carried out. Missing data were
considered to be missing at random and were omitted from the
analysis. All analyses were performed using R software.
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Results
Population and baseline characteristics

After exclusion of 121 patients (Figure 2) data from 1453 patients
had CPD available for at least one of the time points of interest and
were analyzed. Out of those 1453 patients, CPD data were available
for 639 patients at the pre-operative time point, 907 patients at the
post-operative time points and 651 patients 5 days after surgery.
Patients” characteristics are described in Table 1. Median age was 69
[IQR 61;75], most patients were men (76%) with an ASA score of 3
(71.6%) and the median EuroSCORE 2 was 2.23 [IQR 1.19;4.60]. Sixty
eight (4.68%) patients had sepsis, mostly due to endocarditis (76%).
Among the 636 (43.8%) patients that developed the composite
criteria, 342 (23.6%) developed renal failure, 384 (26.4%) de novo
supra ventricular arrhythmia, 58 (4.0%) stroke and 81 (5.6%) died.

Neutrophil cell data are modified by
cardiac surgery

The neutrophil count (Figure 3A), fluorescence granularity (NE-
SCCQ), intensity (NE-SFL) and size (NE-FSC) increased with surgery
(Figures 4A, C, E respectively). Heterogeneity of neutrophils decreased
in terms of fluorescence granularity (NE-WX) and size (NE-WZ) but
increased in terms of intensity (NE-WY) (Figures 4B, D, F respectively).

Neutrophil cell data are associated with
post-operative complications

Patients who developed the composite complication score had higher
pre-operative neutrophil counts (5.08 [3.89;6.95] vs 4.76 [3.60;6.13] p =
0.02) and more heterogeneous neutrophils in terms of fluorescence
granularity (NE-WX, p< 0.01) and intensity (NE-WY, p< 0.01)
(Figures 4B, D and Table 2). Immature granulocytes and the
neutrophil to lymphocyte ratio (NLR) increased with cardiac surgery,
and pre-operative NLR was associated with occurrence of post-operative
complications (p<0.01 for both) (Supplementary Table 1). Using
multivariate analysis, NE-WX and NE-WY were associated with post-

TABLE 1 Characteristics of the patients.

10.3389/fimmu.2022.1101937

N= 1453

Baseline

Age (year)

69.0 [61.0;75.0]

Male (n,%)

1105 (76%)

BMI (Kg/m?)
ASA score n,%)

1

26.7 [24.2;30.2]

4 (0.28%)

2 173 (11.9%)
3 1039 (71.6%)
4 220 (15.2%)
5 16 (1.10%)

EuroSCORE IT

Sepsis (n,%)
Per-operative
Emergent surgery (n,%)
Valvular surgery (n,%)
CABP (n,%)

Combined surgery (n,%)
CPB duration (minutes)
ICU admission

SOFA (ICU admission)
SAPS-2 (ICU admission)
Norepinephrine (ICU admission) (n,%)

Dobutamine (ICU admission) (n,%)

2.23 [1.19;4.60]

68 (4.68%)

283 (19.5%)
777 (53.5%)
755 (52.0%)
489 (33.7%)

116 [92.0;147]

5.00 [3.0036.00]
32.0 [24.0:41.0]
1080 (74.3%)

229 (15.8%)

Outcome
ICU lengh of stay (days) 2.00 [1.00;4.00]
Hospital lengh of stay (days) 9.00 [7.00;12.0]

In hospital mortality (n,%)

Enrollment

Assessed for eligibility (n=1574)

Exclusion:

White cell cound not available (n= 121)

Analyzed CPD available for at
least one of the three
time points
n= 1453
/ \

CPD at the pre-operative CPD at the post- CPD atday 5

time point operative time point

N =639 N =907 N=651

FIGURE 2
Study flow chart. CPD, Cell Population Data.
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TABLE 1 Continued

N= 1453

Supra-ventricular arythmia (n,%) 384 (26.4%)

Stroke (n,%) 58 (3.99%)

Acute kidney injury (n,%) 342 (23.5%)

BMI, Body mass index; ASA, American Society of Anesthesiologists; CABP, Coronary artery
bypass; CPB, Cardiopulmonary bypass; SOFA, Sequential organ failure assessment; SAPS-2,
Simplified acute physiology score-2; ICU, Intensive care unit.

operative complications independently of the EuroSCORE 2 (adjusted
odd ratio of 1.01 [1.00;1.02] and 1.01 [1.00;1.01] respectively) (Table 2).

Lymphocyte cell data are modified by
cardiac surgery

The lymphocyte count decreased with surgery (Figure 3B). While
fluorescence granularity (LY-X) and size (LY-Z) increased,
lymphocyte fluorescence intensity decreased (LY-Y) (Figures 5A, C,
E). Lymphocytes were less heterogeneous in terms of their
granularity, intensity and size after surgery (i.e., lower LY-WX, LY-
WY and LY-WZ respectively).

Lymphocyte cell data are associated with
post-operative complications

Patients who developed post-operative complications had lower
pre-operative lymphocyte counts (1.49 [1.10;1.14] vs 1.81 [1.39;2.39],
p<0.01) and fluorescence granularity (LY-X, p<0.01)) (Figure 5).

Neutrophils (10%/pl)

10.3389/fimmu.2022.1101937

Using multivariate analysis, LY-X was associated with the
occurrence of post-operative complications, independently of the
EuroSCORE 2 (adjusted odd ratio of 1.08 [1.02;1.15]) (Table 2).

Monocyte cell data are not associated with
post-operative complications

The monocyte count was unchanged after cardiac surgery
(Figure 3C). There was no difference between patients developing
complications and others in terms of pre-operative monocyte cell
parameters (Supplementary Table 2).

Multivariate model for
post-operative complications

After stepwise variable selection (training data set), EuroSCORE 2,
NE-WY and LY-X were kept in the model (Supp file 3). The accuracy of
this model (testing data set) was of 0.65 [0.59;0.71] and the Area under
the curve (AUC) of 0.63 [0.58;0.68]. The p-value of the Hosmer-
Lemeshow Goodness-of-fit Test was of 0.33. For the EuroSCORE 2
alone the accuracy was of 0.63 [0.56:0.69] and the AUC of
0.60 [0.55;0.65].

Discussion

Our main finding is that CPD were highly modified by the
systemic aggression caused by cardiac surgery and cardiopulmonary
bypass. In addition, we were able to identify pre-operative differences
in CPD associated with post-operative complications. In particular: a

pre-operative Day 0*

(9]

-
o

o
o

Monocytes (10%/pl)

pre-operative Day 0

FIGURE 3

White blood cell count are modified by cardiac surgery and are associated with post-operative complications. (A) Neutrophils, (B) Lymphocytes, (C)
Monocytes Dotted line represent normal range for each parameter * above the plot refers between groups significant difference (non-parametric test, p-
value were corrected using Bonferroni's method). * on the x-axis report significant differences from baseline (intragroup comparison with p < 0.05). Red
represent patient that developed the composite complication criteria and blue patient who did not.
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FIGURE 4

Neutrophil cell populations data are modified with cardiac surgery and are associated with post-operative complications. (A) Neutrophil cell complexity,
(B) Heterogeneity in cell complexity, (C) Neutrophil fluorescence intensity, (D) Heterogeneity in fluorescence intensity, (E) Neutrophil cell size, (F) Heterogeneity
in neutrophil cell size. Results are presented as median and interquartile range. * above the plot refers between groups significant difference (non-parametric
test, p-value were corrected using Bonferroni's method). * on the x-axis report significant differences from baseline (intragroup comparison with p < 0.05). Red
represent patient that developed the composite complication criteria and blue patient who did not.

TABLE 2 Area under the curve, threshold and odd ratio adjusted for EuroSCORE 2.

Variable AUC (95% Cl) Optimal threshold Accuracy OR adjusted for the EuroSCORE 2
Neutrophil count 0.56 [0.51;0.60] 6.65 0.52 [0.5050.54] 1.02 [0.97;1.08]
NE-WX 0.57 [0.52;0.62] 320 0.52 [0.5050.54] 1.01 [1.00;1.02]*
NE-WY 0.61 [0.56;0.65] 636 0.53 [0.51;0.55] 1.01 [1.00;1.01]*
Lymphocyte count 0.61 [0.57;0.66] 1.52 0.53 [0.51;0.56] 0.93 [0.80;1.08]
LY-X 0.57 [0.53;0.62] 802 0.52 [0.500.54] 1.08 [1.02;1.15]*
Immature granulocyte 0.57 [0.53;0.61] 0.06 0.52 [0.50;0.54] 2.27 [0.67;15.24]
Neutrophyl to Lymphocyte ratio 0.61 [0.57;0.66] 35 0.53 [0.51;0.55] 1.05 [1.01;1.10]*

OR, Odd ratio. For adjusted OR, each parameter was individually adjust on the EuroSCORE 2. Accuracy is given for the optimal threshold. *p <0.05.
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FIGURE 5

Lymphocyte cell populations data are modified with cardiac surgery and are associated with post-operative complications. (A) Lymphocytes cell
complexity, (B) Heterogeneity in cell complexity, (C) Lymphocytes fluorescence intensity, (D) Heterogeneity in fluorescence intensity, (E) Lymphocytes
cell size, (F) Heterogeneity in lymphocytes cell size. Results are presented as median and interquartile range. *: between groups significant difference
(non-parametric test, p-value were corrected using Bonferroni's method). * on the x-axis report significant differences from baseline (intragroup
comparison with p < 0.05). Red represent patient that developed the composite complication criteria and blue patient who did not.

high pre-operative neutrophil count, a low per-operative lymphocyte
count, and a high immature granulocyte count were associated with
the occurrence of post-operative complications. Neutrophils were also
more heterogenous in granularity and intensity and lymphocytes had
lower granularity in patients who developed complications. CPD are
highly modified in the context of sterile inflammation, further
supporting the use of CPD as a marker of immune response during
critical illness.

In patients undergoing cardiac surgery, the pre-operative
inflammatory status is a major concern and influences clinical
outcome (12). Among the traditional blood cell count data
reported, high neutrophil and low lymphocyte counts have been
related to adverse outcomes following coronary graft surgery (13, 14).
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In addition to a pro-inflammatory state, a low lymphocyte count has
also been suggested to reflect poorer general health (15) which might
also link lymphopenia to worse outcome. In line with this, by
combining these two markers, the neutrophil to lymphocyte ratio
(NLR) has been reported as a predictor of morbidity and mortality in
patients undergoing cardiac surgery (15, 16). Our results are
consistent with those findings and further support the importance
of the pre-operative inflammatory status.

In addition to the traditional quantitative leukocyte count, the
automated blood analyzer provides data that give qualitative
information about leukocytes (cell fluorescence intensity,
granularity, size and the heterogeneity of these three parameters
among each cell line (17)) that could be used to greater advantage.
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Neutrophil fluorescence intensity (NE-SFL) and the heterogeneity in
fluorescence (NE-WY) have been demonstrated to discriminate sepsis
with a good accuracy, leading to hypothesize that these parameters
indicate neutrophil activation or immaturity (18). NE-SFL is related
to the degree of chromatin, DNA and RNA condensation and thus is
likely to indicate neutrophil cell activation, i.e., in transcriptional
activity. The increase in neutrophil size observed in our cohort could
indicate increased neutrophil heterogeneity that could be linked to
bone marrow release of immature granulocytes. The increase of NE-
WY, reflecting the fluorescent light distribution width of the
neutrophil area may also indicate neutrophil immaturity. Using
multivariate analysis, the heterogeneity of neutrophils (NE-WX,
NE-WY) and Lymphocytes cell complexity (LY-X) were associated
with the occurrence of complications after adjustment on the
EuroSCORE 2, suggesting that these parameters could bring
additional information to traditional complication scores and be
useful in early detection of complications.

Cardiac surgery with cardiopulmonary bypass triggers
inflammation by multiple mechanisms (19). As in sepsis, during
cardiac surgery, inflammation drives adverse clinical outcome (20,
21). However, this inflammation is unrelated to pathogen aggression
and involves different pathways (22). Leucocytes counts modifications
induced by CPB (increased neutrophil, decrease lymphocyte and
similar monocyte) reported in our study are in line with previous
results (23). Nevertheless, our study provides new additional
information on blood cell properties and activation induced by
cardiac surgery with cardiopulmonary bypass. In our data, whereas
baseline NE-SFL and NE-WY were in the same range of values as
healthy controls, the post-operative values increased but were not as
elevated as those reported in patients with sepsis (4, 18). The
heterogeneity in neutrophil CPD probably reflects different states of
leukocyte activation, further underlying the separate immune
pathways of sterile and septic inflammation. Thus, CPD may
represent a new tool for a better understanding of immune cell
activation during critical illness. As blood counts are widely
available, CPD could provide interesting additional information for
the monitoring of immunity.

This study has some limitations. Firstly, this is an observational study
and only association could be inferred. Secondly, as leukocyte count is
not routinely performed daily, there was a large amount of missing data
which might introduce a selection bias. Indeed, patients with a pre-
operative blood cell count seemed to be more severe at baseline than
patients with missing data (Supplementary Table 3). Blood transfusion
might induce significant modification of CPD kinetics. Complications
were only monitored until hospital discharge, thus only “early”
complications are reported in this analysis. Lastly, biomarkers of
inflammation were not measured in those post-operative patients and
could have provide interesting additional information.

In conclusion, CPD were highly modified by cardiac surgery with
cardiopulmonary bypass and some of those modifications were
associated with post-operative complications, suggesting that CPD
reflect the activation of leukocytes in sterile inflammation. Before
surgery: NE-WX, NE-WY and LY-X were associated with post-
operative complication independently of the EuroSCORE 2. Those
parameters measured with traditional blood cell counts might
represent a readily available and low cost tool for the monitoring of
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immune function during critical illness. Our findings requires

validation on a larger external cohort.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by “Comité d’Ethique pour la Recherche en Anesthesie-
Réanimation”. Written informed consent for participation was not
required for this study in accordance with the national legislation and
the institutional requirements.

Author contributions

MN, MB, AG, DM, LS, P-GG contributed to the study design. MN,
BD, AG, MB, P-AB, CF collected the data. MN, BB P-GG, LS analysed
the data. MN, LS drafted the manuscript. MN, LS, AG, P-AB, DM, CT,
MB, JG, CF, BD, BB, P-GG reviewed and edited the manuscript. All
authors contributed to the article and approved the submitted version.

Acknowledgments

The authors wish to acknowledge the ICU staff who contributed
to this research.

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1101937/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1101937/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1101937/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1101937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nguyen et al.

References

1. Venet F, Lukaszewicz AC, Payen D, Hotchkiss R, Monneret G. Monitoring the
immune response in sepsis: A rational approach to administration of immunoadjuvant
therapies. Curr Opin Immunol (2013) 25:477-83. doi: 10.1016/].COI.2013.05.006

2. Wan S, LeClerc JL, Vincent JL. Inflammatory response to cardiopulmonary bypass:
Mechanisms involved and possible therapeutic strategies. Chest (1997) 112:117-32.
doi: 10.1378/CHEST.112.3.676

3. Urrechaga E, Boveda O, Aguirre U. Role of leucocytes cell population data in the
early detection of sepsis. J Clin Pathol (2018) 71:259-66. doi: 10.1136/JCLINPATH-
2017-204524

4. Stiel L, Delabranche X, Galoisy AC, Severac F, Toti F, Mauvieux L, et al. Neutrophil
fluorescence: A new indicator of cell activation during septic shock-induced disseminated
intravascular coagulation. Crit Care Med (2016) 44:e1132-6. doi: 10.1097/
CCM.0000000000001851

5. von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenbroucke JP, et al.
The strengthening the reporting of observational studies in epidemiology (STROBE)
statement: Guidelines for reporting observational studies. PloS Med (2007) 4:€296.
doi: 10.1371/journal.pmed.0040296

6. Kumar AB, Suneja M. Cardiopulmonary bypass—associated acute kidney injury.
Anesthesiology (2011) 114:964-70. doi: 10.1097/ALN.0b013e318210f86a

7. Bruins P, Te Velthuis H, Yazdanbakhsh AP, Jansen PGM, Van Hardevelt FW], De
Beaumont EMFH, et al. Activation of the complement system during and after
cardiopulmonary bypass surgery: Postsurgery activation involves c-reactive protein and
is associated with postoperative arrhythmia. Circulation (1997) 96:3542-8. doi: 10.1161/
01.CIR.96.10.3542

8. Nguyen M, Tavernier A, Gautier T, Aho S, Morgant MC, Bouhemad B, et al.
Glucagon-like peptide-1 is associated with poor clinical outcome, lipopolysaccharide
translocation and inflammation in patients undergoing cardiac surgery with
cardiopulmonary bypass. Cytokine (2020) 133:155182. doi: 10.1016/].CYTO.2020.155182

9. Khwaja A. KDIGO clinical practice guidelines for acute kidney injury. Nephron
(2012) 120:c179-84. doi: 10.1159/000339789

10. Nashef SAM, Roques F, Sharples LD, Nilsson J, Smith C, Goldstone AR, et al.
EuroSCORE II. Eur ] Cardio-Thoracic Surg (2012) 41:734-45. doi: 10.1093/EJCTS/
EZS043

11. Doyle DJ, Goyal A, Garmon EH. American Society of anesthesiologists
classification, in: StatPearls (2022). Available at: https://www.ncbi.nlm.nih.gov/books/
NBK441940/ (Accessed December 6, 2022).

Frontiers in Immunology

55

10.3389/fimmu.2022.1101937

12. D’Agostino D, Cappabianca G, Rotunno C, Castellaneta F, Quagliara T, Carrozzo
A, et al. The preoperative inflammatory status affects the clinical outcome in cardiac
surgery. Antibiotics (2019) 8:176. doi: 10.3390/ANTIBIOTICS8040176

13. Dacey LJ, DeSimone J, Braxton JH, Leavitt BJ, Lahey SJ, Klemperer JD, et al.
Preoperative white blood cell count and mortality and morbidity after coronary artery
bypass grafting. Ann Thorac Surg (2003) 76:760-4. doi: 10.1016/S0003-4975(03)00675-1

14. Aghdaii N, Ferasatkish R, Jouryabi AM, Hamidi SH. Significance of preoperative
total lymphocyte count as a prognostic criterion in adult cardiac surgery. Anesthesiol Pain
Med (2014) 4:20331. doi: 10.5812/AAPM.20331

15. Perry LA, Liu Z, Loth J, Penny-Dimri JC, Plummer M, Segal R, et al. Perioperative
neutrophil-lymphocyte ratio predicts mortality after cardiac surgery: Systematic review and meta-
analysis. ] Cardiothorac Vasc Anesth (2022) 36:1296-303. doi: 10.1053/].JVCA.2021.07.001

16. Tan TP, Arekapudi A, Metha ], Prasad A, Venkatraghavan L. Neutrophil-
lymphocyte ratio as predictor of mortality and morbidity in cardiovascular surgery: A
systematic review. ANZ J Surg (2015) 85:414-9. doi: 10.1111/ANS.13036/SUPPINFO

17. Park SH, Park CJ, Lee BR, Kim MJ, Han MY, Cho YU, et al. Establishment of age-
and gender-specific reference ranges for 36 routine and 57 cell population data items in a
new automated blood cell analyzer, sysmex XN-2000. Ann Lab Med (2016) 36:244-9.
doi: 10.3343/ALM.2016.36.3.244

18. Park SH, Park CJ, Lee BR, Nam KS, Kim MJ, Han MY, et al. Sepsis affects most
routine and cell population data (CPD) obtained using the sysmex XN-2000 blood cell
analyzer: neutrophil-related CPD NE-SFL and NE-WY provide useful information for
detecting sepsis. Int | Lab Hematol (2015) 37:190-8. doi: 10.1111/IJLH.12261

19. Paparella D, Yau TM, Young E. Cardiopulmonary bypass induced inflammation:
pathophysiology and treatment. update. Eur ] Cardio-Thoracic Surg (2002) 21:232-44.
doi: 10.1016/S1010-7940(01)01099-5

20. Asimakopoulos G. Systemic inflammation and cardiac surgery: An update.
Perfusion (2001) 16:353-60. doi: 10.1177/026765910101600505

21. Day JRS, Taylor KM. The systemic inflammatory response syndrome and
cardiopulmonary bypass. Int ] Surg (2005) 3:129-40. doi: 10.1016/].ijs1.2005.04.002

22. Chen GY, Nuiiez G. Sterile inflammation: sensing and reacting to damage. Nat Rev
Immunol (2010) 10:826-37. doi: 10.1038/nri2873

23. Mossanen JC, Jansen TU, Pracht ], Liepelt A, Buendgens L, Stoppe C, et al.
Elevated circulating CD14++CD16+ intermediate monocytes are independently
associated with extracardiac complications after cardiac surgery. Sci Rep 2020 101
(2020) 10:1-11. doi: 10.1038/s41598-020-57700-9

frontiersin.org


https://doi.org/10.1016/J.COI.2013.05.006
https://doi.org/10.1378/CHEST.112.3.676
https://doi.org/10.1136/JCLINPATH-2017-204524
https://doi.org/10.1136/JCLINPATH-2017-204524
https://doi.org/10.1097/CCM.0000000000001851
https://doi.org/10.1097/CCM.0000000000001851
https://doi.org/10.1371/journal.pmed.0040296
https://doi.org/10.1097/ALN.0b013e318210f86a
https://doi.org/10.1161/01.CIR.96.10.3542
https://doi.org/10.1161/01.CIR.96.10.3542
https://doi.org/10.1016/J.CYTO.2020.155182
https://doi.org/10.1159/000339789
https://doi.org/10.1093/EJCTS/EZS043
https://doi.org/10.1093/EJCTS/EZS043
https://www.ncbi.nlm.nih.gov/books/NBK441940/
https://www.ncbi.nlm.nih.gov/books/NBK441940/
https://doi.org/10.3390/ANTIBIOTICS8040176
https://doi.org/10.1016/S0003-4975(03)00675-1
https://doi.org/10.5812/AAPM.20331
https://doi.org/10.1053/J.JVCA.2021.07.001
https://doi.org/10.1111/ANS.13036/SUPPINFO
https://doi.org/10.3343/ALM.2016.36.3.244
https://doi.org/10.1111/IJLH.12261
https://doi.org/10.1016/S1010-7940(01)01099-5
https://doi.org/10.1177/026765910101600505
https://doi.org/10.1016/j.ijsu.2005.04.002
https://doi.org/10.1038/nri2873
https://doi.org/10.1038/s41598-020-57700-9
https://doi.org/10.3389/fimmu.2022.1101937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Nadine Suffee,
Sorbonne Universités, France

REVIEWED BY
Guiyou Liang,

Guizhou Medical University, China
Niek J. Pluijmert,

Heart Center, Amsterdam UMC,
Netherlands

Amie Moyes,

Queen Mary University of London,
United Kingdom

*CORRESPONDENCE

Yingkun Guo
gykpanda@163.com

Huayan Xu
xuhuayan89@sina.com

These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION
This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

RECEIVED 27 October 2022
AccepTED 30 December 2022
PUBLISHED 06 February 2023

CITATION
Wu Q, Xu R, Zhang K, Sun R, Yang M, Li K,
Liu H, Xue Y, Xu H and Guo Y (2023)
Characterization of early

myocardial inflammation in
ischemia-reperfusion injury.

Front. Immunol. 13:1081719.

doi: 10.3389/fimmu.2022.1081719

COPYRIGHT
© 2023 Wu, Xu, Zhang, Sun, Yang, Li, Liu,
Xue, Xu and Guo. 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 Immunology

TvPE Original Research
PUBLISHED 06 February 2023
po110.3389/fimmu.2022.1081719

Characterization of early
myocardial inflammation in
ischemia-reperfusion injury

Qihong Wu™, Rong Xu?, Kun Zhang®, Ran Sun*, Mengxi Yang?,
Kuan Li*, Hanrui Liu*, Yiyuan Xue®, Huayan Xu®
and Yingkun Guo™*

'Department of Radiology, Development and Related Diseases of Women and Children Key Laboratory
of Sichuan Province, West China Second University Hospital, Sichuan University, Chengdu,

Sichuan, China, ?2Department of Radiology, West China Second University Hospital, Sichuan University,
Chengdu, Sichuan, China, *Department of Radiology, Sichuan Cancer Hospital, Chengdu,

Sichuan, China, “Department of Prosthodontics, West China Hospital of Stomatology, Sichuan
University, Chengdu, China

Background: Myocardial injury may be caused by myocardial ischemia-
reperfusion (IR), and salvaging such an injury is still a great challenge in clinical
practice. This study comprehensively characterized the physiopathologic changes
of myocardial injury after IR to explore the underlying mechanism in the early
reperfusion phase with particular emphasis on early myocardial inflammation.

Methods and Results: The experimental IR model was obtained by the left anterior
descending artery's transient ligation of C57BL/6 mice. T2W signals of all mice
showed increased signal at different IR stages. It was positively correlated with
inflammatory cytokines and cells. T2W imaging by 7.0 T MRI surprisingly detected
signal enhancement, but histopathology and flow cytometry did not reveal any
inflammatory cells infiltration within 3 h after IR. Cardiomyocyte swelling and
increased vascular permeability were observed by WGA staining and ultrastructural
analysis, respectively. The 3 h IR group showed that the cardiomyocytes were
severely affected with disintegrating myofilaments and mitochondria. Both VEGF
and phosphorylated Src protein were markedly expressed in the 3 h IR group in
comparison with the sham group, and TUNEL staining displayed little positive cells.
Cleaved caspase-3 apoptin also has similar expression levels with that of the sham
group. Resident macrophages had notably become M1 phenotype. The T2W signal
was still elevated, and we observed that collagen deposition occurred from 1to 7
days.

Conclusions: The inflammation response during the first week after reperfusion
injury gradually increase 3 h later, but the main manifestation before that was
edema. This study indicated that the first 3 h may be crucial to the early rescue
process for reperfusion-induced myocardial injury due to inflammatory cell
infiltration absence and apoptosis.
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1 Introduction

Acute myocardial infarction (AMI) and the associated heart
failure are the leading causes of death and disability worldwide (1,
2). Timely myocardial reperfusion using primary percutaneous
coronary intervention (PCI) is the most effective treatment.
However, the myocardial reperfusion process itself can induce
cardiomyocyte death and myocardial injury, resulting in up to 50%
final volume myocardial infarction (3). The ischemia-reperfusion (IR)
injury rescue after reperfusion is still a great challenge in clinical
practice, although the preferred reperfusion strategy time is within 2 h
of ST-segment elevation MI diagnosis (4, 5).

The main mechanisms of myocardium IR injury involve
inflammation, oxidative stress, mitochondrial damage, apoptosis, and
autophagy (6, 7). Inflammation is significantly increased during
reperfusion (8), which is activated at the stage of myocardial
ischemia and plays a critical role in determining the AMI size and
subsequent post-MI adverse left ventricular (LV) remodeling (9-12).
The inflammatory process response includes inflammatory cell
infiltration, and cytokine synthesis and secretion during myocardium
IR (13). Previous findings have documented early neutrophils
infiltration into the ischemia zone from 6 to 24 h post-AMI, followed
by the accumulation of pro-inflammatory macrophages over the next
48-72 h, both of which contribute to cardiomyocyte death and
myocardial IR injury (14). However, whether the inflammatory
response was initiated in the very early reperfusion stage and its
underlying mechanism still needs to be further investigated.

To recognize the myocardial pathophysiological changes in vivo,
cardiac magnetic resonance imaging (MRI) has been identified as a
promising imaging modality (15). And T2-weighted (T2W) imaging
has particularly outstanding ability to determine edema with specific
high signal (16) and has potential specificity for myocardial
inflammation (17). Therefore, the present study focused on the
myocardial inflammatory response and post reperfusion related
tissue cellular changes in IR mouse model by 7.0 T MRI imaging
and pathological analysis, spanning from the very early to late
reperfusion stages, to provide new insight for myocardium rescue.
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2 Methods
2.1 Mouse cardiac IR model induction

The experimental design is shown in Figure 1A. All animal
procedure were approved by the Animal Experimentation Ethics
Committee of West China Second Hospital of Sichuan University
and conformed to the NIH Guide for the Care and Use of Laboratory
Animals. C57BL/6 wild-type male mice of 8-10 weeks were used in
this study. All mice were kept in the same room in a light-controlled
environment with a 12:12 h light-dark cycle and with free access to
standard mouse chow and water. The myocardial IR model was
established as described in a previous study (18). Briefly, mice were
anesthetized by isoflurane inhalation (1.5%-2%). Under a
stereomicroscope, left thoracotomy was performed between the
third and fourth ribs, and then the left anterior descending
coronary artery was identified and ligated with a 8-0 polypropylene
suture. A slipknot was tied over the vessel to create the occlusion.
Ischemia was deemed successful when the myocardium supplied by
the vessel turned pale. Mice of sham group were identically except
that the ligature was not tied. After 30 minutes of ischemia, the
slipknot was released by gently puling the slipknot sutures in opposite
directions. At this time, reperfusion began and lasted for 7 days. All
mice were euthanized by inhaling 3%-5% isoflurane.

2.2 MR imaging study

Magnetic resonance images were acquired using a NOVA 7.0 T
preclinical horizontal MRI system (Time Medical Ltd). Mice were
imaged on 3 h, day 1, day 3, day 7 after reperfusion. Baseline MRI scan
was performed immediately before myocardial IR induction. All MRI
images were acquired with ECG and respiration double-gating. Gated
muilti-slice IntraGate Fast Low Angle Shot-cine was performed to
confirm the heart position in three planes (short-axis, and 2- and 4-
chamber long axis) to determine the location of LV. The echo signals
of mice were measured with a T2W imaging sequence: TR = 800 ms,
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FIGURE 1

Establishment of mouse IR model. (A), schema of in vivo protocol. The present study population comprised 60 mice which were used for the
characterization of myocardial inflammation during the first week after IR. (B), graphic image of myocardial IR injury induction. (C), typical LGE image on
day 7 in IR group. (D), representative echocardiography on day 1 in sham and experimental group. (E), immunofluorescence staining detect the

infiltration of leukocytes (Bar=150 um).

TE = 10.16 ms, slice thickness = 1.0 mm, matrix = 192 x 192, field of
view = 40 x 40 mm, number of signal averages = 2. Successful IR
induction was confirmed by late gadolinium enhancement (LGE)
sequence (TRir = ~1 s depending upon respiratory rate, TE = 2.21
ms, slice thickness = 1.0 mm, matrix = 128 x 128, field of view = 40 x 40
mm, flip angle =907°) starting 15 min after intraperitoneal injection of
0.5 mmol/Kg Gd-DPTA. T2W signal and LGE area were evaluated
using cvi42 software (Circle Cardiovascular Imaging) or
Image] software.

2.3 Echocardiography

To assess LV physiology, echocardiography was performed using a
Vevo 3100 system (VisualSonics, Toronto, ON, Canada) with a 30 MHz
image transducer. Images were acquired prior to IR surgery (baseline) and
at day 1 post-reperfusion. Mice were anesthetized with 1.5% isoflurane in
an oxygen mix. Heart rate, body temperature, and electrocardiogram were
monitored throughout the imaging procedure. Measurements were taken
from the LV parasternal long axis (B-mode) and short axis (M-mode)
views. For analysis, three images form consecutive cardiac cycles were
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included. Percent fractional shortening (FS) and ejection fraction (EF) were
calculated as described previously (19).

2.4 Histological analysis

At indicated time points, hearts were fixed through trans-cardiac
perfusion with saline followed by 4% paraformaldehyde (PFA),
subsequently, the heart samples were immersed into 4% PFA and
fixed over 24 h. Latter, the heart samples were embedded into paraffin
blocks and cut into 5 um thickness sections. Hematoxylin Eosin (H&E)
staining, Masson trichrome staining (Solarbio ®) and WGA staining
(VectorLabs) were performed following a standard protocol. The cell
apoptosis was detected by using TUNEL System (Roche) according to
the operating manual, after which the sections were incubated with
DAPI for nucleus staining. For immunohistochemistry staining, the
sections were rehydrated and heat-mediated antigen retrieval was
performed using Target Retrieval Solution (S1699, Dako). The sections
were incubated with 3% H,O2 (Sigma) to block endogenous peroxidase
activity, followed by blocking with normal serum. A primary antibody
specific for macrophages (CD68, Abcam; 1:400) was used at 4°C
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overnight, followed by incubation with rabbit anti-rat IgG and ABC
reagent (VectorLabs). For immunofluorescence staining, the sections
were blocked with goat serum at room temperature for 1 h. The primary
antibodies (CD45, Servicebio; F4/80, Abcam; Ki67, Abcam) diluted in
goat serum were then dropped to cover sections and incubated overnight
at 4°C. Then the sections were washed three times with PBS, followed by
incubating with a second primary antibody (Alexa Fluor 594, Abcam;
Alexa Fluor 488, Life). DAPI was used for nucleus staining. Images were
acquired on the Olympus IX73 imaging microscope. All histological
analysis were quantified using Image]J software.

2.5 Ultrastructural analysis by transmission
electron microscopy

Cardiac tissue was prepared from sham group and 3 h group
following reperfusion, and the infarct regions were sectioned. Tissue
was fixed in 0.1 M sodium cacodylate bufter (pH 7.3) containing 4%
paraformaldehyde and 1.5% glutaraldehyde for 2 hours, transferred to
5% glutaraldehyde overnight, then to 1% osmium tetroxide for 1
hour. Blocks were washed, dehydrated in a graded ethanol series, and
embedded in Epon/Araldite resin. Ultrathin sections were stained
with uranyl acetate and lead citrate and were viewed using a Hitachi
HT7700 transmission electron microscope.

2.6 Cell preparation for flow cytometry

Samples were obtained from Left ventricular at indicated time
points. Single cell suspensions were prepared as described previously,
with some modifications (20). Briefly, hearts were cut into small pieces
and digested with 0.3 mg/ml collagenase II (Invitrogen, USA), 0.3 mg/
ml dispase II (Sigma, USA), DNase I (Biosharp, China) and 2.5 mM
Cacl, (Mackin, china) in HBSS solution (Invitrogen, USA) for 45 min
at 37°C with gentle agitation. After the digestion, primary cardiac cells
were obtained using Percoll (Solarbio ®) gradient separation and
passed through 70-pum cell strainer. The obtained cells were washed
with RPMI-1640 cell culture medium for further analysis.

2.7 Flow cytometric analysis

To block the nonspecific binding of antibodies to Fcy receptors,
isolated single cell suspensions were incubated first with anti-CD16/32
antibody (101302, Biolegend) at 4°C for 10 min. Subsequently, the cells
were incubated with a mixture of antibodies at 4°C for 25 min. Anti-
CD11b-PE (Cat: 101208, Biolegend), anti-Gr1-FITC (Cat: 108406,
Biolegend), anti-F4/80-BV421 (Cat: 123132, Biolegend) and anti-
CD206-Alexa674 (Cat: 565250, BD Pharmingen) were used for flow
cytometric analysis. The obtained results were expressed as the percent.
Flow cytometric data was analyzed using official FlowJo software.

2.8 Western blotting analysis
Left ventricles were homogenized in ice-cold RIPA lysis buffer

containing 1% PMSF. The protein concentration was determined using
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Bradford BCA method (Beyotime, China). Total protein (30 ug) of each
samples was separated by SDS-PAGE, transferred to 0.2 pm PVDF
membrane (Millipore, USA) and probed with primary antibodies
against VEGF (Cat: ET1604-28, HUABIO), p-Src (Cat: ET1609-15,
HUABIO), Cleaved-caspase 3 (Cat: ab32042, Immunoway), CCL2
(Cat: HA500267, HUABIO) and GAPDH (Cat: ET1601-4,
HUABIO). The ECL system was used for detection. GAPDH was
used as an internal control and results expressed as the mean value.

2.9 ELISA assay

Blood samples were collected from the ophthalmic vein and kept
4 °C overnight before centrifugation for 15 min at 1000x g. Levels of
IL-18, TNF-o, TGF-B and Arg-1 in serum were measured with
mouse ELISA kits (All from Animalunion, China) according to the
manufacture’s instruction respectively.

2.10 Statistical analysis

The mice were randomized to experimental groups. All statistical data
analyses were conducted using GraphPad prism 9.3.1 software. All
experiments were performed independently at least three times, and the
results were presented as the mean + SD. Tow group means were compared
by two-tailed independent samples student’s t-tests, while means of more
than two groups were compared by one-way ANOVA. Correlation analysis
was performed using Pearson’s or Spearman’s method, as appropriate. For all
comparisons, *p < 0.05, *p < 0.01 and **p < 0.001.

3 Results
3.1 Establishment of IR model in mice

The study design is showed in Figures 1A, B. Firstly, to evaluate the
success of the model, we measured the cardiac function by performing
echocardiography on day 1 post- myocardial IR induction. Following
IR, the experimental mice displayed cardiac dysfunction and left
chamber dilation, while the sham group exhibited a normal
physiology (Figure 1D). Moreover, left ventricular EF and FS were
significantly reduced in the experimental mice, as compared to those of
the sham group (Figure S1). After 7 days, late gadolinium
enhancement (LGE) magnetic resonance imaging revealed an
obviously high light signal intensity in the experimental mice
(Figure 1C), indicating the presence of cardiomyocyte necrosis. The
infiltration of leukocytes is also a sign of successful modelling.
Subsequently, the CD45 immunofluorescence staining revealed that
more inflammatory cell infiltration was observed in the IR group
(Figure 1E and Figure S2). These results suggested that the IR mice
models were successful and could be used for subsequent experiments.

3.2 MRI evaluation of myocardial
inflammation during the first week after IR

Myocardial IR is characterized by inflammation, which contributes
to myocardial injury. To noninvasively evaluate inflammation, cardiac
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MRI was used. We utilized a small animal 7.0 T MRI to detect
myocardial inflammation post-IR, specifically at baseline and at 3 h,
1 day, 3 days and 7 days post-IR. All MRI scans were acquired with an
electrocardiogram and respiration double-gating method (Figures 2A,
B). Baseline T2W image was relatively black in the LV anterior wall
(Figure 2C). Initial reperfusion (3 h) was associated with a significant
increase in T2W signal above that of the baseline, which subsequently
increased progressively, reaching peak values on day 7 (Figure 2D).
Figure 2C shows a representative example of one mouse serially
scanned at all time-points.

3.3 Inflammatory response induced by
myocardial IR injury

The inflammatory response after IR was subsequently evaluated
via a histological analysis. H&E staining demonstrated an increase in
leukocyte infiltration from day 1 to day 7 (Figure 3A). Monocyte/
macrophage recruitment in the ischemic hearts was further
investigated by immunostaining with CD68, and the number of
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infiltrated macrophages was evaluated (Figure 3B and Figure S3).
Interestingly, the inflammatory cells before 3 h were absent,
indicating that, although IR injury causes an inflammatory
response, activated leukocytes have not reached the ischemic area
yet in the very early stage (3 h). It is possible that increased
macrophages may come from recruitment of peripheral monocytes
or from proliferation of residential macrophages. As shown in Figure
S4A, F4/80 and Ki67 were co-located in several cells (Person’s
correlation coefficient: 0.14) at the site of myocardial ischemia after
1 day reperfusion, but this was absent in the sham group and post-
reperfusion 3 h group. Additionally, we detected that CCL2
chemokine was highly expressed in post-reperfusion 1 day group
(Figure S4B). At the same time, the ELISA results indicated that both
anti-inflammatory cytokines IL-1 B and TNF-a and pro-
inflammatory cytokines Arg-1 and TGF-B were improved after IR
induction in the peripheral blood in mice (Figures 3C-F).
Additionally, the expression level of myocardial IL-6 mRNA was
significantly elevated in 3 h group (Figure S5). Collectively, these data
indicated that the inflammatory response was induced and gradually
increased after myocardial IR injury.

\
¥

o

Fold change

The immune response induced by IR injury at the first week. Representative images of histological changes in the ischemic myocardium. (A), for each
time point, images are shown of staining with H&E (Bar=1mm, 50um). (B), macrophages in mice post-IR were evaluated by CD68 staining (Bar=50 um)
(C-F), plasma levels of IL-1B (C), TNF-a (D), Arg-1 (E) and TGF-P (F) were also determined by ELISA (n = 3-5). *p < 0.05 VS. Sham.
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T2-weighted imaging sequence detect inflammation signal in the mouse heart during the first week post-IR. (A), one mouse equipped with ECG (3) and
respiratory ({>) are being prepared to scan under 7.0 T MRI. (B), real-time ECG and respiratory rate in a mouse. (C), the typical T2W images from the
same mouse before and after IR. (D), quantitative the mean T2W signal intensity of the LV myocardium in each group, (n = 5). *p < 0.05 VS. Sham, ** p <

3.4 Temporal dynamic of the main cellular
subsets of infiltration after IR

To detect major cellular components associated with
inflammation, flow cytometry was conducted at 3 h and 1, 3, and 7
days following IR. Given the relatively low number of macrophages in
the mouse heart, we used standard negative and positive magnetic
beads (BD ' Comp Beads) to calibrate fluorescence compensation
(Figure S6). The CD11b" and F4/80" double positive cells were
defined as macrophages; pro-inflammatory M1 macrophages were
labelled with CD206™ (CD11b*F4/80"Gr1 CD206°), whereas CD206"
was used to identify M2 macrophages (CD11b*F4/80"Gr1 CD206")
(Figure 4A). Neutrophils were defined as CD11b"Gr1™. After the IR
injury, neutrophils accumulated in the ischemic heart, peaking at day
1 and then notably, continuing to accumulate in the myocardium over
3 days (Figure 4E). Moreover, macrophages began to infiltrate on day
1 and peaked on day 3 in the ischemic myocardium (Figure 4B), and
these cells showed a biphasic pattern of activation. M1 macrophages
increased gradually and dominated at 3 days post-IR, whereas the M2
macrophages represented the predominant cell subset after 3 days
post-IR (Figures 4C, D). Consistent with the histopathological
findings, flow cytometry also did not detect infiltrating
inflammatory cells at 3 h after the IR injury. From these results, we
found that neutrophils and macrophages were the major cellular
components during the first week of IR injury, although inflammatory
cell infiltration did not occur in the first 3 h post-IR.

Frontiers in Immunology

3.5 Correlation of T2W signal with
inflammatory components

To further prove whether T2W imaging can detect inflammation
after myocardial IR in mice, a correlation analysis between T2W
signal and inflammatory components was performed. Inflammatory
cytokine activity in the serum of IR mice was significantly correlated
with the T2W signal from 3 h to 7 days post-reperfusion (Figures 5A-
D). In addition, both macrophage and neutrophil contents were also
obviously correlated with the T2W signal. Interestingly, regarding
macrophage phenotype, the pro-inflammatory M1 macrophages
showed a moderate correlation with T2W signal rather than anti-
inflammatory M2 macrophages (Figure 5E). These results indicate
that T2W imaging could help detect myocardium inflammation in
the IR mice models.

3.6 Myocardial edema occurs in the first 3 h
after myocardial IR

Considering the signal enhancement detected by T2W imaging,
histopathology and flow cytometry did not reveal any infiltration of
inflammatory cells during the first 3 h after reperfusion. Therefore, we
turned our attention to myocardial edema. Firstly, the cross-sectional
area of cardiomyocytes at the ischemia zone was determined by WGA
staining, and the 3 h IR group showed a marked cardiomyocyte
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Characterization of temporal dynamic of the macrophages and neutrophil in the heart after IR. (A), gating strategy for cardiac macrophages, M1
(CD11b*F4/80*Gr1"CD206) and M2 (CD11b*F4/80"Grl"CD206") macrophages at indicated time point after myocardial IR injury. Represent flow
cytometric images of M1 and M2 macrophages in the post-IR heart. (B-E), the percentages of macrophages (B), M1 (C), M2 (D) and neutrophils (E) were
determined in the hearts of sham group and reperfusion groups (n = 5-6, each). *p < 0.05 VS. Sham, ** p < 0.01, *** p < 0.001.

expansion compared with the sham group (Figures 6A, F). And the  architecture and mitochondria (Figure 6B-1). In contrast to the
myocardial water content in 3 h group was higher than sham group ~ normal myocardial tissue, the cardiomyocytes in the 3 h IR group
(Figure S7). Subsequently, we evaluated the cardiac tissues at the  were severely affected with disintegrating myofilaments and
ultrastructural level at 3 h after reperfusion. In the sham group, the  mitochondria (Figure 6B-2). At the same time, the blood vessels
section transverse to cardiomyocytes showed normal myofilament appear to be damaged and contained many large vacuoles
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FIGURE 6

Myocardial IR induced edema at 3 h post-IR. (A), WGA staining cardiomyocyte hypertrophy, (n = 3) (Bar=400 um, 50um). (B) (1-6), ultrastructural
changes in mouse myocardium. (1), sham group ventricular myocardium showing normal myofilament architecture and mitochondria (Bar=2um). (2),
anomalous myofilaments and mitochondria are displayed after IR 3 h (Bar=2um). (3-4), Vessel with no apparent gaps, but several large vacuoles apparent
(Bar=2um, 500nm). (5-6), section transverse to myocardium showing an RBC in the extracellular space (Bar=2um, 500nm). (C), western blotting detect
VEGF and p-Src protein expression, (n = 3). Quantitative of VEGF protein (D), p-Src protein (E) and cardiomyocytes area (F). RBC, red blood cell; VEGF,
vascular endothelial growth factor; p-Src, phosphor-Src, *p < 0.05 VS Sham, ***p < 0.001.

(Figure 6B-3). Moreover, extravasated red blood cells were present in
the interstitium (Figure 6B-5), which apparently escaped from the
nearby vessels. The vascular endothelial growth factor (VEGF), first
described as the “vascular permeability factor”, likely contributes to the
development of myocardial edema (21), and VEGF-mediated Src
signaling had been proved to be involved in disease progression
following MI (22). To further explore the possible mechanism of IR-
induced edema, we evaluated the expression of VEGF-mediated Src
signaling pathway. As shown in Figures 6C-E, in comparison with the
sham group, both VEGF and phosphorylated Src proteins were
markedly expressed in the 3 h IR group. These data showed that
edema obviously appear at 3 h post-IR, and was probably mediated by
the VEGF-Src signaling pathway.

Frontiers in Immunology

3.7 No cell apoptosis occurs at 3 h post-IR

Myocardial cell apoptosis has been reported to contribute
significantly to IR-induced myocardial injury, which motivated us
to determine whether apoptosis occurs at the very early stage of
injury. Firstly, detection of apoptosis by TUNEL staining was
performed in ischemic tissue sections. Little TUNEL positive cells
were found in the 3 h IR group. On the contrary, the number of
TUNEL positive cells in the day 1 IR group was significantly
increased when compared with that of the sham group (Figure 7B
and Figure S8). Subsequently, the extracts of cleaved-caspase 3
apoptin isolated from the ischemic zone in the three groups were
examined via Western blotting analysis. As shown in Figures 7C, D,

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1081719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

FIGURE 7

10.3389/fimmu.2022.1081719

Cleaved- 3 P 19KD
caspase 3 itiz o ARESE | 7¢D
GAPDH| & @ = = s == & ® | 351
——
Sham 3h Day1
I 37
[a] *%*
X
82
32
og 11—
o
m)
©
o 0-

Sham 3h Day1
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measured by TUNEL assay (Bar =200 pum, 50um) and Western blotting (C) in sham group and 3 h, 1 day after IR induction. Quantitative of cleaved-

caspase 3 protein expression level (D), (n = 3). **p < 0.01 VS. Sham

the cleaved-caspase 3 protein in the 3 h IR group has similar
expression levels with that of the sham group, although an
obviously higher expression level was observed in the day 1 IR
group. Likewise, caspase 3 mRNA expression in the 3 h group
displayed no obvious difference with sham group (Figure S9). In
addition, we found that collagen was gradually deposited in the
ischemia myocardium post-IR (Figure 7A and Figure S10). The
trend is similar to the performance of inflammatory cytokines,
implying that IR-induced inflammatory response may be involved
in the tissue healing processes.

4 Discussion

Characterization of the time course of the myocardium IR-
induced inflammation and its determinants is critically important
for the development of diagnostic and therapeutic applications. In the
present longitudinal experiment study, we explored the inflammatory
response of myocardial post-IR and the possible underlying
mechanisms by performing a comprehensive histopathological
cellular and advanced MRI serial analysis using a widely used small
animal model.

MRI allows in vivo myocardial characterization and cardiac MRI
has been identified as a promising imaging modality (15). T2W
imaging techniques have been widely used to detect edema and are
potentially specific for myocardial inflammation (17). Recently, our
team has demonstrated that cardiac MRI could help detect
inflammation in the remote myocardium in MI porcine models
(23). In this study, we first utilized a 7.0 T magnetic resonance
T2W imaging sequence to detect post- myocardial IR inflammation
in a widely used small animal model. As expected, the T2W signals
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were positively correlated with inflammatory cytokines and cells. We
found that the T2W signals were abnormal at 3 h of perfusion and
then increased gradually, suggesting that myocardial edema or
inflammation had started very early.

Macrophages and neutrophils secrete pro-inflammatory cytokines
in the early stage of MI, which leads to sustained inflammation and
myocardial injury (24). The neutrophils peak shifted from day 3 to day
1, while the macrophages infiltration peak switched from day 7 to day 3
in mice IR model, compared with permanent ligation MI (25).
Reperfusion temporally shifted the innate immune cell to an earlier
time point, indicating that timely reperfusion may benefit from
ischemic myocardial recovery by preventing the transition from acute
to persistent inflammation. Macrophages are composed of two
populations, including pro-inflammatory M1 and reparative M2
macrophages. The M1 macrophages predominate at the early stage
after myocardial IR, followed by a gradual increase of the M2 subset
(26). Macrophages undergo a rapid shift to an M1 subset and elicit
inflammatory cytokine secretion, lowering the CD206 expression. At 7
days after reperfusion, the M2 subset became the predominant
macrophage. The pro-inflammatory M1 macrophages showed
moderate correlation with the T2W signals rather than the anti-
inflammatory M2 macrophages combined with our MR imaging
results, suggesting that T2W imaging may tend to reflect pro-
inflammatory cell infiltration.

Interestingly, there was no infiltration of inflammatory cells,
including neutrophils and macrophages, at 3 h post-reperfusion. A
previous study reported that the neutrophils in the myocardium
subjected to 45 minutes of ischemia followed by 4 h of reperfusion
significantly increased in comparison with the normal myocardium
from the same hearts (27). Thus, we speculate that 3 h may be the
critical time point for inflammatory cells to reach ischemic
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myocardium. It is reported that IL-6 expression is obvious after
reperfusion 3 h (28). Indeed, we also detected IL6 changed
obviously after 3 h reperfusion in the heart (Figure S5). This is
consistent with our ELISA and T2W results that detected
inflammation at 3 h reperfusion. After carefully examining our flow
cytometry data, we found that the resident macrophages had already
become M1 phenotype at 3 h post-reperfusion (Figure S11), despite
the absence of infiltration of inflammatory cells, which not only
contribute to the source of inflammatory cytokines (such as IL-1p and
IL-6) but partly explain the enhancement of T2W signal. The changes
in the phenotype of resident macrophages preceded the infiltration of
inflammatory cells, suggesting that they may play a vital role in the
initiation of myocardial reperfusion-induced injury. Owing to the
abundance and phenotypic plasticity of macrophages, they are well fit
for mediating the repair response after IR. Most of the previous
studies have made great progress in the treatment of IR-induced
injury by regulating the recruited macrophage polarization (29).
According to our data, we believed that more attention should be
paid to resident macrophages.

As with most organs, water is the primary component of cardiac
tissues. In homeostasis, myocardial water is stable and nearly
intracellular, with only a little interstitial component. In the context
of MI, edema appears initially in the form of cardiomyocyte swelling
during the early stages of ischemia (30). Myocardial edema is then
obviously exacerbated upon reperfusion of blood flow to the ischemic
region. This increase is due to the enhancement of interstitial edema,
due to water permeability and protein leakage (31). Given that there
was no infiltration of inflammatory cells, but rather a clear signal was
detected on T2W imaging at 3 h post-reperfusion. We therefore shift
our focus on myocardial edema. As expected, myocardial water content
in the 3 h group was higher than sham group (Figure S7). Our results
indicated that early edema was partly due to cardiomyocyte swelling
and increased vascular permeability, while the intracellular and
extracellular edema were undetermined. A method based on MRI has
been developed to differentiate intracellular and extracellular
myocardial water compartments, but the intracellular water
distribution does not accurately reflect intracellular edema (32).
Further studies are needed to discriminate between intracellular and
extracellular edema. Notably, a comprehensive work has observed that
the myocardial edema after IR is not stable and follows a bimodal
pattern in the pig model (33). However, we did non see a drop in T2W
signal during the reperfusion in a small animal model. The absence of
bimodal in the mouse heart and the apparent presence of bimodal in
the pig heart after IR may be associated with species differences.

After MI, an increase in VEGF levels occurs and contributes to
detrimental myocardial edema (34). Genetics interferes with the
ability of VEGF to mediate the increased vascular permeability,
which is correlated with reduced LV edema in mice and improved
survival after MI (35). Src is implicated as the tyrosine kinase
responsible for phosphorylation of vascular endothelial-cadherin
and the elevated vascular permeability (36). Constitutive Src gene
inaction is accompanied by reduced edema and improved long-term
outcome after MI (22). We thus concluded that the VEGF/Src-
mediated pathway may be a key signal molecule in the very early
reperfusion stages; however, additional works are needed, in
particular, to assess whether a combined treatment of myocardium
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edema and inflammation can accelerate the recovery of
heart function.

It has been investigated that myocardial edema induced by
reperfusion may contribute to cell death. Cell apoptosis is obviously
initiated at 6 h reperfusion, which progressively progressed into
myocardial apoptotic cell death during the late phase of reperfusion
in a canine model (37). Gottlieb et al. (27), however found that
apoptosis was detected in the ischemia myocardium after 30 min of
ischemia and 4 h of reperfusion in a rabbit model. In the current
mouse model, we observed that there was no obvious cell apoptosis in
the ischemic myocardium at 3 h of reperfusion. Given that apoptosis
represents a potentially preventable form of cell death, identifying its
timing may help in developing potential treatment strategies for
alleviating myocardial IR injury by regulating apoptosis. Both
inflammatory cell infiltration and apoptosis are involved in the
early myocardial IR injury, and they greatly affect cardiac repair
and healing. The data presented here implicate that the first 3 h of
reperfusion, when inflammatory cell infiltration and apoptosis have
not been initiated yet, may be crucial to perform rescue procedures for
the ischemia myocardium.

In clinical practice, timely PCI is an essential step to rescue the
ischemic myocardium to restore reperfusion in patients with ischemic
cardiomyopathy. However, a substantial number of patients could
experience severe myocardial IR injury and these complications may
be associated with an increased risk of major adverse cardiac events
(MACE). Therefore, early identification and myocardial IR injury
intervention after PCI is an important reason for improving the
prognosis. Recent clinical guidelines suggest that ¢Tn monitoring
should be performed at least once 3-6 h after PCI to determine the
myocardial injury extent and determine subsequent management
strategies (38). However, it remains a challenge for new treatment
or appropriate time window to reduce the risk of MACE. This study
comprehensively characterized the myocardial injury process after IR
in mice in vitro and in vivo. It is feasible to develop new strategies to
reduce the myocardial IR injury by targeting myocardial edema,
resident macrophages, apoptosis and inflammatory cell infiltration
collectively in the first 3 h after reperfusion. However, further
interventions and population cohort studies are needed to clarify
the importance of myocardial rescue within 3 h of IR injury due to the
differences in animal experiments and clinical scenarios.

We proved that the inflammatory response during the first week
after reperfusion gradually increase at 3 hours later, and before that, the
main manifestation was edema probably induced by the activation of
VEGF/Src signaling pathway. Meanwhile, the infiltrating inflammatory
cells and apoptosis are absent in the very early reperfusion stage. These
data reveals that the first 3 h of reperfusion may be the vital for ischemia
myocardial recovery, especially when developing anti-inflammatory
strategies. We investigated the critical time point for changes in cardiac
pathophysiology in IR myocardium, a finding with potentially important
implications for managing patients with reperfusion after ML
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Persons with HIV (PWH) on long-term antiretroviral therapy (ART) have a higher
incidence and prevalence of cardiometabolic diseases attributed, in part, to
persistent inflammation despite viral suppression. In addition to traditional risk
factors, immune responses to co-infections such as cytomegalovirus (CMV) may
play an unappreciated role in cardiometabolic comorbidities and offer new
potential therapeutic targets in a subgroup of individuals. We assessed the
relationship of CX3CR1*, GPR56%, and CD57*" T cells (termed CGC™") with
comorbid conditions in a cohort of 134 PWH co-infected with CMV on long-
term ART. We found that PWH with cardiometabolic diseases (non-alcoholic fatty
liver disease, calcified coronary arteries, or diabetes) had higher circulating
CGC*CD4™ T cells compared to metabolically healthy PWH. The traditional risk
factor most correlated with CGC*CD4" T cell frequency was fasting blood
glucose, as well as starch/sucrose metabolites. While unstimulated CGC*CD4" T
cells, like other memory T cells, depend on oxidative phosphorylation for energy,
they exhibited higher expression of carnitine palmitoyl transferase 1A compared to
other CD4* T cell subsets, suggesting a potentially greater capacity for fatty acid B-
oxidation. Lastly, we show that CMV-specific T cells against multiple viral epitopes
are predominantly CGC*. Together, this study suggests that among PWH, CGC*
CD4" T cells are frequently CMV-specific and are associated with diabetes,
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coronary arterial calcium, and non-alcoholic fatty liver disease. Future studies
should assess whether anti-CMV therapies could reduce cardiometabolic disease
risk in some individuals.

KEYWORDS

HIV, CD4 T cells, cardiometabolic disease, cytomegalovirus, CGC

Introduction

Persons with HIV (PWH) are at increased risk of cardiovascular
and metabolic diseases compared to the general population (1), which
has been attributed to persistent systemic inflammation despite the
effective suppression of plasma viremia on antiretroviral therapy
(ART) (2-4). Among PWH, co-infection with other viruses, such as
cytomegalovirus (CMV) and hepatitis B and C, increases the risk of
diabetes, cardiovascular disease, and cerebrovascular events, as well as
other non-AIDS illnesses (5-8). The adaptive immune system devotes
a relatively large proportion of memory CD4" and CD8" T cells to the
anti-CMV response as compared to other viruses (9-12), and this
disproportionate inflation is further exaggerated in PWH compared
to age-matched individuals without HIV (10, 13). As such, HIV
presents an important natural model to investigate how sustained
exposure to CMV affects various aspects of the immune response and
contributes to other aging-related disease processes.

CMYV is a herpesvirus that co-evolved with mammals and infects
many individuals at a young age, and CMYV is highly prevalent in
some groups including adult PWH (14, 15). Growing evidence
suggests that anti-CMV T cell responses have a role in metabolic
dysregulation in both animal models (16) and humans (17-22).
CMV-seropositivity has been shown to predict severe non-AIDS-
related illnesses and is an independent risk factor for cardiovascular
and cerebrovascular disease in PWH (8, 23, 24). In PWH, the high
prevalence of CMV is such that CMV-seropositivity alone does not
stratify individuals at risk of developing these comorbidities. However
CMV antibody titers were not associated with cardiovascular
mortality in HIV-negative community-dwelling adults, suggesting
antibody titers alone may not fully reflect the impact of anti-CMV
immune responses on disease risk. (25).

Prior studies from our group suggest that an increase in CMV-
specific CD4" T cells in PWH may serve as a novel marker of metabolic
and cardiovascular disease risk. We previously showed that adipose
tissue CD4" T cells co-expressing CX3CR1, GPR56, and CD57 (termed
‘CGC" cells), a surface marker combination suggestive of antiviral
activity, increased with progressive glucose intolerance (26) and with
carotid plaque burden in PWH (18). Furthermore, we showed that
CMV-specific CD4" T cells that recognized an immunodominant
peptide epitope (DYSNTHSTRYV from glycoprotein B (gB))
restricted through HLA-DR7 were predominantly CGC™ (17, 18).
Further, we demonstrated that CGC" CD4" T cells were cytotoxic
and oligoclonal (17). Despite several studies describing a role for CMV-
seropositivity in morbidity and mortality in PWH (8), little is known
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about the role of CMV-specific CD4" and CD8" T cells, target viral
epitopes, and the basic mechanisms that mediate these pathologies.

A study of pneumococcal vaccine responses in persons with
antineutrophil cytoplasmic antibody-associated vasculitis showed
that treatment with valacyclovir reduced subclinical CMV and the
proportion of CD4" CD28™ T cells, and improved responses to the
vaccine (27). The expansion of CD4" CD28" T cells was thought to
have reduced the functional capacity of the CD4" T cell memory
compartment, and thereby reduced responses to vaccines. Although
valacyclovir is not a recommended first-line therapy against CMV,
this study suggests the possible role of anti-CMV therapy in reducing
the proportion of CD4" CD28" T cells, a population with considerable
overlap with CGC" CD4" T cells (26). A similar study in PWH
showed that treatment with valganciclovir reduced detectable CMV
DNA levels and reduced CD8" T cell activation, defined by CD38 and
HLA-DR expression, at 8 weeks and 12 weeks of treatment (28).
Notably, there was no difference in soluble inflammation biomarkers
between the placebo group and those treated with valganciclovir,
suggesting this effect was primarily on circulating T cells. These
findings are important clinically, as they suggest that the anti-CMV
T cell response is malleable, and if CD4" CD28 or CGC" T cells
contribute to cardiometabolic disease pathogenesis the use of anti-
viral agents could serve as a novel therapeutic strategy.

The goal of the current study was to (1) characterize the CMV
specificity of CGC™ cells using a broader range of tetramer staining,
(2) evaluate the relationship between peripheral blood CGC* T cells
with cardiovascular and metabolic diseases among a large cohort of
PWH on ART, and (3) determine the relationships between CGC™ T
cells and traditional cardiovascular disease risk factors. Using a wide
array of class I and II CMV tetramers, we show that CMV-specific T
cells are CX3CR1" and GPR56" with variable expression of CD57,
and are among the cluster defined as CGC*. We show that circulating
CGC"' CD4" T cells and CGC" CD8" T cells in PWH are associated
with prevalent cardiometabolic conditions (diabetes, subclinical
atherosclerosis, and liver disease). Among individual disease risk
factors, CGC" T cells are related most strongly to fasting blood
glucose and hemoglobin A1C. CGC™ T cells are also correlated with
starch and sucrose metabolites measured in the plasma of PWH.
Notably, total memory CD4" and CD8" T cells do not have a similar
relationship with starch and sucrose metabolites. The relationship
between circulating CGC™ T cells and fasting blood glucose does not
appear to be driven by a greater dependence on glucose metabolism as
a source of energy when compared to other memory T cell subsets.
However, higher expression of carnitine palmitoyl transferase 1A
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(CPT1A) by CGC" T cells may be due to a greater capacity for fatty
acid B-oxidation CPT1A. These findings suggest that CGC* T cell
expansion associated with cardiometabolic disease in PWH may be
driven by CMV co-infection. Additional prospective studies defining
the antigen specificity of CGC™ T cells and their mechanistic role in
cardiometabolic disease pathogenesis are underway.

Methods
Study participants

From August 2017 and November 2019, we recruited 134 adults
PWH without diabetes (fasting blood glucose (FBG) <100 mg/dl and/

or hemoglobin Alc (HbAlc) <5.7%), with pre-diabetes (FBG 100-125

TABLE 1 Clinical and demographic characteristics of the study cohort.

Non-Diabetic PWH N=51

10.3389/fimmu.2023.1099356

mg/dl and/or HbAlc 5.7-6.4%) or with diabetes (FBG > 126 mg/dl
and/or HbAlc >6.5% or on anti-diabetic medications) to the HIV,
Adipose Tissue Immunology and Metabolism (HATIM) study from
the Vanderbilt Comprehensive Care Clinic, an academic, urban HIV
treatment facility (17). All participants were on ART combination
therapy for >18 months, with a minimum of 12 months of sustained
plasma viral suppression, a CD4" T cell count >350 cells/ul, and no
known inflammatory or rheumatologic conditions. Exclusion criteria
were self-reported heavy alcohol use (>11 drinks/week), known liver
cirrhosis, active hepatitis B or C, cocaine or amphetamine use, and use
of corticosteroids or growth hormones. Anthropometric
measurements including waist circumference, height, weight, and
body mass index (BMI) were obtained on the day of recruitment
(Table 1). Diabetic PWH were older, with significantly fewer smokers.
Participants provided written informed consent, and the study was

Pre-Diabetic PWH N=44 Diabetic PWH N=39 Test Statistic

Age, yrs 134 45 [36, 52] 44 (36, 56] 54 [49, 58] 0.001
Sex, male 134 0.80 *'/ 5, 0.80 %/ 44 0.72 %% 39 0.6
Race, Caucasian 134 0.59 %/ 5, 0.52 %/ 44 0.46 '8/ 59 0.5
Smoker status, yes 131 0.36 %/ 5 0.30 '3/ 44 0.11% 5, 0.001
Hepatitis C ab status 134 0.20 '/ 5 0.09 4/ 44 0.13°/ 39 0.3
HTN, yes 134 0.63 %/ 5, 0.57 %/ 44 0.67 >/ 39 0.9
BMI (Kg/m?) 134 30.7 [28.1, 34.1] 31.8 [29.0, 35.3] 33.8 [30.3, 39.2] 0.01
Waist circumference (cm) 132 104 [92, 109] 106 [95, 113] 112 [107, 120] 0.001
Laboratory values

Hemoglobin A1C, % 132 5.3 [4.9, 5.4] 5.6 [5.2, 5.9] 6.8 [6.2, 8.9] <0.001
FBG, mg/dL 131 90 [83, 94] 111 [104, 118] 161 [128, 234] 0.001
Creatinine, mg/dL 132 1.0 [0.9, 1.1] 1.0 [0.8,1.1] 1.0 [0.9, 1.3] 0.3
LDL, mg/dL 131 96 [84, 120] 110 [93, 127] 90 [80, 105] 0.03
Cholesterol, mg/dL 133 170 [149, 202] 180 [166, 212] 175 [150, 196] 0.3
HDL, mg/dL 133 44 [36, 54] 41 [34, 50] 40 [34, 46] 0.5
Triglycerides, mg/dL 133 104 [77, 170] 128 [90, 196] 165 [114, 262] 0.006
HsCRP, mg/dL 131 2.7 [1.2,5.1] 2.7 [1.1, 4.1] 3.0 [2.1,7.7] 0.2
Statin use, yes 124 0.22 17 45 0.32 1/ 44 0.63 %/ 35 <0.001
Non-contrast CT imaging

Pericardial fat, cm3 112 55 [35,80] 75 [45,108] 91 [64,202] 0.008
Visceral fat, cm3 113 143 [90, 163] 169 [120, 215] 200 [130, 280] <0.001
Liver mean density, hu 112 63.0 [58.6, 65.6] 62.3 [55.0, 67.2] 60.5 [46.2, 63.0] 0.04
CAC prevalence, yes 113 0.02'/ 4 0.33 '/ 36 0.44 '/ 54 <0.001
HIV-related Laboratory Values

CD4 at ART start, cells/ml 130 508 [342, 652] 424 [310, 554] 462 [249, 620] 0.6
CD4 T count at enrollment, cells/ml 134 799 [596, 942] 832 [627, 1016] 945 [732, 1154] 0.08
CD#4 cell percentage 134 37.0 [31.5, 41.0] 34.5 [28.8, 38.5] 40.0 [35.0, 45.5] 0.004
Duration ART, yrs 131 6.7 [4.3,11.6] 7.1 [3.1, 11.2] 8.9 [5.0, 16.2] 0.2

N is the number of non-missing values. Statistical tests used: Kruskal-Wallis test for continuous variables; Pearson chi-square test for categorical variable. Bold values indicate p-values <0.05.
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approved by the Vanderbilt University Institutional Review Board.
The study is registered at ClinicalTrials.gov (NCT04451980).

Sample collection

Subcutaneous adipose tissue was obtained from participants by
liposuction and the stromal vascular fraction (SVF) was processed
within 30 minutes to 1 hour of the procedure as previously published
in detail (17). Peripheral blood mononuclear cells (PBMCs) were
processed by Ficoll gradient. PBMCs and SVF from all participants
were cryopreserved and subsequent assays were performed at a later
date in batches. We also re-analyzed data single-cell metabolic
profiling of T cells obtained from healthy human donors at the
Stanford Blood Center, according to the guidelines of the Stanford
Institutional Review Board (29).

Computed tomography imaging

We performed non-contrast computed tomography (CT)
imaging within 1 week of blood collection and anthropometric
measurements. This was performed using a Siemens Somatom
Force multidetector scanner (Erlangen, Germany). Total coronary
arterial calcium (Agatston units, Au) was measured in the left anterior
descending (LAD), left main (LM), left circumflex (LCX), and right
coronary artery (RCA). For our analysis, coronary arterial calcium
(CAC) was treated as a categorical variable (presence or absence of
coronary CAC). The mean coronary cross-sectional area (external
diameter of the outer walls) was measured at three equidistant points
of the LAD. The mean coronary cross-sectional area (corCSA) was
derived from the mean of three points and used as a surrogate for
arterial remodeling. Non-alcoholic fatty liver disease was defined by
liver attenuation, which was averaged from nine total regions using
the open-source OsiriX software field (30). Perivascular adipose tissue
(PAT) volume (adipose tissue around the LM coronary, LAD,
circumflex, and RCA) and epicardial adipose were measured as
previously described (30).

Flow cytometry

A multiparameter flow cytometry antibody panel was used to
stain PBMCs (17, 18, 26). The panel used to define CGC" cells
included anti-CD3, CD4, CD8, CCR7, CD45R0O, GPR56, CX3CR1,
CD57, CD14, CD19, and LIVE/DEAD Aqua (Supplemental Table 1).
We included Class I and Class II CMV tetramers with this panel to
identify virus-specific T cells. CMV Class I (pp65 [HLA-A02
NLVPMVATV (NLV)]) and Class II tetramers (gB [HLA DRI1:07
DYSNTHSTRYV (DYS), pp65 [HLA DR1:03 EFFWDANDIYRIF
(EFF)], IE2 [HLA DR1:03 TRRGRVKIDEVSRMF (TRR), IE1 [HLA
DR1:03 VKQIKVRVDMVRHRI (VKQ)] and pp65
[HLADQB1*06:02 LLQTGIHVRVSQPSL (LLQ)] were obtained
from the NIH tetramer facility supported by contract
75N93020D00005 from the National Institute of Allergy and
Infectious Diseases. The analysis was performed using the BD
FACS Aria II flow cytometer. Bulk and single-cell sorting was
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performed using a 70um nozzle into 96 well plates or Eppendorf
tubes, respectively, as previously published (17). An additional panel
with fluorescently tagged antibodies was used to further characterize
KLRG1, CD27, and CD28 expression on CGC" T cells (anti-GPR56,
CCR7, CD38, KLRG1, CD14, CX3CR1, CD45R0O, CXCR3, PD1,
CD27, CD57, CD3, Live/Dead stan, CD8, CD4, CD28, and CXCR5)
(Supplemental Table 1). These samples were run on a Cytek/Aurora.
We used Cytobank to analyze the flow cytometry and mass cytometry
data (31). The gating strategy used to define the immune subsets is
shown in the Supplemental Material (Supplemental Figure 1).

Metabolomics sample extraction

Plasma samples were aliquoted at 25 pl and spiked with 5 uL of
metabolomics internal standards solution. Extraction of metabolites
was performed by protein precipitation by adding 200 uL of 8:1:1
Acetonitrile: Methanol: Acetone (Fisher Scientific, San Jose, CA) to
each sample. Samples were mixed thoroughly, incubated at 4°C for
30 min to allow protein precipitation, and centrifuged at 20,000xg to
pellet the proteins. After centrifugation, 190 ul supernatant was
transferred into a clean microcentrifuge tube and dried under a
gentle stream of nitrogen at 30°C (Organomation Associates, Inc.,
Berlin, MA). Samples were reconstituted with 25 pL of injection
standards solution, mixed, and incubated at 4°C for 10-15 min.
Reconstituted samples were centrifuged at 20,000xg and
supernatants were transferred into LC-vials for LC-MS analysis.

Metabolomics LC-MS analysis

LC-MS untargeted metabolomics was performed on a Thermo Q-
Exactive Orbitrap mass spectrometer equipped with a Dionex UPLC
system (Thermo, San Jose, CA). Separation was achieved on an ACE
18-pfp 100 x 2.1 mm, 2 pm column (Mac-Mod Analytical, Inc.,
Chadsford, PA) with mobile phase A as 0.1% formic acid in water and
mobile phase B as acetonitrile (Fisher Scientific, San Jose, CA). The
gradient was run at a flow rate of 350 uL/min and consisted of: 0-
3 min, 0% B; 3-13 min, 80% B, 13-16 min, 80% B, 16-16.5 min, 0% B.
The total run time was 20.5 min. The column temperature was set at
25°C. The injection volume was 4 pL for negative and 2 pL for positive
polarity. All samples were analyzed in positive and negative heated
electrospray ionization with a mass resolution of 35,000 at m/z 200 as
separate injections. The heated-electrospray conditions are 350°C
capillary temperature, 3.5 kV capillary voltage, 50 sheath, and 10
arbitrary units of auxiliary gas. LC-MS injection was done following a
sequence of 3 blanks, neat QC, pooled QC, 10 randomized samples,
blank, neat QC, pooled QC, 10 randomized samples, and so on.

Metabolomics data processing

The percent relative standard deviation of internal standard peak
areas was calculated to evaluate extraction and injection
reproducibility. The raw files were then converted to mzXML using
MS Convert (ProteoWizard, Palo Alto, CA). Mzmine 2 was used to
identify features, deisotope, align features and perform a gap filling to
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fill in any features that may have been missed in the first alignment
algorithm. The data were searched against an internal retention time
metabolite library. All adducts and complexes were identified and
removed from the data set.

Mass cytometry by time of flight

We used cytometry by time of flight (CyTOF) to further define
cell surface markers expressed on CGC™ T cells. In brief,
cryopreserved PBMCs were thawed and treated with Nuclease S7.
After two washes, the cells were stained with LIVE/DEAD Cisplatin
stain for 3 minutes, followed by quenching, and then stained with a
master mix of CyTOF antibodies against surface markers. Sixteen
percent PFA was used to fix cells for 15 minutes at room temperature.
After one wash, we resuspended cells in 1mL cold methanol, and caps
were sealed with parafilm before incubating overnight at -20°C. On
the day the cells were to be analyzed, we washed them with 1X PBS/
1% BSA. They were then stained with the intracellular marker CTLA4
for 20 minutes at room temperature. This was followed by staining
with a 25uM DNA intercalator (Ir) in the presence of 1.6% PFA for 20
minutes at room temperature and then transferred to 4C until
analyzed. Just before analysis on Helios, we washed cells with PBS
followed by a wash with Millipore H20. We resuspended 500,000
cells/ml (in minimum 500uL) ddH2O for the CyTOF run. We added
1/10th volume of equilibration beads to the cells and filtered the cells
immediately before running. The Cytof panel included antibodies that
define T cells (CD3, CD4, CD8) and memory subsets (CD45RA,
CD45R0, CCR?7).

For the metabolic profiling, cryopreserved PBMCs from healthy
donors were thawed in a cell culture medium (CCM; RPMI 1640
containing 10% FBS, and GlutaMAX; Thermo Fisher Scientific)
supplemented with 1:10000x Benzonase (Sigma-Aldrich). Cells
from different donors were live cell barcoded using CD45
antibodies as previously described (32), then washed and combined
for downstream cell staining. Cells were suspended in TruStain FcX
Fc blocker (BioLegend) for 10 min at RT and washed in cell staining
media (CSM: PBS with 0.5% BSA and 0.02% sodium azide) before
staining. Surface staining was performed in CSM for 30 min at RT.
Cells were resuspended in monoisotopic cisplatin-195 for 5 min to
label non-viable cells (Fluidigm, 0.5 uM final concentration in PBS).
Cells were washed in CSM and fixed and permeabilized using the
Foxp3/Transcription Factor Staining Buffer Set (eBiosciences).
Intracellular staining was performed in a permeabilization buffer for
30 min at RT. Cells were then washed and resuspended in intercalator
solution (1.6% PFA in PBS and 0.5 mM rhodium-intercalator
(Fluidigm)) for 1 hr at RT. Cells were washed and resuspended in
CSM + 10% DMSO and cryopreserved. Before the acquisition, cells
were thawed in CSM and washed twice in Cell Acquisition Solution
(CAS; Fluidigm). All samples were filtered through a 35 mm nylon
mesh cell strainer, resuspended in CAS supplemented with 1x EQ
four-element calibration beads (Fluidigm), and acquired on a Helios
mass cytometer (Fluidigm).

Frontiers in Immunology

10.3389/fimmu.2023.1099356

Primary CD4 and CD8 T cell expansion

CGC" and non-CGC" CD4+ and CD8+ T cells were sorted from
PBMCs stained with the multiparameter flow cytometry panel.
Greater than 90% purity was confirmed by spot checks of sorted
cells. The CGC" T cells were expanded using the ImmunoCult ™
Human CD3/CD28 T Cell Activator (Stem Cell Technologies,
#10991). Cells were expanded per the manufacturer’s protocol with
the replacement of media supplemented with human interleukin (IL)-
2 (10 to 50ng/ml) every 2-3 days, depending on the density of the
cells. Cells were expanded past 14 days and were re-stimulated once
more by the addition of CD3/CD28.

Plasma CMV IgG levels

CMV IgG levels were measured in the plasma by ELISA per the
manufacturer’s protocol (Genway, # GWB-BQK12C).

Single-cell TCR sequencing

Single-cell T cell receptor (TCR) sequencing was performed as
published (17). In brief, we stained PBMCs and index-sorted
CGC'CD4" T cells by flow cytometry into 96- well plates
containing 3uL of lysis buffer with a ribonuclease inhibitor (33, 34).
We used uniquely tagged primers (TSOend primer and the constant
region primers, TCRA or TCRB) for reverse transcription, which tags
the ¢cDNA with well-specific barcodes coupled with a unique
molecular identifier (UMI) to allow for multiplexing. Samples from
each well were then pooled and amplified using the KAPA HiFi
HotStart ReadyMix (Roche, Basel, Switzerland). Nested polymerase
chain reactions were performed to target the TCR region specifically.
We purified the PCR products using Agencourt AMPure XP
(Beckman Coulter, CA, UWA) and indexed libraries were created
for sequencing using Truseq adapters. The prepared libraries were
quantified using the KAPA Universal qPCR Library Quantification
Kit (Kapa Biosystems Inc., MA, USA). The products were sequenced
on an Illumina MiSeq using a 2x300bp paired-end chemistry kit
(Ilumina Inc., CA, USA). Reads were quality-filtered and passed
through a demultiplexing tool to assign reads to individual wells and
mapped to the TCRB and TCRA loci. We used the MIXCR software
package to assign TCR clonotypes. We used the visual genomics
analysis studio (VGAS), an in-house program for visualizing and
analyzing TCR data (http://www.iiid.com.au/software/vgas).

RNA transcriptomic analysis

Our group previously sorted CGC*CD4" and CGC*CD8" T cells,
as well as other memory T cells, for RNA transcriptomic analysis as
published (17). Here, we performed a secondary differential
expression analysis to assess differences in 475 genes involved in
metabolic pathways between cell types (Supplemental Table 3).
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Cytokine assays

We measured interleukin (IL)-4, IL-10, IL-6, and highly sensitive
reactive protein (hs-CRP) in plasma using a multiplex assay (Meso
Scale Diagnostics, Rockville, MD) as previously published (35).

Cellular metabolic assays

We analyzed the metabolic profile of CGC'CD4" T cells and
CGC'CDS8" T cells ex vivo using the SCENITH assay as published
(36). In brief, cryopreserved PBMCs were rapidly thawed and
resuspended in RPMI media supplemented with 10% fetal bovine
serum. After two washes, the cells were stained with antibodies
against CCR7 and CX3CR1 at 37°C for 15 minutes. The cells were
added in duplicate per condition to 96-well plates at about 1 million
cells per well in 180ul R10 media. They were rested for 15-30 minutes
at 37°C. 2-Deoxy-D-glucose (2mM), oligomycin (3mM), and DGO
(ImM 2DG and 1.5mM oligomycin) were added to the cells, which
were incubated at 37°C for 30 minutes. This was followed by the
addition of puromycin (10uM) to each well, incubated at 37°C. We
included samples without puromycin as controls. The cells were
incubated at 37°C for 30 minutes. Cells were spun down and
washed with PBS twice. These were then stained with surface
antibodies for 15 minutes at room temperature. The cells were
washed twice and fixed using the Foxp3/Transcription factor
fixation fix/perm solution (20 minutes) and then washed with the
Foxp3/Transcription factor permeabilization buffer. This buffer was
used to dilute the anti-puromycin antibody. Cells were incubated with
the anti-puromycin antibody for 20 minutes at room temperature.
Cells were then washed with PBS and immediately analyzed by
flow cytometry.

We sorted CGC" and non-CGC* CD4" and CD8" T cells and
expanded them as above to obtain enough cells for the Seahorse assay.
After 12 days of expansion, 100,000 cells per well were plated on Cell-
Tak (Corning) coated plates in Seahorse XF Base Medium (Agilent,
102353-100) supplemented with 1 mM L-glutamine and 1 mM
pyruvate at pH 7.4. Seeded cells were centrifuged at 200 g without
break and incubated for 1 h at 37° C in a non-CO (2) chamber. ECAR
measurements were taken using the Agilent Seahorse XF96 analyzer
under basal conditions and after consecutive injections with 10 mM
Glucose, 1.5 uM Oligomycin, and 50 mM 2-deoxy-glucose (2-DG).
Control wells with assay medium lacking cells were used for
background measurements.

Statistical analysis

Continuous variables/clinical demographics are presented as
median values [25" and 75™ percentiles], and statistical analyses
comparing the three metabolic groups were performed using the
Kruskal-Wallis test. Differences between categorical variables,
represented as proportions, were analyzed using the Chi-squared
test. TCR and RNA transcriptomic analyses were performed using the
visual genomics analytics studio tool (VGAS) (37). Differential gene
expression between CGC" T cells and non-CGC" T cells was
performed using Kruskal Wallis tests, and adjustment for multiple
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corrections using the Benjamini Hochberg (BH) method. The top
differentially expressed genes, p-value < 0.1, were included in the
KEGG pathway and Gene Ontology pathway enrichment analysis
using Enrichr and Appster (38-40). The relationship between CGC*
T cells and plasma metabolites was analyzed using Spearman’s rank
correlation. Metabolomic pathways represented by metabolites
correlated with CGC™ T cells were analyzed using MetaboAnalyst
5.0. Over Representation Analysis (ORA) of the significant plasma
metabolites was performed using the hypergeometric test. One-tailed
adjusted p values are provided after correcting for multiple testing
(FDR). We used the Kruskal-Wallis test to analyze differences in the
proportions of immune cell subsets between two groups/treatments,
and Wilcoxon tests when there were more than two groups.
Relationships between immune subsets and anthropometric or
clinical laboratory measurements were determined using
Spearman’s rank correlation analysis. We also measured
relationships between the immune subsets and other factors after
adjustment for potential confounders using partial Spearman’s rank
analysis. Statistical analysis was performed using R version 4.1.0 (41)
and Prism version 9.

Data and code availability

The data presented in the study are deposited in the NIH
GeneExpression Omnibus repository, accession number GenBank:
GSE159759. Differential gene expression was performed using custom
software, Visual genomics analysis studio (VGAS) (37).

Results

CMV-specific CD8" T cells co-express
CX3CR1 and GPR56 with variable CD57

We previously defined CMV-specific CD4" T cells that bind the
DYSNTHSTRYYV epitope (DYS, HLA-DR?7, glycoprotein B (gB)) as
CGC", however the extent to which this subset of cells is CMV-
specific is unknown (18). We characterized CGC™ T cells using
additional markers that have been associated with CMV-specific T
cells. Two-dimensional plots show CX3CR1, GPR56, and CD57
expression on CD8" T cells in two HIV-negative donors (CMV-
negative and CMV-positive) and four CMV-positive PWH
(Figure 1A). We used the Uniform Manifold Approximation and
Projection (UMAP) algorithm to visualize clusters of CD8" T cells
related by marker expression. The CGC" cluster on CD8" T cells had
variable CD57 expression (Figure 1A, UMAPs) and expressed the
killer-cell lectin-like receptor G1 (KLRGI, a marker associated with
senescence) (Figure 1B). Additional markers included in the panel
defined the CGC" CD8" T cell cluster as largely made up of T effector
memory RA-revertant (TEMRA) cells (CD45RO™ CCR7"), CD28/,
CD27*" and CD38" (Supplemental Figures 2A, B).

We characterized the CMV-specificity of CD8" T cells from a
subset of HLA-typed individuals (Supplemental Table 2). In
participant #1, we evaluated CMV-specific CD8" T cells in the
peripheral blood and adipose tissue using a class I tetramer against
the HLA-A*02-01 binding CMV 65 kilodalton phosphoprotein
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FIGURE 1
CGC* CD8" T cells express CX3CR1 and GPR56 with variable expression of CD57. The two-dimensional flow cytometry panel shows the co-expression
of CX3CR1 and GPR56 and highlights CD57 expression on these cells compared to non-CGC* T cells. UMAP shows CGC" CD8" cluster and variable
expression of CD57 (A). KLRG1 expression on CGC* CD8" T cells is demonstrated by two-dimensional plots and UMAP (B). Participants in this analysis
included two HIV-negative persons with and without CMV, and four CMV-positive PWH.

(pp65) epitopesos.s03 NLVPMVATV (NLV). NLV tetramer™ cells
constituted 2.0% of total CD3™ T cells and 3.8% of total CD8" T
cells in the peripheral blood of participant #1 (Figures 2A, B). Two-
dimensional flow cytometry plots show that NLV-tetramer” CD8" T
cells co-express CX3CR1 and GPR56 with variable expression of
CD57 (Figure 2C). 65.7% of the NLV-tetramer”™ CD8" T cells are
TEMRA and the rest effector memory T cells (TEM) (Figure 2D).
NLV tetramer” cells were present in the cluster of CX3CR1" and
GPR56" cells with variable expression of CD57 (Figure 2E). We gated
on the CGC" CD8" cluster and show the expression of the NLV
tetramer, CX3CR1, GPR56 and CD57 (Figure 2F). The coloring
channel highlights NLV-tetramer" cells (bright red) and shows that
8.4% of the CGC" CD8" T cell cluster from participant #1 express
TCRs that bind the NLV tetramer. For this participant #1, we also
analyzed NLV tetramer™ CD8" T cells in the adipose tissue, given the
contribution of adipose tissue inflammation to the development of
cardiometabolic disease. 1.2% of total CD3" T cells and 3.4% of total
CD8" T cells expressed the NLV TCR (Figures 2G, H). These NLV-
specific CD8" T cells present in the adipose tissue also co-expressed
CX3CRI and GPR56, with variable CD57" expression. Like the
matched peripheral blood, 54.1% of the NLV-tetramer™ T cells in
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adipose were TEMRA and the rest were TEM (Figures 21, J). UMAPs
show that NLV-tetramer” CD8" T cells present in the adipose tissue
from participant #1 cluster with CGC* CD8" T cells, with a
proportion of ~ 6.0% (Figures 2K, L).

To assess the heterogeneity among individuals, we analyzed
CMV-specific responses in the peripheral blood of additional
donors. Participant #2 had NLV" tetramer cells that constituted
0.6% of total CD3" T cells (Figure 2M) and 1.4% of total CD8" T
cells (Figure 2N). In this participant, NLV-specific CD8" T cells were
CX3CR1" and GPR56", with much less CD57 expression (Figure 20).
There was also a higher proportion of TEM cells among the gated
NLV tetramer® cells (Figure 2P). NLV tetramer-specific cells in
participant #2 did not form a tight cluster as seen with participant
#1 (Figure 2Q), and 1.9% of CGC* CD8" T cells were NLV-tetramer
specific (Figure 2R). Two additional HLA-A*02:01 PWH were also
evaluated: participant #3 with 2.1% NLV tetramer” cells as a
proportion of total CD3" T cells (Supplemental Figures 3A-F) and
participant #4 with 0.8% NLV tetramer" cells as a proportion of total
CD3" T cells (Supplemental Figures 3G-L). In summary, despite
heterogeneity in immune cell markers, NLV-tetramer” CD8" T cells
are largely present within the CGC" cluster.
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CMV-specific CD8* T cells are predominantly CGC*. Phenotypic expression of CX3CR1, GPR56, and CD57 by NLV-specific CD8" T cells in two
participants. Peripheral blood NLV-specific CD8" T cells as a proportion of CD3* T cells (A) and total CD8* T cells (B). Two-dimensional plots show the
co-expression of CX3CR1, GPR56, and CD57 by NLV-specific CD8 T cells (C). Memory cell phenotypes were classified as TEM (CD45RO* CCR7") and
TEMRA (CD45RO™ CCR77) (D). UMAP of CD8" T cells showing the CD8" T cells with NLV tetramers among the CGC cells (E, F). The proportion of NLV-
tetramer® CD8" T cells in matched SVF fraction (G, H). Co-expression of CGC markers (1) and memory T cell subsets (3) within UMAPs as the proportion
of total CGC* CD8" T cells (K, L). A representative sample from the blood of a second participant sample is shown (M-R).

CMV-specific CD4" T cells co-express
CX3CR1 and GPR56 with variable CD57

Like CGC" CD8" T cells, we also characterized markers expressed
on CGC" CD4" T cells. The two-dimensional plots show CX3CR1
and GPR56 expression on the y and x-axis and highlight CD57
expression on the z-channel (Figure 3A). The CMV-negative donor
had very few CGC" CD4" T cells, unlike CGC" CD8" T cells. The
UMAP shows the separation of the CGC" CD4" T cell cluster from
the rest of the CD4" T cells. In addition, CGC" CD4" T cells also
express KLRG1, which may be less variable than CD57 (Figure 3B).
With additional markers, we can define CGC+ CD4+ T cells as TEM
(CD45RO" CCR7") and TEMRA (CD45RO" CCR7) cells that are
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CD28"", CD27°, PD1*" and CD38""(Supplemental Figure 5). We
used MHC Class II tetramers to identify CD4" T cells recognizing two
immunodominant CMV epitopes: DYS and LLQTGIHVRVSQPSL
(LLQ, HLA-DQ06:02, pp65 protein) as previously published (10, 13).
Participants with HLA-DR7 and HLA-DQ6 were selected
(Supplemental Table 2). 12.1% of the total CD4" T cells in
participant #2 were DYS tetramer® (Figure 4A). Two-dimensional
flow cytometry plots show that DYS-tetramer” CD4" T cells also
express CX3CR1 and GPR56 with variable CD57 (Figure 4B). 88.7%
of the DYS-tetramer” CD4" T cells were TEM, and the rest were
TEMRA (Figure 4C). Visualization using the UMAP technique
showed that the majority of the DYS tetramer™ cells were within
the CGC" CD4" cluster (Figures 4D, E). Analysis of the DYS tetramer
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FIGURE 3

CGC* CD4™ T cells express CX3CR1 and GPR56 with variable expression of CD57. The two-dimensional flow cytometry panel shows the co-expression
of CX3CR1 and GPR56 and highlights CD57 expression on these cells compared to non-CGC™ T cells. UMAP shows CGC* CD4" cluster and variable
expression of CD57 (A). KLRG1 expression on CGC* CD4" T cells is demonstrated by two-dimensional plots and UMAP (B). Participants in this analysis
included two HIV-negative persons with and without CMV, and four CMV-positive PWH.

on the CGC* CD4" cluster showed that 42.0% of CGC* CD4" T cells
in participant #1 had TCRs that recognized the DYS epitope
(Figure 4F). In participant #5 (Supplemental Table 2, HLA-DQ6+)
LLQ-specific CD4" T cells comprised 0.28% of CD4" T cells
(Figure 4G). LLQ tetramer™ T cells co-expressed CX3CRI1, and
GPR56 with variable CD57 expression (Figure 4H). 93.6%
tetramer” cells fell within the CGC" cluster (Figures 41-K). 1.3% of
CGC'CDA4" T cells in participant #5 were specific for the LLQ epitope
(Figure 4L). In summary, the majority of the CD4" T cells with TCRs
that recognize two different immunodominant CMV epitopes are
CGC". CMV-specific CD4" T cells in PWH are significantly inflated
compared to matched HIV-negative controls (13). These data suggest
that in PWH without evidence of acute CMV infection at the time of
the study, a large proportion of CGC* T cells may be CMV-specific.

Detection of low-frequency CMV-specific
CD4" T cells among expanded CGC™ T cells

To characterize CMV-specific T cells with TCRs to less
immunodominant epitopes with a lower frequency of tetramer” T
cells in PBMCs, we flow-sorted and expanded CGC" and non-CGC"*
T cells as depicted in the schematic (Figure 5A). We made attempts to
expand CGC* CD8" T cells but could not analyze this population due
to a high proportion of cell death. (Photos of expanded cell subsets on
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day 10 of culture are shown in Figure 5B). The morphology of the
expanded CGC" CD4" T cells in some participants was distinct from
the non-CGC*CD4" and CD8" T cells, with satellite clusters that we
speculate may represent clonal expansion. Control MHC class II
tetramers (HLA-DR3 and HLA-DQ6) with the CLIP peptides were
also used to stain CGC" CD4" T cells from expanded cell lines
(Figure 5C). We used the CMV tetramers to identify CD4" T cells
with TCRs to less dominant epitopes (TRRGRVKIDEVSRMF (TRR,
HLA-DRBI*03:01, IE2 protein) and VKQIKVRVDMVRHRI (VKQ,
HLA-DRB1*03:01, IE1 protein)). We measured tetramer” CD4" T
cells (DYS, TRR, and VKQ) after a 10-day expansion of sorted CGC"
CD4" T cells and compared them to unsorted PBMCs (Figure 5D).
For some of the less dominant epitopes, we had improved detection
after expansion in culture (TRR and VKQ). Sorted non-CGC* CD4"
T cells expanded in culture for 10 days also had some CMV-specific
CDA4" T cells by tetramer analysis (Figure 5E). Expanded CGC" CD4"
cells maintained CX3CR1, GPR56, and CD57 expression on the
tetramer” cells (Supplemental Figures 5A, C, E). The tetramer”
CD4" T cells that we detected in the expanded T cells from the
non-CGC" CD4" sort also expressed CX3CR1 and GPR56 compared
to the other cells in the same pool. This may suggest that some CGC*
T cells were among the non-CGC" T cells obtained by sorting before
expansion, or that CGC" CD4" T cells may be derived from non-
CGC" T cells (Supplemental Figures 5B, D, F). In general, CGC"
CD4" T cells maintained higher levels of CX3CR1, GPR56, and CD57
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CMV-specific CD4" T cells are predominantly CGC*. Phenotypic expression of CX3CR1, GPR56, and CD57 by CMV-specific CD4" T cells that recognize
two different epitopes (DYS and LLQ). Peripheral blood DYS-specific CD4 T cells as a proportion of CD3+ T cells (A). Two-dimensional plots show the
co-expression of CX3CR1, GPR56, and CD57 by DYS-specific CD4 T cells (B). Memory cell phenotypes were classified as TEM (CD45RO" CCR7") and
TEMRA (CD45RO- CCR7-) (C). UMAP of CD4" T cells showing the CD4" T cells with DYS tetramers among the CGC cells. Each panel shows the
distribution of CX3CR1, GPR56, CD57, CD45R0O, CCR7, and HLA-DR expression on the clusters (D-F). A second participant with LLQ-specific CD4"* T

cells is shown (G-L).

in culture (Supplemental Figures 5G, H). Notably, there was no
significant difference in the mean fluorescence intensity of the
CX3CR1 and GPR56 between the tetramer™ cells in the CGC*
CD4" population versus tetramer” cells in the non-CGC" CD4"
expanded T cells, while CD57 expression trended towards being
higher in the expanded CGC" CD4" T cells (Supplemental
Figure 5I). Taken together, CGC" CD4" T cells as we have defined
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them can proliferate in culture after CD3/CD28 stimulation with IL-2
supplementation. This is different from previous studies that failed to
show the proliferation of CD57" CD4" T cells after stimulation with
PHA (42) or HIV antigens (43). In our studies, the CGC" CD4" T cell
cluster appears to be driven by CX3CR1 and GPR56, which includes
CD4" T cells with variable CD57" T cell expression that may undergo
several rounds of replication. In summary, CMV-tetramer" CD4" T
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cells in PWH are mainly CX3CR1" GPR56" with variable expression
of CD57, while similar cells present in the non-CGC" cells have low
expression of CD57.

CGC™ CD4™ T cells have a large proportion
of clonal TCRs and are largely CMV-specific

While we observed that CGC™ CD4" T cells can recognize several
CMV epitopes, it remains unclear the extent to which the CGC™ T cell
cluster of cells is CMV-specific as a whole. To understand whether
starting with CGC* CD4" T cells can help define CMV-specific T cells
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agnostic to HLA typing, we sorted single CGC" CD4" T cells into 96-
well plates from two participants (#4 and #6, both HLA-DR7) as
shown (Figure 6A). Two-dimensional plots show that 5.5% of CD4" T
cells in participant #4 are DYS tetramer” (Figures 6B, C) and largely
TEM cells (Figure 6D). UMAPs show DYS tetramer” T cells within
the CGC" T cell cluster (Figures 6E, F). Paired o TCR sequences
from the sorted CGC™ CD4" T cells are shown in Circos plots
(Figure 6G). Clonal TCRs that did not have paired of} pairs are not
shown on the Circos plots. Out of a total of 41 TCRs with paired o3
pairs, 26.8% had the CDR3 (CASSGGTGGGADTQYF). Other clonal
TCRs are shown. Participant #6 was selected because of known DYS-
specific CD4" TCRs identified by bulk sequencing apriori (13). We
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also sorted CGC'CD4" T cells from participant #6 (Figures 6H-M).  B). Finally, CGC" CD4" T cells and CGC" CD8" T cells were strongly
Out of a total of 70 TCR sequences with matched oy TCR pairs, 5 of  correlated with each other (Supplemental Figure 6C).
the top 10 clones among the CGC* CD4" T cells (n=21) had been

previously identified as CMV-DYS specific by sequencing TCRs from
DYS tetramer”™ CD4™ T cells (13). This suggests CGC™ CD4" T cells in CGC* CD4"* T cells are higher in PWH with

PWH co-infected with CMV may be largely CMV-specific. cardiometabolic disease

The frequency of peripheral blood CGC* CD4" T cells from
participants in the full cohort of PWH was positively correlated with To investigate the extent to which CGC™ CD4" and CGC* CD8"

plasma anti-CMV IgG titers (p=0.21, p=0.03), while CGC" CD8" T T cells differ in cardiometabolic disease conditions (diabetes, pre-
cells were not significant (p=0.18, p=0.07) (Supplemental Figures 6A,  diabetes, hypertension, coronary arterial calcium, nonalcoholic fatty
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liver disease, and pericardial fat volume), we measured the
frequencies of CGC" T cells in PBMCs as a proportion of total
CD4" and CD8" T cells. We found similar proportions of CGC*
CD4" and CGC" CD8" T cells in participants with and without
hypertension (Figure 7A), while CGC™ CD4" T cells were higher in
participants with coronary arterial calcium (CAC) on CT imaging
(p=0.0009), (Figure 7B), and non-alcoholic fatty liver disease
(NAFLD, defined as absolute liver attenuation less than 58
Hounsfield units [HU] on CT imaging [p=0.04; Figure 7C]). Both
CGC" CD4" and CGC'CD8" T cells were significantly higher among
participants with prediabetes and diabetes as compared to non-
diabetics (Figure 7D). Notably, the frequency of CGC" CD8" T
cells was positively correlated with pericardial fat volume as
measured by CT imaging (p=0.02), which was mainly driven by
diabetic participants (p=0.0008) (Figure 7E). A similar relationship
was not observed for CGC™ CD4" T cells and pericardial fat volume

10.3389/fimmu.2023.1099356

(p=0.3). Collectively, these results indicate that there are more
circulating CGC" CD4" and CGC" CD8" T cells in persons with
HIV with subclinical atherosclerosis, NAFLD, pre-diabetes,
and diabetes.

Circulating CGC* CD4" and CGC* CD8" T
cells are associated with fasting blood
glucose and hemoglobin A1C

Prior murine studies showed the adoptive transfer of peripheral
senescent CD8" T cells (CD8" CD44" CD153") from spleens of mice
on a high-fat chow diet to mice on a normal chow diet was followed
by insulin resistance in the recipient animals, suggesting a role for
circulating T cells in the development of metabolic dysregulation (44).
This concept is further supported by epidemiologic analyses in PWH
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showing an association between a higher circulating CD4* TEMRA
cell frequency and the subsequent development of diabetes mellitus
(45). In light of these findings, we assessed the relationship between
peripheral CGC* CD4" T cells (as a proportion of total CD4™ T cells)
and CGC" CD8" T cells (as a proportion of total CD8" T cells) with
several cardiometabolic disease risk factors. CGC" CD4" T cells were
correlated with waist circumference, and there was a trend towards a
correlation with age and BMI (Figures 8A-C). These cells were most

10.3389/fimmu.2023.1099356

strongly correlated with fasting blood glucose in non-diabetic and
pre-diabetic individuals (p=0.002) (Figure 8D). The correlation with
fasting blood glucose was stratified by the metabolic group because of
the effect of diabetes medications on glucose levels (all diabetic
participants were receiving anti-diabetes medications and had a
fasting blood glucose range of 73-416 mg/dL). We did not observe
a significant relationship between CGC™ CD4" T cells and fasting
blood glucose in diabetic PWH (=-0.13, p=0.47). T cells can mediate
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FIGURE 8

The proportion of circulating CGC™ T cells in peripheral blood is correlated with fasting blood glucose. Spearman’s rank correlation analysis shows
relationships between CGC* CD4" T cells and age (A), body mass index (BMI) (B), waist circumference (C), and fasting blood glucose stratified by non-
diabetic and prediabetic (black) and diabetic (magenta) (D). Correlation plots showing relationships between % CGC* CD4" T cells and inflammatory
markers including high sensitivity C-reactive protein (HsCRP) (E), IL-4 (F), IL-10 (G), and IL-6 (H). Similar analyses were performed with CGC* CD8* T
cells (I-P). Statistical analysis by Spearman’s rank test
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inflammatory and anti-inflammatory effects through plasma
cytokines. Therefore, we also assessed whether CGC™ T cells were
related to inflammatory markers and anti-inflammatory cytokines
important in cardiometabolic disease (35). The frequency of CGC*
CD4" T cells correlated with hsCRP (p=0.01), IL-4 (p=0.04), IL-10
(p=0.04) but not IL-6 (p=0.5) (Figures 8E-H). On the other hand,
CGC" CD8" T cells were not correlated with age, BMI, or waist
circumference, and had a modest correlation with fasting blood
glucose in non-diabetic/pre-diabetic PWH (r=0.27, p=0.009), and a
trend toward significance in diabetic PWH (r=0.33, p=0.05)
(Figures 81-L) CGC" CD8" T cells were also correlated with hsCRP
(p=0.30, p=0.005) (Figure 8M) but not IL-4, IL-10, or IL-6
(Figures 8N-P). Both CGC*" CD4" T cells (p=0.23, p=0.01) and
CGC" CD8" T cells (p=0.27, p=0.003) were correlated with
hemoglobin A1C in a partial Spearman’s correlation analysis
adjusted for age, sex, body mass index (BMI), hypertension, statin
use, and smoking status (Figure 9, top). CGC™ CD4" T cells had a
stronger association with hemoglobin A1C when BMI was removed
from the model (p=0.27, p=0.004), while the relationship between

Age, Sex, BMI, HTN, statin use, smoker status

10.3389/fimmu.2023.1099356

CGC" CD8" T cells and hemoglobin A1C attenuated (p=0.24,
p=0.01) (Figure 9, bottom).

CGC* CD4* and CGC* CD8* T cells are
correlated with circulating concentrations of
starch/sucrose metabolites and branch-
chain amino acids

Both fasting blood glucose and HbAlc can be influenced by
multiple factors, including the time of day, hydration status,
medications, red blood cell survival, genetics, and vitamin
deficiencies, among others. Plasma metabolites offer an additional
profile of metabolic status, and changes in metabolites are frequently
present before the development of overt disease (46). Therefore, we
next assessed whether the observed association between CGC™ T cells
and blood glucose measurements was also present for other plasma
metabolites. We found that frequencies of CGC™ CD4™ T cells and
CGC" CD8" T cells were positively correlated with plasma levels of
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FIGURE 9
CGC* T cells are associated with higher hemoglobin A1C levels in adjusted analyses. Partial Spearman’s rank correlation analysis adjusted for age, sex,
HTN, BMI, statin use, and smoking status (top), and after removal of BMI from the model (bottom).
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branch chain amino acids (isoleucine and norleucine), carbohydrate
metabolites (glucose/fructose, glucosamine, galactosamine, and
fumarate), acetoacetate, and 2-beta-hydroxybutyric acid among
others (Figure 10A). On the other hand, phosphocholine, L-
Anserine, 3-Methylhistamine, Sulfino-L-Alanine, and Hydroxy-L-
Tryptophan were inversely correlated with the frequencies of CGC*
CD4" and CGC" CD8" T cells. Most of these correlations were not
present for total memory CD4" or CD8" T cells (Supplemental
Figures 7A, B). The frequency of CGC" CD4"
correlated with metabolites that enriched for the starch and sucrose

cells positively

metabolism pathways (FDR 0.02) (Figure 10B), and negatively with
other metabolites from the taurine and hypotaurine metabolism
pathways (FDR 0.09, data not shown). Metabolites that were
positively correlated with CGC™ CD8"
pentose and glucuronate conversions, starch, and sucrose

cells enriched for the

metabolism pathways but were not statistically significant (FDR
0.16) (Figure 10C). Similarly, metabolites that were negatively
correlated with CGC" CD8" enriched for taurine and hypotaurine
metabolism pathways but they were not significant (FDR 0.33, data
not shown). Taken together, these results demonstrate that CGC'T
cells are related to starch and sucrose metabolites in plasma, as well as

10.3389/fimmu.2023.1099356

branched-chain amino acids (BCAA) which have been linked with
the development of diabetes and cardiovascular disease (46-48).

CGC* CD4" and CGC* CD8* T cells are
predominantly mitochondrial-dependent

CD4" TEMRA cells are senescent and bioenergetically flexible
compared to CD8" TEMRA cells, partly due to their ability to
effectively engage both glucose metabolism and oxidative
phosphorylation (49). One possible explanation is that CD8"
TEMRA cells may have dysfunctional mitochondria (49). Given the
observed relationship between the frequency of CGC" T cells with
starch and sucrose metabolites, we studied their metabolic profile as a
way to understand their functional capacity in PWH. We analyzed the
mitochondrial and glucose dependence of T cells using SCENITH,
Single Cell ENergetlc metabolism by profiling Translation in
inHibition. Puromycin uptake by CGC"™ CD4" and CGC* CD8" T
cells after incubation with inhibitors was measured by geometric
mean fluorescence (Figures 11A, C). In general, naive cells (CD4" and
CD8") had lower levels of puromycin uptake compared to T cell
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Starch and sucrose metabolism pathways are enriched among plasma metabolites positively correlated with CGC* T cells. Forest plots showing Spearman'’s
rank correlation coefficients between plasma metabolites and the proportion of CGC* CD4" T cells over total CD4* T cells (left panel) and % CGC*™ CD8* T
cells over total CD8" T cells (right panel) (A). The top twenty-five metabolite sets in the enrichment analysis (humber of metabolites/expected metabolites
per set) were determined based on metabolites that were positively correlated with % CGC* CD4* T cells (B) and % CGC* CD8* T cells (C). Statistical
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memory subsets (Figures 11A, C). We found that unstimulated CD4"
memory (TCM, TEM, TEMRA, and CGC") T cell subsets were
predominantly mitochondrial-dependent (Figure 11B). CD4" naive
T cells had higher mitochondrial dependence compared to CD4"
TEM (p=0.006). Although not significant, CGC™ CD4" T cells had
lower mitochondrial dependence and higher glycolytic capacity when
compared to CD4" naive T cells (p=0.05) (Figure 11B). CD8" T cell
memory subsets also had higher mitochondrial dependence.
However, CD8" TEM (p=0.02) and TEMRA (p=0.01) cells showed
significantly higher glycolytic dependence than central memory CD8"
T cells (TCM) (Figure 11D). Unstimulated CGC" CD8" T cells also
had higher glucose dependence than CD8" TCM but this was not
significant (p=0.07) (Figure 11D). CGC" CD4" T cells that we
in culture using CD3/CD28/CD49d did not utilize
as effectively as non-CGC" T cells (Supplemental

expanded
glycolysis

10.3389/fimmu.2023.1099356

Figures 8A, B). Notably, expanded CGC" CD8" T cells utilized
glycolysis more than CGC™ CD4" T cells (Supplemental Figure 8C).
Taken together, since T cells are known to be bioenergetically flexible
and can undergo metabolic reprogramming to utilize the more
abundant nutrition sources in the local environment, it is possible
that CGC" T cells can meet their bioenergetic demands using
abundant nutrient sources other than glucose.

Transcriptionally, unstimulated CGC*™ CD4" T cells were
enriched for cytotoxic RNA transcripts (GNLY, CD244, GZMH,
CTLA4) and were deficient in transcripts that form the aerobic/
mitochondrial electron transport chain [SDHC (complex II),
UQCRI0 (complex III), COX5B (complex IV)] when compared to
non-CGC" CD4" memory T cells (Figure 11E and Supplemental
Tables 4, 5). CGC" CD8" T cells, on the other hand, displayed higher
CPTIA (fatty acid B oxidation), GRINI (glutamate receptor), and
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FIGURE 11
Unstimulated CGC* CD4" and CGC* CD8" T cells are dependent on oxidative phosphorylation. Overlapping histograms showing puromycin geometric
mean fluorescence in CD4" T cells after treatment with 2 deoxy-d-glucose (2DG), oligomycin (o), 2DG, and oligomycin (DGO), and media (Co). Adjacent
violin plots show the geometric mean fluorescence (MFI) of puromycin in different memory subsets for the different experimental conditions (Co, DG, O,
and DGO groups), and participants by color-coded by diabetes status (A). Truncated violin plots showing the glucose dependence, mitochondrial
dependence, and glycolytic capacity in all memory subsets including CGC* CD4* T cells (B). Similar analyses were done with CD8" T cells showing
differences in puromycin uptake in all memory subsets (C) and differences in glucose dependence, mitochondrial dependence, and glycolytic capacity
(D). Volcano plots show differential gene expression of metabolic genes between CGC* CD4" and non-CGC CD4* T cells (E), and CGC* CD8" and non-
CGC* CD8™" T cells (F). Statistical analysis (B, D) was performed using the Mann-Whitney U test and differential gene expression by the Kruskal-Wallis
test. GO Biological Processes (GO) enrichment was performed using Enrichr with multiple comparisons correction (Supplemental Tables S5, S7) (38-40).
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lower COX4I1 and COX7C transcripts than non-CGC* CD8" T cells
(Figure 11F and Supplemental Tables 6, 7). Some studies have
suggested that long-chain fatty acid oxidation modulated by CPT1A
is important for CD8" T cell memory development, while knockout
studies in mice suggest that CPT1A is dispensable (50).

We performed a direct comparison of CGC"™ CD4" and CGC*
CD8" T cell transcriptomes to try and explain why CGC™ CD4" T
cells appeared to have a stronger relationship with cardiometabolic
disease conditions and risk factors. We found that CGC* CD8" T cells
were enriched for genes involved in mitochondrial ATP synthesis
coupled electron transport [SDHC, UQCR10, COX5B] and fatty-acyl-
CoA biosynthetic process [TECR] (Supplemental Figures 8A-C and
Supplemental Table 6). Notably, three genes, SDHC, UQCRI0, and
COX5B, were consistently lower in CGC* CD4" T cells as compared
to other memory CD4" T cells and CGC* CD8" T cells. While CGC™
CD4" T cells had higher expression of several genes including
SLCI6A1, BCL2, BIRC3, ICOS, CTLA4, and IDOI which enriched
several pathways including the pyruvate metabolic process. Taken
together, the RNA transcriptomes of both CGC™ CD4" and CGC"
CD8" T cells show lower expression of transcripts that encode for
mitochondrial complexes than non-CGC™ T cells. However, a direct
comparison between CGC" CD8" and CGC" CD4" T cells suggests
differences in bioenergetic sustenance. Notably, CGC" T cells are
largely TEM and TEMRA, compared to other memory cells which
would include cells that are TCM, TEM, and TEMRA. Differences
that may be driven by TCM in the non-CGC" memory T cells have
not been accounted for in this analysis.

CGC™ T cells express higher levels of
carnitine palmitoyl transferase than other
memory T cells

Although CGC" CD4" and CGC" CD8" T cells were modestly
correlated with fasting blood glucose, we did not find significant
differences in glucose dependence compared to other memory T cells.
Transcriptional analysis suggested that CGC* CD8" T cells may rely
on long-chain fatty acid oxidation mediated by CPT1A. A previous
study showed that PD-1 ligation of T cells induced CPT1A expression
leading to an increased rate of fatty acid B oxidation (FAO) while
limiting glycolysis (51). Some CGC" CD4" T cells and CGC* CD8" T
cells express PD-1 (Supplemental Figures 2, 4), and our differential
gene expression analysis suggests that CGC™ CD8" T cells may use
FAO as an energy source. We leveraged a separate cohort of HIV-
negative donors that had undergone single-cell metabolic profiling of
CD4" and CD8" T cells by mass cytometry (29). In this prior cohort,
study, we defined CGC™ T cells based on the expression of killer cell
lectin-like receptor G1 (KLRG1), and lack of expression of CD27 and
CD28 (Figure 12A). Select previously validated metabolic antibodies
(29) were used to characterize metabolic proteins/enzymes in CGC*
CD4" and CGC" CD8" T cells. These included metabolic proteins
involved in fatty acid metabolism (CPT1A), the tricarboxylic acid
cycle and the electron transfer chain (ATP synthase (ATP5A)),
mitochondrial expression (voltage-dependent ion channel 1
(VDACI)), glycolysis and fermentation (hexokinase 2 (HK2)),
signaling and transcription (ribosomal protein S6, pS6)) and amino
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acid metabolism (CD98) (Figure 12B). Of all the metabolic proteins
tested, CPT1A expression was higher on CGC™ CD4" T cells than all
other CD4 subsets (Figure 12C), and when compared to all other non-
CGC™ CD4" T cells, both CPT1A and CD98 were higher while pS6
was lower (Figure 12D). CGC* CD8" T cells also had higher CPT1A
than other CD8" T cell subsets, while pS6 was significantly lower
(Figures 12E, F). Taken together, higher levels of CPT1A in both
CGC" CD4" and CGC" CD8" T cells implicate FAO as a potential
source of energy in CGC" T cells. Lower pS6 compared to other T
cells may indicate that CGC" cells have a lower basal level of
translation than other memory subsets.

Discussion

In PWH, systemic inflammation remains chronically elevated
despite consistent suppression of plasma viremia on ART and
reconstitution of total CD4" T cells. CMV co-infection contributes
to inflammation by engaging cells from both the innate and adaptive
immune arms (52, 53). Importantly, latent CMV infection
permanently alters the immune repertoire in aging individuals
regardless of their HIV status, inducing a unique T cell response
characterized by an increase in TEM and TEMRA cells (9, 54, 55).
While doing so, CMV alters the responses to other viruses such as the
impaired CD8" T cell response to Epstein Barr virus (11). In PWH,
the memory CD4" T cell pool against CMV is significantly inflated,
but the exact mechanism is unknown (13, 56). It has been proposed
that higher CMV viral replication at the tissue level may be an
important driver of this T cell expansion; however, the tissue(s)
responsible for the inflation of T cell responses has not been
identified (10). To date, we lack a clear mechanism that explains
the role of CMV in the pathogenesis of cardiometabolic diseases.

Unlike the innate immune system, cells of the adaptive immune
system appear more prone to influence by environmental and
physiologic factors (54). To our knowledge, this is the first study to
show a correlation between CGC" CD4" T cells and plasma
metabolites, including several amino acid and carbohydrate
metabolism pathways. Notably, despite the modest relationship
between CGC* CD4" T cells and fasting blood glucose or starch
metabolites, unstimulated CGC*CD4" T cells exhibited low glucose
and high mitochondrial dependence ex-vivo. This was also observed
in primary CGC" CD4" T cells expanded ex-vivo. Hence, the
relationship between CGC" CD4" T cells and fasting blood glucose
does not appear to stem from higher glucose dependence. While
circulating CGC" CD8" and CGC" CD4" T cells were strongly
correlated, they differed in their relationships with CAC, NAFLD,
diabetes, and pericardial fat volume. This suggests that although
CGC" CD4" and CGC" CD8" T cells are likely related by their
response to CMV antigens, and the circulating proportion of both
increases with progressive glucose intolerance, the role or interaction
of these cells with the processes contributing to end-organ disease
may differ.

CMV-specific T cells can be identified using tetramers, or by the
functional expression of inflammatory cytokines after exposure to
antigen-presenting cells infected with CMV or pulsed with CMV
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FIGURE 12

CGC™* CD4" T cells have higher expression of carnitine palmitoyl transferase (CPT1A), a rate-limiting enzyme of fatty acid oxidation. UMAPs showing
markers used to define the CGC* T cells (CD28™ KLRG1* CD27") (A). CPTI1A, ATP5A, VDAC1, HK2, pS6, and CD98 expression were measured by mass
cytometry (B). Dot plots show the expression of each of the metabolic markers between CD4* naive, central memory (CM), effector memory (EM),
TEMRA (EMRA), and CGC T cells (C), as well as a comparison of CGC* CD4" T cells and hon-CGC™" T cells [every other CD4+ T cell] (D). A similar
analysis is shown with CD8" T cell subsets (E, F). Statistical analysis (C, E) was performed using pairwise comparisons between the CGC subset and each
of the other four populations for each marker, followed by local FDR for multiple hypothesis correction within each marker for the four population
comparisons. We only show comparisons with g value<0.05. Statistical analysis of (D, F) was by paired Wilcoxon signed rank test, with no multiple

hypothesis testing.

peptides (13, 57, 58). Other surface marker combinations including
CX3CRI, CD57, KLRGI, and a lack of expression of CD28, have also
been used to define CD4" and CD8" T cell subsets associated with
CMV seropositivity (27, 59-63). However, technical challenges to
defining T cell responses to CMV include the size of its genome and
HLA restriction of T cell responses. In this study, we showed that
CMV-specific T cells in individuals with HIV were predominantly
CGC". Further studies are underway to define the breadth of TCRs
that are recognized by the CGC" subset of CD4" T cells among PWH
and HIV-negative individuals, to further understand the extent to
which these cells react to CMV epitopes.

CD4* CD28 T cells are a subset of cytotoxic cells that are
increased in autoimmune diseases and with persistent infections
such as HIV (64, 65). Specifically, high proportions of CD4" CD28"
T cells have been reported in individuals with unstable angina (66),
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within unstable plaques (67), and in persons with recurrent
coronary events (68). Our group has previously shown that CD4"
CD28 T cells are also increased prior to the development of
incident diabetes in PWH (45). Although CD4" CD28 T cells are
oligoclonal (67), different antigens may stimulate CD4" CD28" T
cells including HIV and CMV. However, studies in which
treatment of individuals with anti-CMV therapies has reduced
the proportion of CD4" CD28" T cells in circulation suggest that
targeting the CMV viral burden may be a feasible therapeutic
approach (27).

Although our study suggests a role for CGC* CD4" T cells in the
pathogenesis of cardiometabolic disease in PWH, the cross-sectional
design precludes an assessment of causality. Following longitudinal
cohorts to correlate changes between frequencies of CGC™ CD4" T
cells and cardiometabolic clinical endpoints may define a threshold to
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classify a subset of persons in which residual inflammation from
CMYV is a risk factor for the development of comorbidities. Second,
our study did not include matched controls without HIV and with
metabolic diseases (non-diabetic, pre-diabetic, and diabetic), which
would be necessary to understand whether CGC* CD4+ T cells
demonstrate a similar role in HIV-negative individuals. Third, the
mechanism by which CGC" T cells could alter metabolic health is an
area of ongoing investigation. Further studies are underway by our
group to understand how CGC" CD4" T cells impact the
pathogenesis of cardiometabolic diseases given their cytotoxic
capacity, particularly within adipose tissue and vascular structures
(17). One intriguing possibility is that these cells could be stimulated
by non-viral antigens that mimic CMV epitopes and contribute to the
development of metabolic disease. The model figure (Figure 13)
summarizes the traditional and HIV-specific risk factors that
contribute to ectopic fat distribution and the increased prevalence
of cardiometabolic disease in PWH. The role of CGC" cells in
cardiometabolic disease risk stratification and its potential role in
identifying individuals with a higher risk of developing comorbidities
needs to be explored in detail. Eventually, treating CMV or targeting
CGC'CD4" T cells may provide a target that can improve outcomes
in PWH and possibly extend to a subset of individuals in the
general population.
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Occlusion preconditioned
mice are resilient to hypobaric
hypoxia-induced myocarditis
and arrhythmias due to
enhanced immunomodulation,
metabolic homeostasis,

and antioxidants defense

Gabriel Komla Adzika®, Richard Mprah', Ruqayya Rizvi*,
Adebayo Oluwafemi Adekunle'’, Marie Louise Ndzie Noah",
Prosperl Ivette Wowui*, Seyram Yao Adzraku?,

Joseph Adu-Amankwaah®, Fengli Wang®, Yuwen Lin>, Lu Fu?,
Xiaomei Liu®, Jie Xiang™® and Hong Sun™

tDepartment of Physiology, Xuzhou Medical University, Xuzhou, Jiangsu, China, 2Department of Clinical
Medicine, Xuzhou Medical University, Xuzhou, Jiangsu, China, *Department of Hematology, Key
Laboratory of Bone Marrow Stem Cell, The Affiliated Hospital of Xuzhou Medical University,

Xuzhou, China, “Department of Rehabilitation Medicine, The Affiliated Xuzhou Rehabilitation Hospital of
Xuzhou Medical University, Xuzhou, Jiangsu, China, ®Jiangsu Key Laboratory of New Drug Research and
Clinical Pharmacy, Xuzhou Medical University, Xuzhou, Jiangsu, China, ¢Jiangsu Key Laboratory of
Immunity and Metabolism, Department of Pathogen Biology and Immunology and Laboratory of
Infection and Immunity, Xuzhou Medical University, Xuzhou, Jiangsu, China

Background: Sea-level residents experience altitude sickness when they hike or
visit altitudes above ~2,500 m due to the hypobaric hypoxia (HH) conditions at
such places. HH has been shown to drive cardiac inflammation in both ventricles
by inducing maladaptive metabolic reprogramming of macrophages, which
evokes aggravated proinflammatory responses, promoting myocarditis, fibrotic
remodeling, arrhythmias, heart failure, and sudden deaths. The use of salidroside or
altitude preconditioning (AP) before visiting high altitudes has been extensively
shown to exert cardioprotective effects. Even so, both therapeutic interventions
have geographical limitations and/or are inaccessible/unavailable to the majority of
the population as drawbacks. Meanwhile, occlusion preconditioning (OP) has been
extensively demonstrated to prevent hypoxia-induced cardiomyocyte damage by
triggering endogenous cardioprotective cascades to mitigate myocardial damage.
Herein, with the notion that OP can be conveniently applied anywhere, we sought
to explore it as an alternative therapeutic intervention for preventing HH-induced
myocarditis, remodeling, and arrhythmias.

Methods: OP intervention (6 cycles of 5 min occlusion with 200 mmHg for 5 min
and 5 min reperfusion at 0 mmHg — applying to alternate hindlimb daily for 7
consecutive days) was performed, and its impact on cardiac electric activity,
immunoregulation, myocardial remodeling, metabolic homeostasis, oxidative
stress responses, and behavioral outcomes were assessed before and after

20 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124649/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1124649&domain=pdf&date_stamp=2023-02-15
mailto:sunh@xzhmu.edu.cn
mailto:18052268386@163.com
https://doi.org/10.3389/fimmu.2023.1124649
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1124649
https://www.frontiersin.org/journals/immunology

10.3389/fimmu.2023.1124649

exposure to HH in mice. In humans, before and after the application of OP
intervention (6 cycles of 5 min occlusion with 130% of systolic pressure and 5
min reperfusion at 0 mmHg - applying to alternate upper limb daily for 6
consecutive days), all subjects were assessed by cardiopulmonary exercise

Results: Comparing the outcomes of OP to AP intervention, we observed that
similar to the latter, OP preserved cardiac electric activity, mitigated maladaptive
myocardial remodeling, induced adaptive immunomodulation and metabolic
homeostasis in the heart, enhanced antioxidant defenses, and conferred
resistance against HH-induce anxiety-related behavior. Additionally, OP
enhanced respiratory and oxygen-carrying capacity, metabolic homeostasis, and

Conclusions: Overall, these findings demonstrate that OP is a potent alternative
therapeutic intervention for preventing hypoxia-induced myocarditis, cardiac
remodeling, arrhythmias, and cardiometabolic disorders and could potentially
ameliorate the progression of other inflammatory, metabolic, and oxidative

hypobaric hypoxia, myocarditis, myocardial remodeling, arrhythmias, remote ischemic
preconditioning, immunomodulation, metabolic homeostasis, antioxidant responses

Adzika et al.
testing (CPET).
endurance in humans.
stress-related diseases.
KEYWORDS
Introduction

Sea-level residents suffer from altitude sickness when they hike or
visit altitudes above ~2,500 m due to the hypobaric hypoxia (HH)
conditions at such places. Altitude sickness typically presents clinical
manifestations such as shortness of breath, headache, dizziness,
tiredness, mental confusion, and loss of appetite (1). Meanwhile,
recent studies have shown that besides the aforementioned
symptoms, individuals experiencing altitude sickness have
underlying myocarditis and arrhythmias that were either induced
or aggravated by HH (2, 3). Evidently, HH has been shown to drive
cardiac inflammation in both ventricles by inducing maladaptive
metabolic reprogramming of macrophages which evokes
hypersecretion of the proinflammatory mediator - inducible nitric
oxide synthase (iNOS) and cytokines (C-Reactive Proteins,
Interleukin (IL)-1B and IL-18). HH-induced hyperactive
proinflammatory responses expedite adverse cardiac remodeling by
activating and sustaining fibrosis cascades, ultimately resulting in
heart failure and sudden cardiac death (4, 5).

Therapeutic approaches developed against altitude sickness over
the years have mainly been preventive interventions targeted at
circumventing or mitigating the adverse outcomes of HH exposure.
Notably, the use of salidroside (a phenylethanoid glycoside found in
Rhodiola genus plants) and altitude preconditioning (AP) (as known
as intermittent HH preconditioning) prior to visiting high altitudes
have been extensively shown to exert cardioprotective effects (6, 7).
The efficacies of salidroside and AP interventions have been
attributed to their abilities to decrease reactive oxygen species
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(ROS), induce adaptive regulation of antioxidants and anti-
inflammatory-related pathways as well as enhance tissue
oxygenation to prevent necrosis and apoptosis of cardiomyocytes
(6-9). However, the availability of Rhodiola plants or salidroside is
geographically limited to Europe, North America, and low-Arctic to
high-temperature regions of Asia (10). Similarly, hypoxia chambers
for AP are inaccessible/unavailable to the majority of the population,
and the intervention cannot be applied at one’s convenience before
hiking or visiting high altitudes.

Meanwhile, remote ischemic preconditioning [hereafter referred
to as occlusion preconditioning (OP)] has been extensively
demonstrated to prevent hypoxia-induced cardiomyocyte damage
by triggering endogenous cardioprotective cascade (11-13). These
generally positive outcomes of OP have encouraged its application in
clinical trials and settings to reduce the severity of ischemic injuries
and myocardial damage, even though the underlying mechanisms of
the intervention are still being elucidated.

Here, with the notion that OP can be conveniently applied
anywhere, we sought to explore it as an alternative therapeutic
intervention for preventing HH-induced myocarditis and cardiac
arrhythmia. Herein, we demonstrate the cardioprotective potentials
of OP in HH by comparing its impact on cardiac electric activity,
hypertrophy and injury, immunoregulation, oxidative stress
responses, and behavioral outcomes, with AP’s in HH. Also, we
showed that OP enhances respiratory and oxygen-carrying capacity
in humans. In addition, numerous studies have shown that the B,-
adrenergic receptor (B,AR) confers cardioprotection in stressful
conditions, including hypoxia (14, 15). Hence, we utilized B,AR-
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knockout (,AR-KO) mice and uncovered that 3,AR is involved in
mediating OP-induced cardioprotection in HH. These findings
illustrate OP as a potent alternative therapeutic intervention for
preventing hypoxia-induced myocarditis and as well suggest its
potential to ameliorate other oxidative stress-related diseases.

Methods
Experimental animal model protocols

Eight- to twelve-week-old wild-type (Adrb2*/*) and B,AR-
knockout (Adrb2”") FVB male mice were used in this study. The
mice were kept and fed in a hypoxia chamber (Guizhou Fenglei
Aviation Machinery Co., Ltd., Guizhou, China: FLYDWC50-IIA),
and hypobaric hypoxia (HH) was induced by increasing altitude to
3000 m for 10 min, then to 4500 m for 10 min, followed by 5500 m for
20 min before finally increasing to 6000 m altitude for 7 days. Mice in
the control group were kept and fed in a normobaric normoxia (NN)
environment at sea level (with ambient oxygen percentage) for 7 days.

To explore the therapeutic potentials of limb occlusion ischemic
preconditioning, hair was removed from mice’s hindlimbs. Limb
occlusion preconditioning (OP) was performed by applying a 200
mmHg pressure tourniquet for 5 min and allowing 5 min reperfusion
at 0 mmHg. Six cycles of OP were performed daily on alternate
hindlimbs for 7 days. Next, the mice were randomized into two
groups; the first group, (OP) mice, were sacrificed, and the second
group was exposed to HH stepwise as previously described for 7 days.
The latter group was designated as OP prior to HH exposure (OPHH)
(Supplementary Figure 1A). Additionally, we sought to compare the
experimental outcomes from OP and OPHH with altitude
preconditioning (AP) prior to HH exposure (APHH) models;
hence, AP was done by exposing wild-type FVB to HH at 3500
altitudes for 30 min daily, for 7 days. Afterward, the mice were
randomized into two groups; the first group (AP) mice were
sacrificed, and the second group (APHH) mice were exposed to
HH in a stepwise manner as previously described for 7 days
(Supplementary Figure 1B).

At the end of all experimental models, electrocardiography (EKG)
data acquisitions were performed with PowerLab (ADInstruments,
North America), and the mice were euthanatized by cervical
dislocation. Hearts were excised, quickly wet-weighed for
morphometric analysis, and processed for further investigations.
The performed experiments were approved by the Experimental
Animal Centre of Xuzhou Medical University and the Animal
Ethics Committee of the Medical University (permit number: xz11-
12541) and conform to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication, 8th Edition, 2011).

Electrocardiography
Electrocardiography (EKG) data acquisitions were performed

with the 3-lead monopolar needle electrode from PowerLab systems
(ADInstruments, North America), as previously described (16).
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Assays

Enzyme-linked immunosorbent assay (ELISA)

Myocardia lysates were used to examine the concentration of
proinflammatory (iNOS, IL-1f, and IL-18) and anti-inflammatory
biomarkers (Arg-1, IL-10, and TGF-B) and cardiac hypertrophy/
injury markers (ANP and BNP). Sera were used to assess cardiac
troponin I (¢Tnl) and C-reactive protein (CRP) concentrations. IL-1
(JL18442; Jianglai Bio. Tech), IL-18 (JL20253; Jianglai Bio. Tech.),
iNOS (JL20675; Jianglai Bio. Tech.), IL-10 (JL20242; Jianglai Bio.
Tech.), TGF-B (JL13959; Jianglai Bio. Tech.), Arg-1 (JL13668; Jianglai
Bio. Tech.), ANP (JL20612; Jianglai Bio. Tech.), BNP (JL12884;
Jianglai Bio. Tech.), CRP (JL13196; Jianglai Bio. Tech.) and ¢Tnl
(JL31923; Jianglai Bio. Tech.) ELISAs were done in triplicates and as
per the manufacturer’s instructions.

NAD/NADH content assay

Using equal weights (0.1 g) of myocardia, the coenzyme I NAD/
NADH contents were assessed using assay kits (BC0310; Solarbio)
and following the manufacturer’s instructions.

Total antioxidant capacity assay

Equal weights (0.1 g) of myocardia were used to evaluate the total
antioxidant capacity (T-AOC). Assay kits (BC1310; Solarbio) were
used according to the manufacturer’s instructions.

Behavioral assessments

Open field test (OFT)

Locomotor activity and exploratory and anxiety-related behavior
of the mice were examined before and after preconditioning or
exposure to HH or NN by using the OFT apparatus. Briefly, the
apparatus consists of a squared box (50cm x 50 cm) with its base
divided into 9 squares; 1 central (zone C), 4 corners (zone B), and 4
peripheries (zone A). Before the initial and subsequent tests, fecal
pellets or urine were cleaned, and the chamber was wiped-dry with
95% ethanol to remove any clues and scent left by the last tested
mouse. The mice were individually placed in zone C and left
undisturbed to explore for 5 min while their locomotion activities
were tracked with video tracking software (ANY-maze version 7.00).

Elevated plus maze (EPM)

Utilizing the EPM apparatus, anxiety-related behaviors were
examined before and after preconditioning or exposure to HH or NN.
In brief, the EPM consists of a plus (+) shaped apparatus with a central
point, two opposite arms enclosed, and the other opposite arms opened.
Before the initial and subsequent tests, fecal pellets or urine were cleaned,
and the arms were wiped-dry with 95% ethanol to remove any clues and
scent left by the last tested mouse. During testing, the plus maze was
elevated ~ 1 m from the floor, and each mouse was placed at the central
point of the open and closed arms, with their head facing the open arm.
The mice were allowed to explore the maze for 5 min while their
locomotion activities and entries into either arm were tracked and
recorded by video tracking software (ANY-maze version 7.00).
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Myocardial macrophage isolations

Mice were euthanized by cervical dislocation; hearts were exposed
and perfused-blanch with iced-cold PBS through the right and left
ventricle by using a 5 mL syringe and 25 G needle. Hearts were then
transferred in 12-well plates containing 1 mg/mL collagenase IV
(GibcoTM: 17104019) in 3 mL Hanks’ Balanced Salt Solution (HBSS)
kept on ice and minced with sterile scissors. Minced myocardia were
digested for 45 min at 37°C on a shaker (50 rpm). Next, the plates
were vortexed, kept on ice, and new Pasteur pipettes were used to
dissociate cells mechanically. Obtained suspensions were filtered
through 35 pm strainers into 15 ml tubes containing 10 ml cold
HBSS, centrifuged at 1500 rpm for 5 min, and the supernatants were
discarded. Red blood cells in the pellet were hemolyzed with ACK
buffer (GibcoTM: A1049201) and washed twice with PBS. Myocardial
macrophage phenotypes were identified and sorted with FACS (BD
FACSAria'  III) after resuspension and incubation with Fc Blocker
(Invitrogen; 14-9161-73; 1:100), PE-Cy5 anti-CD45 (BD
Pharmingen' 5 553082; 1:100), APC anti-F4/80 (BioLegend;
123116; 1:100), FITC anti-CD11b (BioLegend; 101206; 1:100),
PerCP anti-CD86 (BioLegend; 105028; 1:100) and PE anti-CD206
(BioLegend; 141706; 1:100).

Histology, immunohistochemistry, and
biochemical staining

Wheat germ agglutinin (WGA) staining

Cryopreserved heart sections were fixed with 4% formaldehyde for
30 min at room temperature (RT), washed thrice with PBS, and primed
with HBSS for 15 min. Next, without permeabilization, the myocardial
sections were incubated with WGA staining (Thermo Fisher Scientific;
W11261) in the dark for 10 min at RT - followed by three times wash with
PBS and DAPI counterstaining. Imaging was done at X60 magnification,
and Image]J (1.52a version; National Institute of Health USA) was used to
assess cardiomyocyte surface area.

Masson'’s trichrome staining

Myocardial sections were trichrome stained according to the
manufacturer’s (Solarbio; G1340) instructions. Microscopy was
done at X40 magnification, and collagen volume fractions (CVF)
were analyzed with Image].

Immunohistochemical (IHC) staining

CD86 (Abcam; ab53004; 1:1000) and CD206 (Abcam; ab8918;
1:1000) IHC staining were done as previously described (17), but with
few optimizations. Briefly, frozen sections were used; hence, the
antigen retrieval step in the described experiment was skipped, and
myocardial sections were fixed with 4% formaldehyde for 15 min
prior to staining. Infiltrated CD86+ and CD206+ macrophages were
observed at X40 magnification and quantified with Image].

Oil Red O (ORO) staining
To investigate the metabolic state of the hearts, lipid depositions
in myocardia were assessed by performing ORO staining described by
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the manufacturer (Solarbio; G1261). Lipid depositions were observed
at X40 magnification and quantified with Image].

Periodic Acid Schiff (PAS) staining

To examine the hearts’ metabolic state, glycogen and other
polysaccharide contents of the myocardia were assessed by
performing PAS staining described by the manufacturer (Solarbio;
G1281). PAS-positive areas were observed at X40 magnification and
quantified with Image].

Western blot

Hearts were washed with cold PBS, homogenized, and cocktails of
RIPA buffer, protease, and phosphatase inhibitor (ratio 100:1:1) were
added to extract proteins. Protein sample concentrations were
normalized, electrophoresed on 10-12% gels, and transferred onto
0.45 um PVDF membrane (Millipore Immobilon®-P; IPVHO08100).
Membranes were blocked with 2% BSA in TBST, and proteins of
interest were blotted with the following antibodies: anti-HIF-1a.
(Proteintech; 20960-1-AP; 1:1000), anti-HIF-2ot (Abcam; ab199;
1:1000), anti-Nrf2 (Proteintech; 16396-1-AP; 1:1000), anti-B,AR
(Abcam; ab182136; 1:1000), anti-Scarb3 (Abcam; ab133625;
1:1000), anti-Slc2al (Abcam; ab115730; 1:1000), anti-GATA4
(Abcam; ab84593; 1:1000), GAPDH (Proteintech; 10494-1-AP;
1:1000) and HRP-conjugated Goat Anti-Rabbit IgG(H+L)
(Proteintech; SA00001-2; 1:1000). Membranes were imaged using
enhanced chemiluminescence (Tanon, China).

Quantitative RT-PCR

mRNAs were isolated from myocardial macrophages with
TRIzol™ Reagent (InvitrogenTM; 15596026), cDNAs synthesized
using a reverse transcription kit (FSQ107; Toyobo), and qPCR
analysis was conducted by utilizing SYBR Green Master Mix
(Q111-02; Vazyme) according to manufacturer instructions. The
assessed macrophage metabolic genes (Gedh, Adedl, Acaa2, Decrl,
Hsd17b4, Hadha, Cpt2, Etfb, Echdc2, Scarb3, mTOR, Slc2al, Hk2,
Ldha, Aldoc, Fbpl, Pgm2, Gpil, Pgkl, and Pfkfb3) and their
respective primer sequences are tabulated here (Supplementary
Table 1). GAPDH was utilized as the housekeeping gene, and
mRNAs fold changes were computed by the 2744 method.

Cardiopulmonary exercise test in humans

Before and after the application of OP intervention (6 cycles of 5 min
occlusion with 130% of systolic pressure and reperfusion at 0 mmHg -
alternating upper limb daily for 6 consecutive days), all human subjects
were assessed by cardiopulmonary exercise testing (CPET) (Vyaire
Medical; Vyntus® CPX) on a bicycle ergometer (Stex Fitness; S25U)
using the ramp 10 Watts protocol (10 W increment in workload per
1 min). Data analysis included the following physiological indexes; heart
rate (HR), systolic (Psys) and diastolic (Pdia) pressures, expiratory reserve,
inhalation and exhalation vital capacities, minute ventilation (V’E), carbon
dioxide output (V'CO,), oxygen uptake (V’O,), oxygen pulse (V'O,/HR),
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metabolic equivalent of task (MET) and respiratory exchange ratio (RER).

Additionally, oxygen saturation (SPO,) was measured with an ear sensor
. ™

probe (Integrated Nonin ).

Statistics

All results in this study are presented as mean + standard error of
the mean. Statistical analyses were done using GraphPad Prism
(Software version 8.0.2). Unpaired t-test was used for comparing
two groups, one-way ANOVA was used for comparing three or more
groups, and two-way ANOVA was used for grouped data statistical
analyses. P-values less than 0.05 were deemed statistically significant.

Result

OP preserves cardiac electric activity during
hypobaric hypoxia

Electrocardiograms (EKG) of mice post-HH exposure showed overt
distortions in their cardiac electric activity (cEA) in comparison with the
normobaric normoxia (NN) mice (control group). A detailed look at the
EKG parameters revealed HH mice had modest increments in their heart
rates (HRs) but with significant prolongations of QT, QT¢, JT, and Tpeak-
Tend intervals, and ST height, P duration, and R and T amplitudes
(Figures 1A-G; Supplementary Table 2). Taken together, the
aforementioned EKG alterations indicate that HH mice had severe
arrhythmias resulting from chronic exposure to hypoxia. To determine
the efficacy of OP’s impact on OPHH mice, we employed AP and APHH
mice groups for comparison. The EKG data indicated that, similar to AP,
OP prevents disruption of cEA with initial slight elevations of HRs and its
normalization when exposed to HH. However, we uncovered that OP

10.3389/fimmu.2023.1124649

preserved cEA better than AP because unlike in OPHH mice - QT, QT¢,
JT, and Tpeak-Tend intervals, and ST height remained significantly
increased in APHH compared to NN mice.

OP mitigates myocardial hypertrophy, injury,
and fibrosis during hypobaric hypoxia

Mice exposed to HH without any preconditioning exhibited
significant body weight (BW) loss and increased heart weight/body
weight ratio (Figures 2A, B), depicting cardiac hypertrophy. Next,
cardiomyocyte surface area, atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and GATA4 expressions were ascertained to
validate the incidence of cardiac hypertrophy (Figures 2C-H). These
indexes and biomarkers were substantially increased in HH mice. Also,
the extent of ANP, BNP, and GATA4 upregulation in HH heart revealed
the incidence of cardiac injury. Compared with HH and APHH mice,
OPHH mice showed the least weight loss and moderate increases in the
prior mentioned cardiac hypertrophy and cardiac injury indexes. In
addition, utilizing trichrome staining, we observed massive fibrosis in
HH hearts (Figures 21, ]). Meanwhile, like APHH, OPHH mice had only
modest collagen depositions with no significant differences in comparison
to the NN mice. These findings indicated that employing the OP
intervention before exposure to chronic HH confers cardioprotection by
mitigating excessive myocyte hypertrophy, injury, and myocardial fibrosis.

OP induces adaptive immunomodulation
and metabolic homeostasis during
hypobaric hypoxia

To understand how severe hypoxia affects immunoregulation in the
myocardia, we investigated the phenotype of macrophages infiltrating

NN | HH
1 R
<4 J wave
2, P 4
AP APHH |> :
of p.pg BT
Y 0
T(s)
opP OPHH
B c . D . E F G
800- * 0.015: s
_ 0025 8% s L0087 s 0015 g5 : ® - 0.4 s
H 0020 3 s 3 &
g™ ; i s g0 Zo0t0 g o010 : g“
ry F o015 £ e = =
o i i :
2 Zoon & 2 & o00s. 2
g 200 5 2 £ 0008 % o4
Ed 0.005: E 042 i g
H 5
o 0.000: © 0.00- 0.000- 0.000 0.0-
SR g & S8 2 & S& &L & S8 R & S & &2 S R &
S S A S %é 2 S ES g W S 5

FIGURE 1

OP preserves cardiac electric activity during hypobaric hypoxia. (A) Representative electrocardiography (EKG) of Normobaric Normoxia (NN), Hypobaric
Hypoxia (HH), Altitude Preconditioned (AP), Altitude Preconditioned before HH exposure (APHH), Occlusion Preconditioned (OP) and Occlusion
Preconditioned before HH exposure (OPHH) mice. P wave: atrial depolarization; Q wave: Interventricular septum depolarization; R wave: Ventricular
depolarization; S wave: Purkinje fibres depolarization; J wave: Early ventricular repolarization; T wave: End of ventricular repolarization. (B-G) Graphical
presentation of EKG parameters including; Heart Rate (HR), QT Interval, corrected QT Interval (QTc), JT Interval, Tpeak Tend Interval, and ST Height. (n=
5-9 mice per experimental group) *p<0.05, SSp<O 01, SSS;:><O 001 HH vs NN;
expressed as mean + SEM. Data were analyzed using one-way ANOVA, followed by Tukey's post hoc analysis.
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FIGURE 2

OP mitigates myocardial hypertrophy, injury, and fibrosis during hypobaric hypoxia. (A) Graphical representation of Body Weight (BW) trends of 14 days
period by Normobaric Normoxia (NN), Hypobaric Hypoxia (HH), Altitude Preconditioned (AP), Altitude Preconditioned before HH exposure (APHH),
Occlusion Preconditioned (OP) and Occlusion Preconditioned before HH exposure (OPHH) mice (n= 7-15 mice per experimental group). (B) Graphical
presentation of Heart Weight (HW)/BW ratio (n= 5-10 mice per experimental group). (C-H) Indexes for cardiac hypertrophy assessment, including;
Representative Wheat germ agglutinin (WGA) staining and Graphical presentation of Cardiomyocyte surface area (n=8-12 cells per section per 4-6 heart
per group), Atrial natriuretic peptide (ANP) and Brain natriuretic peptide (BNP) concentrations (n=6-8 hearts per group), Representative Immunoblotting
of GATA4 and its Graph plot (n= 3 hearts per group). ELISA were performed in triplicates. Immunoblots were performed in triplicates, and each blot band
in the representative blot is an independent biological sample. (I, J) Representative Masson’s trichome staining and Graphical presentation of collagen
volume fraction (CVF) showing the extent of fibrosis among experimental groups (n= 3-6 sections per 4,5 hearts per group). °p<0.05, sssp<0_001 HH vs
NN; #p<0.05, ¥¥¥p<0.001 APHH vs AP; ##p<0.01, ###p<0.001 OPHH vs OP; "p<0.05, ~"p<0.01,

analyzed using one-way anova, followed by Tukey's post hoc analysis.

the heart after chronic exposure to HH. We observed a substantial
influx of CD86+ (proinflammatory) macrophages into the myocardial
of HH mice, while the CD206+ (anti-inflammatory) populations were
repressed (Figures 3A, B; Supplementary Figures 2A-C). Contrarily,
CD206+ macrophages outnumbered the CD86+ cells when AP and OP
interventions were applied prior to HH exposure. Remarkably, the
degree of CD86+ macrophage infiltrations across all the groups
corresponded to sera levels of the damage-associated molecular
pattern (DAMP) - cardiac troponin I (cTnl) (Figure 3C). Further
investigations assessed the concentrations of inflammatory mediators
and cytokines in the hearts. The proinflammatory response mediator —
iNOS, was overtly upregulated in HH mice but modestly in AP and OP
hearts and without any significant alterations in APHH and OPHH
hearts; meanwhile, the contrast was observed for the anti-inflammatory
mediator, arginase (Arg)-1 (Figures 3D, E). Similarly, we found that
proinflammatory cytokines (IL-1B and IL-18) were significantly
upregulated in HH but only moderately in APHH and OPHH mice
hearts (Figures 3F, G). Additionally, the systemic inflammatory mark
(CRP) was prominently upregulation in HH but not in APHH and
OPHH mice (Supplementary Figure 2D). However, like Arg-1, the anti-
inflammatory cytokines (IL-10 and TGF-B) secretions were repressed
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in HH but modestly increased in APHH and OPHH hearts
(Figures 3H, I). These findings demonstrated that just like AP, the
OP intervention circumvents HH-induced myocarditis by minimizing
cardiomyocyte necrosis and DAMP secretions — ultimately preventing
the induction of hyperactive proinflammatory responses.
Furthermore, besides cardiac fibroblast activation, hypoxia-
induced glycolysis shift orchestrates immune cells reprogramming
toward proinflammatory phenotypes (18-20). Hence, the metabolic
states of the infiltrated CD45"F4/80"CD11b" cells and the entire
myocardial were assessed. We observed that lipid metabolism-related
gene expressions (Gedh, Adcdl, Acaa2, Decrl, Hsd17b4, Hadha,
Cpt2, Etfb, Echdc2, and Scarb3) in the macrophages isolated from
HH hearts were mostly downregulated. In contrast, glycolysis-related
genes (Slc2al, Hk2, Ldha, Aldoc, Fbpl, Pgm2, Gpil, Pgkl, and
Pfkfb3) and the cellular metabolic regulator — mechanistic target of
rapamycin (mTOR) mRNA levels were upregulated. Intriguingly, we
found only modest downregulation of the lipid metabolism-related
genes and slight increases in mRNA levels of the glycolysis-related
and mTOR genes in CD45"F4/80"CD11b" cells obtained from APHH
and OPHH hearts (Supplementary Figure 2E). Consistently, Oil red O
and PAS staining showed HH mice myocardial had abundant lipid

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1124649
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Adzika et al.

Gated on: CD45'CD11b*F4/80
AP

iNOS (ng/ml)

P
r
*
H
=

@
N
3

$$

o
@

Lipid (Oil Red 0)
3

[deposition % of tissue area]
IS
Glycogen (PAS)

~
[deposition % of tissue area]

o

K
%
o
3
2,
%

FIGURE 3

OP induces adaptive immunomodulation and metabolic homeostasis during hypobaric hypoxia. (A, B) Representative flow cytometry of myocardial
macrophages gated on CD45"CD11b*F4/80 and Graphical plots of CD86™ and CD206". Normobaric Normoxia (NN), Hypobaric Hypoxia (HH), Altitude
Preconditioned (AP), Altitude Preconditioned before HH exposure (APHH), Occlusion Preconditioned (OP), and Occlusion Preconditioned before HH
exposure (OPHH) mice hearts (n=4 hearts per group). Sp<0.05 vs NNcpse+: ##p<0.01, ###p<0_001 vs HHcp2oes (C) Graphical presentation of sera cardiac
troponin | (cTnl) concentrations. (D, E) Inflammatory mediators; Inducible nitric oxide synthase (iNOS) and Arginase-1 (Arg-1) concentrations assessed by
ELISA using myocardia lysates. (F-1) Inflammatory cytokines; Interleukin (IL)-1p, IL-18, IL-10, and transforming growth factor (TGF)-3 concentrations
assessed by ELISA using myocardia lysates. All ELISA were performed in triplicates (n= 5-8 mice per group). (J-L) Representative Oil Red O (ORO) and
Periodic Acid Schiff (PAS) staining of myocardial sections and their respective graphical presentations showing lipid and glycogen depositions
percentages (n=4-6 sections per 4-6 mice per group). Yellow outlined boxes are original myocardial portions and red outline boxes are their zoomed-in
(5x) inserts to show positive stained area (indicated with black arrows). (M-O) Representative Immunoblotting of Scarb3 and Slc2al and their respective
Graphical plots; each blot band in the representative blot is an independent biological sample (n= 3 hearts per group). SSp<O.01, SSSp<0.001 HH vs NN;
885<0.01 APHH vs AP; "p<0.05, “p<0.01, “"p<0.001. Data are expressed as mean + SEM. Data were analyzed using one-way ANOVA, followed by

Tukey's post hoc analysis.

depositions compared to the NN mice, while glycogen and other
polysaccharide contents were substantially depleted. Meanwhile,
OPHH mice myocardial revealed a balance constitution of lipid
metabolism and glycolysis substrates, as similarly observed in
APHH hearts (Figures 3J-L). These phenomena were validated by
immunoblotting myocardial protein lysate, which revealed that HH
hearts had decreased expression of the fatty acid transporter (Scarb3).
In contrast, the glucose transporter protein (Slc2al) was increased —
indicating a glycolysis shift in HH hearts but not entirely in APHH
and OPHH hearts (Figures 3M-0). Overall, these findings indicate
that the OP intervention exerts immunomodulation by adaptively
regulating metabolic shifts to prevent glycolytic reprogramming of
macrophages towards proinflammatory phenotypes during HH.
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OP induces adaptive modulation of
oxidative stress responses

Redox homeostasis (balance between ROS and antioxidants)
signaling are major alterations occurring during chronic hypoxia
(7). Hence, to elucidate the underlying mechanisms employed by
the OP intervention during HH, we investigated its impact on
oxidative stress regulators — hypoxia-inducible factors (HIF-1lo and
HIF-201) and antioxidant response element-dependent genes
regulator, nuclear factor erythroid 2-related factor 2 (Nrf2).
Compared to the control group (NN), we observed significant
decreases of HIF-1o. expression in HH mice hearts and further
sharp declines in the protein levels when AP or OP interventions
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were applied before HH exposure. Conversely, we observed that HIF-
200 and Nrf2 expressions were reduced substantially in HH but
modestly upregulated in APHH and OPHH mice hearts
(Figures 4A-D). Nicotinamide adenine dinucleotide (NAD+) and
NADH ratio are good predictors of the redox homeostasis state (21);
as such, NAD+ and NADH contents in the heart were assessed. The
outcomes demonstrated that AP and OP increased NAD+/NADH
ratio modestly compared to NN. Secondly, HH hearts had a ~60%
decrease in NAD+ and ~35% increase in NADH contents, thereby
decreasing the NAD*/NADH ratio compared with NN, APHH, and
OPHH hearts (Figures 4E-G). This indicated increased ROS with
deficient antioxidant defenses in HH hearts but not in APHH and
OPHH hearts which employed AP and OP interventions, respectively.
The total antioxidant capacity assays (T-AOC) performed with
myocardial lysates validated the prior statement. T-AOC of HH
hearts reduced significantly but remained unaltered in APHH and
OPHH, compared to NN hearts (Figure 4H). Thus, similar to AP, the
OP intervention reinforces antioxidant responses to confer protection

10.3389/fimmu.2023.1124649

against hypoxia-induced oxidative stress damage - improving
survival rates of OPHH compared to HH mice (Figure 4I).

OPHH mice are resilient to HH-associated
maladaptive behavioral outcomes

Since OP intervention prevented myocarditis and distortion of cEA in
OPHH mice, we next tested whether it influenced behavioral outcomes.
We observed that HH mice exhibited the most dullness among the
experimental groups. Utilizing the open field test (OFT) to validate our
observation, it was determined that the HH mice had the most decreases
in locomotive function — with the least total distance moved, average
velocity, and mobile duration compared to NN, APHH, and OPHH mice.
Also, HH mice exhibited significant immobile duration in the OFT, but
this was not the case for APHH and OPHH mice (Figures 5A-F). Thus,
similar to AP in APHH, the OP intervention resulted in only modest
reductions of locomotive functions in OPHH mice.
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FIGURE 4

OP induces adaptive modulation of oxidative stress responses. (A-D) Representative Immunoblotting of Hypoxia-inducible factors (HIF)-1a, HIF-20, and
nuclear factor erythroid 2—related factor 2 (Nrf2), and their respective Graphical plots; each blot band in the representative blot is an independent
biological sample (n= 4 hearts per group). Normobaric Normoxia (NN), Hypobaric Hypoxia (HH), Altitude Preconditioned (AP), Altitude Preconditioned
before HH exposure (APHH), Occlusion Preconditioned (OP), and Occlusion Preconditioned before HH exposure (OPHH) mice hearts. (E-H) Antioxidants
state indexes; Graphical plots of the concentrations of redox cofactors, Nicotinamide adenine dinucleotide (NAD)+hydrogen (NADH) and their ratio, as
well as the Total antioxidant capacity (T-AOC) of the myocardia (n=8 hearts per group). (I) Graphical plot of survival data in Kaplan-Meier estimator (n=18
mice per group). °p<0.05, °p<0.01, %*°p<0.001 HH vs NN; p<0.05 APHH vs AP; #p<0.05 OPHH vs OP; “p<0.01, *"p<0.001. Data are expressed as
mean + SEM. Data were analyzed using one-way ANOVA, followed by Tukey's post hoc analysis. Survival curves were analyzed with the Kaplan-Meier

estimator.
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OPHH mice are resilient to HH-associated maladaptive behavioral outcomes. (A-H) Locomotive and exploratory behavioral assessment indexes from
Open field test (OFT), including; Representative plots of Total distance moved and its graphical presentation, Representative plots of Average velocity,
Mobile duration, and Immobile duration, and their graphical presentations and Representative heat-maps of Relative zone entries and its graphical
presentation (n=6-10 mice per group). Normobaric Normoxia (NN), Hypobaric Hypoxia (HH), Altitude Preconditioned (AP), Altitude Preconditioned
before HH exposure (APHH), Occlusion Preconditioned (OP), and Occlusion Preconditioned before HH exposure (OPHH) mice. (I, J) Anxiety-related and
exploratory behavioral assessment indexes from Elevated plus maze (EPM), including; Representative heat-maps of Relative arm entries and its graphical
presentation (n=6-10 mice per group) Sp<O.05 HH vs NN; *p<0.05. Data are expressed as mean + SEM. Data were analyzed using one-way ANOVA,

followed by Tukey's post hoc analysis

In addition, most HH mice were observed to restrict their
movement to the peripheries (zone A) and corners (zone B) but
avoided the central (zone C) of the OFT apparatus, thereby, had the
least relative entries into zone C (Figures 5G, H) - a phenomenon
shown to depict an increase in anxiety-related behaviors (22).
Intriguingly, neither APHH nor OPHH mice exhibited the same
exploratory behavior as HH mice, although they were all exposed to
chronic hypoxia. The elevated plus maze (EPM) was used to confirm
increased anxiety-related behaviors in HH mice. Most HH mice
refrained from exploring the EPM apparatus’s open arms and
mostly limited their movement to within the closed arm; hence,
they had the least relative open arm entries (Figures 51, J). Conversely,
APHH and OPHH mice still demonstrated exploratory patterns in
both open and closed arms similar to NN and the respective
preconditioning groups. Taken together, the findings from OFT
and EPM indicated that chronic hypoxia exposure increased
susceptibility to developing anxiety-related behavior, as reported
previously (22). Meanwhile, like AP to APHH, OP intervention
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makes OPHH mice resilient to hypoxia-induced negative
behavioral outcomes.

OP enhances respiratory and oxygen-
carrying capacity in humans

Still, in attempts to elucidate the underlying mechanism employed
by the OP intervention, we assessed its impact on respiratory and
oxygen-carrying capacity in humans. Cardiopulmonary exercise tests
were performed on the healthy human subjects before (BOP) and
after (AOP) the application of OP for 6 consecutive days. We found
that HRs and diastolic and systolic blood pressures were slightly
decreased in AOP compared to BOP (Figures 6A-C). Also, the
inhalation and exhalation vital capacities were increased
substantially while expiratory reserve volume elevated modestly in
AOP compared to BOP (Figures 6D-F). The changes observed in the
aforementioned indexes suggest that OP induces adaptive respiratory
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FIGURE 6

OP enhances respiratory and oxygen-carrying capacity in humans. (A-M) Cardiopulmonary Exercise Test (CPET) indexes for respiratory and oxygen
carrying capacity in humans (n=14 human volunteers), Before occlusion preconditioning (BOP) and After occlusion preconditioning (AOP), including;
Graphical plots of Heart Rates (HR), Systolic blood pressures (Psys), Diastolic blood pressures (Pdia), Vital capacity of inhalation (IN), Vital capacity of
exhalation(EX), Expiratory reserve volume, Minute ventilation (V'E), Carbon dioxide output (V'CO,), Oxygen uptake (V'O,), Oxygen saturation (SpO,),
Oxygen pulse (V'O,/HR), Metabolic equivalent of task (MET) and Respiratory exchange ratio (RER). Rest, Warm-up, Second ventilation threshold (VT2),
Maximal workload (Max Watts) and Recovery are timepoints of interest during the CPET. *p<0.05, **p<0.01 AOP vs BOP. Data are expressed as mean +
SEM. Data were analyzed using an unpaired t-test for comparing two groups and two-way ANOVA for grouped analysis.

response and lowers the risk of pulmonary injuries and complications.
Additionally, we found that after performing OP, minute ventilation
(V’E), carbon dioxide output (V’CO,), oxygen uptake (V’O,), oxygen
saturation (SpO,), oxygen pulse (V’O,/HR), and the metabolic
equivalent of task (MET) were all significantly improved during the
maximal workload (Max Watts) phase of exercising with the cycle
ergometer (Figures 6G-L). Thus, OP enhanced the oxygen-carrying
capacity and endurance in humans - an adaptation shown to mitigate
the deleterious effects of severe hypoxia (23). Lastly, we observed that
in AOP, the respiratory exchange ratio (RER) was lowered and took
more time to reach =1.00 compared to BOP (Figure 6M).
Consolidating our observation in the mice myocardia and
macrophages, the lowered RER in AOP showed that OP induces
mechanisms that mitigate the extent of metabolic shift to glycolysis.
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B>AR is implicated in OP-induced adaptive
responses against hypobaric hypoxia

The pleiotropic nature of 3,AR makes it an essential mediator for most
adaptive responses to stressful conditions in the heart and
immunoregulation (14). Concordant with previous reports, we found
B,AR overexpressed in HH compared to NN (24). Meanwhile, AP, APHH,
OP, and OPHH hearts had modest upregulation of 3,AR (Supplementary
Figure 3A, B). By utilizing B,AR knockout (Adrb2 ") mice, we explored the
B,AR’s involvement in HH-induced myocarditis and arrhythmias and
OP-induced cardioprotective against HH. Consistently, the OP
intervention prevented significant body weight loss due to hypoxia in
the OPHH pgp,04/+ mice; however, the contrast was observed in the
OPHH pgrbz /- mice (Figure 7A). While the HRs remained similar in
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FIGURE 7

B2AR is implicated in OP-induced adaptive responses against hypobaric hypoxia (A) Graphical presentation of Body weight (BW) alteration trends among Wild
type (Adrb2*"*) and BoAR knockout (Adrb2™") mice in experiment groups; Normobaric Normoxia (NN), Hypobaric Hypoxia (HH),
Altitude Preconditioned before HH exposure (APHH), Occlusion Preconditioned (OP) and Occlusion Preconditioned before HH exposure (OPHH) (n=5-15
mice per group). (B-D) Graphical presentation of electrocardiogram (EKG) indexes, including; Heart Rate, QT Interval, and JT interval (n=5-9 mice per group).
(E-G) Inflammatory biomarker; C-reactive protein, Inducible nitric oxide synthase (iNOS), and Arginase-1 (Arg-1) concentrations assessed by ELISA. Assays
were performed in triplicates (n=4 mice per group). (H-K) Representative Immunoblotting of Hypoxia-inducible factors (HIF)-1a, HIF-20, and nuclear factor
erythroid 2—-related factor 2 (Nrf2), and their respective Graphical plots; each blot band in the representative blot is an independent biological sample (n= 3
hearts per group). (L) Graphical plots of the concentrations of Total antioxidant capacity (T-AOC) of myocardia (n=4 hearts per group).sp<0.05,
¥0<0.05, ¥%p<0.01, #¥¥p<0.001 vs HHaqroz/+; **
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OPHHAdrb2+/+?mp<O-001 vs NNadrb2-/-;
were analyzed using two-way ANOVA.
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OPHH pdrb2+/+ and OPHHagp1,5./, the EKG revealed arrhythmias in the
latter (Figure 7B; Supplementary Figure 3C). We found that despite the
occurrence of other forms of arrhythmias, the deletion of B,AR (in
HHpdmz/) circumvented the long QT, QTc, JT, and Tpeak-Tend
intervals observed in HHagupz/4. Intriguingly, this phenomenon was
reverted when OP was applied to Adrb2-/- mice prior to HH exposure.
The arrhythmias worsened in OPHH yg41,.,- as QT, QT¢, JT, and Tpeak-
Tend intervals prolongations and distortion of other EKG indexes were
aggravated, compared to OPHH agy1,04/+ (Figures 7C, D; Supplementary
Figure 3D, E and Supplementary Table 3). These observed outcomes show
that B,AR is involved in the OP-induced signaling cascades to preserve
cEA during hypoxia.

Also, checking inflammatory markers, we determined the role
of B,AR in OP-induced immunomodulation. At the baseline,
proinflammatory responses (CRP and iNOS) were found
further aggravated in HHag,p, /. than in HHagp24/4 mice. While
the OP intervention significantly mitigated CRP and iNOS
upregulations in OPHH4rp24/4+, this phenomenon was
abolished by B,AR obliteration in OPHH 4,1, ,. mice (Figures 7E,
F). Additionally, we found Arg-1 expression sustained in
OPHHadrb2+/+ but downregulated in the OPHHaq4rp2./-
(Figure 7G). Overall, the loss of adaptive immunoregulation in
OPHHgby . compared to OPHH g4/ mice suggests that
B,AR-mediated signaling cascades are implicated in OP-induced
immunomodulatory mechanisms.
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Next, as oxidative stress-responsive genes were adaptively
modulated in the wild-type OPHH mice heart, we examined
whether B,AR participated in HIF-1o, HIF-20, and Nrf2
expressions regulation. We observed that, unlike HIF-2ct and Nrf2,
HIF-10. was stabilized in HHpg,1,,. and also refractory to OP in
Adrb2-/-, but not in the Adrb2+/+ hearts - suggesting that 3,AR
mediates the destabilization of HIF-1ow (Figures 7H-K). Conversely,
HIF-20. and Nrf2 expressions were sustained in OPHHpgypz4/+ but
not in OPHH aqup,,,. hearts, indicating that B,AR scaffolded the
stabilization of these proteins. Further, we investigated the impact
of these oxidative stress-responsive proteins alterations on the
antioxidant capacity and found that obliteration of B,AR (in
OPHH g2 ,.) weakened the cardioprotective antioxidant defense
mechanisms induced by OP against hypobaric hypoxia (Figure 7L).
Thus, these findings taken together shows that B,AR participates in
multiple adaptive responses induced by OP to circumvent the adverse
outcomes of chronic HH exposure.

Discussions

The fear of experiencing altitude sickness deters civilian workers,
hikers, tourists, and even defense personnel from going to places
2500 m above sea level for occupational or leisure purposes. Also, the
possibility of HH at such altitudes to induce or aggravate myocarditis,
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arrhythmia, and ultimately heart failure due to adverse cardiac
remodeling has made clinicians to advised those prone to
cardiovascular complications and physiologically unprepared
individuals against visiting high altitudes (25-27). Studies over the
years have made attempts at elucidating the underlying
pathomechanisms of altitude sickness and have generally
demonstrated that the clinical manifestations observed are due to
HH-induced maladaptive oxidative stress responses (imbalance
between ROS and antioxidants), metabolic dysregulation and
dampened anti-inflammatory defenses (7, 28, 29). Currently, AP
and salidroside are the primary preventive therapeutic interventions
being employed to circumvent or mitigate the adverse effects of HH
exposure. Even so, inaccessibility to hypoxic chambers and
unavailability of salidroside due to geographical limitations are the
respective drawbacks of these interventions. Our study aimed to
explore OP - which is potent in preventing hypoxia-induced
damages (11-13), as an alternative therapeutic intervention for
HH-induced myocarditis and arrhythmias. To ascertain the efficacy
of OP intervention (in OPHH), its impacts on EKG, cardiac
architecture, immunomodulation, oxidative stress regulation, and
behavior outcomes were compared with APHH.

Concordant with previous studies (30, 31), we found that HH-
induced tachycardia and prolongations of QT, QT¢, JT, and Tpeak-
Tend intervals, and ST height, P duration, and R and T amplitudes.
Reportedly, these observations are because at HH; there is an increase
in sympathetic activity, which triggers prolongation of repolarization,
resulting in arrhythmia, heart failure, and sudden death (30).
However, AP has been demonstrated to prevent significant
disruption of cEA (32); consistently, our findings showed similar
outcomes. Intriguingly, we observed that OPHH mice had fewer
alterations in the EKG indexes than APHH mice compared to the NN
mice. This led to the conclusion that OP preserved cEA modestly
better than AP during HH exposure.

Furthermore, unlike in HH mice, we observed that BW losses were
only modest, and the extent of cardiomyocyte hypertrophies, injury, and
fibrosis were mitigated in APHH and OPHH hearts. Lippl et al. and others
have similarly shown that at high altitudes, there is a loss of appetite hence
the excessive BW (33, 34). Also, to compensate for oxygen demand,
hypertrophy cascades are induced, resulting in excessive enlargement of
cardiomyocytes and their apoptosis/necrosis, which in turn drives
proinflammatory and fibrotic responses (33, 35). Interestingly, both AP
and OP have been shown to lessen adverse cardiac remodeling during
hypoxic or ischemic events, just as we observed — and it has also been
suggested that both interventions might have similar underlying
mechanisms (32, 36). While OP’s cardiac cardioprotection has been
demonstrated mainly against ischemia/reperfusion injury, we show here
for the first time that OP intervention is potent against HH-induced
myocardial hypertrophy, injury, and fibrosis.

Myocarditis scaffolded by unresolved proinflammatory responses
drives the maladaptive remodeling of the heart in HH (5); hence we
investigated OP’s effect on immunomodulation. Typically observed at
injured tissues or inflamed sites (37), we found massive infiltrations of
proinflammatory (CD86+) macrophages in HH myocardia, whiles the
reparative (CD206+) macrophage populations were significantly less.
Also, inflammatory cytokines concentrations were altered in a similar
fashion in the HH myocardia. In contrast, employing the OP intervention
facilitated anti-inflammatory defenses while minimizing the
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proinflammatory responses in OPHH, as AP did in APHH. While we
demonstrated OP’s immunoregulation in OPHH; Gorjipour et al.’s earlier
works had shown similar observations where the OP intervention
enhanced the elevation of IL-10 while downregulating the circulation IL-
8 to confer cardioprotection in coronary artery bypass graft surgery (38).
The metabolic state of inflammatory cells crucially influences their
immune responses and functions (39); as such, we sought to ascertain
the metabolic state of infiltrated macrophages and the entire myocardia in
further investigations. Interestingly, we found that glycolysis-related genes
had increased ~3 folds while that lipid metabolism-related genes were
downregulated in macrophages isolated from HH hearts. These findings
are consistent with metabolic shifts, which facilitate biased reprogramming
of macrophages toward proinflammatory phenotypes (19, 39). Similarly,
we observed that the entire HH myocardia had increased lipid deposition
while glycogen and other polysaccharide contents were substantially
depleted - all of which are consistent with glycolysis shift (40).
Contrarily, OP intervention modulated metabolic homeostasis by
preventing complete glycolysis shift (41), thereby impeding the
reprogramming of macrophages towards proinflammatory phenotypes
in OPHH, as similarly done by AP in APHH.

Also, disruption in redox homeostasis is a cofactor in HH-induced
cardiac dysfunction (7), and our findings consolidated this fact, as HIF-1c,
HIF-20tand Nrf2 expression were declining in HH mice hearts. Even so, it
was observed that by employing OP intervention, HIF-20.and Nrf2 but not
HIF-1o expressions were rescued and sustained in OPHH mice hearts.
Similar outcomes were found in APHH mice hearts. These findings
indicated that, like AP, OP stimulates adaptive oxidative stress
regulation by reinforcing antioxidant responses. Consistently, OP has
been shown to improve antioxidant defenses by enhancing NAD+ levels,
which directly promotes Nrf2 antioxidant activities (42, 43). Next, we
investigated OP’s impact on the NAD+/NADH ratio. We found that the
OP intervention had increased the NAD+/NADH ratio and prevented
significant decreases in OPHH hearts, which contributed to sustaining
their T-AOC like in APHH hearts, while we observed declines in HH
hearts. In line with our finding, Morris-Blanco et al. previously
demonstrated that OP did increase NAD+/NADH ratio via protein
kinase C epsilon (PKCe) in neuronal-glial (42), hence it is suggestive
that similar mechanisms might be involved here. Overall, compared to
HH, survival rates improved in OPHH and APHH.

Cardiovascular events promote anxiety-related behavior and vice
versa; as such, it has become imperative to assess the behavioral
outcomes of interventions targeted at improving cardiac health (44,
45). Typically, HH has been shown decrease locomotive functions
while increasing the levels of anxiety and depression in humans (1).
These were confirmed in the HH mice model as they had decreased
total distance moved, average velocity, and mobile duration and
mostly refrained from the central zone and open arms in the OFT
and EPM apparatuses, respectively, during their locomotive and
exploratory activities. Contrarily, like APHH mice, OPHH mice
combed throughout zones and arms of the OFT and EPM
apparatuses - indicating that similar to AP (22), the OP
intervention makes mice resilient to HH-induced anxiety-related
behavior and decreased locomotive functions.

To have prevented HH-induced cardiac remodeling, it was
hypothesized that the OP intervention must have induced mechanisms
to facilitate adequate tissue oxygenation. Surprisingly and in validating our
hypothesis, CPET parameters in AOP showed enhanced respiratory and
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oxygen-carrying capacity and endurance in humans as V’E, V’CO,, V’O,,
SpO,, V'O,/HR, and MET were all substantially improved at Max Watts
(Maximal workload). Concordantly, it has been shown that OP mitigates
declines in regional oxygenation to confer cardioprotection when exposed
to HH (46). Also, OP modestly delayed the time for RER=1 in AOP
compared to BOP; hence, indicating that the intervention induces
mechanisms that mitigate the extent of metabolic shift to glycolysis, just
as shown earlier and reported by others (41).

Lastly, we had previously demonstrated the adaptive roles of
B,AR in cardioprotection and immunoregulation during stressful
conditions (14); hence we sought to investigate its implication in
OP-induced cardioprotective against HH. We observed that HH mice
characterized with arrhythmias had B,AR expressions drastically
increased in their hearts. Consistent with our observation, Lang
et al. demonstrated that the overexpression of ,AR significantly
increases the predisposition to the occurrence of arrhythmias (47).
Surprisingly, B,AR deletion prevented long QT, QT¢, JT, and Tpeak-
Tend intervals in HHag;p,.,, mimicking the effect of B-blockers in
preventing long QT syndrome (48). Meanwhile, most of the adaptive
responses we observed in OPHHagp4/4 mice were abolished in
OPHH p g1, mice as their BW losses were substantial, arrhythmia
worsened, proinflammatory responses heightened against anti-
inflammatory responses, and antioxidant defenses declined
significantly. Consistent with our observations, carvedilol (a B-
blockers) was shown to have abolished the cardioprotection
conferred by OP during cardiac surgery (49).

In conclusion, by preserving cEA, mitigating cardiac remodeling,
facilitating adaptive immunomodulation and oxidative stress responses,
sustaining homeostasis in metabolic shifts, causing resilient against
anxiety-related behaviors, and enhancing respiratory and oxygen-
carrying capacity, OP demonstrates as a potent alternative therapeutic
intervention for preventing HH-induced adverse effects on cardiac and
overall health. Even so, OP is not recommended as an intervention for
individuals on B-blocker medications prior to their visit to high altitudes/
HH environments, as these medications blunt the cardioprotection
conferred by the intervention and conversing aggravates myocarditis
and arrhythmias. Lastly, immunoregulatory and metabolism
homeostasis induced by OP is suggestive of its potential to ameliorate
the progression of other inflammatory, metabolic and oxidative stress-
related diseases.
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Atherosclerosis is an early pathological basis of numerous cardiovascular events
that result in death or disability. Recent studies have described PCSK9 as a novel
target for the treatment of atherosclerosis; PCSK9 is capable of degrading LDLR on
the surface of hepatocytes through the regulation of lipid metabolism, and it can
function as a novel inflammatory modulator in atherosclerosis. Inflammasomes
are important intracellular multiprotein complexes that promote the inflammatory
response in atherosclerosis. Among inflammasomes, the NLRP3 inflammasome is
particularly notable because of its important role in the development of
atherosclerotic disease. After activation, NLRP3 forms a complex with ASC and
pro-caspase-1, converting pro-caspase-1 into activated caspase-1, which may
trigger the release of IL-1B and IL-18 and contribute to the inflammatory response.
Several recent studies have indicated that there may be interactions between
PCSK9 and the NLRP3 inflammasome, which may contribute to the inflammatory
response that drives atherosclerosis development and progression. On the one
hand, the NLRP3 inflammasome plays an important role via IL-1B in regulating
PCSK9 secretion. On the other hand, PCSK9 regulates caspase-1-dependent
pyroptosis by initiating mtDNA damage and activating NLRP3 inflammasome
signaling. This paper reviews the mechanisms underlying PCSK9 and NLRP3
inflammasome activation in the context of atherosclerosis. Furthermore, we
describe the current understanding of the specific molecular mechanism
underlying the interactions between PCSK9 and NLRP3 inflammasome signaling
as well as the drug repositioning events that influence vascular cells and exert
beneficial antiatherosclerotic effects. This review may provide a new therapeutic
direction for the effective prevention and treatment of atherosclerosis in the clinic.
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Introduction

Inflammation is an important driver of atherosclerosis, which is
an early pathological basis of cardiovascular disease (1).
Atherosclerosis is characterized by the excessive accumulation of
lipids, extracellular matrix, and cholesterol-laden macrophages
under the arterial endothelium, resulting in the formation of
atherosclerotic plaques (2, 3). LDL-cholesterol (C) is considered
to be a major risk factor for the development of atherosclerotic
diseases (4). The mechanism by which proprotein convertase
subtilisin/kexin type 9 (PCSK9) regulates LDLR degradation
involves both extracellular and intracellular pathways. On the one
hand, extracellular PCSK9 can act as a companion protein and bind
to LDL-receptor (R) on the cell surface, thus causing the formation
of a complex and directing LDLR to lysosomes where the PCSK9/
LDLR complex is degraded, thereby promoting further LDL-C
accumulation (5). On the other hand, intracellular PCSK9 can
also directly bind with LDLR in the Golgi network to induce the
lysosomal degradation of LDLR (6). PCSK9 is closely associated
with the indirect regulation of lipid metabolism (5) and participates
in the direct regulation of atherosclerosis via the accumulation of
foam cells and inflammatory mediators as well as apoptosis in
vascular walls (7). If PCSK9 inhibition is reduced, there is more
PCSK9, more degraded LDLRs and therefore an increase in LDL
levels (8). Persistent accumulation of LDL results in not only the
formation of foam cells but also the chronic amplification of
inflammatory responses, which are major causes of plaque
rupture and vascular thrombosis (9). NOD-like receptor
thermal protein domain associated protein 3 (NLRP3)
inflammasomes are classical receptors of intracellular innate
immunity that closely regulate inflammatory responses (10).
NLRP3 inflammasome activation is a powerful mediator
of the inflammatory response via caspase-1 activation (11).
The NLRP3 inflammasome can activate caspase-1 and cleave pro-
IL-1B and IL-18 to generate IL-1 and IL-18, which further
promote inflammatory responses and play crucial roles in
regulating atherosclerotic lesions (12).

Recently, several studies have reported that PCSK9 activates the
NLRP3 inflammasome signaling pathway and the associated
inflammation (13-15). Conversely, the NLRP3 inflaimmasome
signaling pathway can regulate PCSK9 secretion (16). However,
the regulatory mechanisms are still not fully understood, especially
in the context of atherosclerosis. In this review, we summarize
the current findings related to the interactions between PCSK9 and
the NLRP3 inflammasome in atherosclerosis. Furthermore, we
describe the specific molecular mechanism underlying the
PCSK9 and NLRP3 inflammasome signaling pathway in
atherosclerosis and cells related to inflammation, including
vascular smooth muscle cells (VSMCs), endothelial cells (ECs)
and macrophages (M®). These findings may provide a novel
theoretical basis and important targets for clinical application in
the treatment of atherosclerosis.
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PCSK9 biology and its role
in atherothrombosis

PCSK9 biology

In 2003, Abifadel M et al. first reported that PCSK9 is highly
expressed in the liver and contributes to cholesterol homeostasis
(17). Similar to other proprotein convertases, PCSK9 is synthesized
as a soluble proenzyme and undergoes autocatalytic cleavage in the
endoplasmic reticulum (ER) at residue 152 between its prodomain
and catalytic domains (18). Then, a stable heterodimer consisting of
a prodomain of approximately 14 kDa and a mature fragment of
approximately 57 kDa is formed, as shown in Figure 1. After
transportation to the Golgi apparatus, the protein is modified by
acetylation and subsequently secreted (18). PCSK9 is mainly
secreted by the liver, small intestine, kidney, skin, and
cerebrospinal fluid, while PCSK9 in blood is almost exclusively
secreted from the liver (19). PCSK9 and LDLR form a tight complex
and are targeted to lysosomes for degradation, thereby reducing the
level of LDLR on the surface of hepatocytes and decreasing hepatic
clearance of LDL-C (20).

Through its function of degrading the LDLR, PCSKO9 is a key
player in lipid metabolism by regulating the LDL level in blood
responsible for hypercholesterolemia, which is associated with the
risk of atherosclerosis (21). Overexpression of PCSK9 was found to
inversely downregulate the expression of LDLR and reduce the
clearance of cholesterol from plasma, so inhibiting PCSK9
overexpression is significant in the prevention and treatment of
atherosclerosis. Moreover, Tavori et al. found that PCSK9
expression is involved in regulating the size and composition of
atherosclerotic plaques and significantly enlarges atherosclerotic
lesion areas (8). Giunzioni et al. further showed that PCSK9
directly increases the inflammation of atherosclerotic lesion in an
LDLR-dependent but cholesterol-independent manner, suggesting
that therapeutic PCSK9 inhibition may have vascular benefits that
are secondary to reductions in the LDL levels (22). Overall, PCSK9
is expressed at high levels at the sites of atherosclerotic lesions,
particularly in intimal plaques (23). PCSK9 inhibition
has emerged as a potential novel therapeutic approach to
treat hypercholesterolemia and associated diseases, such
as atherosclerosis.

PCSK?9 is a key modulator
of atherosclerosis

It has been clearly established that PCSK9 plays a crucial role in
the development of atherosclerosis. While the liver is the major
source of circulating PCSK9, PCSK9 is also expressed in various
cellular components of atherosclerotic plaques, including
monocytes/M®s, VSMCs, and ECs, that directly participate in the
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FIGURE 1

Structure diagram of PCSK9. (A) PCSK9 is the ninth member of the subtilisin serine protease family, and its gene is located on human chromosome
1p32.3, is 22 kb in length, includes 12 exons, and encodes 692 amino acids. (B) PCSK9 consists of a signal peptide (residues 1-30), a prodomain
(residues 31-152), a catalytic domain (residues 153-451), and a C-terminal domain (residues 452-692). Similar to other proprotein convertases,
PCSK9 is synthesized as a soluble proenzyme and undergoes autocatalytic cleavage in the ER at residue 152 between its prodomain and catalytic
domains. Then, a stable heterodimer consisting of a prodomain of approximately 14 kDa and a mature fragment of approximately 57 kDa is formed,
and after transportation to the Golgi apparatus, the protein is modified by acetylation and subsequently secreted.

progression of atherosclerotic lesions by exacerbating vascular
inflammation (Figure 2 and Table S1) (24-31). Moreover, the
secretion of PCSK9 in ECs, SMCs and M®s were strongly
induced by LPS treatment with or without ATP compared with
the control (23, 32). PCSK9 secreted by VSMCs, which express
more PCSK9 than ECs in a paracrine manner, downregulating
LDLR expression on the cell surface of M®s and preventing the
formation of foam cells, thus reducing atherosclerosis progression.
However, native LDL molecules are not the major source of
cholesterol accumulation in macrophages and LDLR is not the

main receptor for lipoprotein uptake in cells within the
atherosclerotic plaque (5). Scavenger receptors expressed by M®
in vessel walls take up LDL-cholesterol, resulting in the
transformation of M®s into foam cells that secrete a large
amount of proinflammatory cytokines and mature into activated
M®, contributing to the acceleration of arterial inflammation and
atherosclerosis (33, 34). Cluster of differentiation 36(CD36) is a
scavenger receptor that is highly expressed in macrophages and
macrophage-derived foam cells in atherosclerotic plaques. Levy
et al. found that gain-of-function PCSK9 mutants could
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Role of PCSK9 in atherosclerosis. PCSK9 and LDLR form a complex and are targeted to lysosomes for degradation. Secreted PCSK9 by the liver
reduces the level of LDLR not only on hepatocytes surface but also on other cells. PCSK9 promotes platelet activation, leukocyte recruitment and
clot formation both in the plasma and in vascular cells. Proinflammatory stimuli activate ECs and increase adhesion molecules, promoting the
adhesion and migration of monocytes. Migrated monocytes and ox-LDL-C accumulate in the subintimal region. Meanwhile, migrated monocytes
transforms into M®s. In inflammatory milieu, PCSK9 increases scavenger receptors to increase ox-LDL uptake. In addition, PCSK9 mediated
inflammation via activating LRP1, TLR4/NF-xB pathway. PCSK9 increased cholesterol synthesis by activating ACAT-2/ApoB48. Furthermore, migrated
SMCs can absorb lipid and exacerbate the inflammatory responses and myogenic foam cell formation caused by the effects of growth factors and
proinflammatory cytokines. In VSMCs, PCSK9 is enhanced by mtDNA damage via the upregulation of p-mTOR. In turn, PCSK9 increases mtDNA
damage by regulating the apoptotic proteins via MAPK signaling pathway. Besides, low shear stress increases PCSK9, which induces EC dysfunction

and upregulates AP-1 and NF-xB.
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significantly increase CD36 expression (35). In addition, Ding et al.
also showed that PCSK9 can enhance the uptake of ox-LDL in M®s
by targeting lectin-like ox-LDL receptor 1(LOX-1) (23). Moreover,
Giunzioni et al. found that PCSK9 exerts a direct effect on the
monocyte/M® phenotype during the progression of atherosclerosis
(22). Given that LDL-R-related protein 1(LRP1) deficiency induces
nuclear factor kappa-B (NF-kB) activation and promotes a
proinflammatory phenotype in M®s, some studies have suggested
that PCSK9 induces macrophage inflammation by targeting LRP1
for degradation. Tang et al. found that PCSK9 overexpression
upregulates toll-like receptors 4 (TLR4) expression and promotes
inhibitor kappa B alpha (IkBo.) degradation, p-IxBow expression,
and NF-xB nuclear translocation (36). The findings show that
PCSK9 enhances inflammatory cytokine secretion through TLR4/
NF-xB pathway activation in M®s. Another mechanism underlying
the PCSK9-mediated promotion of inflammation might involve the
PCSK9-induced LDLR-independent degradation of apolipoprotein
E receptor 2 (ApoER2) (37), which plays a critical role in
maintaining the anti-inflammatory phenotype of M®s; these
results indicate that PCSK9 can regulate macrophage
inflammation through inflammasome activation.

VSMCs are important for the maintenance of vascular
homeostasis and play a key role in atherosclerosis (38). PCSK9 is
reported to be expressed in VSMCs in atherosclerotic plaques (39),
and its expression is markedly increased by inflammatory stimuli,
indicating that proinflammatory factors that are associated with
atherosclerosis stimulate PCSK9 expression in VSMCs and
suggesting a critical role for PCSK9 in the development of
atherosclerotic lesions (40). For example, migration of SMCs from
the tunica media of the vessel wall can lead to increased lipid
absorption and exacerbate the inflammatory responses and
myogenic foam cell formation caused by the effects of growth
factors and proinflammatory cytokines on the fatty streak (41).
Previous studies have shown that there is a positive feedback
interplay between VSMC-derived PCSK9 and mitochondrial DNA
(mtDNA) damage in the proinflammatory milieu that involves
mitochondrial reactive oxygen species (mtROS); this feedback loop
results in inflammation, oxidative stress, and apoptosis, which
directly contribute to atherosclerosis (42). In VSMCs, PCSK9,
which increases mtDNA damage by upregulating the expression of
the pro-apoptotic proteins Bax, caspase-9, and caspase-3 and
downregulating the expression of Bcl-2, is correlated with the
activation of the MAPK signaling pathway. Moreover, PCSK9
expression is enhanced by mtDNA damage via the upregulation of
p-mTOR expression in a dose-dependent manner, while inhibition
of PCSK9 reduces mammalian target of rapamycin (mTOR)
phosphorylation and decreases VSMC autophagy.

Vascular endothelial dysfunction and the inflammatory response
contribute to the initiation and progression of atherosclerosis (43).
Landlinger et al. found that treatment of mice with AT04A obviously
suppressed the inflammatory response and activated ECs and
stimulated monocyte/macrophage migration, suggesting that
PCSK9 inhibition also suppresses endothelial inflammation (44).
Although PCSKO9 expression and secretion by ECs may be lower than
that by VSMCs, the effects of PCSK9 on EC biology in atherosclerosis
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cannot be ignored. The development of atherosclerosis is caused by a
variety of factors, including biochemical factors and physical factors.
Hemodynamic shear stress regulates EC functions and influences the
pathobiology of atherosclerosis (45). Laminar shear stress is thought
to exert atheroprotective effects (46). Conversely, low shear stress
significantly increases PCSK9 expression, induces EC dysfunction,
and upregulates the expression of transcription factors, including
AP-1 and NF-kB, that promote pro-oxidant and proinflammatory
states (40, 46); these results indicate that PCSK9 may play an
important role in the EC inflammation that is induced by
low shear stress.

NLRP3 inflammasome
signaling pathway

Hosts regulate the release of intracellular inflammatory
mediators and the initiation of inflammatory responses mainly
through two types of pattern recognition receptors (PRRs), namely,
membrane-bound Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) (47, 48); these
receptors recognize pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular patterns (DAMPs) and
thus promote the maturation and release of tightly regulated, highly
inflammatory cytokines. NLRP3 is a recognized PRR, and it is a
cytoplasmic receptor that responds to danger signals and can be
activated to form the NLRP3 inflammasome (49).

The NLRP3 inflammasome is a multimolecular protein complex
that comprises the NOD-like receptor NLRP3, the adaptor ASC and
the effector pro-caspase-1, which play fundamental roles in
inflammation (50). Among these components, the NOD-like
receptor NLRP3 contains a leucine-rich repeat (LRR) domain,
nucleotide triphosphatase (NACHT) domain, and pyrin domain
(PYD), and it plays fundamental roles in inflammation (51). ASC
is composed of the N-terminal PYD domain and the C-terminal
CARD domain, which promote oligomeric homotypic interactions
(52). Pro-caspase-1 is composed of a CARD and catalytic domain,
including p10 and p20 (53). The sensing of various stimuli by TLRs
on the cell membrane can induce the activation of the TRIF/NF-xB
and TLR4/MyD88 signaling pathways and upregulate the
transcription of NLRP3 receptor proteins and proinflammatory
cytokines (54, 55). Moreover, the LRR domain of NLRP3 senses
stimuli, which leads to NACHT domain oligomerization, most likely
by promoting a PYD-ASC interaction, and these processes result in
the formation of the NLRP3 inflammasome via the binding of pro-
caspase-1, which is another component of the NLRP3
inflammasome, to CARD and ASC (56, 57). Upon activation, the
NLRP3 inflammasome results in the proteolytic activation of caspase-
1, which facilitates the cleavage of pro-IL-1f and pro-IL-18 and the
secretion of the proinflammatory cytokines IL-18 and IL-18
(58) (Figure 3).

Additionally, the caspase-1-dependent cleavage of gasdermin-D
(GSDMD) is thought to be the classic initiator pyroptotic cell death
(59). Pyroptosis is a novel form of cell death that is induced in
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inducing pyroptotic cell death.

response to cell disruption by the inflammasome-induced GSDMD
protein, which promotes the release of proinflammatory cytokines,
such as IL-1P and IL-18 (60). Previous studies have revealed that
pyroptosis is involved in atherosclerotic plaque formation.
Activated caspase-1 cleaves GSDMD and generates an active N-
terminal cleaving product (GSDMD-NT), which translocates to the
plasma membrane and oligomerizes to form a pore that allows the
release of IL-1P and IL-18, subsequently inducing pyroptotic cell
death and promoting the occurrence and development of
atherosclerosis (61).

The role of the NLRP3 inflammasome
signaling pathway in atherosclerosis

Recently, it has been shown that NLRP3 inflammasome/IL-13
signaling-mediated inflammation plays an important role in the
development of atherosclerosis (12), as is shown in Table S2 (62-73)
and Figure 4. The inflammatory process starts with inflammasome
activation, which leads to the release of mature IL-1B. Various
PAMPs and DAMPs have been shown to activate macrophages
(74). Upon activation, macrophages exacerbate the vascular
inflammatory response by releasing cytokines, and activated
macrophages are the main source of IL-1f (75). For example,
Orecchioni et al. recently found that macrophages express the
olfactory receptor Olfr2 and all associated trafficking and signaling
molecules, which drive atherosclerosis via NLRP3-dependent IL-13
secretion (76). In addition, a study by Zhang et al. reported that
desmosterol suppressed inflammasome activation in macrophages
and protected against vascular inflammation and atherosclerosis
(77). Decreased desmosterol accumulation in mitochondria
promotes mtROS production and NLRP3-dependent
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inflammasome activation. NLRP3 or ASC deficiency can reverse
the increase in inflammasome activity and atherogenesis that is
observed in desmosterol-depleted macrophages.

Endothelium dysfunction is involved in the development of
atherosclerotic vascular lesions. It has been shown that ECs
synthesize IL-lB in response to inﬂarnmatory stimuli; moreover,
the atherosclerotic endothelium exhibits increased expression of IL-
1B (78). Wilson et al. found that HUVECs express P2X (4) R and P2X
(7)R subtypes, and both were significantly upregulated under
inflammatory conditions (79). Activation of P2X(7)Rs results in the
release of low levels of bioactive IL-1f and the simultaneous release of
IL-1Ra (79). Wu et al. demonstrated that cytotoxin-associated gene A
(CagA) promotes aortic endothelial inflammation and accelerates
atherosclerosis through the NLRP3/caspase-1/IL-1P axis (80). In
addition, the activation of the vascular endothelium and the
infiltration of circulating monocytes into the vessel wall are
considered to be key factors in the occurrence and development of
atherosclerosis (81). Hettwer et al. revealed that IL-1f suppression
reduces inflammatory leukocyte production and uptake in
atherosclerosis (82). When the NLRP3 inflammasome is inhibited
in ECs from atherosclerotic aortas, these cells show decreased
expression of leukocyte chemoattractants and adhesion molecules,
indicating that NLRP3 inflammasome- and IL-1B3-targeted therapies
may reduce blood leukocyte recruitment to atherosclerotic aortas.

The inflammatory response that is induced by VSMC apoptosis
accounts for approximately 15% of the systemic inflammatory
response in atherosclerosis. Apoptotic VSMCs are phagocytosed by
normal endothelial cells in vivo, which does not require the
involvement of macrophages, leading to the inhibition of
inflammation and slowing the progression of atherosclerosis (83). In
addition, Clarke et al. found that necrotic VSMCs release IL-1a,
whereas apoptotic VSMCs undergoing secondary necrosis release
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The role of the NLRP3 inflammasome signaling pathway in atherosclerosis. (A) Inflammatory endothelium can improve the recruitment of leucocytes
via increasing ICAM-1 and VCAM-1, thus attracting monocytes to migrate and differentiate into macrophages. Then, macrophages phagocytose the
modified lipoproteins and increase the foam cells formation. Inflammatory stimuli activate the synthesis of pro-IL-1f and increase the caspase-1.
Both of P2X(4)R and P2X(7)R are also significantly upregulated under inflammatory conditions and promote the release of IL-18 and IL-1Ra
Moreover, CagA promotes endothelial inflammation through the NLRP3/caspase-1/IL-1f axis. (B) Various PAMPs and DAMPs can activate
macrophages. Macrophages express the Olfr2, which drive atherosclerosis via NLRP3-dependent IL-1p secretion. Desmosterol accumulation in
mitochondria suppresses mtROS production and NLRP3 inflammasome activation. (C) VSMC apoptosis can induce the inflammatory response.
Normal VSMCs inhibit the inflammation by phagocytosing apoptotic VSMCs in vivo. Monocytes can trigger NLRP3 inflammasome activation and the
expression of NLRP3, promoting IL-1B secretion, and these cells can decrease Oct-4 in VSMCs and upregulate klf4 to control the phenotypic

transformation of VSMCs into macrophage-like cells

both IL-la and IL-1B. IL-1 from necrotic VSMCs induces the
surrounding viable VSMCs to produce proinflammatory cytokines.
Thus, the failure to clear apoptotic VSMCs caused by hyperlipidemia
in vivo may promote the increases in serum cytokine levels and
chronic inflammation associated with atherosclerosis (83). In addition,
NLRP3 inflammasome activation and IL-1f signaling play a direct
role in VSMC phenotypic switching (84). Fabienne Burger et al. found
that monocytes can trigger NLRP3 transcription factors expression,
thus promoting NLRP3 inflammasome activation and IL-1f secretion,
and these cells can decrease Oct-4 expression in VSMCs and
upregulate klf4 expression to control the phenotypic transformation
of atherosclerotic VSMCs into macrophage-like cells (85).

Interactions between PCSK9
and the NLRP3 inflammasome
signaling pathway

Effects of PCSK9 on the NLRP3
inflammasome signaling pathway

Several studies have revealed that both PCSK9 expression and
NLRP3 inflammasome-induced pyroptosis occur in atherosclerotic
plaques (13). Some studies have reported that there are interactions
between PCSK9 and the NLRP3 inflammasome in atherosclerosis
(86) (Table S3) (87, 88, Figure 5). PCSK9 is considered to be a key
inflammatory signal, and it is also abundantly expressed in cells that
are exposed to inflammatory stimuli, such as lipopolysaccharide
(LPS) (89). The NLRP3 inflammasome has been considered to be a
link between lipid metabolism and inflammation, and it induces
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pyroptosis and exerts a significant effect on atherogenesis (90). Under
hypoxic conditions, PCSK9 promotes the secretion of
proinflammatory cytokines by macrophages to exacerbate hypoxia/
reoxygenation-induced cardiomyocyte injury by activating the NF-
KB signaling pathway (91). Moreover, PCSK9 knockout significantly
inhibits hypoxia-induced inflammation and cell death, inhibits
macrophage recruitment, and suppresses the migration and
proliferation of VSMCs; these effects are related to the inhibition of
NLRP3 inflammasome activation (15). Using sepsis models in
HUVECs and mice, Huang et al. found that increased PCSK9
expression during sepsis activates the TLR4/MyD88/NF-«xB and
NLRP3 pathways to induce inflammation, which results in vascular
endothelial dysfunction and decreased survival (14). In addition,
several studies have also demonstrated that the NLRP3
inflammasome and pyroptosis-related proteins are activated under
hypoxia conditions (92). Ding et al. established a LCA ligation model
in mice to model the atherosclerotic state and found that PCSK9
expression could be strongly enhanced in the zone bordering the
infarcted area (93). Moreover, the study reported that pyroptosis is
significantly observed in the zone bordering the myocardial infarcted
area (94). These studies further demonstrated a close correlation
between PCSK9 and the NLRP3 inflammasome signaling pathway,
and both are involved in the process of hypoxia-induced pyroptosis.

Mitochondrial ROS promote macrophage pyroptosis by inducing
GSDMD oxidation. Excess production of mtROS and subsequent
mtDNA damage are common triggers of NLRP3 inflammasome
activation (95), while GSDMD activation and LDH release are key
mediators of the occurrence of pyroptosis. Wang et al. found that
PCSKO regulates pyroptosis via mtDNA damage in chronic myocardial
ischemia (13). PCSK9 initiates mitochondrial DNA (mtDNA) damage,
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Interactions between PCSK9 and the NLRP3 inflammasome signaling pathway. ATP and nigericin simultaneously induced the NLRP3 inflammasome
in cells primed with LPS and induced PCSK9 expression. In addition, hypoxia induces PCSK9 expression and NLRP3 inflammasome activation. The
NLRP3 inflammasome and its downstream signals all regulate PCSK9 secretion, while MAPKs play a key role in regulating IL-1B-mediated PCSK9
secretion. PCSK9 can directly activate the NLRP3 inflammasome and promote the secretion of pro-inflammatory cytokines via NF-kB signaling
PCSK9 knockout inhibits macrophage recruitment, suppresses the migration and proliferation of VSMCs; these effects are related to NLRP3
inflammasome. PCSK9 initiates mtDNA damage, activates NLRP3 inflammasome signaling and subsequently induces pyroptosis. Another mechanism
underlying the effects of PCSK9 on NLRP3 inflammasome activation involves TLR4/MyD88/NF-«B signaling. PCSK9 binds to LDLR, causing an
increase in the total cholesterol and LDL-C levels, inducing inflammation, resulting in ICAM expression and NLRP3 inflammasome activation.

activates NLRP3 inflammasome signaling (NLRP3, ASC, Caspase-1,
IL-1B, and IL-18), and subsequently induces Caspase-1-dependent
pyroptosis, with intense expression of PCSK9 and the pyroptosis
marker GSDMD-NT in the zone bordering the infarct area.
Moreover, PCSK9 knockout significantly decreases the NLRP3
inflammasome signaling, GSDMD-NT expression, and LDH release
(13, 15). These results suggest that PCSK9 regulates Caspase-1-
dependent pyroptosis via mtDNA damage and may reveal
proinflammatory processes, including NLRP3 inflammasome
signaling and pyroptosis, as potential targets for the treatment of
PCSK9-related cardiovascular diseases (13). Additionally, PCSK9
binds to the LDLR and enhances its degradation, which leads to the
reduced clearance of LDL-C and a higher risk of atherosclerosis.
Landlinger et al. found that AT04A immunization induced high and
persistent levels of antibodies against PCSKO9, significantly reducing the
total cholesterol and LDL-C levels in plasma, decreasing vascular
inflammation, and ultimately reducing ICAM expression in activated
endothelial cells and caspase-1-activating NLRP3 inflammasome-
related protein expression in proinflammatory macrophages (44).

Effects of the NLRP3 inflammasome
signaling pathway on PCSK9

Notably, the expression of NLRP3 inflammasome-related
proteins and secretion of PCSK9 were particularly evident when
mouse peritoneal macrophages were exposed to LPS, ATP or
nigericin, indicating that the NLRP3 inflammasome is connected
to PCSKO9 secretion (16, 96). Macrophage-derived PCSK9 may also
play an important role in atherogenesis via its local effects on
atherosclerotic plaques (36). Ding et al. revealed that NLRP3 and its
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downstream signaling proteins ASC, Caspase-1, IL-18, and IL-1f3 all
regulate PCSK9 secretion by macrophages as well as in a host of
tissues, including the liver, small intestine and kidney; on the other
hand, MAPKSs play a key role in regulating IL-13-mediated PCSK9
secretion, particularly in the context of high-fat diet consumption
(16). The study pointed out that macrophages secrete large amounts
of PCSK9 via NLRP3 inflammasome activation. PCSK9 expression
is downstream of NLRP3 and IL-1f, which are the major regulators
of PCSK9 secretion. Furthermore, HFD-C results in the robust
secretion of PCSKY, and this PCSK9 secretion is dependent on IL-
1P upregulation, providing a strong link between IL-1f and PCSK9
in the proatherosclerotic and proinflammatory milieu (97, 98).

Recent advances in the use of PCSK9 and
NLRP3 inflammasome signaling as
therapeutic targets for atherosclerosis

Inhibiting PCSK9 with inhibitors has been studied as a potential
therapeutic approach in the field of atherosclerotic treatment (99).
Different forms of PCSK9 inhibitors and their targets, including
monoclonal antibodies (mAbs), small interfering RNAs (siRNAs),
and vaccines, have recently been explored (100-102). At present,
two mAbs against human PCSKO9, alirocumab and evolocumab, are
approved for listing and are available for use in clinical treatment
(103). Ongoing clinical trials have shown that these PCSK9 mAbs
are well tolerated, enhance the clearance of LDL-C, and decrease
cardiovascular events in patients (104).Therapeutic monoclonal
antibodies target PCSK9 in the plasma, while siRNA selective
silences the translation of messenger RNA (mRNA) molecules,
thus preventing the intracellular translation of PCSK9 mRNA to
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protein (105). Inclisiran is an siRNA and was discovered several
years ago (106). The positive results of the ORION series provide
strong supporting evidence for the clinical application of inclisiran
in the treatment of atherosclerosis (107, 108). Compared with
therapeutic mAbs, siRNA treatment shows a more sustained
efficacy and requires fewer injections, thus overcoming some
known barriers to treatment compliance compared with mAbs
(109). The basic characteristic of a PCSK9 vaccine is the capacity
to trigger the generation of anti-PCSK9 antibodies by the host
(110). However, research on PCSK9 vaccines, such as PCSK9Qp-
003, AT04A and L-IFPTA+, is still in the animal experimental stage
(44, 111, 112).

In terms of NLRP3 inhibitors, currently available clinical agents
are targeting IL-1f (113). Although targeting IL-1P is an effective
method for treating inflammatory diseases, it seems to have
limitations. First, the activated NLRP3 inflammasome produces
various inflammatory cytokines, including IL-1f3, IL-18 secretion.
All of cytokines play crucial roles in the occurrence and development
of related diseases (114, 115). Second, IL-1f is produced not only by
the NLRP3 inflammasome but also by other inflammasomes or in an
inflammasome-independent manner, so inhibition of NLRP3 may
have more immunosuppressive effects than inhibition of IL-1f (116,
117). Additionally, MCC950 can specific inhibit classical and
nonclassical NLRP3 inflammasome activation and pro-
inflammatory cytokines secretion to significantly decrease the
maximum degree of aortic stenosis as well as the mean plaque size
and volume and increase plaque stability (118-120). Several studies
have revealed that MCC950 can directly interact with the Walker B
motif in the NACHT domain to block ATP hydrolysis and inhibit
NLRP3 inflammasome activation and formation (121, 122). In
addition, CY-09, which is an analog of C172, was also found to
directly bind to the ATP-binding site of the NLRP3 NACHT domain
and inhibit its ATPase activity, inhibiting NLRP3 inflammasome
oligomerization and activation (123). Besides, Song et al. revealed
that blocking NLRP3 phosphorylation at S194 significantly
decreased NLRP3 inflammasome activation, suggesting that the
inhibition of NLRP3 phosphorylation may be a potential approach
for treating NLRP3-related diseases (124). Melatonin has proven to
be effective in treating atherosclerosis by inhibiting NLRP3
inflammasome signaling pathway (125, 126).

Collectively, the research on novel methods for inhibiting PCSK9
and NLRP3 inflammasome is still in an early stage, and the efficacy,
safety and feasibility of these approaches require further study.

Conclusions and perspective

In summary, PCSK9 can promote the occurrence and
development of atherosclerosis by inhibiting the metabolism of
LDL-C, enhancing the formation of foam cells and thus promoting
the progression of vascular wall inflammation, suggesting that
PCSKO9 is an important intervention target in the occurrence and
development of atherosclerosis. NLRP3 inflammasome activation
contributes to the vascular inflammatory response driving
atherosclerosis development and progression. Significantly, the
effect of PCSK9 and the NLRP3 inflammasome on atherosclerosis
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seems to be synergistic. Interactions between PCSK9 and the
NLRP3 inflammasome may form a positive feedback loop, acting
together to drive the inflammatory response and lipid accumulation
and thus promoting atherosclerosis. On the one hand, the NLRP3
inflammasome signaling pathway has been shown to promote
PCSK9 secretion by regulating IL-1B, and this may be mediated
by MAPK signaling. On the other hand, PCSK9 directly induces
inflammatory responses in VSMCs as well as the expression and
secretion of inflammatory factors and cytokines, including NLRP3
and its downstream molecules ASC, Caspase-1, IL-6, IL-18, and IL-1j3,
in macrophages. Collectively, these findings suggest a bidirectional
positive correlation between the NLRP3 inflammasome signaling
pathway and PCSK9. Therapeutic options that target PCSK9 and
NLRP3 inflammasome may play an important role in the future
treatment of atherosclerosis-related diseases. For example, inclisiran
not only decreases LDL-C levels but also reduces Lp(a) concentrations.
Given that Lp(a) is an independent risk factor for atherosclerosis, early
treatment with inclisiran might result in extensive benefits for patients
and decrease the damage caused by atherosclerosis via multiple
mechanisms. Additionally, the inhibitors of NLRP3 inflammasome
signaling that are currently available are agents that target IL-1f3 and
caspase-1 as well as antagonists of the receptor P2X7.

It is noteworthy that knockout of the PCSK9 gene without
inflammatory activation does not affect the levels of inflammatory
proteins under physiological conditions; only the presence of factors
that induce inflammatory responses, such as a high-fat diet,
significantly decrease the levels of inflammatory cytokines. Besides,
although the deficiency of the PCSK9 gene partially decreased
inflammation in mice with atherosclerosis, it failed to diminish the
inflammatory response completely. First, activation of the NLRP3
inflammasome during apoptosis is closely associated with mtROS-
mediated mtDNA damage. Second, activated NLRP3-mediated IL-13
secretion in turn serves as a proinflammatory stimulant that can
promote inflammatory responses. In addition, Chen et al. indicated
that NLRP3, NLRP12 and NLRC4 exerted a significant synergistic
effect, suggesting that NLRP3, NLRP12 and NLRC4 could be mutually
regulated (127). This synergistic effect can promote caspase-1-
dependent GSDMD cleavage-induced pyroptosis during vascular
damage and accelerate the secretion of IL-1. Finally, the synthesis of
inflammatory factors and cytokines, such as ASC, Caspase-1, and IL-
1B, may not be fully dependent on the NLRP3 inflammasome. NLRP6,
NLRP7,NLRP12,NLRC4 and AIM2 have been shown to contribute to
proinflammatory cytokine expression. As shown in the study by Liu
et al., overexpression of NLRP6 enhanced the activation of caspase-1
and gasdermin-D, induced the pyroptosis of human gingival
fibroblasts, and promoted the release of the proinflammatory
mediator IL-1f (128).

In conclusion, the NLRP3 inflammasome signaling pathway and
PCSK9 play critical roles in atherosclerosis and show promise as
essential targets for the prevention and treatment of atherosclerosis.
However, the precise mechanisms by which interactions between the
NLRP3 inflammasome and PCSK9 affect atherosclerosis have largely
remained unclear. Further research is needed to reveal the functions of
PCSK9 and NLRP3 inflammasome signaling in atherosclerosis by
revealing the underlying molecular mechanisms. Moreover, long-term
clinical follow-up with a large sample size will still be necessary for
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studying PCSK9 and NLRP3 inhibitors since these inhibitors may
increase the risk of diabetes and neurological diseases.
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Glossary

PCSK9

proprotein convertase subtilisin/kexin type 9

ER endoplasmic reticulum

LDLR low-density lipoprotein receptor
LDL-C low-density lipoprotein cholesterol
Mo macrophage

ox-LDL oxidative low-density lipoprotein
LRP1 LDL-R-related protein 1

TLR4 toll-like receptors 4

NF-xB nuclear factor kappa-B

IxBa inhibitor kappa B alpha

ApoER2 apolipoprotein E receptor-2

ApoB48 apolipoprotein B-48

ACAT-2 acyl-coA cholesteryl acyl transferases 2
VSMCs vascular smooth muscle cells

Bax BCL2-associated X

Bcl-2 B-cell lymphoma-2

MAPK mitogen-activated protein kinases
mTOR mammalian target of rapamycin
VCAM-1 vascular cell adhesion molecule-1
ICAM-1 intercellular adhesion molecule-1

EC endothelial cells

AP-1 activator protein-1

PRR pattern recognition receptor

NLRP3 NOD-like receptor thermal protein domain associated protein 3
PAMPs pathogen-associated molecular pattern
DAMPs damage associated molecular patterns
LRR leucine-rich repeat domain

NACHT nucleotide triphosphatase domain
PYD pyrin domain

CARD caspase recruitment domain

TRIF TRI domain-containing adaptor inducing interferon.B
MyD88 myeloid differentiation factor 88

IL-1B interleukin-1f3

IL-18 interleukin-18

GSDMD gasdermin-D

GSDMD-NT | N-terminal cleaving product

Olfr2 olfactory receptor 2

mtROS mitochondrial reactive oxygen species
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HUVECs human umbilical vein endothelial cells
P2X (4) R purinergic receptor P2X4

P2X (7) R purinergic receptor P2X7

IL-1Ra interleukin-1 receptor antagonist
CagA cytotoxin-associated protein

Oct-4 POU class 5 homeobox 1

KLF4 kruppel-like factor 4

ATP adenosine-triphosphate

LPS lipopolysaccharide

mtDNA mitochondrial deoxyribonucleic acid
MAECs mouse aortic endothelial cells

BMDCs bone marrow-derived dendritic cells
HAoSMCs human aortic smooth muscle cells
BMDMs primary bone marrow-derived macrophages
HEK293T human embryonic kidney 293T

ACS acute coronary syndrome

PBMC peripheral blood mononuclear cells
GLP-1R glucagon like peptide 1 receptor

PKC protein kinase C

NOX-4 NADPH oxidase 4

LDH lactate dehydrogenase

CCL-2 chemokine ligand 2

CC cholesterol crystals

UQCRC1 ubiquinol-cytochrome ¢ reductase core protein 1
MI myocardial infarct

HeFH heterozygous familial hypercholesterolemia
SREBP-2 sterol element binding protein 2

CAT a catalytic domain

CHD coronary heart disease

ASCVD atherosclerotic cardiovascular disease
IgG1 immunoglobulin G1

WAT White Adipose Tissue

CVD cardiovascular disease

NAFLD non-alcoholic fatty liver diseases
NASH non-alcoholic steatohepatitis

CD36 cluster of differentiation 36

LOX-1 lectin-like ox-LDL receptor 1

TNF-ou tumor necrosis factor-ou

T2D Type 2 diabetes

MI myocardial infarction.
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Si Zhang*®, Qin-Lin Li***, Ni Xia***, Shao-Fang Nie™??,
Min Zhang**, Zheng-Feng Zhu"*?, Zi-Hua Zhou**,
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College, Huazhong University of Science and Technology, Wuhan, China

Background: Epicardial adipose tissue (EAT) acts as an active immune organ and
plays a critical role in the pathogenesis of heart failure (HF). However, the
characteristics of immune cells in EAT of HF patients have rarely been elucidated.

Methods: To identify key immune cells in EAT, an integrated bioinformatics
analysis was performed on public datasets. EAT samples with paired
subcutaneous adipose tissue (SAT), heart, and peripheral blood samples from
HF patients were collected in validation experiments. T cell receptor (TCR)
repertoire was assessed by high-throughput sequencing. The phenotypic
characteristics and key effector molecules of T lymphocytes in EAT were
assessed by flow cytometry and histological staining.

Results: Compared with SAT, EAT was enriched for immune activation-related
genes and T lymphocytes. Compared with EAT from the controls, activation of T
lymphocytes was more pronounced in EAT from HF patients. T lymphocytes in
EAT of HF patients were enriched by highly expanded clonotypes and had greater
TCR clonotype sharing with cardiac tissue relative to SAT. Experiments
confirmed the abundance of IFN-y* effector memory T lymphocytes (Tem) in
EAT of HF patients. CCL5 and GZMK were confirmed to be associated with
T lymphocytes in EAT of HF patients.

Conclusion: EAT of HF patients was characterized by pronounced immune
activation of clonally expanded IFN-y* Tgwm and a generally higher degree of
TCR clonotypes sharing with paired cardiac tissue.

KEYWORDS

epicardial adipose tissue, heart failure, immune infiltration, T lymphocytes, TCR immune
repertoires, bioinformatics analyses
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Introduction

Due to its unique anatomic and functional features (1),
epicardial adipose tissue (EAT) and its critical role in the
pathogenesis of cardiovascular diseases have received increasing
attention in recent years. EAT covers nearly 80% of the heart’s
surface and accounts for approximately 15% of the total heart mass
(2). EAT is mainly located in the atrioventricular and the
interventricular sulcus (3). EAT is in direct contact with the
myocardium without fascial interruption, allowing mutual
crosstalk. Under normal conditions, EAT is cardio-protective by
maintaining lipid homeostasis and providing mechanical protection
to the adjacent myocardium. Under pathological conditions,
however, EAT transforms into a pro-inflammatory and pro-
fibrotic phenotype and is cardiac deleterious (4).

Heart failure (HF) is a complex clinical condition with a poor
prognosis characterized by cardiac diastolic or systolic dysfunction
(5). Emerging evidence has linked EAT to the pathogenesis of HF
(4, 6). Sodium-glucose cotransporter 2 (SGLT2) inhibitors is a novel
agent for the treatment of HF (7). A reduction in EAT volume has
been linked to the beneficial effects of SGLT2 inhibitor in HF
patients (8). The mechanisms by which EAT contributes to HF
remain unclear, but likely involve enhanced inflammation. EAT is
populated by immune cells including macrophages, T lymphocytes,
mast cells, etc., and serves as the source of pro-inflammatory
mediators (9-11). Pro-inflammatory cytokines and pro-fibrotic
factors, such as leptin, TNF-c, IL-1f, and IL-6 are up-regulated
in EAT under pathological conditions (12, 13) and may diffuse into
the adjacent myocardium to promote cardiac dysfunction.
However, a better understanding of the relationship between EAT
and HF requires a full-scale knowledge of the changes in the
immune microenvironment within EAT in HF. Here, we
performed integrated bioinformatics and immune cell infiltration
analyses on public datasets to characterize the immune features and
immune cell profiles of EAT in HF patients. The results suggested
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that EAT of HF patients was characterized by pronounced immune
activation, particularly by the accumulation of T lymphocytes.
Further analyses indicated that T lymphocytes in EAT of HF
patients were highly expanded, closely related to those in cardiac
tissue, and dominated by IFN-y" effector memory T lymphocytes
(Tgm). GZMK and CCLS5 identified by bioinformatics analyses may
act as the key effector molecules of T lymphocytes in EAT of HF
patients. The overall flowchart of this study is shown in Figure 1.

Materials and methods
Public datasets in transcriptomic analysis

GSE64554 (14), GSE120774 (15), GSE192886 (16) and
GSE24425 (17) were obtained from Gene Expression Omnibus
(GEO, https://www.ncbi.nlm.nih.gov/geo). Array or sequencing
data of paired EAT and SAT in GSE64554 (n=46), GSE120774
(n=36), and GSE24425 (n=12) were from patients undergoing
cardiac valve or coronary artery bypass graft surgery. GSE192886
contained sequencing data of EAT from HF patients (n=5) and
non-HF patients (n=5) undergoing coronary artery bypass graft
surgery. Clinical characteristics for analyzed patients can refer to the
original citations of these datasets and Tables S1-S3.

Patients and samples in the experimental
validation

In the validation experiments, fresh EAT with paired SAT,
heart, and peripheral blood samples were collected from HF
patients undergoing heart transplantation in Wuhan Union
Hospital. Peripheral blood samples were obtained before surgery.
SAT samples were obtained from the suprasternal region, heart and
EAT samples were obtained from the left ventricle. We obtained
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FIGURE 1
Overall flowchart of this study
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informed consent from all enrolled subjects. The experimental
protocol and sample collection were in accordance with the
Declaration of Helsinki and approved by the Medical Ethics
Committee of Wuhan Union Hospital of Huazhong University of
Science and Technology (METC number: 20200462). Information
on the involved subjects was listed in Table S4.

Identification of differentially expressed
genes, functional enrichment analysis, PPI
network construction, and identification of
hub genes

The data obtained from GSE64554 and GSE120774 were
processed by log, transformation and quantile normalization via
limma package (18) using R separately. The differential expression
matrixes of the datasets were also identified by the limma package
separately and P values were adjusted by the Benjamini-Hochberg
method. We then applied the Robust Rank Aggregation (RRA)
method (19) to filter the differential expression matrixes, so as to
obtain the comprehensive differentially expressed genes (DEGs)
across two different microarray platforms. DEGs with RRA score
less than 0.05 were selected for further analyses.

Functional enrichment analyses were performed using the
DAVID (20) by inputting the official gene symbols of obtained
DEGs. Figures for functional enrichment analyses were plotted by R
and Sangerbox (http://www.sangerbox.com/tool). Construction of
the protein-protein interaction (PPI) network and identification of
hub genes were performed as the previous description (21).

Weighted gene co-expression
network analysis

To explore the gene modules responsible for the phenotypic
differences between EAT and SAT, we performed the Weighted
gene co-expression network analysis (WGCNA)to identify co-
expressed gene modules (22). First, we screened the top 25% of
the genes in the variance variability between samples in a pooled
matrix and used them as input data. Next, we obtained the soft
threshold and set the minimum gene number in the module to 30 to
get gene co-expression modules. By analyzing the correlation
between each module with the EAT/SAT phenotypes, we
screened out the gene modules that need further exploration.
Finally, functional enrichment analyses were performed on the
obtained modules, and the modules significantly related to the
immune process were identified. By taking the intersection of
immune-related key modules and DEGs identified by RRA, we
obtained a set of key immune-related genes.

Immune cell infiltration and
correlation analyses

xCell (23) and CIBERSORT (24) are signature-based methods to infer
the immune cell landscape according to expressional profiling. We
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performed immune cell infiltration analyses and obtained the immune
cell landscapes for EAT and SAT based on the pooled matrix. “Lymphoid
cells” and “myeloid cells and others” were categorized. Results were
evaluated by t-test to determine the significance of differences. The
correlation relationship between immune cell types, WGCNA modules,
and target genes was evaluated by Pearson correlation coefficients.

T cell receptor repertoires sequencing
and analyses

Paired EAT, SAT, and heart samples were used for T cell receptor
(TCR) repertoire sequencing. Tissue genomic DNA was extracted
using Universal Genomic DNA Kit (CWBio, China). DNA quality
was evaluated using Nanodrop2000 (Thermo, USA) with
concentration >20ng/uL and OD260/280 between 1.7 and 2.0.
Multiplex PCR reactions were run to specifically amplify the third
complementarity-determining region (CDR3) of the TCR chain for
libraries construction. The constructed libraries were deeply sequenced
by Ilumina NextSeq500. Primers and sequencing were provided by
SEQHealth (China).

Raw sequences filtered by SOAPnuke (version 1.6.0) were used for
TCR sequencing analyses, and the sequencing data were mapped to the
ImMunoGeneTics (IMGT) database using MiXCR (version 3.0.3) to
define the V, D, and | fragments and CDR3 sequence (25). The terms
TCR clonotype and TCR clone describe the CDR3 sequence composed
of a unique amino acid sequence and CDR3 sequence composed of
unique V, D, and ] fragments, respectively. Antigen matching analysis
was performed via the IEDB database (http://www.iedb.org/).

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using lymphocyte separation
medium (MPbio, USA). Fresh EAT samples were digested at
37°C in Hepes buffer containing collagenase D (1mg/mL, Sigma,
USA) and dispase II (2mg/mL, Sigma, USA), and then filtered by
100um and 40um filters (Falcon, USA) sequentially to collect the
stromal vascular fraction (SVF) for subsequent flow cytometric
analyses. Memory phenotypes of T lymphocytes were categorized
into naive T cell (Ty, CD62L'CD45RA"), central memory T cell
(Tcm, CD62LTCD45RA”), effector memory T cell (Tgy, CD62L
CD45RA") and CD45RA" effector memory T cell (Tgyra, CD62L
CD45RA™). For the detection of interferon (IFN)-y, cells were re-
suspended in RPMI-1640 medium (Gibco, USA) with 10% heat-
inactivated FBS (Gibco, USA) at a concentration of 10° cells/ml and
stimulated with Cell Stimulation Cocktail (eBioscience, USA). After
6 hours of stimulation, cells were harvested, permeabilized, and
then stained with fluorescence-conjugated antibodies. Used
antibodies were as follows: PE-Cy7-anti-human CD3(BD
Biosciences, USA), PE-anti-human IFN-y (BD Biosciences, USA),
BV421-anti-human CD45RA (BD Biosciences, USA), APC-anti-
human-CD62L (Biolegend, USA), Fixable Viability Stain 510 (BD
Biosciences, USA). The stained cells were washed with Flow
Cytometry Staining Buffer (eBioscience, USA) and fixed with IC
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Fixation Buffer (eBioscience, USA). Flow cytometry analyses were
performed with a FACS Calibur flow cytometer (BD Biosciences,
USA) and analyzed by FlowJo software.

Histological staining

For immunohistological or immunofluorescence staining, paired
EAT and SAT samples were fixed in 4% paraformaldehyde at 25 °C
for 24 hours and embedded in paraffin. Slides were sectioned in 5um
and blocked with 1% BSA PBS buffer and then stained with target
antibodies and DAPI following routine procedures. The slides were
scanned with a digital scanner (3D-HISTECH, Hungary).
CaseViewer software was used for observation and statistics. For
immunohistological statistics, 3 areas under the 20x field of view from
each slide were randomly selected, and the average number of
positive cells per mm® was calculated (3 slides included for each
sample). Used antibodies were as follows: human CD3 antibody
(Servicebio, China), human CCL5 antibody (R&D systems, USA),
and human GZMK antibody (R&D systems, USA).

Statistical analysis

Data processing and analyses were performed using SPSS 22.0,
GraphPad Prism, and R. Normality were evaluated by the Shapiro-
Wilk test. Differences were evaluated using Student’s t-test and P < 0.05
was considered statistically significant unless indicated otherwise.

Results

Integrated bioinformatics analyses revealed
pro-inflammatory characteristics of EAT

The DEGs between EAT and SAT in GSE64554 and GSE120774
were identified separately and shown in Figure 2A. Next, we applied the
RRA algorithm to integrate DEGs of the two datasets and obtain a
more comprehensive DEGs list. The RRA method identified 131 genes
that were up-regulated in EAT compared to SAT, while 159 genes were
down-regulated. DEGs identified by RRA presented significant
differences (adjusted P value<0.05 and |log,FC| >0.5) in at least one
dataset, most of which (90%) showed consistent expressing trends
across datasets. The top10 up- and down-regulated DEGs recognized
by RRA were shown in Figure 2B. Next, we applied Gene Ontology
(GO) enrichment analysis on the DEGs identified by RAA that were
up- and down-regulated in EAT versus SAT to explore their potential
functions, respectively. As shown in Figure 2C, the up-regulated DEGs
in EAT were mainly enriched in complement activation and immune
response, while the down-regulated DEGs were mainly related to
embryonic skeletal system morphogenesis, suggesting immune
activation in EAT compared to paired SAT. The PPI network of
DEGs identified by STRING was further analyzed by cytoHubba to
identify hub genes. As shown in Figure S2 and Table S5, we obtained
the top 10 hub genes including COLIAI, FGF2, BGN, C3, TIMPI,
CD44, POSTN, COL3A1, CCL2 and APOB.
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Further, we applied the WGCNA method to identify immune-
related key gene modules associated with EAT. By filtering the
expression profiles of the top 25% variance in all EAT and SAT
samples, a total of 3869 highly variable genes were included in
WGCNA. Then, filtered genes were clustered into 18 different
modules based on WGCNA clustering (Figure 2D). The correlation
analyses between all modules and EAT/SAT phenotype were carried
out and 7 modules were found to be significantly associated with the
EAT/SAT phenotype (Figure 2E). Functional enrichment analyses
suggested that the blue and greenyellow modules were closely related
to immune response (Figure 2F). The overlap of DEGs and the two
modules were identified and 9 key genes were obtained for further
analyses. Of the 9 key genes, all were up-regulated DEGs in EAT and
listed in Table S6, including SLCO2BI, F13A1, CIQA, CIQB, and
CI1QC from the blue module and IGLL1, GZMK, CCL5, and SLC38A1
from the greenyellow module.

Immune cell infiltration analyses showed a
potential enrichment of lymphocytes in
EAT

We used xCell to explore the differences in the immune cell
landscape between EAT and SAT. As shown in Figure 3A, EAT was
infiltrated by more lymphocytes and dendritic cells (DC), while the
abundance of macrophages and M1 macrophages showed no
significant difference. In SAT, M2 macrophages, basophils, and
mast cells showed higher degrees of infiltration. The correlation
between different cell subtypes was calculated to infer their potential
interaction. In Figure 3B, CD4" T cells and CD8" T cells presented a
strong positive correlation (r=0.82), indicating that the two
subtypes of T cells had a consistent tendency of infiltration.

Next, we analyzed the correlation between the infiltrated immune
cells with hub genes, key genes and key modules identified in EAT
from the previous PPI network and WGCNA analyses. As shown in
Figure 3C, the expression of GZMK, CCL5, IGLLI, and SLC38Al
presented a strong positive correlation with CD4" T cells, CD8" T cells,
and B cells, while the expression of SLCO2BI, BGN, C3, TIMP1, CIQA,
CIQB and CIQC showed a strong positive correlation with DC. As
shown in Figure 3D, the 7 key modules related to EAT and SAT
obtained by WGCNA were all related to different subtypes of immune
cells. In particular, the blue and greenyellow modules closely related to
the immune process presented a strong positive correlation with
lymphocyte abundance. The correlation coefficients between the
greenyellow module and T or B cells were more than 0.8. Based on
the above analyses, we concluded that EAT acts as a pro-inflammatory
adipose tissue characterized by abundant lymphocyte infiltration
compared with SAT.

More activated T lymphocytes in EAT from
HF patients

To further explore the characteristics of EAT from HF

patients, we analyzed a public dataset GSE192886 containing
transcriptome profiles of EAT from 5 HF patients and 5 patients
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without HF as controls (CON). We obtained 196 up-regulated and
261 down-regulated DEGs in EAT from HF patients versus that
from controls. Function enrichment analysis of up-regulated
DEGs suggested immune activation, particularly lymphocyte

composition between EAT from HF patients and non-HF
controls. As shown in Figure 4C, the frequencies of T cells and
B cells were higher in EAT from HF patients compared to non-HF

controls, indicating lymphocyte activation as the hallmark of EAT

activation in EAT from HF patients (Figure 4A). Up-regulated
DEGs were mainly enriched in the lymphocyte activation pathway
relative to the myeloid leukocyte activation pathway (Figure 4B).
Next, we used CIBERSORT to compare the immune cell

from HF patients.

We examined the expression levels of genes associated with the
inflammatory characteristics of EAT (10 hub genes and 9 key genes
identified above). As shown in Figure 4D and Figures S3, S4 (Mann-
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FIGURE 3

Immune cell infiltration and correlation analyses. (A) Violin charts of xCell i

mmune infiltration score between EAT and SAT. (B) Correlation matrix of

immune cell subtypes (Pearson correlation coefficients are displayed in the box). (C) Correlation matrix of immune cell infiltration scores with 19
identified key genes (Pearson correlation coefficients are displayed in the box). (D) Correlation matrix of immune cell infiltration scores with WGCNA
key modules. *P < 0.05, **P < 0.01, ***P < 0.001 and ns refers to no significance.

Whitney test), of these genes (IGLLI not included), the expression
of CCL5, GZMK, and POSTN showed a further increase in EAT
from HF patients indicating an enhanced degree of inflammation
and fibrosis while CCL5 and GZMK presented the strongest positive
correlation with infiltrated T lymphocytes in previous analyses
(Figure 3C). Next, we examined the expressions of T cell-
inflamed gene expression profiles (GEPs) between EAT from HF
patients and non-HF controls. T cell-inflamed GEPs (composite
genes listed in Table S7) has been reported to be associated with
inflammatory T-lymphocyte infiltration and prediction of
sensitivity to immunotherapy in tumors (26, 27). As shown in
Figure 4E (Mann-Whitney test), the expressions of T cell-inflamed
GEPs were higher in EAT of HF patients, providing further
evidence of an enhanced T-lymphocyte response. In addition, the
expression of CCL5 and GZMK were also strongly positively
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correlated with T cell-inflamed GEPs in EAT and SAT samples
from validation dataset GSE24425 (Figure 4F).

Next, we identified the potential key TFs regulating the
phenotypic transition of EAT from HF patients using the ChEA3
database (28) (Figure 4G). The PPI network of top 10 predicted key
TFs suggested a crucial role of lymphocyte-specific TFs in EAT of
HF patients, especially for those were differentially expressed
including TBX21, PAX5, NFATC2, and STAT4 (Figure 4H).

Characteristics of TCR repertoires in EAT
from HF patients

The numbers of TCR clones and TCR clonotypes were higher in
EAT than in paired SAT from HF patients, indicating enhanced T
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lymphocyte infiltration in EAT (Figure 5A). Next, we compared the
distribution of the low (fraction>0.1%), middle (fraction>0.5%),
and high (fraction>1%) frequency TCR clonotypes between EAT
and paired SAT. The results suggested the enrichment of highly
expanded TCR clonotypes in EAT compared to paired SAT
(Figure 5B). Accordingly, the proportion of top 10 TCR
clonotypes was higher in EAT than in SAT (Figures 5C, D).
These results suggested that T lymphocytes from EAT of HF
patients exhibited higher clonal expansion than those from SAT.
TCR clones with high frequency in EAT were listed and evaluated
by antigen matching analysis via the IEDB database (Tables S8, S9).

A relatively low proportion of shared TCR clonotypes was
observed between EAT and paired SAT (Figure 5E). However, the
degree of TCR clonotype sharing between cardiac tissue and EAT
was higher than that between cardiac tissue and SAT (Figure 5F).
Further, we found the Spearman’s correlation coefficients between
frequencies of TCR clonotypes in cardiac tissue and paired EAT was
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higher compared to that of SAT (Figure 5G). Next, we examined the
usages of TRBV-TRB]J fragments in EAT, SAT, and cardiac tissue
(Figure 5H). For the frequency distribution of V-] fragments with
an average frequency >1% in the heart (19 V-J fragments ranked in
Figure S5), the correlation between cardiac tissue and EAT was
greater than that between EAT and SAT while no obvious
correlation was observed between cardiac tissue and SAT
(Figure 5I). Thus, the above results suggested a similar antigenic
microenvironment between the heart and adjacent EAT.

Characteristics of T lymphocytes functional
phenotypes in EAT from HF patients

In order to verify the accumulation of T lymphocytes in EAT

and the role of key genes, we collected EAT together with paired
SAT and peripheral blood samples from HF patients undergoing
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ns refers to no significance.

heart transplantation. Immunohistomical staining showed
abundant CD3-positive T lymphocytes in EAT compared to SAT
(Figures 6A, B). Further flow cytometry showed that enriched T
lymphocytes in EAT were mainly composed of Tgy expressing high
levels of IFN-y (Figures 6C-F). Further immunofluorescence
staining results confirmed that CCL5 and GZMK were co-
localized with CD3-positive T lymphocytes (Figure 6G). Taken
together, we concluded that EAT from HF patients were populated
by inflammatory Tgy cells expressing high levels of effector
molecules including IFN-y, CCL5, and GZMK and thus
contributing to EAT pro-inflammatory conversion in HF patients.

Discussion

Previous understanding of the pro-inflammatory characteristics of
EAT was limited to the paracrine and endocrine effects of adipokines
and cytokines produced by EAT. The profiles of immune cells in EAT
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have rarely been elucidated. A pioneering work by Hirata et al. (10)
suggested that macrophages in EAT from patients with coronary artery
disease tend to be polarized towards the pro-inflammatory MI
phenotype. Recently, Vyas et al. (9) found that EAT was highly
enriched in adaptive immune cells. Given the relatively simple cellular
composition of adipose tissue, integrated bioinformatics analyses based
on the high-throughput array or sequencing data could expand our
knowledge of the roles and characteristics of immune cells in EAT.
Based on our analyses, EAT was enriched in immune
activation-related pathways and T lymphocytes compared to
paired SAT and this trait was more pronounced in EAT from HF
patients. Further, we used high-throughput TCR sequencing to
explore the characteristics of TCR repertoires in EAT and found
enrichment of highly expanded TCR clonotypes in EAT from HF
patients. In addition, we found a higher degree of TCR clonotypes
sharing between EAT and paired cardiac tissue from HF patients
relative to SAT, suggesting a similar antigenic microenvironment
between the heart and adjacent EAT. Furthermore, we
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and ns refers to no significance.

demonstrated the dominance of pro-inflammatory IFN-y" effector
memory T lymphocytes in EAT from HF patients. Considering our
previous work has revealed a tissue-specific T-cell response
predominated by clonally expanded Thl and cytotoxic CD8"T
lymphocytes in failing human hearts (29), the present work may
provide further evidence of a similar immune microenvironment at
the cellular level between EAT and heart.

Frontiers in Immunology

CCL5 and GZMK may be the key effector molecules of T
lymphocytes in EAT. GZMK produced by cytotoxic T lymphocytes
mediates cell death by displaying tryptase-like activity (30). It has been
reported that GZMK assists transcellular diapedesis of Try by inducing
the expression of ICAM1I in endothelial cells (31). CCL5 belongs to the
C-C motif chemokine family and binds to its receptor CCR5 (32).
CCLS5 can be produced by a variety of cells including T lymphocytes,
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macrophages, fibroblasts, and epithelial cells, and regulates the
migration of T lymphocytes and monocytes (32). CCL5 expression
was found to be higher in visceral adipose tissue (VAT) compared to
SAT and positively correlated with CD3 and CD11b expression (33),
while Zhou et al. (34) further identified CD8" T lymphocytes as the
major cellular sources of CCL5 in the VAT of obese mice. A recent
study showed that clonally expanded GZMK'CD8" T cells producing a
high level of CCL5 may promote the recruitment of pro-inflammatory
immune cells and elevate tissue inflammation (35). Taken together,
GZMK and CCL5 may act as key effectors in mediating the adaptive
immune response of T lymphocytes in EAT of HF patients.

Existing evidence suggest that increased EAT volume was associated
with an increased risk of HF with preserved ejection fraction (HFpEF)
(36). However, EAT volume was reduced in HF patients with reduced
ejection fraction (HFrEF) (37). In HFpEF patients, increased EAT
volume was associated with higher concentrations of troponin T, hs-
CRP, IL-6, and increased risk of cardiovascular death and
hospitalization, while these associations were reversed in HFrEF
patients (6). The reason for the discrepancy may be due to the
increased intra-myocardial fat energy requirement in patients with
HFrEF because of the progression to cachexia state (38). The
reduction of EAT may exacerbate the progression of HFrEF by
diminishing the ability of the myocardium to nourish from adjacent
EAT. Since the pro-inflammatory conversion of EAT often precedes the
clinical diagnosis of HF (4), the specific causal relationship between EAT
and different types or stages of HF remains unclear.

To conclude, EAT of HF patients was characterized by pronounced
immune activation, particularly by the accumulation of IFN-y* Tgy; and
a generally higher degree of TCR clonotypes sharing with paired cardiac
tissue. GZMK and CCL5 may act as the key effector molecules of T
lymphocytes in EAT of HF patients. Our study has certain limitations.
First, we used expression profiles from public datasets to infer immune
cell infiltration scenarios of EAT, which may have discordance with
actual situations. Second, the samples were obtained from end-stage HF
patients and the sample size was small in the validation experiments.
More detailed exploration of immune cell profiles in EAT from different
stages of HF patients is deserved in the future.

Conclusion
EAT of HF patients was characterized by pronounced immune

activation of clonally expanded IFN-y" Tgy; and a generally higher
degree of TCR clonotypes sharing with paired cardiac tissue.
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Department of Rheumatology and Clinical Immunology, Peking University First Hospital,
Beijing, China

Background: Patients with gout carry an excess risk for cardiovascular disease
(CVD), but the contribution of subclinical atherosclerosis to the CVD risk has
never been reported. In this study, we aimed to explore the predictive factors for
incident major adverse cardiovascular events (MACE) in gout patients without a
previous history of CVD or cerebral vascular disease.

Methods: A single-center, long-term follow-up cohort analysis was performed
to assess subclinical atherosclerosis at baseline since 2008. Patients with a
previous history of CVD or cerebrovascular disease were excluded. The
outcome of the study was the first MACE. The presence of subclinical
atherosclerosis was assessed by carotid plaque (CP), and carotid intima-media
thickness (CMIT) was determined by ultrasound. An ultrasound scan of bilateral
feet and ankles was performed at baseline. The association between tophi,
carotid atherosclerosis, and the risk of developing incident MACE was
evaluated using Cox proportional hazards models with adjustment for the CVD
risk scores.

Results: A total of 240 consecutive patients with primary gout were recruited.
Their mean age was 44.0 years, with male predominance (238, 99.2%). During a
median follow-up of 10.3 years, incident MACE was ascertained in 28 (11.7%)
patients. In a Cox hazards model, controlling for the CV risk scores, the presence of
at least two tophi (HR, 2.12-5.25, p < 0.05) and carotid plaque (HR, 3.72-4.01, p <
0.05) were identified as independent predictors of incident MACE in gout patients.

Conclusions: The presence of at least two tophi and carotid plague on an
ultrasound could independently predict MACE in addition to conventional
cardiovascular risk factors in gout patients.
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Introduction

Gout is a common chronic disorder resulting from the
sustained elevation of serum urate acid (SUA) and gradual
deposition of monosodium urate crystals in joints, tendons, and
other tissues. Both the prevalence and incidence of gout seem to be
rising globally, especially in developing countries (1). A
meta-analysis of 44 studies published from 2000 to 2014 revealed
that the pooled prevalence of gout was 1.1% in the adult Chinese
population (2).

Gout is associated with a 17% increase in all-cause mortality
risk, with cardiovascular disease (CVD) as the leading cause of
death (3). A previous study found that patients with asymptomatic
hyperuricemia and silent monosodium urate deposits suffered from
a more severe form of coronary atherosclerosis (4). Atheroma
plaque was observed by carotid ultrasound in 46.5% of gout
patients with newly proven crystal deposition. Importantly, they
were classified as having a very high risk of cardiovascular (CV) risk
(5). To be noted, the cardiovascular risk in gout patients may be
even higher than what has already been shown based on the
standard evaluation. Moreover, the rationale for early and
effective treatment of gout also greatly depends on the
consideration of CV consequences.

Hyperuricemia is also closely associated with CVD, although
whether this is due to covariation with the traditional risk factors or
a causative role of its own has not been definitively elucidated.
Hyperuricemia has also been identified as an independent risk
factor for hypertension and impaired kidney function (6). A recent
study showed that SUA level was associated with the coronary
artery calcification score in male patients but not with carotid
intima-media thickness (cIMT) or carotid plaque score (7). Of
note, psoriasis is often associated with elevated serum uric acid
levels. In this regard, in a cohort of patients with psoriatic arthritis
without clinically evident cardiovascular disease, a correlation was
found between the serum uric acid concentration and subclinical
atherosclerosis measured by the thickness of the carotid intima-
media (8).

Early recognition and intervention with risk factors for CVD
may be beneficial in reducing CV events in patients with gout.
Existing tools, such as the Framingham risk score (FRS), QRISK3,
or Systematic Coronary Risk Evaluation (SCORE), have been
validated in general population-based large cohorts with long
follow-ups (9). It is noted that all these risk scores are based on
the traditional CVD parameters, which may underestimate the real
CVD risk in patients with rheumatic diseases. Therefore, EULAR
recommends a 1.5 multiplication factor for the risk scores of
patients with rheumatoid arthritis (10). In 2022, EULAR also
recommended using these cardiovascular prediction tools for
patients with gout. However, no study has been conducted to
investigate the accuracy of these tools, and it is unclear to what
extent the elevated risk for cardiovascular disease in gout patients is
caused by an increased prevalence of traditional or disease-specific
risk factors.

To address these important questions, we conducted this 10-
year prospective study. The aims of the study were (1) to investigate
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whether subclinical atherosclerosis evaluated by carotid ultrasound
could predict incident MACE in patients with gout; (2) to identify
whether crystal deposition evaluated by ultrasound could improve
the prediction of MACE and whether it is positively adjudicated by
traditional clinical cardiovascular algorithms (11).

Methods
Study design and population

This study is based on a prospective cohort of gout patients
established in the Department of Rheumatology and Clinical
Immunology, Peking University First Hospital (PKU-GOUT) in
2008. Patients in the cohort are followed up at regular intervals, and
the treatment decisions at each visit are made at the discretion of the
attending rheumatologist based on assessment.

In this study, we enrolled those patients from the PKU-GOUT
cohort who satisfied the following inclusion criteria: (1) fulfilled the
2015 American College of Rheumatology/European League Against
Rheumatism (ACR/EULAR) Classification Criteria or 1977 ACR
criteria for gout (12); (2) >18 years old; (3) with available ultrasound
data of carotid artery as well as urate acid deposition in bilateral feet
and ankles at the first visit to our clinic; (4) being naive to urate-
lowering therapy (ULT) or with previous ULT treatment 3 months
ago; and (5) experienced flare of gouty arthritis at least once within
the last 3 months before enrollment.

Patients with any of the following conditions were further
excluded: diagnosed stroke or CVD, including a history of
myocardial infarction, coronary artery bypass graft surgery, or
abnormalities on cardiac tests (exercise treadmill testing,
echocardiography, myocardial perfusion, abnormal cardiac
computed tomography, or coronary angiography), surgery for
ischemic heart disease, transient ischemic attack (TIA), carotid
endarterectomy, peripheral arterial reconstructive surgery, or
limb amputation.

All the patients were followed up until the occurrence of an
endpoint event, 31 January 2022, or loss of follow-up, whichever
came first.

The study was performed in accordance with the Helsinki
Declaration and approved by the Clinical Research Ethics
Committees of Peking University First Hospital (No. 2016-083).
The entire research scheme was explained in detail to each
participant, and informed consent was obtained.

Clinical assessment at baseline

A structured series of clinical assessments were performed for
all the enrolled patients at the baseline visit, including
demographics, gout history, comorbidities, smoking status,
alcohol consumption, blood pressure, treatment, and laboratory
tests, for instance, the concentrations of fasting blood glucose, SUA,
urea, creatinine, total cholesterol, high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-
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C), and triglycerides. They were performed using the standard
protocols at Peking University First Hospital by an auto-analyzer
(Beckman Coulter AU 680 Chemistry Analyzer, Tokyo, Japan).

Smoking status was self-reported by patients, and those with a
lifetime consumption of more than 100 cigarettes were defined as
smokers (13). Alcohol consumption was defined as an intake of more
than or equal to 100 ml/day for over 1 year. Hypertension was defined
when a patient had a history of hypertension (blood pressure > 140/90
mmHg) or was currently taking antihypertensive medications
continuously (14). Diabetes mellitus was diagnosed if the subject had
a history of diabetes or was currently using antidiabetic drugs (15).
Dyslipidemia was defined as a history of dyslipidemia satisfying any
one of the following: total cholesterol, > 6.2 mmol/L; triglycerides, > 1.7
mol/L; LDL-C, = 4.14 mmol/L; or HDL-C, <1.0 mmol/L, or currently
using lipid-lowering drugs (16). The estimated glomerular filtration
rate was calculated using the Chronic Kidney Disease Epidemiology
Collaboration creatinine equation (17).

Ultrasound assessments at baseline
and definitions

An ultrasound assessment for joints and carotid arteries was
conducted for each patient at baseline. All the ultrasound scanning
was performed by two experienced rheumatologists endorsed by
EULAR with over 10 years of experience. They were blinded to any
clinical and laboratory data about the patients. A GE LOGIQ E9
(GE Healthcare, Waukesha, WI, USA) machine was used for all
the scanning.

A musculoskeletal ultrasound assessment was performed for
bilateral feet and ankles. Linear transducers, either with ML of 15-6
MHz or a small footprint array of 18-8 MHz were adopted. The
scan procedures were based on standardized guidelines published
by the Outcome Measures in Rheumatology Clinical Trials
(OMERACT) task force (18). The domains for MSU crystal
depositions include tophi, double contour sign, and aggregates.
The articular inflammatory signs were indicated by the presence of
a power Doppler (PD) signal locally.

Ultrasound assessment for bilateral carotid arteries was
performed following the Mannheim consensus (19), using a semi-
automatic reading system (artery management system) with an 11-
MHz linear vascular probe. Six carotid arterial segments were
assessed to detect atheroma plaques and measure the intima-
media thickness. Carotid plaque (CP) was defined as a cIMT of
>1.5 mm or a focal narrowing of >0.5 mm of the surrounding
lumen, or >50% of the surrounding carotid IMT value (19).
Subclinical atherosclerosis was defined when CP was present. A
patient with either the presence of CP or cIMT of >0.9 mm was
considered to have a high risk of CVD.

To ensure intra- and interobserver reliability, two
rheumatologists performed ultrasound assessment on five patients
on the same day and repeated the examinations 2 weeks later. The
Cohen’s k values for the intraobserver agreement were 0.76 for the
double-contour sign (p < 0.0001), 0.70 for tophi (p < 0.0001), and 0.60
for aggregates (p < 0.0005), respectively. The mean ¥ values were
0.65-0.75 for the intraobserver agreement (p < 0.001) and 0.70 for the
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interobserver concordance (p < 0.0001). These indicated a good level
of agreement and reliability.

Assessment of cardiovascular risk
at baseline

The FRS, the most widely used tool for estimating the 10-year
CV risk was calculated according to the Framingham Heart Study
(20). SCORE2, developed by the European Society of Cardiology,
was calculated (21), and QRISK3 was calculated using by the
QRISK3-2018 risk calculator with an adjustment for rheumatic
diseases (22). These three scores representing the CV risk were
evaluated in each patient at baseline. A patient with FRS of >10%,
SCORE2 of >5%, and QRISK3 of >20% was considered to have an
elevated risk of CVD.

Study outcomes and definitions

The occurrence of the first MACE during the follow-up was
defined as the outcome of the study, including ischemic heart
disease, nonfatal myocardial infarction, TIA, stroke, and death due to
any of the above reasons (11). Myocardial infarction included ST-
segment elevation or non-ST-segment elevation myocardial infarction.
Cerebrovascular accidents included ischemic stroke and TIA.
Cardiovascular death included sudden cardiac death or death from
myocardial infarction, heart failure, cerebrovascular accident, a
cardiovascular procedure, or other cardiovascular causes. MACE was
adjudicated by two researchers independently.

Statistical analysis

The mean = standard deviation (SD) and median (interquartile
range) were used to prescribe normally and non-normally
distributed data, respectively. Student’s t-test and Chi-squared
(") test were conducted to compare the means and proportions
of each group. A Cox proportional hazard regression was used to
investigate the baseline CV risk scores, cIMT, CP, and the time to
the first MACE occurrence. The effect of the presence of crystal
deposition and CP at baseline on MACE-free survival was assessed
using Kaplan-Meier survival analysis. The survival distributions
were compared by using log-rank testing. Statistical analyses were
performed with SPSS for Windows, v. 26.0 (SPSS Inc., Chicago, IL,
USA). p-values of <0.05 were considered significant. p-values of
<0.01 were considered highly significant.

Results

Patient characteristics and CVD risks
at baseline

Table 1 summarizes the baseline characteristics of 240 gout
patients. The average age was 43.3 + 12.1 years, with a male
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TABLE 1 Baseline characteristics of the entire cohort in patients with both carotid and bilateral foot and ankle ultrasound imaging.

Parameters n = 198 without diabetes and CKD
Age (years) 433 +12.1 421 +11.6 0.58
Men (1 (%)) 238 (99.2) 197 (99.5) 0.85
Height (cm) 174.7 £ 5.9 1742 £5.2 0.81
Weight (kg) 80.9 + 14.9 80.7 + 14.2 0.46
Presence of conventional CVD risk factors
BMI (kg/m?) 26.6 £ 3.6 268 338 0.78
Hypertension (n (%)) 88 (36.7) 62 (31.3) 0.72
Diabetes mellitus (n (%)) 23(9.6) 0 -
Dyslipidemia (n (%)) 94 (39.2) 79 (39.9) 0.56
Smoker (n (%)) 66 (27.5) 55 (27.8) 0.62
Gout-related disease characteristics
Disease duration in months 47.7 + 254 47.2 259 0.93
Number of involved joints 3 (0-4) 3 (0-4) 0.82
Number of flares last year 4 (2-13) 4 (2-13) 0.94
Presence of tophi 112 (46.7) 98 (49.5) 0.78
Patient global (0-100) 40 =23 40 = 21 0.85
Physician global (0-100) 40 =21 40 = 20 0.87
Alcohol intake (1 (%)) 95 (39.6) 84 (42.4) 0.63
Serum uric acid (umol/L) 482.5 + 130.7 502.3 + 126.3 0.81
Creatinine (umol/L) 95.3 + 13.6 93.6 + 13.5 0.75
eGFR (ml/min) 86.8 £ 15.5 87.7 + 14.7 0.69
Chronic kidney disease
eGFR <60 ml/min (n (%)) 23 (9.6) 0 -
eGFR <30 ml/min (n (%)) 1(0.4) 0 -
Fasting glucose (mmol/L) 54+0.3 54+ 0.9 0.47
Cholesterol (mmol/L) 49+1.0 49 +1.0 0.46
HDL (mmol/L) 1.1 +0.2 1.1 £0.2 0.39
LDL (mmol/L) 34+05 31+0.6 0.82
Triglycerides (mmol/L) 21£1.0 21£10 0.95
HCY (umol/L) 50+ 0.5 5.0+ 0.6 0.82
hsCRP (mg/L) 63+28 62+27 0.73
Cardiovascular risk scores
FRS 10.6 + 8.7 10.2 £ 8.5 0.76
SCORE2 28+23 19 £ 1.0 0.85
QRISK3 19+12 1.8+12 0.78
Treatment at baseline
Diuretics
Current (n (%)) 0 (0) 0 (0) -
Past (n (%)) 2(0.8) 0(0) -
(Continued)
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TABLE 1 Continued

Parameters n = 198 without diabetes and CKD
Never (1 (%)) 238 (99.2) 198 (100) 0.86
‘ Statins
Current (1 (%)) 18 (7.5) 9 (4.5) 0.65
Past (1 (%)) 6(2.5) 1(0.5) 0.14
Never (n (%)) 216 (90.0) 188 (95.0) 0.46

‘ Antiplatelet drugs

Current (1 (%)) 0 (0.0) 0 (0.0) -
Past (1 (%)) 2(0.8) 2(1.0) 045
Never (1 (%)) 238 (99.2) 196 (99.0) -

‘ Urate-lowering therapy

Current (n (%)) 0 (0.0) 0 (0.0) -
Past (11 (%)) 2(0.8) 2 (1.0) 0.53
Never (1 (%)) 238 (99.2) 196 (99.0) -
‘ NSAIDs
Current (1 (%)) 8(3.3) 7 (3.5) 0.32
Past (1 (%)) 28 (11.7) 20 (10.1) 0.54
Never (1 (%)) 204 (85.0) 171 (86.4) 0.62
‘ Colchicine
Current (n (%)) 8 (3.3) 7 (3.5) 0.34
Past (n (%)) 2(0.9) 1(0.5) 0.56
Never (1 (%)) 230 (95.8) 190 (96.0) 0.63

‘ Corticosteroids

Current (n (%)) 2(0.9) 1(0.5) 071
Past (n (%)) 0 (0.0) 0 (0.0) -
Never (n (%)) 238 (99.1) 197 (99.5) 0.62

‘ Carotid ultrasound findings

Carotid plaque (n (%)) 45(18.8) 32 (16.2) 0.57
TPA (cm?) 64.2 + 24.4 68.2 +28.8 0.72
Increased cIMT (n (%)) 27 (11.3) 19 (9.6) 0.58
cIMT (mm) 091 + 1.02 0.90 + 1.11 0.69

Joint ultrasound parameters

Positive PD signal (21) 55 (22.9) 49 (24.7) 0.64
Tophi (>2) 16 (6.7) 11 (5.6) 0.87
Double-contour sign 83 (34.6) 70 (35.4) 0.75
Aggregates 22(9.2) 18 (9.1) 0.69
Erosion 53 (22.1) 43 (21.7) 0.77

CVD, cardiovascular disease; BMI, body mass index; PD, power Doppler; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HCY,
homocysteine; hsCRP, highly sensitive C-reactive protein; FRS, Framingham risk score; NSAIDs, nonsteroidal anti-inflammatory drugs; IMT, intima-media thickness; TPA, total plaque area;
CIMT, carotid intima-media thickness; N/A, not available.
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predominance (238, 99.2%). At baseline, the median disease
duration was 3.0 (IQR, 1.0-6.0) years. There were 219 (91.3%)
patients having traditional cardiovascular risk factors, with 87
(36.3%), 64 (26.7%), 44 (18.3%), and 24 (10.1%) having with 1, 2,
3, and >3 risk factors, respectively; 99/240 (41.3%) patients were
classified as having elevated risk for CV events defined by FRS
>10%, 25/240 (10.4%) by SCORE2, and 11/240 (4.6%) by
QRISKS3, respectively.

For diabetes and chronic kidney disease to favor the
development of atherosclerosis and cardiovascular disease,
patients with diabetes or chronic kidney disease (eGFR level
below 60 ml/min/1.73 m*) were compared with the entire cohort.
There was no significant difference in clinical and laboratory
parameters between the diabetes and chronic kidney disease
group and the entire group at baseline (Table 1).

Ultrasound findings at carotid arteries
at baseline

Regarding the carotid scans, atheroma plaques were present in
45 individuals (18.8%) and were found bilaterally in 24 (10.0%). The
mean TPA (total plaque area) was 64.2 + 24.4 cm®. Twenty-seven
(11.3%) participants showed increased IMT. The mean cIMT was
0.91 + 1.02 mm.

Musculoskeletal ultrasound findings
at baseline

The typical crystal deposition was found by ultrasound in 143
(59.6%) patients, presenting as tophi in 132 (55.0%) patients, DCS
(double contour sign) in 83 (34.6%) patients, and aggregates in 22
(9.2%) patients. PD signal was observed in 22.9% (55/240) and bone
erosions in 22.1% (53/240) patients, all in MTP1 joints. Among the
143 patients, the crystal deposition was most commonly located in
MTPI (first metatarsophalangeal) joint (87, 60.8%), Achilles tendon
(49, 34.3%), ankle joint (7, 5.0%), and other regions. Among the 132
patients with tophi, four (3.0%) had four tophi, 12 (9.1%) had two
tophi, and 116 (87.9%) had one tophus in the bilateral foot and
ankle region.

MACE during follow-up

A total of 2,441 patient-years of follow-up were available for
analysis. The median follow-up period was 10.3 (6.0-14.0) years,
and 187 (77.9%) patients were followed up for more than 10 years.
During follow-up, 28 (11.7%) patients experienced MACE (1.1
events per 100 patient-years), with stroke (18, 7.5%), acute
myocardial infarction (six, 2.5%), TIA (five, 2.1%), and acute
myocardial infarction along with stroke (one, 0.4%).

Compared to 212 MACE-free patients, those experiencing
MACE during follow-up were older, more likely to have
hypertension, diabetes, dyslipidemia, and higher FRS and QRISK3
scores at baseline. Moreover, the patients with MACE had a longer

Frontiers in Immunology

10.3389/fimmu.2023.1151782

duration of gout, more joint involvement, and more tophi on
ultrasound (Table 2).

The predictors for MACE in gout patients

Among 28 patients who experienced MACE, there were 14
(50.0%), two (7.1%), and 23 (82.1%) patients identified as having
elevated CV risk, respectively, defined by FRS, SCORE2, and
QRISK3 at baseline.

The association of MACE occurrence with gouty arthritis, such
as the number of flares from baseline in the previous, the presence of
tophi, the double-contour sign, and the PD signal on ultrasound, is
shown in Table 3. MACE was significantly more common in
patients with tophi than those without by physical examination
(91/212 (42.9%) vs. 21/28 (75.0%); p = 0.001), in patients with at
least two tophi than less than two tophi on ultrasound (4/212 (1.9%)
vs. 12/28 (42.9%); p = 0.001), and in patients with CP than those
without CP (27/212 (12.7%) vs. 18/28 (64.3%); p = 0.001).

Univariable Cox regression analysis revealed that a higher
number of gout flares in the previous year before enrollment
(HR, 1.05 (95% CI, 1.02-1.09); p < 0.05), presence of at least two
tophi (HR, 7.53 (95% CI, 7.92-38.8); p = 0.001), carotid plaque (HR,
7.36 (95% CI, 3.36-16.1); p = 0.001) on ultrasound were associated
with a higher risk of developing MACE. Although in univariate
analysis, the variables associated with MACE were hypertension,
age, disease duration, diabetes, alcohol intake, and smoking, in the
multivariate model, only the presence of at least two tophi was
associated with MACE, with an HR of 9.63, and this effect was
independent of other variables. There is no significant association of
mean carotid IMT or maximum carotid IMT with MACE (p = 0.23;
p = 0.061) (Table 3).

In the multivariable model, at least two tophi and carotid plaque
were both independent predictors of MACE after adjusting for all
CVD risk scores (HR ranged from 2.12 to 5.25 and 3.72 to 4.01; p <
0.05) in three models separately (Table 4).

A significant difference in MACE-free survival was observed
between patients with at least two tophi and less than two tophi
(Figure 1). The Kaplan-Meier survival curve indicated that the
MACE-free survival was significantly lower in patients with CP
compared with those without (Figure 2).

Discussion

MACE, CVD in particular, has been the leading cause of
morbidity and mortality. Prospective studies demonstrating that
the predictive CV tools designed for the general population
underestimate the CV risk in patients with inflammatory diseases
are scarce, and this is the first study confirming this point in gout.
Patients with gout have a higher risk of CVD, independent of
traditional cardiovascular risk factors (23). In this cohort study, we
demonstrate that the baseline disease burden, as reflected by the
presence of at least two tophi, is an independent predictive factor for
incident MACE after adjusting for traditional cardiovascular risk
scores. To the best of our knowledge, this is the first study reporting
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TABLE 2 Clinical characteristics of patients with and without MACE in the entire cohort (n = 240).

Entire cohort (n = 240; median (IQR) or mean =+ SD or n (%))

MACE- (n = 212) MACE+ (n = 28)
Clinical demographic parameters

Age (years) 393 +11.5 44.6 + 12.1 0.029*
Men (n (%)) 210 (99.0) 28 (100) 0.606
Gout duration (years) 3.0 (1.0, 6.0) 5.5 (2.0, 8.0) 0.009*
Cardiovascular risk factors

BMI (kg/mz) 264 + 38 27.1 2.1 0.131

Hypertension (1 (%)) 66 (31.1) 22 (78.6) 0.001*

Diabetes (1 (%)) 17 (8.0) 6 (21.4) 0.050*

Dyslipidemia (n (%)) 74 (34.9) 20 (71.4) 0.001*

Smoker (n (%)) 51 (24.1) 15 (53.6) 0.001*
Gout-related disease characteristics

Number of involved joints 1(1,2) 1(1,3) 0.621

Number of flares last year 4.0 (2.0, 12.0) 10.0 (4.5, 17.5) 0.001*

Presence of tophi 91 (42.9) 21 (75.0) 0.001*

Patient global (0-100) 50 (20, 40) 60 (20,50) 0.358

Physician global (0-100) 20 (10, 30) 20 (10, 30) 0.309
Alcohol intake (1 (%)) 75 (35.4) 20 (71.4) 0.001*
Fasting glucose (mmol/L) 5508 63+12 0.050*
Serum uric acid (umol/L) 489.2 + 130.8 568.8 + 96.7 0.002*
Creatine (umol/L) 96.4 + 15.1 122.5 £ 12.6 0.151
eGFR (ml/min) 85.1 +16.3 79.5 £ 12.1 0.245
Chronic kidney disease

GFR <60 ml/min (n (%)) 19 (9.0) 4 (14.3) 0.368

GFR <30 ml/min (n (%)) 0 (0.0) 1(3.6) 0.006*
Cholesterol (mmol/L) 48+ 1.0 47 £ 1.1 0.491
HDL (mmol/L) 1.1 +£02 08 +0.2 0.001*
LDL (mmol/L) 2.7+07 31+08 0.038*
Triglycerides (mmol/L) 21+1.0 2.7 +09 0.132
HCY (umol/L) 184 + 6.8 205 £ 139 0.314
hsCRP 41+28 89 +24 0.289

‘ Cardiovascular risk scores

FRS 10.5 £ 8.3 15.0 £ 11.0 0.040*

SCORE2 28 +26 26+29 0.792

QRISK3 1.6 + 1.0 42+13 0.001*

‘ Current treatment at baseline
NSAIDs (1 (%)) 5 (2.4) 3(10.7) 0.053
Steroid (n (%)) 1(0.5) 1(3.5) 0.312
(Continued)
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TABLE 2 Continued

Entire cohort (n = 240; median (IQR) or mean + SD or n (%))

MACE- (n = 212) MACE+ (n = 28)

Statin (n (%)) 17 (8.0) 1(3.6) 0.401

Carotid ultrasound parameters

Carotid plaque (1 (%)) 27 (12.7) 18 (64.3) 0.001*
Mean carotid IMT (mm) 0.8 +0.2 14 +04 0.01*
Maximum carotid IMT (mm) 09 +0.3 1.6 £ 0.5 0.01*
Increased cIMT (n (%)) 85 (40.1) 17 (60.7) 0.001*
TPA (cm?) 20.6 £ 3.7 131.9 £ 85.8 0.03*

Joint ultrasound parameters

Positive PD signal (1) 52 (24.5) 3(10.7) 0.102
Tophi (>2) 4(1.9) 12 (42.9) 0.001*
Double-contour sign 69 (32.5) 14 (50.0) 0.068
Aggregates 19 (9.0) 3 (10.7) 0.651
Erosion 43 (20.3) 10 (35.7) 0.060

*Significant at p < 0.05.

BMI, body mass index; eGFR, estimated glomerular filtration rate; hsCRP, highly sensitive C-reactive protein; HCY, homocysteine; MACE+, patients who developed cardiovascular event; MACE
-, patients who did not develop cardiovascular event; FRS, Framingham risk score; SCORE2, Systematic Coronary Risk Evaluation 2; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; IMT, intima-media thickness; TPA, total plaque area; N/A, not available; NSAIDs, nonsteroidal anti-inflammatory drugs; PD, power Doppler.

the association of the presence of at least two tophi and carotid  arteries are especially useful for detecting subclinical tophi and
plaque on ultrasound with MACE in addition to traditional = subclinical arteriosclerosis and significantly improving
cardiovascular risk factors in a long-term follow-up cohort of  cardiovascular risk assessment in gout patients. It supports the
gout patients. Ultrasound evaluations in joints and carotid  need to use additional validated tools like carotid US to improve CV

TABLE 3 Univariate and multivariate Cox regression analyses for parameters as predictors for MACE (n = 240).

Univariate analysis Multivariate analysis
HR (95% Cl) HR (95% Cl)

Age 1.03 (1.01, 1.23) 0.321

Disease duration 1.23 (1.03, 1.42) 0.587

Hypertension 2.14 (1.42, 5.18) 0.002*

Alcohol intake 1.92 (1.72, 3.32) 0.002*

eGFR <60ml/min 2.58 (0.89, 7.52) 0.083

Diabetes 1.42 (1.24, 1.72) 0.001*

Dyslipidemia 1.11 (1.02, 2.56) 0.459

Smoker 2.18 (1.43, 4.93) 0.003*

Number of flares last year 1.05 (1.02, 1.09) 0.004*

Patient global (0-100) 1.01 (1.00, 1.04) 0.123

Physician global (0-100) 1.00 (0.99, 1.01) 0.871

Presence of tophi 3.15 (1.34, 7.42) 0.009*

Positive PD signal (=1) 0.42 (0.13, 1.38) 0.152

Tophi (>2) 7.53 (7.92, 38.8) 0.001* 9.63 (6.12, 39.8) 0.001*
Double-contour sign 1.74 (0.81, 3.72) 0.154

*Significant at p < 0.05.
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TABLE 4 Multivariable Cox regression model for predicting MACE (n=240).

10.3389/fimmu.2023.1151782

Model 12 Model 2° Model 3¢
HR (95% Cl) HR (95% Cl) HR (95% Cl) p-value
Carotid plaque 3.72 (1.26-10.90) 0.017+ 4.01 (1.64-10.30) 0.001* 3.92 (1.29-10.10) 0.011*
Tophi (>2) 525 (2.55-26.72) 0.001* 342 (323-7.13) 0.003* 212 (2.11-9.31) 0.050*
FRS 1.05 (1.01-1.09) 0.005* -
SCORE2 - 2.15 (1.82-4.23) 0432
QRISK3 - 271 (1.67-2.99) 0.014*

*Significant at p < 0.05.

“Adjusted for FRS.

®Adjusted for SCORE2.

“Adjusted for QRISK3.

FRS, Framingham risk score; SCORE2, Systematic Coronary Risk Evaluation 2.

estimation in inflammatory conditions in general and in particular
in gout; the presence of carotid plaques also allows for the
reclassification of several patients into very-high CV risk.

Gout flares are characterized by neutrophil-rich acute
inflammation due to NLRP-3 inflammasome activation (24). A
recently published study based on a large nationwide database of
gout patients suggested that gout flares were associated with a
subsequently transient increase in cardiovascular events (25). Our
results showed that the frequency of gout flares in the previous year
of the baseline was also associated with subsequent MACE.
Neutrophilic inflammation has been confirmed to be associated with
instability and rupture of atherosclerotic plaque (26). Activated
intraplaque inflammatory cells can upregulate the response proteins,
including metalloproteinases and peptidases, and further promote
oxidative stress, all of which contribute to plaque destabilization (27).
This may explain the association of cardiovascular events with prior
gout flares. A randomized clinical trial has demonstrated that blocking
the NALP3 inflammasome indeed prevented recurrent cardiovascular
events (28).

In this study, we found that those traditional cardiovascular risk
scores appeared to be suboptimal as risk assessment tools in patients

Tophi
1Tophi<2
—MTophi>=2
- Censored
—t= Censored

Event-Free Survival

) 60

Follow-up Time (years)

FIGURE 1

Kaplan—Meier curves of the association between tophi detected by
ultrasonography at baseline and major adverse cardiac events
(MACE). Log-rank #° (1 df) = 99.8 (p = 0.001) for differences in the
event-free survival rate between patients who had positive carotid
plague and those who had negative carotid plaque.
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with gout, although the performance of FRS and QIRSK3 was better
than the SCORE2. A previous study showed that both FHS and
SCORE appeared to underestimate the presence of carotid plaque in
newly diagnosed gout patients (5). EULAR recommends screening
for CVD risk in all patients with inflammatory arthritis and states
that rheumatologists should be responsible for risk evaluation in
2022 (29). Unfortunately, no study has ever investigated the
accuracy of these CVD prediction tools in patients with gout (29).
Our data showed that FRS and QRISK3 can be used in gout patients
in future clinical practice. With respect to this, a recent study
proposed the combined use of QRISK3 and EULAR-modified
SCORE2 as an alternative to the assessment of carotid plaques by
ultrasound to identify patients with rheumatoid arthritis at high risk
of cardiovascular disease (30). Therefore, it could be an option to be
assessed in patients with gout when an ultrasound study is
not available.

Clinically detectable tophi have been confirmed to be predictive
of long-term MACE. Importantly, our study for the first time
revealed that an equal or more than two tophi shown on
ultrasound can also predict long-term MACE in gout patients.
The number of tophi counted via ultrasound was the key predictive

Carotid Plaque

negative Carotid Plaque

—ipositive Carotid Plaque
1 Censored
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Event-Free Survival

) 600

Follow-up Time (years)

FIGURE 2

Kaplan—Meier curves of the association between carotid plaque and
major adverse cardiac events (MACE). Log-rank ;52 (1df) =367 (p =
0.001) for differences in the event-free survival rate between
patients who had positive carotid plaque and those who had
negative carotid plaque.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1151782
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

factor for the incident MACE as a comorbidity of gout. This
provides a new understanding of the role of MSU crystal burden
in cardiovascular risk. Similar to our results, the volume of MSU
crystals measured by dual-energy computed tomography has also
been identified as a biomarker for the risk of developing new
cardiometabolic diseases and all-cause mortality (31). Persistent
deposition of MSU crystals can induce chronic inflammation (32).
Controlling the chronic subclinical inflammation might improve
cardiovascular mortality with medications, such as colchicine (33)
and canakinumab (28). MSU crystallization can form by templated
nucleation, and inflammatory cells rapidly react to the subclinical
tophi (34). Ultrasound is definitely more sensitive than physical
examination in detecting subcutaneous tophi, especially in joints
(35). The exuberant inflammation surrounding large crystals in
tophi was the largest source of chronic inflammation and may
explain the link between gout and increased cardiovascular risk.
Our study suggests that the overall crystal burden, including the
subclinical tophi detected by ultrasonography, has a great impact on
chronic inflammation and drives most of the MACE in gout. An
observational study investigated specimens of coronary arteries
from an explanted heart by polarization microscopy and found
urate crystal deposition in about 10% of coronary arteries (36).
Whether crystal deposition in the vessels contributes to a higher
cardiovascular risk needs to be verified in the future.

In the analysis, we also found that ultrasound measurements of
carotid atherosclerosis, as presented by carotid plaque, are an
independent risk factor for MACE in gout. The presence of
carotid plaque was associated with an approximately threefold
increase in the risk of developing incident MACE after adjusting
for traditional cardiovascular risks, which is comparable with that
reported in patients with RA (37) or PsA (38). A prospective 5-year
follow-up study confirmed that the presence of carotid plaques
predicted the development of cardiovascular events and death in
patients with RA (39). A recent study showed that the presence of
tophi and a positive power Doppler signal were significantly
associated with atheroma plaques in 103 Spanish gout patients
(40). Also, the increased IMT measurement showed no association
with MSU crystal, which is similar to our study. There is no
correlation between the percentage of positive PD signals and
MACE in our study. Differences in ethnicity, the severity of gout
such as young age, a lower percentage of conventional CVD risk
factors (such as diabetes and hypertension), as well as the acute or
intercritical phase to acquire the inflammation in the US can be
confounding factors. Moreover, hsCRP at baseline is not a risk
factor or a PD signal in our study. Previous data remind us that
baseline CRP level is a predictor of CV mortality and CV events in
rheumatoid arthritis patients (41). Further study showed that while
a single isolated determination of CRP may not be associated with
subclinical atherosclerosis (increased carotid intima-media
thickness) in patients with rheumatoid arthritis (42), the average
CRP value over an extended long period of follow-up may reflect the
chronicity of the inflammatory. Both tophi and carotid plaque were
accumulated effects of gout; data from the cross-sectional study at
baseline or follow-up points cannot explain the incidence of MACE.

The underlying pathophysiological mechanisms, such as
systemic inflammation, elevated oxidative stress, endothelial
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dysfunction, and changes in lipid profiles, might contribute to a
higher CVD risk in gout patients. Two retrospective cohort studies
suggested a protective effect of statins on mortality in patients with
gout compared to those without statins (43, 44). In our cohort, we
did not find a relationship between statin use and MACE.

There are several strengths of the present study. First, this is the
first prospective study to investigate the added value of MSU crystal
deposition and abnormal carotid manifestations for predicting
incidents of MACE in subclinical CVD gout patients. In the
study, ultrasound assessment of the carotid arteries and joints
enabled us to compare the subclinical characteristics. Second, the
follow-up period was long in the study, with a median of 10.3 (6.0-
14.0) years and more than 10 years in 187 (71.3%) patients. Events
can occur late, and the long-term follow-up and low loss of data
guarantee this dataset may be best available in the future. Third, the
analyses were adjusted for widely used CVD risk predictive tools.
This supports the notion that subclinical atherosclerosis is on the
causal pathway rather than a confounder. As the Chinese
population has a lower CVD risk in general (45), the European
low-risk chart was adopted using SCORE2. Most of the previous
studies did not adjust the analysis to determine the predictive value
of their findings compared to existing clinical tools. As this is a
middle-aged population without a high degree of established
comorbidity, the new incidence of MACE prompts the
importance of detecting tophi and carotid plaque by
ultrasonography in daily clinical practice.

We acknowledge some limitations. First, MACE as the primary
outcome occurred in a limited number of patients. There were only
28 patients who developed incident MACE, but this has already
been the only longitudinal study with a 10-year follow-up. Future
studies with longer follow-ups are warranted. Second, this was a
single-center study, and the results may be not generalized to other
populations. Third, the CV risk algorithms calculated in this study
have not been designed for Asian populations. Last, since the
follow-up period was long, we were not able to list and discuss
the choice and effect of urate-lowering therapy.

In conclusion, ultrasonography can detect atherosclerosis and
crystal deposits in joints and surrounding tissues. This study shows
the presence of at least two tophi and carotid plaque on ultrasound,
which independently predicted incident MACE in addition to
conventional cardiovascular risk factors. Combining ultrasound
assessment on carotid arteries can improve the accuracy of
cardiovascular risk based on traditional cardiovascular risk factors
in patients with gout.
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Background: The association between white blood cells (WBCs) and metabolic
syndrome (MS) has been consistently reported in previous studies using regional
samples. However, it remains unclear whether this relationship has urban-rural
differences and is independent of insulin resistance using a large-scale
representative sample. Additionally, accurate risk prediction in patients with MS
is crucial for developing targeted interventions to enhance the quality of life and
prognosis of patients.

Aims: The aims of this study were (1) to examine the cross-sectional association
between WBCs and MS among the national population and analyze the urban-
rural difference and whether insulin resistance plays a moderator effect in this
association and (2) to describe the performance to predict MS using machine
learning (ML) models.

Design: A cross-sectional study was performed using 7,014 data from the China
Health and Nutrition Survey (CHNS).

Methods: WBCs were analyzed using an automatic hematology analyzer and MS
was defined according to the criteria of the American Heart Association scientific
statements of 2009. Variables on sociodemographic characteristics (sex, age,
and residence), clinical laboratory (BMI and HOMA-IR), and lifestyle
characteristics (smoking and drinking status) were used to construct ML
models to predict MS [logistic regression (LR) and multilayer perceptron (MLP)
neural network].

Results: We found that 21.1% of participants (1,479/7,014) were classified as
having MS. In multivariate logistic regression (including insulin resistance), the
result revealed a significant positive association between WBCs and MS. The
odds ratios (95% ClI) for MS with increasing WBC level were 1.00 (reference), 1.65
(1.18, 2.31), and 2.18 (1.36, 3.50) (p for trend: 0.001). For two ML algorithms, two
models showed adequate calibration and good discrimination, but the MLP
showed better performance (AUC-ROC = 0.862 and 0.867).
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Conclusion: With the aim of confirming the association between WBCs and MS,
this cross-sectional study is the first to show that maintaining normal WBC count
levels is helpful to prevent the development of MS, and this association is
independent of insulin resistance. The results also showed that the MPL
algorithm represented a more prominent predictive performance to predict MS.

KEYWORDS

cross-sectional study, insulin resistance, white cell counts, metabolic syndrome,

Chinese population

Introduction

Metabolic syndrome (MS) is a pro-inflammatory disease
characterized by a constellation of cardiovascular risk factors,
including central obesity, elevated blood pressure (BP),
dyslipidemia, and impaired glucose tolerance (1). With socio-
economic development and lifestyle changes, the prevalence of
MS has shown an increasing trend worldwide. Currently,
approximately 25% of the global population suffers from MS (2).
Therefore, exploring convenient, effective, and available methods
for determining systemic inflammation statuses and diagnosing MS
is urgently needed.

Numerous inflammatory markers have been widely used to assess
systemic inflammatory statuses in clinical practice and public health
practices. These markers included soluble adhesion molecules (such as
E-selectin, P-selectin, intracellular adhesion molecule-1, and vascular
cell adhesion molecule-1), cytokines (such as interleukin-13, -6, -8,
and -10, and tumor necrosis factor-), acute-phase reactants [such as
fibrinogen, serum amyloid A protein, and high sensitive C-reactive
protein (hsCRP)], and white blood cell (WBC) count (3). Among
these inflammatory markers, peripheral WBC counts are assayed in
routine blood routine examination and used to diagnose systemic
infection, tissue damage, and other conditions associated with
inflammation (4). Furthermore, prior cross-sectional and cohort
studies have shown that peripheral WBC count is associated with
MS risk over the past decade (4-7). However, there are conflicting
findings in recent studies. For example, two (8, 9) of the three studies
(8-10) confirmed the cross-sectional and prospective findings. The
association between WBC counts and MS may be different as there are
urban-rural differences that have been observed in inflammation (11)
and prevalence of MS (2). Additionally, insulin resistance plays an
important pathophysiological role in the development of MS (12);
however, it is unclear whether insulin resistance plays a moderator
effect in this association (7, 13).

The recent progression of computer science has led to the
development of machine learning (ML), a powerful tool that has
been widely used to identify the risk factors of outcome variables. ML
has provided the ability to compare the accuracy of the ML
approaches and the traditional logistic regression in predicting the
outcome variables (14). Therefore, in this study, we used a large-scale
representative sample to comprehensively examine the association
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between WBC count and MS risk among the general Chinese
population, and analyzed the urban-rural difference and whether
insulin resistance plays a moderator effect in this association.

Methods
Study population

The China Health and Nutrition Survey (CHNS), established in 1989,
is an ongoing prospective cohort study. A previous study has published a
detailed study design (15). In brief, the multi-stage random cluster
sampling method was used to select 4,400 households and 19,000
participants, which covers nine provinces (Guizhou, Guangxi,
Heilongjiang, Henan, Hubei, Hunan, Liaoning, Jiangsu, and Shandong).
So far, the CHNS has completed data collection from 11 waves (1989,
1991, 1993, 1997, 2000, 2004, 2006, 2009, 2011, 2015, and 2018). The
CHNS has obtained clinical, dietary, anthropometric, and all other
individual data from each household member. Because the collection
and analysis of blood samples were only conducted and released in 2009,
we therefore used data from the 2009 wave of the CHNS. A detailed study
design has been described in a previous study (16).

We analyzed 12,178 individuals who agreed to participate and
gave informed consent for analysis of their data. This study
included participants aged >18 years who participated in the 2009
survey wave. Participants were excluded if they met any of the
following criteria: (1) a history of diabetes (n = 131), hypertension
(n=1094), apoplexy (n = 38), or myocardial infarction (n = 28); and
(2) incomplete data (1 = 1963). After excluding these incomplete
data, this study finally included 7,014 individuals (3,253 men and
3,761 women). In order to show that the sample size of this study
has sufficient statistical power, sample size was calculated based on a
previous study that determined the prevalence rate of MS [control
group = 0.14 (514/3,556); experimental group = 0.39 (194/495)] in a
Chinese population-based study (7). Statistical power for a two-
sample proportion chi-squared test indicated that a total of 156
participants were included in this study, which could achieve 95%
statistical power. Ethics approval was obtained from the
Institutional Review Board of the University of North Carolina at
Chapel Hill and the National Institute for Nutrition and Health,
Chinese Center for Disease Control and Prevention.
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Blood biochemical measurement

Fasting blood samples were collected in blood collection tubes
and tested in a national central lab in Beijing. Fasting blood glucose
(FBG) and lipids [triglyceride (TG) and high-density lipoprotein
cholesterol (HDL-C)] were analyzed using an automatic
biochemical analyzer (Hitachi 7600 automated analyzer, Tokyo,
Japan). Insulin was measured by an ELISA Kit (Millipore
Corporation, Billerica, MA, USA). The homeostasis model
assessment for insulin resistance (HOMA-IR) score was
calculated using the following formula: fasting insulin (mU/L) *
fasting glucose (mmol/L)/22.5 (17).

In order to determine all the above biochemical markers, FBG
was measured by the glucose oxidase method. TG and HDL-C were
measured by the enzymatic method.

Assessment of WBC count

Fasting blood samples were drawn from the cubital vein for
routine blood detection. WBC count was analyzed using an
automatic hematology analyzer (Beckman Coulter LH751,
Beckman Coulter, USA). Generally, an individual who maintains
a very low leukocyte count level is healthier. We grouped the
subjects into three categories—low level (subnormal level: <3.9),
middle level (normal level: 3.91-9.94), and high level (above normal
level: 210.0). We aimed to examine the association between a
subnormal WBC count and risk of MS.

Assessment of covariates

Anthropometric measurements (height, body weight, and waist
circumference) were made using standard protocols. Body mass
index (BMI) was calculated as the ratio of weight (kg) and height
(m) squared. BP was measured three times after participants quietly
sat for at least 5 min, and the maximum values of the first two of
three readings were considered as the final BP values. All
participants were also asked to fill in a standard questionnaire,
which included demographic variables [sex, age, residence (city,
suburban, town or county, capital city, and rural village)] and
lifestyle variables [smoking status (smoker or not) and drinking
status (drinker or not)].

Definition of MS

According to the criteria of the American Heart Association
scientific statements of 2009 (1), if a participant suffered from three
or more of the following syndromes, he/she will be defined as
having MS:

(1) Central obesity (=90 cm in men, >80 cm in women);

(2) Elevated triglycerides (TG 21.7 mmol/L);
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(3) Reduced HDL cholesterol (<1.0 mmol/L in men, <1.3
mmol/L in women);

(4) Elevated BP [systolic BP (SBP) > 130 mmHg or diastolic BP
(DBP) > 85 mmHg]; and
(5) Elevated fasting glucose (=5.6 mmol/L).

Statistical analysis

All continuous variables were expressed as median
[interquartile range (IQR)] because of non-normal distribution,
and categorical variables were expressed as percentage. To examine
differences in participants’ characteristics between WBC count
category, Kruskal-Wallis test and chi-square test were applied for
continuous variables and categorical variables, respectively. We
examine the hypothesis of logistic regression analysis prior to its
use. Firstly, to examine the independence of observation variables,
interactions were tested by adding the respective multiplicative
terms in the models simultaneously. There were significant
interactions of WBC with age, residence, apoplexy, and insulin
resistance on MS (p for interaction: <0.001, 0.038, <0.001, and
0.015, respectively) (Appendix Table 1). Based on the above
findings, we also carried out subgroup analysis based on sex, age
(age <65 years, age 265 years), residence (city, suburb, town, and
village), apoplexy (yes or no), and insulin resistance (yes or no).
Secondly, variance inflation factors (VIFs) were used to examine
multicollinearity among explanatory variables, and the result shows
that the VIFs of explanatory variables range from 1.02 to 1.91,
which means that there is no multicollinearity between explanatory
variables (Appendix Table 2). Thirdly, Cook’s distance was used to
identify extreme outliers, and the results showed that Cook’s
distance of each variable is less than or equal to 0.06, showing
that no extreme outliers were found. Fourth, to initially assess
whether there are linear relationships between continuous
independent variables and dependent variable logit conversion
values, the Box-Tidwell method was used (transformation of the
independent variables). The results of the line test found nonlinear
relationships between all continuous independent variables (age,
BMI, and insulin resistance) and the dependent variable logit
conversion values. To linearize relationships, all continuous
variables were converted into ordinal categorical variables. To
examine the association between WBC count and MS,
multivariate logistic regression analyses were applied to calculate
risk of MS in different WBC count categories when several potential
confounding factors were adjusted. We adjusted for sex, age
(continuous variable), BMI (continuous variable), residence
(categorical variable), smoking and drinking status (categorical
variable), and HOMA-IR.

To examine the robustness of the above-mentioned results, a
sensitivity analyses was further conducted as follows: we excluded
participants who was excessively thin and obese [BMI (<18 or >40
kg/mz)]. We also used receiver operating characteristic (ROC)
curve analysis, precision, specificity, and sensitivity through ML
including multilayer perceptron (MLP) and logistic regression (LR)
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to compare the predictive performance of the MS risk model. In all
two-sided tests, p-values of <0.05 were defined as statistically
significant. Stata 16.0 software (Stata Corp LP, College Station,
TX, USA) was used for all tests.

Results

Participants’ characteristics according to
WBC category

Participants’ characteristics according to WBC category are
shown in Table 1; 3.4% of participants have a higher WBC level.
Participants with a higher WBC level were more likely to be male, to
be younger, and to live in a rural village. In addition, BMI and
HOMA-IR increased statistically across different WBC categories.
The proportion of participants with above-normal WBC count,
who were cigarette smokers and alcohol drinkers, was statistically
higher. However, there was no significant difference for other
participants’ characteristics between WBC categories.

Association of WBC category with MS and
its components

In all 7,014 participants, 1,479 were diagnosed with MS. The
prevalence rates of MS in the low level, middle level, and high level
were 12.1% (48 of 397), 21.4% (1,368 of 6,380), and 26.6% (63 of
237), respectively. Figure 1 shows a positive association between
WBC count and risk of MS and its components. After adjustment
for a potential confounder, the adjusted ORs for MS across WBC
category were 1.00 (reference) for low level, 1.65 (95%CI: 1.18, 2.31)
for middle level, and 2.18 (95%CI: 1.36, 3.50) for high level (p for

TABLE 1 Participants’ characteristics according to WBC counts category 1.

10.3389/fimmu.2023.1104180

trend, 0.001). Similar significant relationships were also found when
components of MS were analyzed respectively (Figure 1). In
addition, a higher WBC level was also associated with increased
risk of MS in both male and female (Figure 2).

Subgroup analyses stratified by sex, age,
residence, smoking status, drinking status,
BMI, and insulin resistance

Another purpose of this study was to examine the associations
of WBC category and MS by the following subgroups: age (<65 or
265 years), residence (city, suburban, town, or rural village),
smoking status (smoker or non-smoker), drinking status (drinker
or non-drinker), BMI (<25 kg/m* or 225 kg/m?), and insulin
resistance (yes or no). The strength of the association between
WBC count and MS increased with age (OR, 1.42 [95%CI, 1.10-
1.83] for adults aged <65 years; 1.85 [95%ClI, 1.06, 3.21] for those
aged 265 years). The strength of the association between WBC
count and MS was weaker in participants who resided in a rural
village (OR, 1.22 [95% CI, 0.90-1.66]) compared with other
residences. The association between WBC count and MS was
stronger in non-smokers (OR, 1.55 [95% CI, 1.19-2.03]) and
non-drinkers (OR, 1.56 [95% CI, 1.19-2.04]) compared with
smokers (OR, 1.34 [95%CI, 0.83-2.14))/drinkers (OR, 1.35 [95%
CI, 0.86-2.12]). The association between WBC count and MS was
stronger in normal/underweight participants compared with
overweight/obese participants (OR, 1.71 [95% CI, 1.27-2.30] vs.
1.20 [95% CI, 0.82-1.74]) and was equivalent whether there was
insulin resistance or not (OR, 1.54 [95% CI, 1.12-2.10] vs. 1.42 [95%
CI, 1.01-1.99]). The detailed results has been showed in Figures 3-
5. Distribution of components of MS according to WBC category is
also shown in violin plots (Figure S1).

Low level middle level high level
(£3.9) (3.91-9.94) (210.0)
N 397 6380 237 —
Sex, (males,%) 28.5 472 54.0 <0.001
Age, years 52.0 (40.0, 59.0) 47.0 (38.0, 58.0) 45.0 (33.0, 57.0) 0.001
Residence, %
City 11.3 12.8 8.0 0.069
Suburb 15.9 18.2 152 0.269
Town 17.1 16.1 13.1 0.385
Rural village 55.7 52.9 63.7 0.003
BMI, Kg/m2 21.9 (20.0, 24.1) 23.1 (21.0, 25.6) 23.7 (21.3, 26.3) <0.001
Cigarette smoker, % 14.6 313 40.1 <0.001
Alcohol drinker, % 224 34.4 35.9 <0.001
HOMA-IR 2.0 (14, 3.0) 2.3 (1.6,3.4) 2.4 (1.6,4.7) <0.001

BMI = body mass index; HOMA-IR = homeostasis model assessment of insulin resistance.

1 Continuous variables are expressed as medians (interquartile range) and categorical variables are expressed as percentages.
2 P value were assessed using Kruskal Wallis test for continuous variables and chi-square test for categorical variables.
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MS and its components WBC AOR (95% Cl) P for trend
Elevated WC

Low 1.00 (reference) 0.001
Midie —— 1.71 (1.32, 2.22)

High — 1.76 (1.16, 2.69)

Elevated TG

Low 1.00 (reference) < 0.001
Midie —— 1.65 (1.23, 2.20)

High . 2,81 (1.89, 4.18)

Elevated FBG

Low 1.00 (reference) 0.003
Midle —— 1.46 (1.08, 1.99)

High e 1.90 (1.23, 2.93)

Elevated BP

Low 1.00 (reference) 0.142
M}idle e 1.19 (0.94, 1.50)

High ™ 1.28 (0.89, 1.84)

Reduced HDL-C

Low 1.00 (reference) 0.028
M}idle — 1.36 (1.04, 1.78)

High . 1.51 (1.00, 2.27)

MS

Low 1.00 (reference) 0.001
Midle — 1.65 (1.18, 2.31)

High - 2.18 (1.36, 3.50)

T T T T T T T
05 15 25 35 45 55 65

FIGURE 1

The association between WBC and risk of MS in all population.
Adjusted for sex, age (<=39, 40-64, >=65), BM| (<25, >=25 & <30,
>=30), residence (city, suburb, town or rural village), smoking
(smoker or non-smoker) and drinking status (drinker or non-
drinker), HOMA-IR (yes or no). Data are shown as OR and 95% Cl

Sensitivity analyses

The aforementioned findings remained stable in a sensitivity
analysis (Table S1). The results remained significant with the
exclusion of excessively thin and obese participants [BMI (<18 or
>40 kg/m?)].

To assess the predictive performance of predictive models, we
selected MLP and logistic regression to compare their accuracy. The
AUROC was calculated both in the 70% of training set and in the
30% of test set. It is generally accepted that an AUROC curve
greater than 0.5 indicated having an adequate predictive
performance. The results showed that the MPL algorithm
represented a more prominent predictive performance (AUROC
in the training set: 0.814; AUROC in the testing set: 0.842)
compared to other algorithms (Table S2).

Discussion

In this study, we comprehensively examined the association
between WBC count and the risk of MS in a representative
Chinese population, and the results revealed that participants with
a higher WBC count had a higher risk of MS and its components than
those with a lower WBC count after adjusting for potential
confounders. This study obtained the following novel results: (1)
the significant associations between WBC count and risk of MS occur
in participants living in suburbs or cities but not in towns or rural
villages; (2) these significant associations were independent of insulin
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resistance; and (3) the two models showed adequate calibration and
good discrimination, but the MLP showed better performance.

The current cross-sectional study is consistent with the results
of previous cross-sectional and cohort studies (4-7), which
suggested that a higher WBC count level was related to an
increased risk of MS. However, the association with WBC count
varied between components of MS. Overall, the previous cross-
sectional and prospective studies were heterogeneous, with
differences in WBC count category, confounding factor
adjustments, and sample selections. Nevertheless, the robust
significant positive association between WBC count and MS was
retained, despite the challenges introduced by these heterogeneities.
This study harmonized fasting blood sample and other data across
nine provinces, which largely attenuated these heterogeneities.
Insulin resistance is an important marker for MS and its
components; therefore, the significant positive associations of
WBC count with the risk of MS and its components remained
unchanged after adjusting for insulin resistance.

There are several plausible mechanisms that explain how WBC
count may increase MS risk. Firstly, it is well known that insulin
resistance is considered to be the root cause of MS (12); therefore,
insulin resistance may mediate the association between WBC count
and MS. Pro-inflammatory cytokines may lead to the activation of
protein kinases and subsequently negatively regulate insulin
receptor substrate and reduce the expression of glucose
transporter 4 (18, 19); this inhibits the efficiency of blood glucose
uptake (20). Therefore, compensatory hypersecretion of insulin can
induce insulin resistance. However, the results of the current study
suggest that elevated WBC count may increase the risk of MS in
Chinese adults, even after adjusting for insulin resistance.

Secondly, it has been suggested that pro-inflammatory
cytokines can increase hepatic fatty acid synthesis and stimulate
lipolysis, which promotes the movement of free fatty acids to the
liver (21). The above two mechanisms will subsequently enhance
the production and secretion of triglycerides in the liver, resulting in
hypertriglyceridemia (21).

Thirdly, the observed association between WBC count and
elevated BP may be related to impaired endothelial function.
Inflammation causes vasodilation, and the antithrombotic and
antiatherosclerotic functions of the vascular endothelium are
prevented by limiting the production of nitric oxide and
prostacyclin (22). In contrast, the WBCs bind to the vascular
endothelium, which may cause an increase in leukocytosis in
capillaries, subsequently inducing capillary stenosis and increasing
vascular pressure (23, 24), which may eventually lead to
elevated BP.

Fourth, accumulated visceral fat can induce elevated fasting
glucose levels compared to subcutaneous fat. This is because
excessive free fatty acids produced by visceral fat through
catabolism will overflow from adipose tissue into islet cells and
induce fat ectopic deposition, causing insulin resistance in the
muscle, liver, and pancreatic B cells, which subsequently can
result in impaired glucose uptake (25). An imbalance between
glucose production and uptake generally leads to elevated fasting
glucose levels.
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FIGURE 2

.5 55 6.5

The association between WBC and risk of MS in male (A) and female (B). Adjusted for age (<=39, 40-64, >=65), BMI| (<25, >=25 & <30,>=30),
residence (city, suburb, town or rural village), smoking (smoker or non-smoker) and drinking status (drinker or non-drinker), HOMA-IR (yes or no).

Data are shown as OR and 95% ClI.

Logistic regression is a linear model widely used to analyze the
linear association between independent and dependent variables
(dichotomous variables), while ignoring the complex relationship
between independent variables. MPL is composed of an input layer,
one or more hidden layers, and an output layer, and can analyze the
complex and potential associations among variables, rather than being
limited to the linear relationship between the input and output (26).
The results of this study indicated that the MPL algorithm had superior
performance in predicting MS compared to logistic regression,
indicating that the MPL algorithm is more suitable for predicting MS.

Frontiers in Immunology

145

This study has several limitations. Firstly, the cross-sectional
design of this study made it difficult to confirm the causal
relationship between WBC count and MS and its components.
Secondly, because there are fewer participants with a higher WBC
level, this study therefore found seemingly inflated OR in
Figures 2, 3, indicating that there are some sparse effects that
may increase the probability of monotonic likelihood (27).
Thirdly, the cross-sectional studies had Neyman bias because
we could not identify whether the participants had suffered from
MS in the past or only in the present. Therefore, the results of this
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Midle " 2.32 (1.04, 5.19)
High ——— 3.02 (0.94, 9.68)
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T 11 T
05 235565
FIGURE 3

Stratification analysis of the association between WBC and risk of MS.
Subgroups based on age (age <65 years, age >65 years) or residence
(city, suburb, town or rural village). Data are shown as OR and 95% CI.

Subgroup analysis AOR (95% Cl) P for trend
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Midle _— 1.88 (1.30, 2.73)
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FIGURE 4

Stratification analysis of the association between WBC and risk of
MS. Subgroups based on smoking (smoker or non-smoker) or
drinking status (drinker or non-drinker). Data are shown as OR and
95% Cl

study may be affected by prevalence-incidence (Neyman’s) bias
(28, 29). Further prospective cohort studies, which select the
newly identified cases as study participants, will effectively avoid
Neyman bias.

Conclusion

This study reveals representative evidence of positive
associations between WBC counts and MS as well as its

Frontiers in Immunology

10.3389/fimmu.2023.1104180

Subgroup analysis AOR (95% Cl) P for trend
BMI < 25 Kg/m?

Low 1.00 (reference) <0.001
Midle EEne— 1.98 (1.27, 3.08)

High R 2.91 (1.57, 5.40)
BMI >= 25 Kg/m?
Low 1.00 (reference) 0.345
Midle I e 1.22 (0.70, 2.12)
High o e e— 1.44 (0.68, 3.03)
Insulin resistance (yes)
Low 1.00 (reference) 0.007
Midle I c— 1.77 (1.09, 2.89)
2.42 (1.27, 4.60)

High —_—

Insulin resistance (no)

Low 1.00 (reference) 0.044
Midle R 1.57 (0.98, 2.49)
High — 1.92 (0.94, 3.94)

FIGURE 5

Stratification analysis of the association between WBC and risk of
MS. Subgroups based on BMI (<25 or >=25) or HOMA-IR (yes or no).
Data are shown as OR and 95% ClI

components in a Chinese population. The findings of this study
indicate that WBC count, as a convenient and routine examination,
could be potentially used as a risk marker in the early identification
and prevention of MS.
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Background: At present, research on immunogenic cell death (ICD) is mainly
associated with cancer therapy. Little is known about the role of ICD in
cardiovascular disease, especially in ascending thoracic aortic aneurysms (ATAA).

Method: ATAA single-cell RNA (scRNA) sequencing data were analyzed to
identify the involved cell types and determine their transcriptomic
characteristics. The chi-square test, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, Gene Set
Enrichment Analysis (GSEA), and CellChat for cell-to-cell communication
analysis from the Gene Expression Omnibus (GEO) database were used.

Result: A total of 10 cell types were identified, namely, monocytes, macrophages,
CD4 T/NK (CD4+ T cells and natural killer T cells), mast cells, B/Plasma B cells,
fibroblasts, endothelial cells, cytotoxic T cells (CD8+ T cells, CTLs), vascular
smooth muscle cells (vSMCs), and mature dendritic cells (mDCs). A large number
of inflammation-related pathways were present in the GSEA results. A large
number of ICD-related pathways were found in the KEGG enrichment analysis of
differentially expressed genes in endothelial cells. The number of mDCs and CTLs
in the ATAA group was significantly different from that in the control group. A
total of 44 pathway networks were obtained, of which 9 were associated with
ICD in endothelial cells (CCL, CXCL, ANNEXIN, CD40, IL1, IL6, TNF, IFN-II,
GALECTIN). The most important ligand—receptor pair by which endothelial
cells act on CD4 T/NK cells, CTLs and mDCs is CXCL12-CXCR4. The most
important ligand—-receptor pair by which endothelial cells act on monocytes and
macrophages is ANXAL1-FPR1. The most important ligand—receptor pair by which
CD4 T/NK cells and CTLs act on endothelial cells is CCL5-ACKR1. The most
important ligand—-receptor pair that myeloid cells (macrophages, monocytes
and mDCs) act on endothelial cells is CXCL8-ACKR1. Moreover, vSMCs and
fibroblasts mainly promote inflammatory responses through the MIF
signaling pathway.

Conclusion: ICD is present in ATAA and plays an important role in the
development of ATAA. The target cells of ICD may be mainly endothelial cells,
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in which the aortic endothelial cell ACKR1 receptor can not only promote T-cell
infiltration through the CCL5 ligand but also promote myeloid cell infiltration
through the CXCL8 ligand. ACKR1 and CXCL12 may become target genes for
ATAA drug therapy in the future.

KEYWORDS

ICD (immunogenic cell death), ATAA (ascending thoracic aortic aneurysms), ACKR1,
CXCL12 (SDF-1a), CTL (cytotoxic T cells)

1 Introduction

It is well known that ascending thoracic aortic aneurysms
(ATAA) are asymptomatic until complications such as rupture and
dissection are present (1-3). The adventitia and media of the thoracic
aortic wall contain high levels of inflammatory cells. In particular,
studies have demonstrated that macrophages and T lymphocytes are
prevalent in the thoracic aortas of patients with sporadic ATAA (4-
6). Apoptosis, a type of regulatory cell death, has been shown to be
significantly increased in smooth muscle cells (SMCs) in ATAA (7,
8). This observation also implies that there is regulated cell death in
ATAA, and we explore the role of immunogenic cell death (ICD) in
ascending thoracic aortic aneurysms in this study.

ICD, a type of regulated cell death, can lead to an inflammatory
response, which triggers cytotoxic T lymphocyte (CTL)-driven
adaptive immunity, as well as long-term immunological memory
(9). It is well known that ICD occurs mainly in three types of cells:
dying cells, antigen-presenting cells (APCs), and cytotoxic T cells.
Moreover, three conditions need to be met for ICD to occur:
antigenicity, adjuvanticity, and favorable microenvironment (10).

In this study, we first demonstrated the existence of ICD in
ATAA. Second, we identified that the target cells for ICD were
mainly endothelial cells of the ascending aorta. Finally, we identified
the most important ligands released by endothelial cells and the
most important receptors expressed by endothelial cells that cause
ICD. In conclusion, investigating ICD in ATAA may provide new
ideas for ATAA targeted therapy.

2 Methods
2.1 scRNA sequencing data processing

ATAA cells were collected by flow cytometry sorting and
submitted to a 10X Chromiun System with an Illumina NovaSeq
6000 (1). To generate the barcode, gene, and expression matrix files,
the cleaned data (GSE155468) were aligned to the human reference
genome (GRCh38 transcriptome) using Cell Ranger (version 3.0.2,
10X Genomics). In the GSE155468 dataset, there were samples from
11 individuals, including 8 samples in the experimental ATAA group
and 3 samples in the control group (The protocol for collecting human
tissue samples was approved by the Institutional Review Board at

Frontiers in Immunology

Bayer College of Medicine (1)). In the Seurat R package, we first used
PCA to reduce the dimensionality of the downstream data and then
used t-distributed stochastic neighbor embedding (t-SNE) analysis to
reduce the dimensionality of the data again (11). We removed cells
with fewer than 200 genes, more than 7,000 genes, and more than 10%
mitochondrial genes. Analysis was performed on 48128 filtered cells.
Subsequent analysis was performed on 48128 filtered cells. Using the
“LogNormalize” function, gene expression was normalized and scaled.
Each sample possessed 2000 highly variable genes (HVGs) using the
vst method after data normalization. After identifying significant
principal components (PCs), PCA was applied. Batch correction
was performed using the “Harmony” R package (version 0.1.0) (12)
to avoid batch effects resulting from sample identity that could disrupt
downstream analysis. Finally, 50 PCs were selected for t-SNE analysis.
A total of 60 distinct clusters were created using FindClusters function
at 4.0 resolution, and these clusters were then grouped into 10 cell
types using marker genes, and the results of the “FindAllMarkers”
function were manually checked for match with marker gene results.
In each cluster, differentially expressed genes (DEGs) were identified
using the “FindAllMarkers” function with logfc.threshold = 0.25 (13).
Thirty-four ICD marker genes were selected, and a heatmap was
constructed using the 10 identified cell types (14).

2.2 Gene ontology (GO) and Kyoto
encyclopedia of genes and genomes
(KEGG) analyses and gene set enrichment
analysis (GSEA)

Significantly differentially expressed genes in each cell group
relative to the other groups were identified and subjected to GSEA.
The GO and KEGG enrichment analysis of the obtained smooth
muscle cell differentially expressed genes and the obtained endothelial
cell differentially expressed genes were performed using the
GSE155468 dataset (logfc.threshold = 0, P_val_adj<0.05), and the
GO and KEGG enrichment results of the differentially expressed
genes between the two cell populations were compared (15).

2.3 Statistical analysis

Differences between the ATAA group and control group were
evaluated with a chi square ()?) test or Fisher exact test for all
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categoric variables. Data were analyzed using IBM SPSS Statistics 2
software (version 26.0; IBM Corp, Armonk, NY, USA).

2.4 Cellchat in ATAA

First, in the ATAA data, we used the CellChat and patchwork
packages to create CellChat objects, set up the ligand—receptor
interaction database, and preprocessed the expression data for cell
communication analysis.

Second, we used CellChat to infer biologically meaningful
communication, and used the “trimean” function to calculate
communication probability and infer the CellChat network. Then,
we extracted the inferred CellChat network as a data frame; used the
signaling pathway level to infer communication; and
computationally integrated cellular communication networks
(Supplementary Figure 1).

Third, we used circle plots to visualize signal paths that may be
related to ICDs (Supplementary Figures 2-10). We calculated the
contribution of each ligand-receptor pair to these signaling pathways,
and visualized cellular communication regulated by individual
ligand-receptor pairs. Signal gene expression distributions were
plotted using violin plots for these communications.

Fourth, a systematic analysis of cellular communication
networks was performed to identify the signaling roles of cell
groups (e.g., dominant transmitter, receiver) as well as the main
contributing signals. We identified the signals that contributed the
most to the efferent or afferent signaling of certain cell groups
(Figures 1A, C, D).

We compared the ICD-related pathways in which endothelial
cells act as ligands on other cells, and identified the most important
pathways. We used the same method to compare macrophages,
monocytes, mDCs, CD4 T/NK cells and cytotoxic T cells (Figure 2).
Protein—protein interaction (PPI) networks were constructed using
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the most important ligand and receptor genes and visualized using
Cytoscape software (Figure 1B).

3 Results
3.1 ATAA scRNA profiling

After filtering the data, there were a total of 48,128 cells in the
scRNA sequencing dataset (GSE155468), including 39,651 cells
from patients with ATAA and 8,477 cells from control
individuals (Tables 1-5). After PCA, and Harmony, and t-SNE
processing of the dataset (Figures 3A, B), we examined
results (Figure 3C).

Sixty clusters could be assigned to known cell lineages through
marker genes (Supplementary List 1), according to a previous study.
We used t-SNE analysis to visualize the 10 clusters (Figure 3D) and
identify marker genes in the 10 cell-type populations
(Supplementary List 2). The expression of cell type marker genes
is shown in the dot plot (Figure 4M). We observed 10 cell clusters
(CD4T/NK: clusters 1, 6, 8, 9, 11, 17, 20, 22, 31, 35, 45, 46 and 52;
expressing CD3D (16) (Figures 3E, I), CD7 (17) (Figures 3F, ]),
IL7R (interleukin 7 receptor) (18) (Figures 3G, K); CTL: clusters 0,
7, 16, 19, 23, 26, 37, 47, 49, 55 and 59; expressing CD8A (19)
(Figures 3H, L); Endothelial: clusters 40 and 44; expressing VWF
(20) (von Willebrand factor) (Figures 3M, Q); Fibroblast: clusters
24, 25, 56 and 58; expressing LUM (Lumican) (21) (Figures 3N, R);
VSMC: clusters 2, 5, 14, 15, 21, 28, 30, 34, 41 and 42; expressing
ACTA2 (actin alpha 2, smooth muscle) (22) (Figures 30, S); B/
Plasma_B: clusters 33 and 48; expressing CD79A (23) (Figures 3P,
T); Macrophage: clusters 3, 4, 10, 12, 13, 18, 27, 32, 36, 39, 43, 53
and 54; expressing FCGR3A (24) (Figures 4A, E); Mast: cluster 50;
expressing CPA3 (25) (Figures 4B, F); Monocytes: clusters 38 and
51, expressing S100A9 (26) (Figures 4C, G); mDCs: clusters 29 and
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FIGURE 2

(A) Endothelial cells release ligands that act on myeloid cells (macrophages, monocytes and dendritic cells) and T cells (CD4 T/NK cells and
cytotoxic T cells). (B) Fibroblasts release ligands that act on myeloid cells and T cells. (C) VSMCs release ligands that act on myeloid cells and T cells.
(D) Cytotoxic T cells release ligands that act on nonimmune cells (fibroblasts, VSMCs, endothelial cells). (E) CD4 T/NK cells release ligands that act
on nonimmune cells. (F) Mature dendritic cells release ligands that act on nonimmune cells. (G) Monocytes release ligands that act on nonimmune

cells. (H) Macrophages release ligands that act on nonimmune cells.

57; expressing CD1C (27) (Figures 4D, H), CLEC9A (28)
(Figures 41, K), CD83 (29) (Figures 4], L).

According to the results in Table 4 and Table 5, T-cells accounted
for 51.97% of all ATAA cells (Figures 4N, O). This finding suggests
that T-cell infiltration plays a very important role in the pathogenesis
of ATAA. In ATAA, the number of endothelial cells was significantly
reduced, accounting for only 1.42%.

3.2 The results of GO and KEGG analyses
and GSEA

In nonimmune cells, 34 ICD-related marker genes were mainly
expressed in endothelial cells (Figure 5A). In Figure 5B, we only
showed the top 50 most important pathways, which could be mainly
divided into several categories, such as metabolism-related, oxidative
respiration-related, inflammation-related, and apoptosis-related, etc.
At present, it is well known that the occurrence of cardiovascular
disease was closely related to the abnormal expression of these
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pathways. Inflammation plays an important role in the occurrence
and development of ATAA. When we compared the GO enrichment
results of endothelial cells and VSMCs, we found that the pathways
enriched in endothelial cells were mainly related to transcription,
while the pathways enriched in VSMCs were mainly related to the
oxidative respiratory chain (Figure 5C). When we compared the
KEGG results, we found that differentially expressed genes in
endothelial cells were enriched in a large number of ICD-related
pathways (Figure 5D; Supplementary List 3).

3.3 Chi-square test results of the number
of mDCs and cytotoxic T cells

The number of mature dendritic cells was significantly
correlated with the formation of ATAA, K* (mDC) =136.86, P
(K*>10.828) <0.001 (Table 6). The number of cytotoxic T cells was
significantly correlated with the formation of ATAA, K*(CTL)
=1601.41, P(K>>10.828) <0.001 (Table 7).
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TABLE 1 Demographic characteristics of patients and controls (1).

10.3389/fimmu.2023.1087978

Variable ~ ATAA1 ATAA2 ATAA3 ATAA4  ATAAS Control4 Control6 Control9
Sex F F M M F F M M F M F
L. Non- Non- Non- Non- Non- Non Non Non- Non- Non- N N
Ethnicity o . L o o Lo L L Lo L Hispanic
Hispanic = Hispanic Hispanic Hispanic Hispanic Hispanic Hispanic Hispanic Hispanic Hispanic
Race White White White White White White White White White Black Latino
Age (y) 75 78 59 62 75 67 69 56 63 61 62
Diagnosis/ ATAA ATAA ATAA ATAA ATAA Heart Heart Lung
i i
Cong;ments ATAA ATAA with root ATAA with root with arch with root with root transplant transplant transplant
aneurysm aneurysm | and DTAA | aneurysm aneurysm recipient recipient donor
Aortic
diameter 52 4.9 5 5.2 5.8 49 5.2 5.2 NA NA 22
(cm)
Past
Smoki it Past it
moking (qui Never Never Never ast (qui Never Never Never Never Past Current
status before 1999)
1990)
Diabetes No No Yes Yes No No No No No No Yes
Hypertension Yes Yes Yes Yes Yes Yes Yes Yes No Yes Yes
COPD No Yes No No Yes No No No No No No
Aortic val
o 1c'v .ve No No Yes Yes Yes Yes No Yes No No No
regurgitation
BAV No Yes Yes No No No NA No NA NA No
Re-operation No No Yes * No No No Yes ** No No No No

*Previous arch debranching before stent graft repair of arch and descending thoracic aorta.
**Previous aortic valve replacement.
NA, not available.

3.4 The ATAA CellChat results

We obtained a total of 44 cell-to-cell communications. Among
nonimmune cells, the cells that sent the most cellular signals were
fibroblasts, while the ones that received the most signals were
endothelial cells (Figure 1A). This finding suggests that although
VSMCs and fibroblasts may also trigger ICD through the MIF
signaling pathway (Figures 2B, C), endothelial cells may be the main
cells responsible for ICD. Therefore, we mainly explored ICD in
endothelial cells. The 9 pathway networks are ANNEXIN signaling
pathway network, CXCL signaling pathway network, CCL signaling
pathway network, IFN-II signaling pathway network, IL1 signaling
pathway network, IL6 signaling pathway network, GALECTIN
signaling pathway network, TNF signaling pathway network, and
CDA40 signaling pathway network. Cells associated with these
pathways were mainly endothelial cells, myeloid cells, CD4 T/NK
cells and cytotoxic T cells (Figures 1C, D).

Endothelial cells acted as ligands in the ICD-related pathways of
myeloid cells, including the ANNEXIN signaling pathway
network (Supplementary Figure 2), CXCL signaling pathway

TABLE 2 Dataset features.

Datasets Type

GSE155468 ‘ scRNA sequencing ‘
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network (Supplementary Figure 3), CCL signaling
pathway network (Supplementary Figure 4) and IL6 signaling
pathway network (Supplementary Figure 10).

In the ANNEXIN signaling pathway network, there was only
one ligand-receptor pair, ANXA1-FPR1 pathway (Supplementary
Figure 2A), and ANXA1 ligands were highly expressed in all cells
except B/Plasma_B cells (Supplementary Figure 2E). The receptor
FPR1 was only expressed in myeloid cells (Supplementary
Figure 2E). Among all the ICD-related pathways in which
endothelial cells acted as ligands for myeloid cells (macrophage,
monocyte and mDC), ANXAI-FPR1 was the most contributing
pair (Figure 2A).

In the CXCL signaling pathway network, a total of seven ligand-
receptor pairs were obtained, namely CXCL8-ACKR1, CXCL12-
CXCR4, CXCL2-ACKR1, CXCL3-ACKR1, CXCL16-CXCRé6,
CXCL12-ACKR3, and CXCL1-ACKR1 (Supplementary
Figure 3A). Among them, CXCL8-ACKRI1 contributed the most
to the CXCL signaling pathway network. The CXCLS8 ligand was
highly expressed in myeloid cells, while the ACKR1 receptor was
only expressed in endothelial cells (Supplementary Figure 3K).

Platform Sample size (Control/ATAA)

38
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TABLE 3 Single sample data features.

10.3389/fimmu.2023.1087978

Sample name Raw data Data filtering (200<nFeature-RNA<7000,percent.mt<10)
GSM31 (Control 4: 63 years) 3377 3377
GSM32 (Control 6: 61 years) 1193 1193
GSM33 (Control 9: 62 years) 3907 3907
GSM34 (ATAA 1: 75 years) 6686 6686
GSM35 (ATAA 2: 78 years) 4598 4598
GSM36 (ATAA 3: 59 years) 3622 3622
GSM37 (ATAA 4: 62 years) 6384 6384
GSM38 (ATAA 5: 75 years) 4802 4802
GSM39 (ATAA 6: 67 years) 3526 3526
GSM40 (ATAA 7: 69 years) 6997 6997
GSM41 (ATAA 8: 56 years) 3036 3036

All (ATAA: 67.6+8.1 years, Control: 62+1 years) 48128 48128

Among all the ICD-related pathways in which myeloid cells
(macrophages, monocytes and mDC) acted as ligands to
endothelial cells, CXCL8-ACKR1 was the most contributing pair
(Figures 2F, G, H). Among all the ICD-related pathways in which
endothelial cells and fibroblasts acted as ligands to T cells (CD4T/
NK cells and cytotoxic T cells), CXCL12-CXCR4 was the most
contributing pair (Figures 2A, B).

In the CCL signaling pathway network, we obtained a total of 7
ligand-receptor pairs, namely CCL5-ACKR1, CCL2-ACKRI,
CCL3-CCR1, CCL14-ACKRI, CCL3L1-CCR1, CCL5-CCR1, and
CCL14-CCR1 (Supplementary Figure 4A). Among these pairs,
CCL5-ACKR1 contributed the most to the CCL signaling
pathway network. As a ligand, CCL5 was only highly expressed in
CDA4T/NK cells and cytotoxic T cells, while the ACKRI receptor
was only expressed in endothelial cells (Supplementary Figure 4K).
Among all the ICD-related pathways in which T cells (CD4T/NK

TABLE 4 Data characteristics of the control group.

cell types number of cells ratio(%)
CD4T/NK 582 6.87
Monocyte 77 0.91
Macrophage 1917 2261
MAST 61 0.72
B/Plasma_B 57 0.67
Fibroblast 319 3.76
Endothelial 364 4.29
CTL 338 3.99
VSMC 4674 55.14
mDC 88 1.04
All 8477 100
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cells and cytotoxic T cells) acted as ligands to endothelial cells,
CCL5-ACKR1 was the most contributing pair (Figures 2D, E).

Myeloid cells (macrophage, monocyte and mDC) acted as
ligands on the ICD-related pathways of T cells (CD4T/NK and
CTL), including the CXCL signaling pathway network (CXCL16-
CXCR6) (Supplementary Figure 3), TNF signaling pathway
network (TNF-TNFRSF1B) (Supplementary Figure 6), and
GALECTIN signaling pathway network (LGALS9-CD44 and
LGALS9-CD45) (Supplementary Figure 5; Figures 5B, D, E).
Among them, the contribution of the LGALS9-CD45 (PTPRC)
pathway was the largest.

4 Discussion

ICD has not been reported in ATAA before, and almost all
recent studies have mainly focused on ICD in the context of cancer
therapy (30-32). In our study, we found that the marker genes of
ICD were highly expressed in endothelial cells, and KEGG
enrichment analysis results showed that the differentially
expressed genes were enriched in a large number of ICD-related
pathways. Based on the cell-to-cell communication results, we
found that endothelial cells received the most signals and that
there were numerous signaling pathways associated with ICD. This
result suggests that dying endothelial cells in ATAA may contribute
to the progression of ATAA through ICD. We identified the most
important ligand—receptor pair leading to endothelial cell ICD, and
according to these results, found that endothelial cells mainly acted
on APCs and T cells by releasing ANXAI and CXCL12 chemokines,
respectively. The chemokine CXCL8 released by APCs and the
chemokine CCLS5 released by T cells bind to ACKR1 expressed by
endothelial cells.

It is well known that ICD requires the simultaneous satisfaction
of three conditions: antigenicity, adjuvanticity, and
microenvironment (10, 33). First, we explored antigenicity in
ATAA. In the field of oncology, it is currently believed that dying
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TABLE 5 Data characteristics of the ATAA group.

10.3389/fimmu.2023.1087978

tumor cells can provide antigenicity by conventional methods of
generating epitopes (10). However, in nontumor cells, cellular

i (o)

cell types Sl ol A ) oxidation could also cause enzymatic or nonenzymatic
CD4T/NK 11852 29.89 posttranslational modifications (PTMs) that generate epitopes
Monocyte 75 183 that initiate ICD (34). In cardiovascular disease, endothelial cell
dysfunction caused by oxidative stress stimulates abnormal
Macrophage 7 2452 proinflammatory and prothrombotic phenotypes of the
MAST 207 0.52 endothelial cells lining the lumen of blood vessels (35, 36). This
B/Plasma_B 859 217 observation partly suggests that dying endothelial cells in ATAA
can indeed generate epitopes that initiate ICD. The
Fibroblast 1957 9 proinflammatory capacity of dysfunctional endothelial cells also
Endothelial 565 142 provides a favorable microenvironment for the occurrence of ICD.
CTL 8754 22,08 Finally, we explored the adjuvant substances in ATAA.
According to the latest ICD research, the main role of adjuvant

VSMC 4719 11.9 . . C . .
substances is to trigger chemotactic immune cells to migrate to the
mDC 689 1.74 site of vascular lesions (10). According to the chi-square test results,
All 39651 100 in ATAA, we found that the numbers of the two most important
immune cells involved in ICD [CTLs and mDCs (the strongest
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Data processing and defining cell types. (A, B) Harmony package sample batch effect elimination and PCA dimensionality reduction. (C) t-SNE

dimensionality reduction. (D) The t-SNE results were divided into 10 cell populations using marker genes. (E-T) Sixty clusters defined using marker
genes.
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antigen-presenting cells (37))] were much higher than those in the
control group. This finding indirectly suggested the presence of
adjuvant substances in ATAA. We identified a total of 9 signaling
pathways that may be related to ICD, and we discussed the most
important pathway related to endothelial cell ICD here. According
to the latest ICD research, the primary role of ANXA1-FPRI in
tumor cells is to direct APCs to dying cells (38). ANXA1-FPRI most
likely plays the same role in ATAA. In our study, a large amount of
APC infiltration was observed in ATAA samples, and this result was
also consistent with many current literature reports (4).

CXCLI12 interacts with glycosaminoglycans on endothelial cells
before it can be stably presented to leukocytes (39, 40). It mainly
attracts NK cells and T-lymphocytes (41). In cardiovascular disease,
it has been shown that CXCL12 is proatherogenic in the
development and progression of atherosclerosis (41, 42).
Atherosclerosis is primarily responsible for ATAA in elderly
individuals (2). The mean age of ATAA patients in this study was
67.6 £ 8.1 years, which was also in line with other reports in the
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literature. Stephanie Michineau et al. showed that CXCL12/CXCR4
axis is upregulated in human and mouse AAAs (abdominal aortic
aneurysms), and the CXCR4 gene knockout can inhibit the
expansion of abdominal aortic aneurysm through anti-
inflammatory effect (43). This finding suggests that CXCL12/
CXCR4 may play an important role in the formation of ATAA.
In the Supplementary Figure 3K, the ACKR1 gene was
obviously expressed in endothelial cells. ACKRI (typical
chemokine receptor 1), also known as DARC, binds to more than
20 different inflammatory chemokines, mainly CC and CXC
subfamilies (44). In previous studies, the ACKRI gene was found
to be mainly expressed on the surface of red blood cells and to a
lesser extent in vascular endothelial cells and adipocytes (45). Mice
with global DARC knockout had a significantly lower probability of
developing atherosclerosis than wild-type mice (46). Many African
Americans carry mutations in the gene encoding this receptor,
resulting in a loss of its expression. This mutation resulted in a
lower incidence of coronary heart disease in African Americans
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FIGURE 5

(A) ICD marker gene heatmap in ten cell types. (B) GSEA for differentially expressed genes between different cell types. (C) GO analysis of the
differentially expressed genes between the endothelial and VSMC clusters. (D) KEGG analysis of the differentially expressed genes between the

endothelial and VSMC clusters.
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than in Caucasians (47). It has also been reported that ACKRI1
deficiency can decrease T-cell numbers in the aorta (44). This
finding suggests that AKR1 deficiency has the potential to block
adaptive immunity to ICD in ATAA. In cardiovascular diseases, the
protein expressed by ACKR1 gene may destroy the barrier function
of endothelial cells by promoting the aggregation and transfer of
endothelial cells, and promote circulating leukocytes to enter the
vascular intima at the early stage of atherosclerosis (48). In skin

TABLE 6 mDC Chi-square test.

diseases, it has been found that the interaction CXCL8/ACKRI
between macrophages and endothelial cells is enhanced, and the
purpose of this interaction is to recruit immune cells to
inflammatory sites in order to fight the infection (49). In the
latest published article, ACKR1+ ECs (Endothelial cells) highly
engaged in leukocyte recruitment into orbital connective tissue
(OCT) in (thyroid-associated ophthalmopathy) TAO and that the
recruitment process may be influenced by the interaction of

TABLE 7 CTL Chi-square test.

mDCs other cells all cells CTL other cells
ATAA 689 38962 39651 ATAA 8754 30897 39651
Normal 88 8389 8477 Normal 338 8139 8477
777 47351 48128 9092 39036 48128
K*=136.86. K*=1601.41.
P(K*>10.828)<0.001. P(K*>10.828)<0.001.

Conclusion: The number of mDCs is associated with the formation of ATAA.
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Conclusion:The number of CTL is associated with the formation of ATAA.
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CXCL8/ACKRI (50). Overall, CXCL8/ACKRI axis has reported its
recruitment effect on immune cells in various diseases. This axis
may also play an important role in the occurrence and development
of ATAA.

As well as its function in regulating CCL2 and CCL5 activity,
ACKRI is also reported to be involved in translocating these
chemokines across the endothelial barrier after it binds to them
(51, 52). In the Hashimoto’s thyroiditis (HT), one study has proved
that CCL5/ACKR1 axis facilitated the trans-endothelial migration
of lymphocytes (53). According to our studies, the ACKRI gene of
endothelial cells in the aorta could not only promote T-cell
infiltration through the CCL5 ligand but also promote myeloid
cells infiltration through the CXCLS8 ligand. ACKR1 could become a
target gene for ATAA drug therapy in the future.

Our study has confirmed that ICD was present in ATAA and
played an important role in the development of ATAA. And we
used CellChat to screen three important ligand-receptor pairs
(CXCL8-ACKRI1, CCL5-ACKR1, CXCL12-CXCR4), and obtained
two special genes expressed by endothelial cells, namely ACKRI
and CXCL12.

5 Conclusion

ICD is present in ATAA and plays an important role in the
development of ATAA. The target cells of ICD are mainly
endothelial cells, which communicate with chemotactic T cells
and mature dendritic cells mainly through CXCL12-CXCR4 and
myeloid cells through ANXA1-FPRI. The ACKR1 gene expressed
by endothelial cells promotes the development of ATAA through
the CCL5 ligand expressed by T cells and the CXCL8 ligand
expressed by myeloid cells. The CXCL12 gene expressed by
endothelial cells promotes the development of ATAA through the
CXCR4 receptor expressed by T cells and mature dendritic cells.
Overall, ACKRI and CXCL12 may become target genes for ATAA
drug therapy in the future.
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Diabetes mellitus is a metabolic disease with a high prevalence worldwide, and
cardiovascular complications are the leading cause of mortality in patients with
diabetes. Diabetic cardiomyopathy (DCM), which is prone to heart failure with
preserved ejection fraction, is defined as a cardiac dysfunction without
conventional cardiac risk factors such as coronary heart disease and
hypertension. Mitochondria are the centers of energy metabolism that are very
important for maintaining the function of the heart. They are highly dynamic in
response to environmental changes through mitochondrial dynamics. The
disruption of mitochondrial dynamics is closely related to the occurrence and
development of DCM. Mitochondrial dynamics are controlled by circadian clock
and show oscillation rhythm. This rhythm enables mitochondria to respond to
changing energy demands in different environments, but it is disordered in
diabetes. In this review, we summarize the significant role of circadian clock-
controlled mitochondrial dynamics in the etiology of DCM and hope to play a
certain enlightening role in the treatment of DCM.

KEYWORDS

diabetic cardiomyopathy, clock circadian, mitochondrial dynamics, mitochondrial
fusion, mitochondrial fission

1 Introduction

The incidence of diabetes mellitus is increasing, and now more than 350 million people
are reported to suffer from diabetes worldwide (1). The population and condition of
diabetes mellitus have become more and more juvenile and complicated (2). Patients with
diabetes may develop cardiovascular complications, especially diabetic cardiomyopathy
(DCM), which is prone to heart failure with preserved ejection fraction (HFpEF). This type
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of heart failure was first reported in 1972 in patients with type 2
diabetes, who had no risk factors for heart failure, such as
hypertension and coronary artery disease (3). Subsequent clinical
and experimental studies gradually revealed the main
pathophysiological mechanisms of DCM, such as inflammation,
lipid accumulation, myocardial fibrosis, cardiac hypertrophy,
cardiac apoptosis, microvascular damage, etc. (4, 5) The main
clinical features of DCM are cardiac hypertrophy, diastolic
dysfunction, and myocardium stiffing (6). At the late stage of
DCM, the myocardial systolic function is also affected, leading to
dilated cardiomyopathy (6). However, the pathophysiological
mechanisms of DCM remain complex and unclear.

Increasing studies suggest the involvement of dysfunctional
mitochondria in the pathophysiology of DCM. The dysfunctional
mitochondria result in myocardial metabolic disorders, oxidative
stress, Ca>" overload, myocardial systolic/diastolic dysfunction, and
myocardial stiffness (7, 8). Mitochondria are the centers of energy
metabolism that are extremely essential for maintaining the
function of the heart, an organ with high energy requirements.
Mitochondria are highly dynamic in response to environmental
changes through mitochondrial dynamics, including mitochondrial
fusion and fission. Noteworthily, mitochondrial dynamics has a
circadian rhythm throughout the day. The circadian rhythm of
mitochondrial dynamics is regulated by circadian clock genes that
mediate the expression of mitochondrial dynamic molecules and
affect mitochondrial morphology and function (9). When circadian
clock genes are mutated or disrupted, mitochondrial dynamics may
lose circadian rhythm and become disordered, resulting in insulin
resistance, cardiac lipotoxicity, excessive production of
mitochondrial reactive oxidative species (ROS), mitochondrial
Ca®" mishandling, decreased mitochondrial membrane potential
(MMP), impaired mitophagy, and endoplasmic reticulum (ER)
stress, which are associated with the pathophysiology of DCM (9-
11). Thus, recent advances in understanding clock-controlled
mitochondrial dynamics and its implication for the
pathophysiology of DCM may open up novel therapeutic avenues.

2 Mitochondrial dynamics

Mitochondria are highly dynamic organelles, constantly
changing their morphology, from tubular (fusion) to fragmented
(fission). The balance between mitochondrial fusion and division is
important for the proper functioning of cells. Disruptions in
mitochondrial dynamics affect mitochondrial morphology and
function, leading in the development of disease, DCM.

2.1 Mitochondrial fusion

Mitochondria have an outer mitochondrial membrane (OMM)
and an inner mitochondrial membrane (IMM) (12). The progress of
mitochondrial fusion includes OMM fusion and IMM fusion.
Mitofusin1/2 (MFN1/2), belongs to the family of GTPases, and
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primarily orchestrates OMM fusion (12). As a transmembrane
protein anchored to the OMM, MFN1/2 contains the N-terminal
GTPase domain and heptad-repeat regions (HR1 and HR2) (13).
When the tips of two mitochondria meet in the cytoplasm, MFN1/2
as a tether interacts with another mitochondrion, and forms the
MEFN homodimer or heterodimer, then alters the conformation of
the HR2 region depending on GTPase, resulting in the fusion of
OMM. In fact, MFNI1 plays a leading role in the process of
mitochondrial fusion, the role of MFN2 remains elusive, which
primarily participated in the site of OMM interacting with other
organelles (particularly the ER) (14, 15).

After OMM fusion, the IMM subsequently starts to fusion, and
optic atrophy (OPA1) as a pivotal factor mainly participated in the
process of IMM fusion. OPA1 consists of long OPA1 (L-OPA1) and
short OPA1 (S-OPA1). L-OPAL1 interacts with cardiolipin on the
IMM to facilitate the fusion of the IMM. S-OPA1l, which is
produced by the degradation of L-OPA1 by proteolytic enzymes
OMA1 and YMEI-like ATPase (YMEIL) (12), is mainly to promote
mitochondrial fusion by assisting L-OPA1. However, when S-OPA1
over-accumulates, it will suppress the role of L-OPA1 (12), leading
to mitochondrial division and disruption of mitochondrial
dynamics (Figure 1) (16). OPA1 is not only participated in IMM
fusion but also plays an important role in the remodeling of
mitochondrial cristae, which is the site of oxidative
phosphorylation (OXPHOS) and ATP synthase (17). The left-
turned assemblies at the cristate (the structure of OPAI is
involved in the right- or left-turned helical assemblies) could
prevent cytochrome C entering from the matrix into the
intermembranous mitochondria by tightening mitochondrial
crista and diminishing crista lumen. When OPA1 is reduced or
destroyed, a large amount of cytochrome C enters into the
intermembrane, then enters into the cytoplasm through the
permeable out membrane, and finally induces cell apoptosis (12,
18). Overall, OPA1 has extensive effects on mitochondrial function,
and different aspects of its function need to be further refined.

2.2 Mitochondrial fission

The proteins involved in the mitochondrial fission process
mainly include dynamin-related proteinl (DRP1) and
mitochondrial fission factor (MFF)/fission protein 1 (FIS1). DRP1
performs a critical role in mitochondrial fission by translocation to
mitochondrial membranes and binding to receptors. In the
cytoplasm, the activity of DRP1 is regulated by many factors,
such as cAMP-dependent serine/threonine-specific protein kinase
A (PKA). PKA phosphorylates the tryptophan of DRP1, stabilizing
DRP1 in the cytoplasm and promoting mitochondrial elongation
(19, 20). Besides, DRP1 is dephosphorylated by Ca**-dependent
phosphate calcineurin, which promotes DRPI translocation to
OMM and binding to the receptor (21). MFF/FIS1 are primary
receptors located on the OMM and perform a vital role in recruiting
DRP1 (22). Mitochondrial dynamics proteins of 49 kDa and 51 kDa
(MID49 and MID51) also recruit and bind to DRP1, when MFF/
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The process of mitochondrial dynamics. Mitochondrial fusion: MFN1 and MFN2 form homodimer or heterodimer, then alter the conformation of the
HR2 region depending on GTPase, resulting in the fusion of OMM. IMM fusion is mainly orchestrated by OPAL. The L-OPAL interacts with lid
cardiolipin and facilitates the fusion of the IMM. The S-OPAL interacts with L-OPA1 and promotes IMM fusion. Mitochondrial fission: The
dephosphorylated DRP1 is recruited at the mitochondrial membrane by its receptors, mainly including FIS and MFF. MID49 and MID51 also recruit
DRP1 when the MFF/FIS1 is not available. Recruited DRP1 combined with the receptor, forming a ring-like structure to shear the mitochondria and
promote the completion of mitochondrial fission. Mitophagy: Damaged mitochondria are degraded by autophagosomes through PINK1/Parkin and

BNIP3 pathways.

FISI is not available (23). DRP1 is massively recruited and
combined with the receptor, forming a ring-like structure to shear
the mitochondria and promote the completion of mitochondrial
fission (24). Mitochondrial fission usually occurs at the interface
between mitochondria and the ER (Figure 1). This contact site is an
extremely critical interface. It not only leads to the occurrence of
mitochondrial fission but also is related to the rebuilds of
mitochondrial cristae driven by transporting Ca** from the ER to
the mitochondria (12).

The fission and fusion of mitochondria are dynamic and
continuous processes. The balance between fission and fusion is
very critical in maintaining the normal function of mitochondria.
When the balance of mitochondrial dynamics is compromised, the
mitochondrial dysfunction may disrupt normal metabolism
through cytochrome C release, Ca?" influx, excessive production
of ROS, and mitochondrial protein efflux, causing cell damage and
death (12, 25). For damaged mitochondria, however, mitochondrial
fission can split this part of mitochondria out, and degrade or
eliminate it through mitophagy pathways such as the PTEN-
induced kinase 1 (PINK1)/Parkin or Bcl-2 19-kDa interacting
protein 3 (BNIP3) (Figure 1) (26). In the process of resolving
damaged mitochondria, mitochondrial fusion also exhibits a
beneficial role by allowing the transmission of proteins,
metabolites, and DNA across the network and attempting to
restore and replenish mitochondrial function in exchange (27).
Finally, mitochondrial fission, fusion, and mitophagy together
operate the healthy mitochondrial pool. Disrupted mitochondrial
dynamics would affect mitochondrial function and lead to the
occurrence of diseases such as diabetic cardiomyopathy (28, 29).
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3 Circadian clock and
mitochondrial dynamics

3.1 Circadian clock

The circadian clock is temporal progress influenced by Earth’s
rotation. Many activities of living organisms including gene
expression (30), metabolism (31), immune and endocrine
function (32, 33), as well as behavior (34), are controlled by day
and night clocks. Circadian clock is composed of master pacemaker
and peripheral clocks. The central, master clocks are located in the
suprachiasmatic nucleus (SCN) of the hypothalamus. The
peripheral clocks are virtually located in all the tissues and cells of
the body (35). The circadian clock can synchronize internal 24-hour
timing with a 24-hour solar day through a hierarchical network of
master and peripheral oscillators.

The molecular circadian clock in mammals is formed by a
transcription-translation feedback loop (TTFL). The main TTFL is
driven by the transcription factors CLOCK-BMALI and their
negative regulators including the period (PER) and cryptochrome
(CRY), as well as some other regulators such as casein kinases
(CKIa, CKIS, and CKle) and phosphatases (PP1, PP5), which
regulate the stability and localization of these integral circadian
proteins (36). The CLOCK-BMALI1 complexes directly combine
with DNA to regulate E-BOX and induce the expression of negative
regulators (37). The negative regulators PER and CRY form
heterodimeric in the cytoplasm and translocate into the nucleus
to inhibit the transcription of CLOCK-BMALI. When the levels of
PER and CRY decline through ubiquitin-dependent degradation, a
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new CLOCK-BMALI-driven transcription cycle begins with 24-
hour periodicity. The casein kinases and phosphatases also play a
key role in the circadian period by controlling the activity of the
PER-CRY dimer and the rate at which it enters the nucleus. In
addition to the main feedback loop, the second feedback loop also
plays an important role. The main components of the second
feedback loop are the nuclear receptors REV-ERBa/f} (38),
retinoid-related orphan receptor oo (RORa) (39), and CLOCK-
BMALL. Like the main loop, REV-ERBa/B and RORo. are also
activated by CLOCK-BMALI. REV-ERBo/f negatively regulates
BMALI transcription, but RORa positively regulates BMALI
transcription (40). REV-ERBo/} and RORo. compete for binding
REV-ERB-ROR response elements in the promoter and enhancer
regions of the target gene, and make a rhythmic expression of the
BMALI gene (41). The primary function of the second feedback
loop is to provide additional robustness to the oscillatory
mechanism and counter surrounding disturbances to help
circadian keep accurate timing (Figure 2) (36, 42).

The circadian clock is an internal and predictable mechanism
that predicts the energy demands and metabolic changes through
synchronization with light and temperature cycles (37). In this
process, clock rhythm affects various cells or tissues, and confers
various tissue-specific functions to circadian rhythmicity, such as
the core body temperature with peak levels during the day and
trough in the early morning, more oxidation delivered to the cell in
active but less in inactive, and the melatonin secretion cycle that is
inhibited by light (43). There is growing evidence that circadian
disruption is involved in metabolic abnormalities. The liver-specific
BMALI knockout (KO) mice had higher levels of triglyceride,
cholesterol, and free fatty acids than that in wild-type mice, and
their livers contained lower levels of OXPHOS protein and complex

cytoplasm

\_/

phosphatases

/\

FIGURE 2

The transcription-translation feedback loop (TTFL) of the circadian
clock. The main TTFL is driven by BMAL1-CLOCK dimer combined
with E-box, and their negative regulators include the period (PER),
cryptochrome (CRY), casein kinases, and phosphatases, which form
a heterodimer in the cytoplasm and translocate into the nucleus to
inhibit the transcription of CLOCK-BMALL. In the second TTFL, REV-
ERBa/B and RORa are also activated by CLOCK-BMALL. REV-ERBo/
B negatively regulates BMALI transcription, but RORapositively
regulates BMALI transcription.
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I (10). Likewise, if the internal clock of an organism is uncoupled
with the natural clock circadian, the individual will have deleterious
effects on nutrient metabolism, such as increasing the risk of
developing diabetes (44) and cardiovascular disease (45).

3.2 Effects of the clock on
mitochondrial dynamics

The highly dynamic morphology of mitochondria is closely
regulated by the circadian clock. It was shown that the
mitochondria in cultured hepatocytes exhibited circadian
alteration that the number of the tubular structure of
mitochondria rhythmically decreased from the light to the dark
(46). In cultured fibroblasts, the mitochondrial structure also
showed rhythmic oscillations, a synchronous transformation from
the tubular structure at 16 h after serum shock to a fragmented
network at 28 h after serum shock (9). This rhythmic alteration of
mitochondrial morphology is affected by circadian clock disruption.
In the liver-specific BMALI KO mice, the dynamic morphology of
mitochondria lost rhythmic oscillation at different zeitgeber points
(10). These mitochondria manifested bigger and rounder, and
maintained a similar pattern throughout the day and night,
whereas wild-type mice showed a cyclical change in morphology
according to the surrounding changes (10).

Aiming to illustrate the rhythmic changes in mitochondrial
dynamics, the molecules related to mitochondrial dynamics have
been studied in recent years. Calcineurin, which has a strong
circadian rhythm (47), can dephosphorylate DRP1 at ser637 and
promote the transfer of DRP1 from the cytoplasm to the
mitochondrial membrane. Although the protein expression of
calcineurin is constant throughout the day, its activation is under
circadian regulation (47). Thus, the Ser637-phosphorylated DRP1
(P-DRP1) level exhibits circadian rhythm (9). The oscillations of
DRP1 phosphorylation bring different levels of mitochondrial
metabolism to adapt to environmental changes (9). It is also
shown that CLOCK can accelerate the degradation of DRPI
mRNA through competitively inhibiting PUF60 function, a
splicing factor that can improve DRP1 mRNA stability (48). The
loss of CLOCK activity may release PUF60, resulting in increased
DRP1 level and fragmented mitochondria (Figure 3) (48).

There are some other mediators linking mitochondria dynamics
to the clock, such as AMP-activated protein kinase (AMPK),
sirtuins (SIRTs) (9). AMPK is a serine/threonine kinase, whose
activity, subunit composition, and localization depend on the
circadian clock (49). For mitochondrial dynamics, AMPK not
only enhances mitochondrial fission and mitophagy by
phosphorylating MFF and recruiting DRP1 from cytoplasm under
energy stress (50), but also increases mitochondrial fusion by
increasing MFN2 expression during the fasting period, thereby
improving the efficiency of ATP generation (51). In addition, the
activated AMPK could phosphorylate PER2 and CRY, leading to
the efficient expression of CLOCK and BMALLI and shorting the
period of the circadian clock (Figure 3) (52-54). SIRTs, a family of
NAD™ (nicotinamide adenine dinucleotide)-dependent protein
deacetylases, also play a significant role in the clock and
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The relevant mechanisms by which circadian clock controls mitochondrial dynamics. The circadian clock regulates mitochondrial dynamics through
influencing the molecules involved in it, including calcineurin, PUF60, AMPK, SIRT1 and SIRT3.

mitochondrial dynamics. SIRT1 can promote the deacetylation and
degradation of PER2 by binding to the CLOCK-BMALI
heterodimers, thus participating in the regulation of circadian
rhythm (55). Conversely, the CLOCK-BMALLI can also influence
the level of SIRT1 by regulating the gene expression of nicotinamide
phosphoribosyl transferase (NAMPT), an important enzyme for the
production of NAD" (56). Recent studies have shown that the
circadian clock can regulate the level of deacetylated OPA1 through
the NAD'/SIRT3 pathway (Figure 3) (54). Cardiac OPAL is
hyperacetylated during pathological stress, and this modification
reduces its activity of GTPase, resulting in mitochondrial fusion
disorder (57). SIRT3 can deacetylate and activate OPA1, and
eventually restore mitochondrial dynamics (57). Overall,
mitochondrial dynamics are closely controlled by the clock and
exhibit a circadian rhythm.

4 Clock-controlled mitochondrial
dynamics in DCM

The clock-controlled mitochondrial dynamics are susceptible to
energy stress. Many studies have reported that circadian clock and
mitochondrial dynamics are disordered in the diabetic state (58—
61). The disordered clock-controlled mitochondrial dynamics
adversely affect cardiomyocytes through several underlying
mechanisms, including insulin resistance, cardiac lipotoxicity,
ROS, mitochondrial Ca®* mishandling, decreased MMP, impaired
mitophagy and ER stress, which ultimately lead to the development
and progression of DCM (Figure 4).

Frontiers in Immunology

4.1 Clock-controlled mitochondrial
dynamics and insulin resistance

Insulin resistance is a critical pathophysiological abnormality
associated with DCM. Insulin resistance has many detrimental
effects on cardiomyocytes, such as decreased glucose uptake,
elevated lipid metabolites, and increased glycation reactions.
These harmful effects may lead to myocardial stiffness, reduced
ejection fraction, and heart failure (62). Insulin resistance is closely
related to mitochondrial dynamics disorder. In insulin-resistant
cardiomyocytes, mitochondrial dynamics are disordered,
manifested as decreased MNF1-mediated mitochondrial fusion
and increased DRP1-mediated mitochondrial division, resulting
in mitochondrial dysfunction and excessive ROS production (63).
The disordered mitochondrial dynamics also affect insulin secretion
and insulin signaling pathways. The overexpression of MFN1 or
MFN2 can promote mitochondrial fusion, accompanied by
improvement of insulin receptor substrate 1 (ISR1)-Akt signaling
and insulin-stimulated glucose absorption (64). On the contrary,
promoting mitochondrial division by overexpression of DRP1 and
FIS1 show the opposite behavior (64). MFN1/2 are also
demonstrated to be pivotal for glucose-stimulated insulin
secretion by controlling mitochondrial DNA content and may be
promising targets to restore glucose control in diabetes (65). Thus,
mitochondrial dynamics play a critical role in the physiological
function of insulin by impacting the insulin signaling pathway and
insulin secretion.

It is worth noting that insulin resistance is closely related to
circadian alteration. Under normal physiological conditions, insulin
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The role of clock-controlled mitochondrial dynamics in DCM. The disturbed clock-controlled mitochondrial dynamics may affect insulin signaling,
lipid metabolism, mitochondrial ROS production, Ca®* processing, MMP, mitophagy and ER stress, resulting in lipid accumulation, inflammation,
myocardial fibrosis, cardiac hypertrophy, cardiac apoptosis and microvascular damage, and ultimately participate in the development of DCM.

secretion and insulin receptor sensitivity have a certain rhythm, that
is insulin secretion increasing during the day and decreasing during
the night, and insulin receptor sensitivity reaching a peak during the
day (66, 67). Nonetheless, the mice with circadian rhythm
disturbances induced by BMAL] and CLOCK mutations showed
impaired glucose tolerance, reduced insulin secretion, and damaged
islet size and proliferation, which progressively worsened with age
(44). The insulin signaling pathways are also influenced by the
circadian system. A large number of insulin signaling proteins (e.g.
IRS1, Pik3r1, Aktl, and Akt2) in cardiomyocytes from clock mutant
mice are significantly reduced compared with that in wild-type
mice, which is consistent with the decreased insulin regulation of
glucose metabolism (68). Recently, by using chromatin
immunoprecipitation sequencing, researchers have found that
CLOCK and BMALLI could bind to inner-mitochondrial genes
related to insulin sensitivity, suggesting that the relationship
between circadian rhythm and insulin resistance may be related
to mitochondrial dynamics (69). Jacobi and his colleagues also
observed insulin resistance when they studied changes in
mitochondrial dynamics by knocking out the BMALI gene (10).
Consistently, Ye et al. observed that BMALI inhibition resulted in
mitochondrial dynamics disorder, as well as impaired insulin
signaling in pancreatic beta cells (70). Thus, mitochondrial
dynamics are inherently influenced by clock rhythm, and the
disordered clock-controlled mitochondrial dynamics may lead to
insulin resistance and promote DCM.

4.2 Clock-controlled mitochondrial
dynamics and cardiac lipotoxicity

Lipid accumulation is a common feature of the diabetic heart.
Lipids that exceed the storage and oxidation capacity of the heart
may produce a variety of lipotoxic intermediates, including
ceramides, diacylglycerol, and oxidized phospholipids, which are
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detrimental to cardiac morphology and function (71). The lipotoxic
intermediates contribute to the development of DCM by triggering
cellular signaling (such as cellular metabolism, growth, and
proliferation) and modifications of proteins and lipids (72). It is
worth noting that the accumulation of lipids and the production of
lipotoxic intermediates in the heart is associated with abnormal
mitochondrial dynamics (73). Carnitine palmitoyl transferase 1
(CPT1) is the rate-limiting enzyme of B-oxidation that
determines the rate of fatty acid entry into mitochondria. Wang
et al. have shown that the abnormal activation of DRPI in mice
deficient in low-density lipoprotein receptor-related protein 6 could
inhibit the activity of the CPT1 transcription factors CTCE and c-
Myc, leading to fatty acid accumulation and heart failure (74).
Ceramides are more directly related to mitochondrial dynamics. A
large accumulation of ceramides may lead to mitochondrial
fragmentation and mitochondrial apoptotic pathways, thereby
promoting cell death and insulin resistance (75, 76). Recent
studies have shown that the increased ceramide synthase 6, a key
enzyme in ceramide synthesis, is associated with fragmented
mitochondria and insulin resistance in high-fat diet induced
obese mouse models (77, 78), and that inhibition of ceramide
synthase 6 improves mitochondrial function and insulin signaling
(78). Similarly, downregulation of DRP1 decreases mitochondrial
fission and protects H9C2 cells from lipotoxicity (79). These
findings provide evidence that abnormal mitochondrial dynamics
are closely associated with cardiac lipotoxicity in diabetes.

It is not surprising that the lipid uptake and oxidation are
controlled by circadian clock. Under physiological conditions, the
myocardium rhythmically takes up and utilizes lipid in response to
variable environmental conditions (80). Disruption of circadian
rhythms induced by genetic or environmental perturbation results
in abnormal cardiac lipid metabolism, imbalances in lipid
availability, and lipid oxidation rates, leading to the accumulation
of intercellular lipotoxic derivatives (81, 82). Peroxisome
proliferator-activated receptor (PPAR) o is a master nuclear
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receptor, which plays a critical role in lipid metabolism through
regulating lipid transport, esterification, and oxidation. Abnormal
expression of PPARa in the heart is thought to be an important
player in cardiac lipotoxicity (83). This conception is supported by
previously published experimental data showing that
overexpression of PPARo leads to lipid accumulation and the
development of DCM (84), and that pharmacological inhibition
of PPAR« reduces cardiac lipotoxicity in diabetes (84, 85). Recent
studies have shown that the PPAR gene can be transactivated by
the CLOCK/BMALI heterodimer via an E-BOX-dependent
mechanism (86). The mutation of BMAL1/CLOCK increases
PPARo. mRNA Né6-methyladenosine, which affects PPARo
stability and increases lipid accumulation (86-88), suggesting that
the circadian clock is also involved in lipid metabolism. However,
under diabetic condition, the disturbed circadian clock is frequently
accompanied by disordered mitochondrial dynamics and cardiac
lipotoxicity (71, 89, 90). Collectively, currently available research
findings suggest that restoring clock-controlled mitochondrial
dynamics may be an effective way to reduce DCM by reducing
cardiac lipotoxicity.

4.3 Clock-controlled mitochondrial
dynamics and mitochondria-generated ROS

The role of mitochondria-generated ROS in DCM is well-
established (91). It is well demonstrated in diabetes that
cardiomyocytes from animal models and patients display
mitochondrial dysfunction and overproduction of ROS (92-94).
Large amounts of ROS result in the damage of cardiomyocyte
proteins, lipids, and DNA, eventually leading to the development of
DCM (91). It is worth noting that abnormal mitochondrial
morphology is intricately linked to the excessive production of
ROS. Increasing studies have shown large amounts of fragmented
mitochondria in diabetic cardiomyocytes, accompanied by
excessive ROS production, which is reduced by inhibition of
mitochondrial fission through decreasing DRP1 expression (95,
96). Additionally, improving OPA1 expression could decrease
mitochondrial ROS generation by stabilizing oligomers and
activity of ATPase, which is a key enzyme in ATP generation
using electron potential energy to produce ATP (28, 97). Notably,
the excessive mitochondrial ROS in the heart could promote
mitochondrial fission by decreasing DRP1 phosphorylation and
decrease mitochondrial fusion by altering OPA1 hydrolysis (98).
Thus, it is understandable that the fragmented mitochondria
induced by hyperglycemia can be restored with ROS scavenger
(99). Therefore, the disordered mitochondrial dynamics and
excessive ROS production may interact with each other, and it is
a vicious cycle in diabetes.

ROS production in the process of mitochondrial metabolism
in the physiological state has a circadian oscillation rhythm.
Mitochondria generate more ROS at sleep onset relative to the
wake period, due to higher levels of the clock genes BMAL1 and
CLOCK at sleep onset (100). A recent study has indicated the
decay of circadian genes (PER, TIM, CLOCK) oscillation with
elevated ROS levels in diabetes (101). The disruption of clock
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components can impact ROS production. In the pancreatic 3-cell
line, BMALI knockdown triggers an increase of the ROS content
and impairs glucose-stimulated insulin secretion, the hallmark of
the pancreas islet function in diabetes (102). Similarly, the loss of
CLOCK gene increased ROS production and impaired cardiac
structure and function (103). PERI-deficient mice also show
impaired ROS-production rhythm with lower glutathione
peroxidase activity and higher ROS level (104). In addition to
affecting ROS production, the circadian clock also affects the anti-
oxidative system. BMALI interacts with HSPB1, a small heat
shock protein that resists ROS via S-thiolated modification, to
reduce oxidative damage in cardiomyocytes (105). PER interacts
with glutathione peroxidase to withstand oxidative stress, and
reduced PER expression will diminish the activity of glutathione
peroxidase (104). Recent studies have indicated that a disordered
circadian clock may increase ROS generation or weaken
antioxidant activity and is often accompanied by mitochondrial
dynamics dysfunction. The disruption of functional CLOCK gene
in cardiac myocytes impaired the expression of mitochondrial
fusion proteins OPA1 and MFN2, resulting in fragmented
mitochondria and the accumulation of mitochondrial-generated
ROS (103). Further study indicated the CLOCK could improve
mitochondrial dynamics and function by stabilizing DRP1
mRNA expression (48). In CLOCK mutation mice, abnormal
accumulation of DRP1 leads to fragmented mitochondria and
increased ROS levels (48). Together, these results suggest that
mitochondrial-generated ROS is impacted by circadian-
controlled mitochondrial dynamics and plays an important role
in DCM.

4.4 Clock-controlled mitochondrial
dynamics and mitochondrial Ca®* handling

The abnormal Ca®" signaling is a critical feature of DCM,
notably mitochondrial Ca** mishandling (106). Mitochondrial
Ca®* handling normally provides a basis for normal excitation-
contraction coupling and mitochondrial energy supply, but the
disordered Ca** concentration in the mitochondrial matrix in
diabetes contributes to decreased ATP generation and increased
cardiomyocyte damage (8, 106, 107). Mitochondrial Ca®*
mishandling is affected by abnormal mitochondrial dynamics. In
cultured cardiomyocytes, FIS1-induced mitochondrial
fragmentation could reduce mitochondrial Ca** uptake (108). A
similar observation is made later in the myofibers, where the
inhibition of DRP1 could increase Ca®" concentration in the
mitochondrial matrix during the phase of electrical stimulation,
and increase the expression of mitochondrial calcium uniporter
(MCU), an important channel for mitochondrial Ca** uptake (109).
The mitochondria-associated ER membrane (MAM), a critical
regulator affecting mitochondrial Ca®* handling, is also
demonstrated to be affected by mitochondrial dynamics. In fly
fruit hearts, MEN2 deficiency impair the physical contact between
mitochondria and ER and decrease the protein content associated
with MAM, resulting in reduced mitochondrial Ca** uptake (110).
A further study has also shown that the disordered MAM induced
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by MEN2 knockdown impairs ER Ca*" release and decreases ATP
generation in ventricular myocytes (111). Additionally, the
mutation of OPA1 could reduce the distance between ER and
mitochondria, suggesting OPAI is necessary for mitochondrial
Ca" handling (112).

Notably, mitochondrial Ca** handling itself has circadian
oscillations and is controlled by clock system. A recent study
applied calcium pulses to isolate mitochondria in mouse hearts at
different periods to assess the calcium retention capacity and
calcium uptake rate of mitochondria, showing mitochondria have
higher calcium retention capacity and calcium absorption rate
during the sleep stage (100). For some critical proteins of
mitochondrial Ca?* handling, MCU and sodium/calcium
exchanger had higher expression levels at sleep onset relative to
the wake phase (100). And, other proteins participated in
mitochondrial Ca** handling are also influenced by the circadian
clock, such as ryanodine receptors (RyR). The circadian complex
CLOCK/BMALL can bind to the E-box of the RyR gene and impact
its gene expression (113). In the suprachiasmatic nucleus of BMALI
KO mice, the levels of RyR mRNA and RyR protein are significantly
reduced, as well as the decreased intracellular Ca>" concentration
(114). In the models of disordered circadian clock, dysfunctional
mitochondrial dynamics and mitochondrial Ca** mishandling are
well observed (9, 100). Hyperglycemia is inherently a critical player,
causing circadian clock disturbance, dysfunctional mitochondrial
dynamics and mitochondrial Ca?* mishandling (89, 90, 106). These
findings provide important insights that clock-controlled
mitochondrial dynamics may regulate mitochondrial Ca**
handling and influence the development of DCM.

4.5 Clock-controlled mitochondrial
dynamics and mitochondrial
membrane potential

Mitochondria produce ATP through the electron transport
chain, which creates an electrochemical gradient and generates
mitochondrial membrane potential (MMP) (115). MMP is an
important parameter for evaluating mitochondrial function and
activity (116). Normal MMP is the key condition for mitochondrial
oxidative phosphorylation, and its stability contributes to
maintaining normal physiological function of the cells (115, 117).
The abnormality of MMP may be attributable to apoptosis, ROS,
and abnormal autophagy (118, 119). Mitochondrial dynamics is
closely linked to MMP. In diabetic hearts, both abnormal MMP and
dysfunctional mitochondrial dynamics are commonly observed.
Diabetic hearts from db/db mice show excessive fragmented
mitochondria and decreased MMP. Increased fusion events
through reconstituting MFN2 in DCM restored the MMP and
mitochondrial function (120). The lipotoxic hearts also exhibit
impaired mitochondrial fusion due to decreased OPA1 expression
and abnormal MMP (98). Further studies have revealed that the
specific mechanism by which OPA1 changes MMP may be related
to changes in mitochondrial cristae architecture (117). Moreover,
the loss of MMP destabilizes the L-OPA1 structure, leading to
increased OPALI cleavage and consequent impact on mitochondrial
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fusion (121). Likewise, in cardiomyocytes treated with high glucose,
the inhibitors of DRP1, Mdivi-1, not only decreased excessive
mitochondrial fission but also alleviated the decreased MMP (122).

MMP is also influenced by the circadian clock. Under normal
physiological conditions, MMP has certain oscillatory patterns and
is also associated with mitochondrial activity. A study shows that, in
the suprachiasmatic nucleus of rats, MMP is higher during the light
period than the dark period (123). In semi-anaerobic yeast cells,
MMP is oscillating, and this oscillation may be related to
mitochondrial metabolic activity (124). Further research indicates
that this oscillatory pattern correlates with mitochondrial dynamics,
mitochondrial fusion along with high MMP (125). Disruption of
circadian rhythm leads to abnormal MMP and imbalance in
mitochondrial dynamics. In pancreatic beta cells, the loss of
BMALL decreased the expression of MNF1/2 and increased the
expression of FIS1, accompanied by decreased MMP and impaired
pancreatic function (70). Similarly, CLOCK-deficient cardiac
myocytes showed excessive mitochondrial fission, loss of MMP,
and impaired cardiac structure (103). Therefore, it can be
speculated that the disordered clock rhythm under diabetic
conditions can lead to the dysfunction of mitochondrial dynamics
and the decrease of MMP, thereby increasing myocardial damage.

4.6 Clock-controlled mitochondrial
dynamics and mitophagy

Hyperglycemia can easily lead to mitochondrial damage in
diabetes. The progressive mitochondrial damage in cardiomyocytes
leads to lipid accumulation and excessive oxidative stress, resulting in
the development of DCM (126). To prevent damage to dysfunctional
mitochondria, a selective degradation system referred to as
“mitophagy” is activated to remove dysfunctional mitochondria
(126). However, increasing studies demonstrate impaired
mitophagy in diabetes (127, 128). Although the molecular
mechanism of impaired mitophagy in DCM has not been fully
clarified, recent findings imply that abnormal mitochondrial
dynamics are involved. PINK/Parkin are critical molecules in
ubiquitin-dependent mitophagy (129). In mouse cardiomyocytes,
the OMM guanosine triphosphatase MFN2 could mediate Parkin
recruitment to the damaged mitochondria via a PINK-dependent
manner (130). Downregulation of MNF2 expression prevents
depolarization-induced translocation of Parkin to the damaged
mitochondria and inhibits mitophagy (130), which contributes to
the development of DCM (120). Likewise, DRP1 disruption in
cardiomyocytes leads to imbalanced mitochondrial dynamics, and
suppresses mitophagy via reducing the formation of
autophagosomes, resulting in cardiac dysfunction (131). In cultured
H9C2 cardiomyocytes, the overexpression of OPAl promotes
mitochondrial fusion and stimulates mitophagy, thereby
attenuating high glucose-induced cardiomyocytes injury (132).
These findings suggest that mitochondrial dynamics are involved in
the regulation of mitophagy and thus influence the development
of DCM.

Mitophagy is also demonstrated to be regulated by circadian
clock. The key regulators of mitophagy, PINK/Parkin, are

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1142512
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jin et al.

rhythmically expressed under clock control in response to
environmental changes (103). The disruption of clock rhythm
reduces the expression levels of PINK/Parkin, leading to
suppressed mitophagy and myocardial dysfunction (103). BNIP3
is one of the important molecules of receptor-dependent mitophagy
(129). It has been shown that BMALI binds to the E-BOX element
in the promoter region of BNIP3 gene and regulates the level of
BNIP3 protein oscillation in human embryonic stem cell-deprived
cardiomyocytes (133). Downregulating BMALI expression directly
reduces BNIP3 expression, leading to compromised mitophagy and
cardiomyocyte dysfunction (133). Recently, Jacobi et al. have
indicated that mitochondrial fission and mitophagy proteins show
a similar diurnal pattern in the livers of WT mice (10). However,
their levels fail to cycle and are significantly reduced in BMAL1 KO
mice, and mitochondrial fission and mitophagy-related genes
DRPI, FIS1, PINKI, and BNIP3 are also greatly reduced,
manifested by fragmented mitochondria and suppressed
mitophagy (10). In cardiomyocytes, similarly, the loss of CLOCK/
BAMLI expression may impair mitochondrial dynamics and
suppress mitophagy, leading to dysfunctional mitochondria and
cardiac injury (103, 133). Thus, the disordered circadian clock-
controlled mitochondrial dynamics contributes to compromised
mitophagy, which promotes the development of DCM.

4.7 Clock-controlled mitochondrial
dynamics and ER stress

The main function of ER is protein folding and assembly.
Hyperglycemia and hyperlipidemia in diabetes impair ER function,
leading to the accumulation of unfolded proteins (134). This process
can be prevented by a quality control system termed unfolded protein
response (UPR), a signal transduction pathway alleviating the
accumulation of abnormal proteins in the ER lumen (135). If the
UPR is not able to process these unfolded proteins within a certain
time lapse, it will induce cardiomyocyte apoptosis and promote the
progress of DCM (136). In animal models of diabetes, ER stress has
been shown to contribute to cardiac apoptosis, as evidenced by the
induction of UPR signaling proteins and ER stress-associated
apoptosis signaling proteins (71). UPR mainly contains three
signaling pathways, protein kinase RNA-like ER kinase/activating
transcriptional factor 4 (PERK/ATF4), inositol-requiring proteinlo/
X-box binding protein (IRE10t/XBP1), and activating transcriptional
factor 6 (ATF6) pathways (134), which are demonstrated to be
influenced by mitochondrial dynamics. The overactivated UPR
branches such as PERK and ATF6 in hyperglycemia-treated
cardiomyocytes can be alleviated by reducing MFN2 expression
(137), and downregulation of MEN2 could attenuate mitochondrial
dysfunction and ER-stress induced cardiomyocytes apoptosis (138).
An opposite finding performed by other researchers suggests that
MNEF?2 can suppress PERK activity through direct interaction under
basal conditions, but hyperglycemia inhibits MFN2 expression and
promotes the reduction of MNF2-PERK interaction, thereby MNF2
overexpression could alleviate the abnormal activation of PERK
pathway, cardiomyocytes apoptosis and mitochondrial dysfunction
(139, 140). In addition, DRP1 is also involved in ER stress- induced
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pancreatic B-cell apoptosis through the process of mitochondrial
fission, cytochrome c release, ROS generation and caspase-3
activation (141).

It is worth noting that many proteins related to UPR and ER
stress are closely regulated by circadian rhythms (142). The
circadian clock can coordinate the rhythmic activation of IRElo
in 12-hour cycles to respond to the metabolic demands of organism.
However, in Cryl/Cry2 KO mice liver, the rhythmic activation of
IREla was lost, accompanied by disrupted lipid metabolism (143).
A similar study was conducted in CLOCK mutant mice, showing
the UPR-related genes in liver such as PERK, IREla, and ATF6,
were significantly up-regulated as compared to the WT mice (142).
Additionally, the disruption of circadian rhythms caused by sleep
deprivation or gene mutant in pancreas contributed to ER stress,
resulting in the loss of pancreatic beta-cells and the development of
diabetes (144, 145). Recent studies have shown that disturbing
circadian clock can lead to ER stress and affect UPR-related protein
expression, accompanied by disturbed mitochondrial dynamics
(145, 146). Considering that the circadian clock is inherently
susceptible to hyperglycemia (89), and that there exists disturbed
mitochondrial dynamics and ER stress in diabetic myocardium (90,
134), it can be speculated that restoring the clock-controlled
mitochondrial dynamics may inhibit ER stress and alleviate the
development of DCM.

5 Clock-controlled mitochondrial
dynamics as a novel therapeutic
target in DCM

There is a lack of effective therapeutic approaches for DCM due
to its complex etiology. However, glycemic control is still the core
part. In healthy subjects, the combination of basal glucose
production and insulin-mediated suppression of glucose
production, in alliance with oscillatory insulin levels, keeps
glycemia stable throughout the day (147). The glycemia in
patients with diabetes has a special oscillatory pattern, manifested
as increased glycemic variability with specific circadian
characteristics (148, 149). Epidemiological evidence suggests that
irregular eating habits, reduced light exposure, increased night shift
hours, nocturnal light exposure, and sleep deprivation disrupt the
circadian clock and increase the risk of diabetes (150, 151). Thus, it
is understandable that enhancing circadian clock rhythms through
adjusting lifestyle contributes to prevention and treatment of
diabetes-associated complications (152).

The potential novel drugs targeting clock-controlled
mitochondrial dynamics are also imminent. The first circadian
clock-based drug was melatonin, a hormone secreted by the
pineal gland (153). Exogenous melatonin supplementation
increased ROR levels in diabetic myocardium, and prevented the
development of DCM via reducing dysfunctional mitochondria, ER
stress, myocardial apoptosis, autophagy dysfunction, and oxidative
stress damage (60, 153, 154). In recent years, a number of small-
molecule chemical enhancers targeting the circadian system have
been developed, such as Nobiletin, CRY activator (KL001), Rev-
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TABLE 1 Summary of potential interventions involving clock-controlled mitochondrial dynamics in DCM.

Potential drugs

dynamics

Effects on clock circadian/mitochondrial

Other effects on DCM References

Increase ROROL expression

Decrease myocardial apoptosis
Reduce oxidative stress

Melatonin Increase DRP1 expression Mitigellte myocardial hypertrophy and cardiac (60, 153, 155)
fibrosis
Improve cardiac diastolic function
Enhance amplitude of circadian rhythms . X L
L o . Improve glucose tolerance and insulin sensitivity
Nobiletin Enhance RORo/y transcriptional activity h K K (155, 156)
. Increase insulin secretion
Increase BMALL expression
KL001 Increase CRY level Suppress glucose production (157)
SRO011/ Decrease triglyceride synthesis
SR9009 Increase REV-ERB0/f expression Increase lipid and glucose oxidation (158, 159)

Mitigate cardiac fibroblasts

Mitochondrial fusion promoter-

Ml Increase OPAL1 expression

Nicotinamide riboside Increase MFN2 expression

ERB-0/p agonist (especially SR9011/SR9009), and so on (The
mechanism of their action is given in Table 1). These chemical
compounds restored cardiac circadian rhythms and oscillatory
patterns of metabolic gene expression, resulting in phenotypical
improvements in insulin resistance, lipotoxicity, oxidative stress,
and dysfunctional mitochondrial dynamics (153, 155-158, 161-
163). Notably, improving mitochondrial dynamics is also a critical
approach to restore myocardial function in diabetes. It is well
demonstrated that inhibiting mitochondrial fission or increasing
mitochondrial fusion has beneficial effects on diabetic hearts. Ding
et al. suggest that the administration of mitochondrial fusion
promoter-M1 can restore mitochondrial dynamics balance and
attenuate DCM via an OPAIl-dependent way (28). Similarly, Hu
et al. have shown that reconstitution of MFN2 in diabetic
myocardium inhibits mitochondrial fission and prevents DCM
progress (120). In a mouse model of diabetes, increasing MFN2
expression could improve mitochondrial function, inhibit
mitochondrial oxidative stress, and reduce cardiomyocyte
apoptosis (160). In addition, melatonin attenuates the
development of diabetes-induced cardiac dysfunction by
preventing DRP1-mediated mitochondrial fission through the
SIRT1-PGClo pathway (164). Therefore, the interventions
involving in circadian clock and mitochondrial dynamics are
promising approaches for the treatment of DCM (The summary
of potential drugs were shown in Table 1).

6 Conclusion

Circadian clock-controlled mitochondrial dynamics are critical
for the normal structure and function of the heart. Alternations in
the circadian clock and mitochondrial dynamics in diabetes play an
important role in the pathophysiological process of DCM. In this
review, we summarize the relevant pathways of circadian clock-

Frontiers in Immunology

Improve mitochondrial function
Inhibit myocardial apoptosis (28)
Decrease ROS generation

Reduce cardiomyocyte apoptosis

120, 160
Decrease ROS generation ( )

controlled mitochondrial dynamics and discuss how the disruption
of circadian clock and mitochondrial dynamics impact multiple
etiologies of DCM, including insulin resistance, cardiac lipotoxicity,
mitochondria-generated ROS, mitochondrial Ca®* handling, MMP,
mitophagy, and ER stress. This study also provides a strong
rationale for targeting the circadian clock and mitochondrial
dynamics in the treatment and prevention of DCM. Further
studies are urgently needed to identify and characterize the
mechanisms of action of novel chemical and endogenous
modulators of the circadian clock and mitochondrial dynamics to
prevent heart damage in diabetic states.
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Background: Epidemiological studies have linked various circulating cytokines to
cardiovascular disease (CVD), which however remains uncertain whether these
relationships represent causality or are due to bias. To address this question, we
conducted a Mendelian randomization (MR) analysis to systematically investigate
the causal effects of circulating cytokine levels on CVD development.

Methods: This study leveraged the summary statistic from respective genome-
wide association study (GWAS) of 47 cytokines and four types of CVD. The cis-
quantitative trait locus (cis-QTL) definition, derived from a GWAS meta-analysis
comprising 31,112 participants of European descent, served as instruments for
cytokines. A two-sample MR design was employed, followed by comprehensive
sensitivity analyses to validate the robustness of results.

Results: The results of inverse-variance weighted method using cis-protein QTL
(cis-pQTL) instruments, showed the causal effects of four cytokines (i.e., IL-1ra,
MCSF, SeSelectin, SCF) on the risk of coronary artery disease (CAD). We also
identified causal relationships between two cytokines (i.e., IL-2ra, IP-10) and
heart failure (HF), as well as two cytokines (i.e., MCP-3, SeSelectin) and atrial
fibrillation (AF), after controlling for false discovery rate (FDR). The use of cis-
expression QTL (cis-eQTL) revealed additional causal associations between
IL-1a, MIF and CAD, between IL-6, MIF, and HF, as well as between FGFBasic
and AF. No significant sign was survived for stroke with FDR applied. Results were
largely consistent across sensitivity analyses.

Conclusion: The present study provides supportive evidence that genetic
predisposition to levels of certain cytokines causally affects the development
of specific type of CVD. These findings have important implications for the
creation of novel therapeutic strategies targeting these cytokines as a means of
preventing and treating CVD.

KEYWORDS

circulating cytokines, cardiovascular disease, Mendelian randomization,
cis-quantitative trait locus, European
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Introduction

Cardiovascular disease (CVD), a cluster of disorders that impact
the heart and/or blood vessels, is a foremost cause of death and
disability worldwide. In 2019, it is estimated that 17.9 million deaths
were attributed to CVD, ranking the first leading cause of all global
death (1). CVD has a complex etiology and often develops over
decades before an obvious symptomatic event. Early intervention is
vital to reduce morbidity and mortality from CVD, which would
produce a far-reaching influence on the public health burden.
Therefore, improved understanding of the causal effect of
different risk factors, especially at the microscale and molecular
levels, can refine prevention strategies and enable novel targets for
therapeutic intervention in CVD.

Cytokines act a crucial part in regulating the inflammatory
response, altering vasoconstriction and impeding endothelium-
dependent vasodilation, and therefore, they may offer potential
targets for preventing CVD (2). Extensive epidemiological evidence
has documented strong associations between cytokines and CVD. For
instance, a meta-analysis comprising 29 cohort studies demonstrated
that several cytokines, such as interleukin-6 (IL-6), IL-18, and tumour
necrosis factor alpha (TNF-o), each were associated with the risk of
developing coronary artery disease (CAD), in an approximately log-
linear manner, independent of traditional risk factors (3). Another
study involving 17,180 individuals found the positive relationship of
circulating levels of monocyte chemoattractant protein-1 (MCP-1)
with long-term risk of stroke (4). However, classical observational
designs are prone to reverse causation and confounding that hinder
causal inference, and conducting clinical trials on cytokine
interventions are challenging.

Mendelian randomization (MR) is a robust technology that can
address the limitations accompanying observational studies
mentioned above and provides the highest level of evidence
hierarchy other than randomized controlled trials by leveraging
genetic variants as instrumental variables (IVs) (5). This method,
when certain assumptions are satisfied, could determine causality of a

Data sources

Associations

10.3389/fimmu.2023.1175421

given exposure-outcome association. Indeed, two successive MR
analyses have helped identify the causal effect of IL-6 on the
development of CAD and total CVD, indicating that IL-6 blockade
may serve as a novel therapeutic target (6, 7). And the extent of this
benefit may be directly proportional to the degree of reduction in
levels of high-sensitivity C-reactive protein (hsCRP) (6, 7).
Additionally, several MR studies have also explored the causal
impact of circulating cytokines on stroke (8, 9). However, the most
of existing efforts were focused on one particular type of CVD or a
single pro-inflammatory cytokine, leaving other cardiovascular
events such as heart failure (HF) and atrial fibrillation (AF) less
explored. Herein, we applied a two-sample MR framework to
systematically ascertain whether there was a causality between a
broad range of cytokines and the risk of CVD which encompasses
CAD, HF, AF, and stroke.

Methods
Study design

The flowchart of the current work is outlined in Figure 1. To
begin, we selected genetic variants as IVs for circulating cytokines.
Next, latest summary statistics from the corresponding genome-wide
association studies (GWASs) for CAD, HF, AF, and stroke were
collected. Then, we performed a two-sample MR study with inverse-
variance weighted (IVW) method as our primary analysis. Finally, a
series of sensitivity analyses were followed, including MR-Egger
regression, weighted-median, contamination mixture (ConMix),
and MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO).

Data sources and instrumental
variable selection

The present study relies on publicly available summary
statistics from published studies, and therefore no additional

MR analyses

Cytokines instrument
3,301 European individuals [Sun, 2018]
13,365 European individuals [Karhunen, 2020]

SNPs (cis-pQTLs) for 31 cytokines

SNPs (cis-eQTLs) for 27 cytokines
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Coronary artery disease (122,733 cases) [Harst, 2018]
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FIGURE 1
Diagram of Mendelian randomization framework in the present study
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ethical approval from the institutional review board was required.
The characteristics of data used in this study are shown in Table 1.

For the cytokines as exposures, we acquired the IVs from the
most up-to-date GWAS meta-analysis of three independent sources
(10) [i.e., the SCALLOP consortium (11), the INTERVAL study
(12), and a the Northern Finland Birth Cohort 1966 (13)], which
include a total of 31,112 subjects of European ancestry. Details on
the methods of SNP selection and meta-analysis can be found in the
original paper (10).

For the outcomes, the summary-level data for CAD (122,733
cases and 424,528 controls), HF (47,309 cases and 930,014
controls), AF (60,620 cases and 970,216 controls), and stroke
(40,585 cases and 40,6111 controls) were derived from
CARDIoGRAMplusC4D Consortium (14), HERMES Consortium
(15), a GWAS conducted by Nielsen et al. (16), and MEGASTROKE
Consortium (17), respectively. These study populations were
predominantly of European descent. There is no obvious sample
overlap between the GWAS meta-analyses of cytokines and four
investigated cardiovascular diseases.

MR relies on three IV assumptions to ensure the accuracy of
causal inferences (1): IVs must truly be associated with exposures
(2), independent of confounders, and (3) affect outcomes solely
through exposures, not through any other pathways. To better
ensure that the selected IVs satisfy the above three assumptions,
especially for the first and the third, we here used cis quantitative
trait locus (QTLs) as IVs to enhance instrument strength, including
cis-protein QTLs (cis-pQTLs, gene range + 500kb) and cis-
expression QTLs (cis-eQTLs, gene range + 500kb). These cis-
QTLs, located at or close to the gene of origin, naturally have a
stronger correlation with the gene expression and thereafter protein
concentrations than other variants. For our main analysis, we used
cis-pQTLs as the IVs, and for complementary analysis, we used cis-
eQTLs since cis-eQTLs may capture the effects of pQTLs through
gene expression, although not all pQTLs are represented by eQTLs
(18). Specifically, cis-pQTLs and cis-eQTLs were associated with the
circulating cytokine levels and their gene expression aggregated
across tissues, respectively, both met a significant threshold of 1E-4.
Of note, to better balance the number and strength of instrumental
variables and obtain potentially informative results, a relatively

TABLE 1 Characteristics of data in this study.

10.3389/fimmu.2023.1175421

loose threshold of 1E-4 was selected as an alternative to the 5E-8
threshold used in traditional GWAS. We excluded palindromic
variants with a minor allele frequency (MAF) greater than 0.05 and
performed clumping by setting a pairwise linkage disequilibrium
(LD) cutoff of r* < 0.1. The alleles of the QTLs were harmonized
between the exposure and the outcome to ensure proper alignment
of effects. Detailed information on the characteristics of the QTLs
used as IVs can be found in the Supplementary Tables 1, 2.

Statistical analyses

We incorporated separate analyses using two different sets of
IVs (cis-pQTL and cis-eQTL) to assess the links between genetically
predicted circulating cytokine levels and the risk of each CVD
outcome. For cases where there exists only one single QTL, the
classic Wald ratio was adopted to gain MR estimates. Otherwise, the
random-effects IVW model using a meta-analysis approach was
performed to combine the Wald ratios of multiple QTLs to obtain
overall MR estimates (19). IVW is generally considered to provide
unbiased estimates of the causal effect of the exposure on the
outcome, provided that the three assumptions mentioned above
are met. Furthermore, we conducted sensitivity analyses using four
pleiotropy- robust methods, namely MR-Egger regression (20),
weighted-median method (21), ConMix (22), and MR-PRESSO
(23). Different methods could yield valid results under different
model assumptions with the criterion relaxed to some extent. The
weighted-median estimator is capable of providing a valid
estimation even when 50% IVs are invalid. The MR-Egger
regression is sensitive to the presence of horizontal pleiotropy
across IVs, but it depends on the Instrument Strength
Independent of Direct Effect (InSIDE) assumption, where the
genetic variant used as an instrument affects the outcome only
through the exposure of interest and not through any other pathway
that could confound the association between the exposure and the
outcome. The method ConMix could estimate the causal effect with
implicitly distinguishing valid and invalid IVs using an underlying
mixture model. MR-PRESSO can obtain consistent causal estimates
by horizontal pleiotropic outlier (if it is noted) removal. These

Phenotype PMID Available year Source Sample size Ancestry
Exposures
33067605 2020 SCALLOP Consortium 21,758 100% European
Cytokines - 2020 Karhunen et al. 13,365 100% European
29875488 2018 INTERVAL Study 3,301 100% European
Outcomes
Coronary artery disease 29212778 2018 CARDIoGRAMplusC4D Consortium 122,733 cases and 424,528 controls 77% European
Heart failure 31919418 2020 HERMES Consortium 47,309 cases and 930,014 controls 100% European
Atrial fibrillation 30061737 2018 Nielsen et al. 60,620 cases and 970,216 controls 100% European
Stroke 29531354 2018 MEGASTROKE Consortium 40,585 cases and 40,6111 controls 100% European
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methods rely on different assumptions to each other which are
difficult to prove, and if the results from all of these different
analyses are largely consistent, then the investigator can be more
confident in drawing conclusions regarding causality. Moreover, the
Cochran’s Q test in the IVW and the intercept from MR-Egger
method were deployed to test the heterogeneity and horizontal
pleiotropy, with a P-value < 0.05, respectively. The original paper
provided information on the proportion of variance (R?) that each
cytokine has explained by the QTLs and F-statistics that quantified
the strength of the IVs (10). We further calculated the cumulative F-
statistics and an F-statistic > 10 was considered to avoid weak
instrument bias (24). The statistical power of our entire MR
analyses was estimated utilizing the non-centrality parameter-
based approach proposed by Brion et al. on the online tool
(https://shiny.cnsgenomics.com/mRnd/) (25). Lastly, correlation
analysis was done to illustrate the mutual corroboration or
complementary of results under two instruments strategies.

All statistical analyses were implemented using the
“TwoSampleMR” (version 0.5.6), “MendelianRandomization”

10.3389/fimmu.2023.1175421

(version 0.6.0), and “MR-PRESSO” (version 1.0) packages in R
(version 4.1.2). To address the issue of multiple comparisons for the
numerous cytokines, we performed the stratified false discovery rate
(FDR) approach using Benjamini-Hochberg procedure for IVW
analysis, i.e., estimating adjusted P-value separately for each CVD
outcome (26). Additionally, we also utilized the aggregated FDR
correction to complement our results. The statistical significance
was defined using a threshold of adjusted P-value < 10%.

Results

To unravel the causal effect of all analyzable cytokines (shown
in Table 2) on the risk of four types of CVD (i.e., CAD, HF, AF,
stroke), two-sample MR tests were carried out. Of 35 cytokines
analyzed, 31 cytokines possessed cis-pQTL instruments, explaining
0.1% to 28.9% of the phenotypic variance, and 27 cytokines
possessed cis-eQTL instruments, explaining 0.04% to 13.0% of the
phenotypic variance. Cumulative F-statistics of cis-pQTL for 29 out

TABLE 2 Instruments for each studied cytokine in the cis-pQTL and cis-eQTL analyses.

cis-pQTL cis-eQTL
Cytokine No. SNPs R? F-statistic No. SNPs R? F-statistic
activePAI SERPINEI 1 0.003 16 - -
bNGE NGF - - 1 0.002 7
CTACK ccL27 3 0.060 75 2 0.041 77
Eotaxin ceLi 6 0.015 29 4 0.010 30
FGFBasic FGF2 - - 2 0.002 8
GROa CXCL1 11 0272 186 1 0.127 993
HGF HGF 6 0.010 19 - -
IL-16 IL16 18 0.037 44 6 0.031 114
IL-18 IL18 5 0.051 71 2 0.024 86
IL-la IL1A - - 3 0.003 5
IL-1ra ILIRN 18 0.075 79 2 0.017 165
IL-2ra IL2RA 14 0.260 7 4 0.130 128
L6 IL6 1 0.002 16 1 0.001 8
L7 IL7 1 0.005 16 - -
IL-8 CXCL8 1 0.004 72 2 0.005 41
IL-12p70 ILI12A 1 0.002 - -
IL-12p70 IL12B 1 0.002 - -
IP-10 CXCL10 5 0.020 35 - -
MCP-1 ccL2 28 0.006 4 3 0.001 8
MCP-3 ccLy 13 0.289 77 - -
MCSF CSF1 13 0.049 62 3 0.018 93
MIF MIF 2 0.019 34 5 0.020 14

(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1175421

cis-pQTL cis-eQTL
Cytokine No. SNPs R? F-statistic No. SNPs R? F-statistic
MIG CXCL9 1 0.011 41 2 0.008 15
MIPla CCL3 34 0.217 111 1 0.059 1194
MIP1b CCL4 26 0.147 67 3 0.003 12
PDGFbb PDGFB 1 0.001 18 - -
RANTES CCL5 1 0.009 31 1 0.009 31
SCF KITLG 3 0.006 30 2 0.001 7
SCGFb CLEC11A 2 0.016 57 1 0.004 28
SeSelectin SELE 2 0.008 91 2 0.002 7
sICAM ICAM1 25 0.168 35 2 0.004 11
sVCAM VCAM1 1 0.003 16 1 0.003 16
TNEF-A TNF 2 0.004 19 - -
TNEF-B LTA - - 1 0.001 5
TRAIL TNEFSF10 46 0.027 7 5 0.006 14
VEGF VEGFA 21 0.073 105 1 0.0004 10

activePAl, active plasminogen activator inhibitor-1; bNGF, beta nerve growth factor; CTACK, cutaneous T-cell attracting chemokine; FGFBasic, basic fibroblast growth factor; GROa, growth-
regulated oncogene-alpha; HGF, hepatocyte growth factor; IL, interleukin; ra, receptor antagonist; IP-10, interferon gamma-induced protein 10; MCP-1, monocyte chemotactic protein-1; MCP-
3, monocyte chemotactic protein-3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG, monokine induced by interferon-gamma; MIP,
macrophage inflammatory protein; PDGFbb, platelet-derived growth factor BB; SCF, stem cell factor; SCGFb, stem cell growth factor beta,; SeSelectin, soluble E-selectin; sSICAM, soluble
intercellular adhesion molecule; sVCAM, soluble vascular cell adhesion molecule; TNF, tumour necrosis factor; TRAIL, TNF-related apoptosis inducing ligand; VEGF, vascular endothelial

growth factor.

of 31 cytokines were greater than 10, proving the good strength of
genetic instruments (Table 2). Detailed MR results for the causal
relationship of interests are shown in Supplementary Table 3 (based
on the cis-pQTL instruments) and Supplementary Table 4 (based
on the cis-eQTL instruments). The visualization of all IVW results
is presented in Figure 2 and only significant IVW results (stratified
FDR < 10%) with sensitivity analyses are shown in Figure 3.
Furthermore, the results of the two correction strategies (stratified
FDR vs. aggregated FDR) did not differ significantly.

Using the cis-pQTL instruments in IVW analysis, genetic
predicated higher levels of four cytokines had a suggestive
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FIGURE 2

Heatmaps of the causal associations between cytokines and cardiovascular diseases. Shown are the results of the IVW method based on the (A)
cis-pQTL and (B) cis-eQTL instruments. Red boxes indicate positive associations, blue boxes negative associations, and grey boxes associations
for which no instrument was available. One asterisk denotes that the associations is nominally significant (P < 0.05). Two asterisks denote that the
association withstands multiple comparison correction (stratified FDR < 10%).
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association with an increased risk of CAD, including IL-1ra
(interleukin-1 receptor antagonist, odds ratio [OR]: 1.07, 95%
confidence interval [CI]: 1.02-1.12, P: 0.004), MCSF (macrophage
colony-stimulating factor, OR: 1.11, 95% CI: 1.05-1.17, P: 8.88E-05),
MIF (macrophage inflammatory protein, OR: 1.11, 95% CI: 1.02-
1.22, P: 0.021), SeSelectin (soluble E-selectin, OR: 1.17, 95% CI:
1.04-1.31, P: 0.007), while one cytokine, SCF (stem cell factor, OR:
0.83, 95% CI: 0.72-0.95, P: 0.009), to a lower risk of CAD. After
stratified FDR correction, the significance of MIF results was not
remained. As expected, when using the cis-eQTL instruments and
similarly estimated by IVW, most of findings from our main

&
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FIGURE 3

Forest plots of IVW and sensitivity analyses. Shown are the
associations that withstand multiple comparison correction
(stratified FDR < 10%) based on the (A) cis-pQTL and (B) cis-eQTL
instruments

analysis including IL-1ra, MCSF were replicated, yet the MIF (OR:
1.13,95% CI: 1.06-1.22, P: 4.15E-04) maintained notable significant
relationship with CAD risk. In addition, we observed the novel
evidence regarding IL-1a (OR: 0.77, 95% CI: 0.64-0.92, P: 0.004).

Likewise, tested by IVW method using the cis-pQTL
instruments, six cytokines (IL-2ra, IP-10 [interferon gamma-
induced protein 10], MCSF, MIF, MIP1la, and VEGF [vascular
endothelial growth factor]) showed suggestive association with the
risk of HF, six cytokines (activePAI [active plasminogen activator
inhibitor-1], IL-18, MCP-3, MIP1a, SeSelectin, and TRAIL [TNE-
related apoptosis inducing ligand]) with AF, and three cytokines
(Eotaxin, MCSF, and SCF) with stroke. When considering the
stratified FDR of 10% or less, only two cytokines, IL-2ra (OR:
0.95, 95% CI: 0.93-0.98, P: 2.93E-04) and IP-10 (OR: 1.15, 95% CI:
1.05-1.27, P: 0.003), reached a statistical significance (stratified
FDR < 10%) for HF, as well as two cytokines, MCP-3 (OR: 1.03,
95% CI: 1.01-1.05, P: 0.003) and SeSelectin (OR: 1.19, 95% CI: 1.07-
1.32, P: 0.002), for AF. No significant sign was survived for stroke
after stratified FDR correction. With cis-eQTL instruments and
stratified FDR adjustment applied, the additional associations
between IL-6 (OR: 2.01, 95% CI: 1.27-3.17, P: 0.003), MIF (OR:
1.13,95% CI: 1.04-1.22, P: 0.004) and HF, as well as FGFBasic (basic
fibroblast growth factor) and AF (OR: 0.66, 95% CI: 0.5-0.84, P:
0.001) were captured.

Focused on the associations that withstand multiple comparison
correction (stratified FDR < 10%), their corresponding sensitivity
analyses indicated roughly the same estimates although several
methods yield wide CIs due to less statistical power (refer to
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Figure 3). Further examination revealed little evidence of
heterogeneity (majority of P-value of Cochran Q statistic > 0.05) or
horizontal pleiotropy (majority of P-value of MR-Egger intercept >
0.05), as shown in the Supplementary Tables 5, 6.

Correlation analysis suggested a moderate correlation of IVW
estimates obtained using the cis-pQTL and cis-eQTL instruments
(correlation coefficient: 0.41, P: 7.9E-05, Figure 4). Their moderate
correlation, combined with the biological background
foreshadowed earlier, validated the rationality of using cis-pQTL
instruments for the main analysis and cis-eQTL as a complement.
Furthermore, sufficient statistical power was achieved in our MR
study to detect the causal associations of cytokines with CVD
outcomes, provided they were true. By complementing the
statistical power of the two instruments, we attained a power of
100% to detect an OR of 1.2/0.83 for the majority of the associations
(Supplementary Tables 7, 8).

Discussion

In our MR analysis, we systematically assessed the causal roles
of circulating cytokine levels in the four CVD outcomes. The results
provided the strong evidence in favor of the causal relationships of
genetic predicted levels of IL-1ra, MCSF, SCF, and SeSelectin with
CAD, genetic predicted levels of IL-2ra and IP-10 with HF, as well
as genetic predicted levels of MCP-3 and SeSelectin with AF. There
was also suggestive evidence supporting causal effect of IL-1a, MIF
concentrations on CAD, of IL-6, MIF concentrations on HF, as well
as of FGFBasic concentrations on AF. The relationship of
circulating cytokine concentrations with stroke were attenuated
after correction for multiple comparisons. Using the power of
molecular genetic markers as IVs, particularly through the use of

R=041,p=7.9e-05
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FIGURE 4
Correlation of IVW estimates using the cis-pQTL and cis-eQTL instruments.
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both pQTL and eQTL instruments, our study was able to overcome
potential biases and confounders that arise in observational studies.
Our results support the hypothesis that manipulating cytokine
levels may represents a promising therapeutic strategy for CVD.

Our findings strengthened or extended existing observational
evidence, pointing to an essential role played by certain cytokines,
including IP-10, IL-6, IL-1ra, and SCF, in the development of CVD.
A study combining data from two prospective cohorts suggested
that higher concentration of IP-10 was related to the elevated risk of
HEF but not CAD or stroke, which largely aligns with our own results
(27). In addition, our findings regarding IL-6, based on the eQTL
instruments, in relation to HF was in line with the results from a
case-cohort study (28). A meta-analysis of six population-based
cohorts reported that serum IL-1ra level was positively related to the
risk of total CVD (29). A 19.2-year follow-up study with 4,742
participants demonstrated that individuals with high levels of SCF
have a decreased risk of cardiovascular events (30). Our results add
further specificity to these findings, indicating that the IL-1ra and
SCF were more likely to represent the causal factors for CAD risk.
This conclusion was also confirmed by a recent MR study that used
a different set of IVs (31). Nevertheless, the aforementioned MR
analysis gave the evidence for the involvement of IL-6 on CAD and
AF, which was also consistent with the findings from two previous
MR studies that we foreshadowed in the introduction section (6, 7).
Due to the limited availability of valid pQTLs for IL-6 and a single
SNP as the only eQTL instrument, our study may be underpowered
to fully establish its relationship with CVD outcomes. Georgakis
et al. found that genetic predicted circulating levels of MCP-1 was
positively associated with stroke risk (8), while our study failed to
capture this signal. This may be due to different sources of IVs
(three independent cohorts v.s. two independent cross-sectional
surveys) (32) and different selection criteria (P < le-4 v.s. FDR <
5%). More studies are needed to further explore. Notably, our study
offered some novel insights regarding MCP-3, MCSF, and
SeSelectin, which have not been previously found or minimally
explored in direct relation to CVD.

Cytokines may have both direct and indirect effects on the
cardiovascular system. Direct effects include alterations in the
function of the heart and blood vessels such as increased heart rate,
reduced blood flow, and changed blood pressure regulation (33, 34).
The relationship between cytokines and CVD is complex and
multilayered, with the key indirect mechanism mainly being
inflammation and oxidative stress (2, 35). Inflammatory cytokines
like TNF and IL-6 activate immune cells, such as monocytes and
macrophages. On the one hand, activated macrophages release
various inflammatory molecules and reactive oxygen species (ROS)
which lead to inflammation, oxidative stress, and ultimately,
endothelial dysfunction (36). On the other hand, this accumulation
of immune cells and other degenerative material in the inner layer of
artery walls could lead to the development of atheroma, contributing
to cardiovascular events (37). More seriously, oxidative stress and
inflammation have a mutually reinforcing positive feedback loop (38,
39). In contrast, anti-inflammatory cytokines like IL-1ra, which was
also supported by our study, has ability to block inflammatory signals
from IL-1 by binding to the IL-1 receptor (40). In addition,
thrombosis caused by platelet activation and increased heart rate
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and blood pressure caused by adrenergic activation were also believed
to be potential causative pathways induced by cytokines in the
development of CVD.

One main strength of the current study is the broad scope of
cytokines that we covered, as well as the substantial sample size for
each trait of interest that we used, especially for cytokines, which is
larger than previously used GWAS (31,112 v.s. 8,293) (32). Another
important strength is the utilization of QTLs as IVs, which are in
close proximity to the encoding gene region, minimizing the
likelihood of horizontal pleiotropy (41). Several limitations should
be acknowledged. Firstly, as mentioned early, although a relatively
lenient threshold was applied, the limited number of instruments
for several cytokines, such as IL-6 and/or MIF, due to the cis-
instrument definition approach, may result in a less statistical
power, especially for MR sensitivity analysis which requires a
higher number of instruments. Additionally, because of the high
correlation between cytokines, particularly within a category, such
as the ILs family, as well as correlations among four types of CVD,
the naive multiple comparison adjustment may be excessive, further
affecting the false negative. We hereby reminded that even in cases
of negative results, complete exclusion of causality cannot be
ensured and thus such results should be interpreted with caution.
Secondly, the expression of certain cytokines can be influenced by
age and the changing external setting, such as a bimodal curve that
has been described for IL-1ra expression throughout the life stage
(42). The estimates of a lifetime effect of cytokines on CVD
provided by MR may not deliver much clinical meaningful for
age-specific interventions. There may be non-liner effects or
interactions between cytokines that are not captured by the
present study. An age-specific MR analysis especially with
individual-level data was warranted in future endeavors. Thirdly,
even though a wide panel of cytokines was investigated, some other
important kinds of cytokines like IL-1f (43) and IL-10 (44), known
for their direct role in targeting inflammation in atherosclerosis,
were not analyzed in our study due to the lack of available QTL
instruments for these cytokines. Lastly, due to the inaccessibility of
the full summary statistics for cytokines, we were unable to conduct
the colocalization analysis, which are valuable in strengthening the
observed MR associations in helping identify associations that may
have arisen due to confounding by LD. Further studies are
warranted to strengthen our findings with colocalization when
full summary statistics for cytokines are available.

Conclusion

To conclude, based on innovative IVs that incorporate gene
expression relevance and large genetic association data, this MR
study comprehensively examined the causal influence of circulating
cytokine levels on four major CVDs. Our MR study provides robust
evidence that the levels of certain cytokines were associated with the
development of CVD and highlights the importance of considering
cytokines as potential targets for the prevention and management of
CVD. Further research, if possible, clinical trials, are necessary to
validate these findings and delve into the underlying biological
mechanisms specifically at the specific cytokine level.
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Gut lumen-leaked microbial DNA
causes myocardial inflammation
and impairs cardiac contractility
In ageing mouse heart

Hong Gao™, Ke Wang", Jorge A. Suarez, Zhongmou Jin?,
Karina Cunha e Rocha*, Dinghong Zhang*, Andrea Farrell?,
Tyler Truong?, Yasemin Tekin?, Breanna Tan? Hyun Suh Jung?,
Julia Kempf?, Sushil K. Mahata*“, Wolfgang H. Dillmann?,
Jorge Suarez™ and Wei Ying™

‘Division of Endocrinology and Metabolism, Department of Medicine, University of California San
Diego, San Diego, CA, United States, ?Division of Biological Sciences, University of California San
Diego, San Diego, CA, United States, 3the Veterans Affairs San Diego Healthcare System, San Diego,
CA, United States, “Division of Nephrology and Hypertension, Department of Medicine, University of
California San Diego, San Diego, CA, United States

Emerging evidence indicates the critical roles of microbiota in mediating host
cardiac functions in ageing, however, the mechanisms underlying the
communications between microbiota and cardiac cells during the ageing process
have not been fully elucidated. Bacterial DNA was enriched in the cardiomyocytes of
both ageing humans and mice. Antibiotic treatment remarkably reduced bacterial
DNA abundance in ageing mice. Gut microbial DNA containing extracellular vesicles
(mEVs) were readily leaked into the bloodstream and infiltrated into cardiomyocytes
in ageing mice, causing cardiac microbial DNA enrichment. Vsigd™ macrophages
efficiently block the spread of gut mEVs whereas Vsig4™ cell population was greatly
decreased in ageing mice. Gut mEV treatment resulted in cardiac inflammation and a
reduction in cardiac contractility in young Vsig4’/’ mice. Microbial DNA depletion
attenuated the pathogenic effects of gut mEVs. cGAS/STING signaling is critical for
the effects of microbial DNA. Restoring Vsigd " macrophage population in ageing WT
mice reduced cardiac microbial DNA abundance and inflammation and improved
heart contractility.

KEYWORDS

microbial DNA, extracellular vesicle, Vsig4 + macrophage, inflammageing,
cardiac contractility

Introduction

Ageing and the incidence of heart failure (HF) are tightly intertwined. Humans
older than 65 years have an increased propensity for HF (e.g. 11/1000 persons), and the
risk of HF is increased further with increased age (e.g. 43/1000 in humans > 80 years
old) (1-4). This is of critical significance to the ageing population since HF is always
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associated with recurrent hospitalization, decreased quality of
life, and a reduction in life span (5). Despite the extensive body of
research, the mechanisms that determine cardiac dysfunction in
ageing are incompletely understood. Consequently, translation of
the findings to improve cardiac function and life span in ageing
has been unsuccessful, suggesting that there is a gap in our
knowledge of the molecular foundations of ageing-related
cardiac impairment.

A progressive increase in the proinflammatory status referred to
as “inflamm-ageing” is characteristic of the ageing process (6-12).
As the hallmark of inflammageing, immune response abnormalities
are evident, such as a reduction in macrophage-dependent
phagocytosis (13-15). While several mechanisms such as
mitochondrial disorder and senescence have been implicated in
the pathogenesis of ageing-associated HF (16-19), whether the
initiation and amplification of inflammation results in these
cellular disorders in cardiomyocytes are unknown.

Previous studies have shown the absence of an increase in pro-
inflammatory cytokines in the bloodstream and better longevity of
germ-free ageing mice than their conventional counterparts,
suggesting that microbiota play critical roles in promoting
inflammageing phenotypes (20, 21). However, the mechanisms
whereby microbiota modulates inflammageing phenotypes are not
completely understood. Ageing is companied by gut barrier breach,
allowing the translocation of microbiota-derived products into host
circulation and distal tissues (20, 22). Previous studies have
demonstrated that, in the context of gut leakage, microbiota-
derived extracellular vesicles (EVs) act as important carriers
spreading microbial DNA into host tissues, subsequently
triggering host cellular inflammatory responses (23). Thus, these
findings lead to the hypothesis that the infiltration of microbiota-
derived microbial DNA containing EVs (mEVs) into the heart
could cause myocardial inflammation and contractility
abnormalities in ageing mice.

Here, we report that ageing-associated gut leakage and
reduction of V-set and immunoglobulin domain containing 4
expressing (Vsigd™) macrophage population result in the
translocation of gut mEVs into cardiomyocytes, leading to
myocardial bacterial DNA enrichment. Bacterial DNA is the key
cargo contributing to the pathogenic effects of gut EVs on inducing
ageing-related cardiac abnormalities through a ¢cGAS/STING-
dependent mechanism. Finally, recovering the Vsigd" macrophage
population remarkably diminishes the levels of bacterial DNA in
mouse ageing hearts, concomitant with decreased levels of cardiac
inflammatory responses and improved myocardial contractility.

Results

Ageing hearts are characterized by
microbial DNA accumulation

An impaired and defective intestinal barrier is observed in
ageing (20, 22). Consistently, the electron microscope analysis
shows that 100-108 weeks (wks) old ageing mice had an impaired
gut integrity, as evidenced by increases in the length and/or
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diameter in adherens junctions, tight junctions, or desmosomes
(Figure S1A). In addition, the expression of key genes associated
with gut gap junction was significantly repressed in ageing mice
(Figure S1B). After 1 hour of oral administration of FITC dextran to
ageing mice, plasma FITC fluorescent intensity was markedly
elevated, demonstrating increased intestinal permeability in
ageing mice (Figure SIC). The abundance of IgA, which plays a
critical role in preventing the leakage of microbiota (24), was
significantly lower in ageing mouse gut, compared to young mice
(Figure S1D). These results demonstrate that ageing is accompanied
by the impairment of gut integrity.

Previous studies have demonstrated that microbial DNA-
containing gut extracellular vesicles (mEVs) are readily
translocated through an impaired gut barrier into host circulation
and distal tissues (23). Consistently, the ageing-associated leaky gut
resulted in the enrichment of mEVs in plasma, whereas, bacterial
DNA was barely detected in the plasma EVs collected from young
lean WT mice (Figure 1A). More importantly, as shown in
Figures 1B, C and SI1E, 16s rRNA was readily detected in both
ageing human and mouse cardiomyocytes. To further assess
whether gut mEVs are leaky from the gut lumen into host
circulation and hearts in ageing mice, red fluorescent dye PKH26-
labeled gut mEVs (5x10° EVs/mouse) were injected into the ileum
section of either young or ageing WT recipient mice. After 16 hours,
PKH26 signals were readily detected in the cardiomyocytes of
ageing recipient mice, thus suggesting the leakage of injected
mEVs from the ageing gut (Figure 1D). In contrast, PKH26
fluorescence was barely detectable in young mouse
hearts (Figure 1D).

To examine if bacterial DNA enriched in ageing heart is derived
from microbiota, ageing WT mice were orally given antibiotics for 2
wks. Compared to ageing controls treated with saline, antibiotic
treatment resulted in a remarkable reduction in bacterial DNA
abundance in the circulation and heart (Figures 1E, F). We also
compared the bacterial DNA species accumulated in the heart with
the microbial composition of ageing WT mice. The 16s rRNA seq
analysis indicates that phylum Firmicutes were the dominant
microbial species in the ileum section of ageing gut (Figures 1G,
S1F-S1G, Tables S1, S2). Consistently, the bacterial DNA enriched
in ageing hearts was mainly derived from phylum Firmicutes
(Figure 1G). Taken together, these data suggest that microbiota-
derived mEVs are readily shuttled from the impaired intestinal
barrier into the heart in the context of ageing.

Ageing is accompanied by a loss of
Vsig4™ macrophages

Liver Vsigd" Kupffer cells (KCs) are important sentinel cells that
remove bacteria and their products from the bloodstream (23, 25).
We observed that ageing livers contained a significantly lower
amount of Kupffer cells (Clec4f"F4/80%) than young lean mouse
livers, concomitant with markedly lower Vsig4 abundance on
ageing KCs (Figures 2A, B). Previous studies have shown that
Vsigd™ macrophages can efficiently clean gut mEVs from the
bloodstream (23). After injecting PKH26-labeled gut mEVs into
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FIGURE 2

Vsig4* macrophage population is remarkably decreased in ageing mice. The population of Kupffer cells (KCs, Clec4f*F4/80%; A) and Vsig4
macrophages (B) in the livers of young or ageing WT mice was analyzed by flow cytometric assays. (C) The abundance of PKH26 signals in the
hearts of young WT or Vsig4™~ mice after 16 hours of tail vein injection with PKH26-labeled gut mEVs. Scale bar=50pum. (D) Vsigd* macrophage
population in hearts was analyzed by flow cytometry assays. (E) PKH26 intensity in hearts after 16 hours injection of gut mEVs into jugular vein of
young WT mice pre-treated with either IgG or Vsig4 antibodies. Images are representative of three experiments. Scale bar=25um. (F) The expression
of key genes associated with NAD homeostasis in KCs was analyzed by gPCR assays. (G) gPCR analysis of Vsig4 abundance in ageing KCs after in
vitro treatment with nicotinamide mononucleotide (NMN). Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test

Frontiers in Immunology 185 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1216344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

the tail vein of young lean Vsigd”™ mice to mimic ageing-associated
high levels of mEVs in circulation, robust red fluorescent PKH26
signals were present in the heart (Figure 2C). We also observed that
PKH26 signals were diminished after 48 hours injection and almost
gone after 72 hours (Figure S2A). Conversely, young lean WT mice
showed few PKH26 fluorescence in cardiomyocytes after 16 hours
injection of PKH26 mEVs, thus demonstrating the critical role of
Vsigd™ cells in preventing the infiltration of mEVs into the
heart (Figure 2C).

In addition to the liver, Vsigd™ macrophages also reside in other
tissues such as pancreatic islets and adrenal glands (26-28).
Consistently, we found that ~20% of cardiac macrophages
(CD11b"F4/80") were Vsigd positive in young mice (Figure S2B),
whereas, ageing hearts harbored less population of Vsigd™®
macrophages than young mice or humans (Figures 2D, S2C). In
addition, ageing results in a significant reduction in the cardiac
macrophage population (Figure S2D). To further assess the ability
of cardiac Vsigd" macrophages to block the infiltration of gut mEV's
into cardiomyocytes, we depleted Kupffer cells by injecting
diphtheria toxin (DT) to young Clec4fCre"'DTR" mice (KCKO;
10-12wks old) and then intravenously injected PKH26-labeled gut
mEVs into these young KCKO mice (Figures S2E, S2F) (29). After
24 hours, no PKH26 signal was detected in young KCKO mice
treated with PKH26 EVs (Figure S2G). In addition, injecting gut
mEVs (5x10° EVs/mouse) into the jugular vein of young WT mice
did not cause bacterial DNA accumulation in the hearts (Figure 2E).
In contrast, pre-treating Vsig4 antibodies into jugular vein blocked
the function of heart Vsigd" macrophages of young WT mice,

10.3389/fimmu.2023.1216344

subsequently resulting in the infiltration of gut mEVs into
cardiomyocytes (Figure 2E). Thus, these data suggest that cardiac
macrophages exert a profound function in cleaning gut EVs.

Previous studies have demonstrated that NAD deficiency leads
to ageing-associated macrophage dysfunction (14, 30). We also
found that both ageing KCs and cardiac macrophages contained
less abundance of key enzymes associated with the NAD salvage
pathway than young mice (Figures 2F, S2H). To assess the effect of
NAD homeostasis on Vsig4 expression, KCs isolated from ageing
WT mice were treated with biosynthetic NAD precursor, NMN.
After 24 hours, NMN treatment led to a significant increase in Vsig4
abundance in ageing KCs (Figure 2G).

Microbial DNA accumulation results in
ageing-associated cardiac
contractility defects

Ageing is concomitant with impaired cardiac contraction. To
demonstrate the regulation of microbiota on ageing cardiac
functions, ageing WT mice were treated with antibiotics (Figure
S3A). After 2 wks of treatment, we found that depletion of
microbiota led to an improvement of cardiac contraction, as
demonstrated by elevated levels of left ventricular systolic
pressure, the derivative of pressure over time maximum, and dP/
dt (the derivative of pressure over time) minimum (min) in the
hearts of antibiotic-treated ageing mice (Figures 3A-C). In addition,
the abundance of Serca2, which is critical for cardiac calcium
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FIGURE 3

Microbial DNA accumulation impairs cardiac contractility. Left ventricular (LV) systolic pressure (A) maximal rate of rise of left ventricular pressure
(dP/dt max; B) and maximum rate of ventricular pressure decrease (dP/dt min; C) of antibiotic-treated ageing WT mice were measured by in vivo
cardiac contractility with the Millar catheter. (D) Serca2 abundance in the hearts of ageing WT mice after 2 wks of antibiotic treatment. After 4 wks of
treatment with either gut mEVs or DNA-free EVs, the cardiac contractility of young Vsig4™~ mice was evaluated by the levels of the left ventricular
systolic pressure (E) maximal rate of rise of left ventricular pressure (F) and maximum rate of ventricular pressure decrease (G). (H) Serca2
abundance in the hearts of young Vsig4™”/~ mice after 4 wks of treatment of gut mEVs. After in vitro treatment with either gut mEVs or DNA-free EVs
for 36 hours, the contractile function of young WT cardiac myocytes was evaluated by the levels of both contraction (I) and relaxation velocity (J).
(K) Serca2 abundance in young WT cardiomyocytes after 36 hours of treatment with gut mEVs. Data are presented as mean + SEM. *P < 0.05,

**P < (0.01, ***P < 0.001, Student's t-test.
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handling for contractility, was elevated in ageing hearts after 2 wks
of antibiotic treatment (Figure 3D).

Given that the leakage of microbiota-derived mEVs leads to
microbial DNA accumulation in cardiomyocytes in ageing mice
(Figure 1), we next assessed the pathogenic effects of microbial DNA
enrichment on cardiac functions. Young lean Vsigd”" mice were
intravenously injected with gut mEVs (5x10° EVs/mouse). After
4wks of mEV treatment, bacterial DNA levels in the hearts of young
lean Vsigd”" mice were comparable to those of ageing WT mouse
hearts (Figure S3B). More importantly, gut mEV treatment resulted in
impaired cardiac functions, as evidenced by decreased levels of left
ventricle (LV) systolic pressure, dP/dt max, and dP/dt min in the hearts
of gut mEV-treated young lean Vsigd”" mice (Figures 3E-G). In
addition, Serca2 expression was reduced in the heart after gut mEV
treatment (Figure 3H). In contrast, depletion of microbial DNA cargo
from gut mEV:s led to non-significant changes in bacterial DNA levels
in heart and cardiac functions of young lean Vsigd”" mice, thus
demonstrating that microbial DNA is the key pathogenic cargo
contributing to the effects of gut mEVs on cardiac responses (Figures
S3B, 3E-G). In addition, after 3wks withdrawn from gut mEV
treatment, heart Serca2 levels were restored (Figure S3C). We also
found that Vsig4 knockout didn’t affect heart phenotypes in young
mice (Figures S3D-F).

To assess the direct effects of microbial DNA on inducing
cardiomyocyte dysfunction, cardiomyocytes isolated from young WT
mice were in vitro treated with either gut mEVs or DNA-free EVs
(Figure S3G). Following gut mEV-induced microbial DNA
accumulation, young WT cardiomyocytes displayed a marked
reduction in rates of contraction (Figures S3H, 3I, J). We also
evaluated the state of calcium handling in cardiomyocytes after gut

10.3389/fimmu.2023.1216344

mEV treatment. Microbial DNA accumulation blunted the ability of
young cardiomyocytes to mediate calcium homeostasis for contraction
(Figure 3K). In contrast, depletion of microbial DNA cargos markedly
reduced these effects of gut mEV's on cardiomyocyte responses (Figures
S3H, 31, ]J). Taken together, these results demonstrate that microbial
DNA is a pathogenic factor inducing ageing-associated cardiac
contractility abnormalities.

Microbial DNA enrichment induces
cardiomyocyte inflammation in
ageing mice

Previous studies have demonstrated that the infiltration of
microbial DNA triggers mammalian cell inflammatory responses
(23). Concomitant with a marked accumulation of microbial DNA
in ageing hearts, ageing cardiomyocytes displayed greater levels of
inflammation than young lean cardiac myocytes, as shown by a
higher abundance of proinflammatory mediators, including II1b,
Ccl2, Ifng, and 1l6, in ageing cells (Figure 4A). In contrast,
microbiota-depleted ageing mice displayed attenuated
inflammation in the heart, compared to ageing control mice
(Figure 4B). We also found that heart abnormalities were restored
in ageing WT mice after recovering microbiota from 2 wks
antibiotic withdrawal (Figures S3A, S4A, B). To further
demonstrate that microbial DNA shuttled by gut mEVs is a
pathogenic factor inducing ageing-related cardiac inflammation,
either young lean Vsigd”" or KCKO mice were intravenously
injected with gut mEVs. The control young mice were treated
with DNA-free EVs. After 4wks treatment, the hearts of young
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Microbial DNA enrichment triggers inflammation in cardiomyocytes. (A) gPCR analysis of proinflammatory gene abundance in the hearts of young
vs. ageing WT mice. (B) Effect of antibiotic treatment on the expression of proinflammatory genes in ageing hearts. Inflammatory responses in young
\/5\94'/' mouse hearts (C) or the cardiomyocytes of young Kupffer cell depletion (KCKO) mice (D) after 4 wks of treatment with gut mEVs. The
control young mice were treated with DNA-free EVs. (E) After in vitro treatment with gut mEVs or DNA-free EVs for 24 hours, qPCR analysis of
proinflammatory gene expression in young WT cardiomyocytes. (F) The levels of cGAS and phosphorylated STING in cardiomyocytes isolated from
young vs. ageing WT mice. (G) Effect of antibiotic treatment on the activation of cGAS/STING signaling in ageing WT mouse hearts. (H) gPCR

analysis of proinflammatory gene abundance in the hearts of young cardiomyocyte-specific Sting knockout (Myh6Cre*Sting™", Sting

AM) mice after 4

wks of treatment with gut mEVs. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, Student’s t-test.
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Vsigd”™ mice injected with gut mEVs expressed greater levels of
proinflammatory cytokines than that in control mice injected with
DNA-free EVs, indicating that microbial DNA cargo within gut
mEVs elevate heart inflammatory responses (Figure 4C). In
addition, microbial DNA was barely accumulated in the
cardiomyocytes of young lean KCKO mice after 4wks of
intravenous treatment with gut mEVs, thus leading to comparable
inflammatory responses in cardiomyocytes among young lean
KCKO mice (Figures S2F, 4D). After the injection of gut mEVs
into jugular vein of Vsig4 antibodies-pretreated young WT mice,
heart inflammation levels were elevated (Figure S4C). We also
found that in vitro treatment with gut mEVs directly promoted
an inflammatory state in young WT cardiac cells, whereas,
depletion of microbial DNA cargo blunted these effects of gut
mEVs (Figure 4E).

The cGAS/STING signaling is critical to sense bacterial DNA
and subsequently trigger host cellular responses (31, 32). We found
that ageing cardiomyocytes expressed greater levels of cGAS and
phosphorylated STING (pSTING) than young cardiac myocytes,
whereas, the activation of cGAS/STING signaling in the heart was
blunted after depletion of microbiota and reducing heart microbial
DNA accumulation in ageing mice (Figures 4F, G). We also
demonstrated that microbial DNA shuttled by gut mEVs plays a
critical role in inducing ¢cGAS/STING signaling activation in
cardiomyocytes, as shown by elevated cGAS and pSTING in gut
mEVs-treated cardiomyocytes but not in DNA-free gut EV-treated
cells (Figures $4D, E). To further assess the importance of cGAS/
STING signaling on the ability of microbial DNA to induce
cardiomyocyte inflammation, young lean cGAS™”" (cGAS
knockout) cardiac cells were treated with gut mEVs in vitro. After
24 hours of treatment, the cellular inflammation state was
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comparable among all cGAS™”™ cells (Figures S4F, G). While
microbial DNA was accumulated, gut mEV treatment had
minimal effects on the heart inflammation of young lean
f/f,

>

cardiomyocyte-specific Sting knockout (Myh6Cre*Sting
Sting"“™) mice pre-treated with Vsig4 antibodies (Figures 4H,
S4H, I). Taken together, these data suggest that microbial DNA
induces ageing-related cardiac inflammation through the activation
of cGAS/STING signaling.

Microbial DNA-induced inflammation
impairs cardiac contraction

Previous studies have demonstrated that inflammation is an
important factor initiating heart dysfunctions (33, 34). While
microbial DNA enrichment occurred in the cardiomyocytes of
ageing cGAS™ mice, these cGAS™™ ageing cardiac cells displayed
lower levels of inflammation but better contractile activity than
ageing WT cardiomyocytes (Figures S5A, 5A-C). In addition,
ageing cGAS™" cardiomyocytes contained less pSTING than ageing
WT cells (Figure S5B). Knockout of cGAS also blunted the effects of
ageing on cardiac calcium handling, as evidenced by greater Serca2
abundance in ageing cGAS”" cardiomyocytes (Figure 5D). We next
assessed the importance of cGAS/STING-induced inflammation on
the ability of microbial DNA to induce ageing-related cardiac
dysfunctions. In young lean Sting*“™ mice, concomitant with their
blunted inflammatory responses to microbial DNA accumulation,
gut mEV treatment had minimal effects on Serca2 abundance and
contractility in the heart (Figures S4F, 5E-G). Thus, these data
suggest that cGAS/STING-mediated inflammation plays a critical
role in microbial DNA-induced ageing cardiac dysfunctions.
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Microbial DNA-induced inflammatory responses reduce cardiac contraction capacity. The levels of proinflammatory gene expression (A),
contractility (B, C), and Serca2 abundance (D) of the cardiomyocytes isolated from ageing WT vs cGAS™~ mice. After 4 wks of treatment with gut

mEVs, the cardiac contractility of young Sting*“M

mice was evaluated by the levels of the left ventricular systolic pressure (E), maximal rate of rise of

left ventricular pressure (F), and maximum rate of ventricular pressure decrease (G). Data are presented as mean + SEM. *P < 0.05, ***P < 0.001,

*¥***p < 0.0001, Student’s t-test.

Frontiers in Immunology

188

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1216344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

Recovery of Vsig4™ macrophages is
sufficient to attenuate ageing-associated
cardiac abnormalities

Given that Vsigd™ macrophages efficiently clean bacterial
products from the bloodstream, we next evaluated the effects of
Vsig4 overexpression on ageing-associated heart microbial DNA
accumulation and cardiac functions. To overexpress Vsig4, ageing
WT mice were intravenously injected with lentivirus carrying the
VPR system (including three transcriptional activators VP64, p65,
and Rta) linked to the C-terminal end of deactivated Cas9 (dCas9)
and gRNA-Vsigd TSS (Transcription start site; Vsigdoe). After 2
wks of injection with these lentiviruses, Vsigd abundance was
elevated in the livers and hearts of ageing mice (Figures S6A, B).
Following the recovery of the Vsigd™ macrophage population, we
observed that the bacterial DNA abundance was significantly
reduced in the hearts of ageing mice, concomitant with lower
levels of cGAS/STING activation and proinflammatory cytokines
in the heart (Figures 6A-C). In addition, ageing mice displayed
improved cardiac contraction and Serca2 abundance in the heart
after restoring Vsigd™ macrophages (Figures 6D-G). Therefore,
these data demonstrate that restoration of the Vsigd" macrophage
population is an efficient way to blunt microbial DNA-induced
heart dysfunction in ageing mice.

Discussion

In this study, we have assessed the effects of microbial DNA
enrichment on the development of ageing-associated cardiac

10.3389/fimmu.2023.1216344

abnormalities. In specific, we find that the hearts of both ageing
humans and mice harbor a robust abundance of bacterial DNA. The
intestinal mEVs are readily translocated from gut lumen into the
circulation and heart in ageing mice, whereas the intact gut barrier
of healthy young mice prevents the leakage of intestinal mEVs.
Ageing is accompanied by a significant reduction in the population
of Vsigd™ macrophages which efficiently remove gut mEV's from the
bloodstream. In the absence of Vsigd™ macrophages, enrichment of
gut mEVs in the circulation by intravenous injection results in
microbial DNA accumulation and inflammatory responses in
cardiomyocytes of young Vsigd” mice, concomitant with
impaired calcium handling and cardiac contraction. In contrast,
depletion of microbial DNA cargo diminishes these pathogenic
effects of gut EVs on cardiac functions. The activation of cGAS/
STING signaling is critical for the effects of microbial DNA, as
demonstrated by non-significant changes in cardiac responses in
both in vivo and in vitro experiments with ¢cGAS or STING-KO
mice after gut mEV treatment. We also demonstrate that restoring
the Vsigd" macrophage population remarkably decreases the levels
of bacterial DNA and inflammatory responses in ageing mouse
hearts, accompanied by an improvement in cardiac functions.

As one of the striking phenotypes of this study, both human and
mouse hearts contained a great abundance of bacterial DNA, which
was barely detected in healthy young hearts. In addition, ageing
bloodstream was enriched with bacterial DNA. Previous studies
have suggested that microbiota could be the origins of bacterial
DNA accumulated in host tissues in the scenario of the impaired gut
barrier, for example, obesity-induced gut leakage (23, 35, 36).
Indeed, the 16s rRNA sequencing analysis indicates that the
bacterial DNA profile in ageing hearts shares some similarities,
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FIGURE 6

Restoring Vsig4™ macrophage population attenuates microbial DNA-induced cardiac abnormalities in ageing mice. The levels of bacterial DNA (A)
and proinflammatory genes (B) in the hearts of ageing mice after 2 wks of injection with lentivirus carrying deactivated Cas9-VPR (VP64, p65, and
Rita) and gRNA-Vsig4 transcriptional start site (TSS; Visg4oe). Control ageing mice were injected with lentivirus carrying deactivated Cas9-VPR only.
After recovery of Vsig4 expression, the levels of cGAS/STING activation (C), left ventricular systolic pressure (D), maximal rate of rise of left
ventricular pressure (E), maximum rate of ventricular pressure decrease (F), and Serca2 abundance (G) in the hearts of ageing mice were measured.
Data are presented as mean + SEM. *P < 0.05, **P < 0.01, Student’s t-test.
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for example, phylum Firmicutes, with the microbiome composition
in ageing ileum section. The microbiota in other intestinal sections
may also contribute to the microbial DNA accumulation in ageing
heart. It would be interesting to evaluate whether circulating
bacterial DNA species could be related to the development of
ageing-associated abnormalities. In addition, gut barrier breach
occurs in both ageing humans and mice (12), thus likely allowing
the leakage of microbiota-derived products into host circulation
and distant organs. The impairment of ageing-related gut barrier
functions could be due to reduced mucus thickness and functions
and abnormal intestinal structure (22, 37, 38). In concordance with
these earlier findings, we also observed decreased IgA abundance
and impaired gut barrier structure. Previous studies have
demonstrated that, in the context of obesity-induced gut leakage,
microbiota-derived mEVs are readily translocated into the host
bloodstream and various tissues (23, 26, 27). Consistently, we found
that the ageing mouse gut barrier did not efficiently block the
leakage of gut mEVs, as evidenced by strong red fluorescent signals
in the hearts after an injection of PKH26-labeled gut EVs into the
ileum section of ageing WT mice. With respect to the manners in
which gut mEVs interact with target cells, several mechanisms,
including integrin-dependent tropism and endocytosis, have been
implicated (39, 40). However, how microbiota-derived EVs enter
host cells is still unknown.

In addition to the protection of the gut barrier, the complement
immune system plays critical roles in cleaning up bacterial products
from the bloodstream in both humans and mice (25, 41). Vsigd®
macrophages are important components of the host complement
immunity (25). Previous studies have demonstrated that Vsigd"
macrophages can prevent the spread of gut mEVs into host tissues
(23). While Vsigd" macrophages mainly reside in the liver, we also
found that a portion of cardiac macrophages was Vsig4 positive in
the young heart. In the young KCKO mouse models, an intravenous
injection of gut mEVs did not efficiently infiltrate into hearts,
suggesting the protective roles of cardiac Vsigd"™ macrophages.
However, we found that the population of Vsigd" macrophages in
both liver and heart was diminished in ageing humans and mice. It
has been reported that the impairment in NAD homeostasis and
metabolism contributes to the functional abnormalities of ageing
macrophages (14, 30, 42). In our studies, we also observed a
significant reduction in the expression of key enzymes involving
the NAD salvage pathway in ageing KCs and cardiac macrophages.
In addition, supplementation of NMN restored Vsig4 expression in
ageing macrophages, suggesting the importance of NAD
homeostasis for macrophages to maintain Vsig4 abundance. The
beneficial effects of NAD homeostasis or Vsigd™ macrophage
restoration should be further validated in vivo in both ageing
humans and mice. Interestingly, in 2 years old chromogranin A
deficient mice, liver Vsig4 abundance were greater than WT ageing
mice, accompanied by less bacterial DNA abundance and
remarkable reduction in bacterial DNA-induced inflammation
(43). A previous study by Hall et al. observed an increase in
Vsigd+ cell population in the fat pad of ageing mice (44). The
discrepancy in Vsig4 abundance in ageing liver, fat, and heart may
be attributed to the distinct tissue microenvironment.
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Ageing heart is characterized by elevated inflammatory
responses, which result in impaired cardiac contractility (19, 45).
In this study, we have shown that the treatment of gut mEVs in
young Vsigd™™ mice led to the accumulation of microbial DNA in
cardiomyocytes, concomitant with an elevated cellular
inflammatory response and reduced contractility. In contrast,
depletion of microbial DNA cargo abolished these effects of gut
EVs, thus demonstrating the pathogenic roles of microbial DNA in
inducing ageing-associated cardiomyocyte inflammation and
abnormal contraction. In line with the importance of cGAS/
STING signaling activation on the ability of microbial DNA in
host cells (31, 32), knockout of either cGAS or STING minimized
the pathogenic effects of microbial DNA accumulation on cardiac
myocyte responses. Previous studies have shown that cellular
senescence is a causal factor driving ageing-related cardiac
inflammation (46, 47). However, the connection between the
microbial DNA-induced cGAS/STING activities and the
incidence of cellular senescence in cardiac myocytes is still
unclear. We also observed that microbial DNA accumulated in
other cell types in the ageing heart. The effects of microbial DNA on
these non-cardiomyocyte cell responses would be explored in
future studies.

In summary, we find that microbial DNA is transported by EVs
from the gut lumen into distant cardiomyocytes in the context of
ageing, resulting in elevated cardiac inflammation and contractility
defects. Vsigd" macrophages in both the liver and heart are critical
to prevent microbial DNA accumulation in cardiomyocytes,
whereas ageing macrophages display a significant reduction in
Vsig4 expression. Recovery of Vsig4 expression effectively
attenuates the pathogenic impacts of microbial DNA on cardiac
functions in ageing mice. Based on these studies, we suggest a new
mechanism whereby microbial DNA accumulation induces cardiac
inflammation and decreased contractility in ageing.

Methods
Animal care and use

cGAS™" (Stock No. 026554) Sting-flox (Stock No. 031670),
iDTR (Stock No. 007900; Cre-inducible expression of diphtheria
toxin receptor), Myh6-Cre (Stock No. 011038), Clec4f-Cre (Stock
No. 033296) mice were received from the Jackson Laboratory.
Vsigd”™ mice (C57BL/6J-Vsigd“™ ™) were received from
Shanghai model organisms. Vsig4 wild-type (WT) mice were
produced by crossing Vsig4 heterozygous mice together. Ageing
mice used in these studies were 100-108 wks old, and young mice
were 8-12 wks old. To block Vsig4 function, young
Myh6Cre*Sting”" male mice were injected with purified Vsig4
antibodies before gut mEV treatment. through tail vein injection.
All mice were maintained on a 12/12 hr light-dark cycle. All animal
procedures were performed in accordance with the University of
California, San Diego Research Guidelines for the Care and Use of
Laboratory Animals, and all animals were randomly assigned to
cohorts when used.
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EV purification and characterization

The intestinal EVs were prepared from small intestine lumen
contents of ageing WT mice with sterile tools. Debris and dead cells
in the lumen contents were removed by centrifugation at 1,000 x g for
10 min and then passed through a 0.2 pm filter. Then, the
supernatant was added with a mixture of antibiotics (0.5 mg/mL
vancomycin HCI, 1 mg/mL ampicillin sodium salt, 1 mg/mL
metronidazole, 1 mg/mL neomycin sulfate, and 1mg/mL
gentamycin sulfate; Sigma) and then ultracentrifuged at 100,000 x g
for 4 hours at 4°C with a Type 70 Ti fixed-angle rotor (Beckman
Coulter). The EV-containing pellet was resuspended in 1 mL of sterile
PBS and passed through a 0.2 pum filter to remove large particles in a
sterile hood. The particle size and concentration of intestinal EVs
were detected by NanoSight analysis (Malvern Instruments).

Red fluorescent dye PKH26-labeled
gut mEVs

PKH26 fluorescent dye using the PKH26 fluorescent cell linker
kit (Cat. No. PKH26GL-1KT, Sigma). After PKH26 staining, the
EVs were washed with sterile PBS and collected by
ultracentrifugation (100,000 x g for 2 hours) at 4°C. Finally,
PKH26 labeled EVs were resuspended in sterile PBS and passed
through a 0.2 um filter.

In vivo EV trafficking assays

PKH26-labeled EVs (5x10° EVs per mouse) were delivered to
either young or ageing WT recipient mice through injection into the
ileum section. After anesthetized, the ileum section was exposed
through making a small incision at the abdominal area, and then
150 uL of saline containing EV's were injected into ileum. Following
closure of incisions, sites will be treated with 10% povidone-iodine
solution. After 16 hours of injection, hearts were collected to detect
PKH26 red fluorescent signals.

Jugular vein cannulation and
antibody injection

Mice will be anesthetized with ketamine (25 mg/kg),
acepromazine (1 mg/kg) and xylazine (2 mg/kg) via
intramuscular injection. Incision sites will be shaved and cleaned
with isopropyl alcohol and a 10% povidone-iodine solution. The
right jugular vein will be cleared of surrounding tissue and a
sterilized dual microreathane catheter (Type MRE-025) filled with
heparinized saline (100 U/mL) will be inserted ~1 cm into vessel
and secured with double silk ligatures. Catheter ends will then be
tunneled subcutaneously to the mid-scapular region, externalized,
placed in a protective silastic tubing (0.18 cm), and sutured to the
skin. Following closure of incisions, sites will be treated with 10%
povidone-iodine solution and animals will be given 1cc 0.9% sterile
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saline subcutaneously for rehydration. Lidocaine (2.5%) will be
administered twice a day for 5 days post-surgery. To block the
function of Vsig4+ macrophage in hearts, Vsig4 antibodies (0.5 mg/
ml) were injected into heart through the jugular vein catheter.
Control mice were injected with IgG antibodies. After 24 hours,
PKH26-labeled gut mEV's (5x10% EVs/mouse) were injected into the
jugular vein catheter of these antibodies-treated mice.

In vivo FITC dextran assay

Mice were fasted for 6 hours and then orally gavaged with FITC
dextran (600mg/Kg body weight; Sigma) from a 125mg/mL
solution (48, 49). Plasma samples were collected after 1 hour
FITC dextran treatment and used to measure the intensity of
FITC by fluorescence spectroscopy (excitation at 485nm and
emission at 535nm) relative to a linear standard curve made
using diluted FITC dextran solution in plasma from untreated mice.

Depletion of microbial DNA cargo from
gut EVs

The isolated gut EV's from ageing WT mice were resuspended in
sterile PBS. Then, as previously described (23, 50-52), these EVs
were loaded into a Gene Pulser/micropulser Cuvettes (Bio-Rad) for
electroporation (GenePulser Xcell electroporator, Bio-Rad) and
treated with DNase I (300U) for 30 mins, 37°C.

Isolation of adult ventricular
cardiomyocytes

Calcium-tolerant adult cardiomyocytes were isolated from
ventricular tissue of mice by standard enzymatic digestion (53,
54). Briefly, isolated hearts were perfused using a Ca®*-free Tyrode
solution containing (in mM) 126 NaCl, 4.4 KCl, 1.2 MgCl,, 0.12
NaH,PO,, 4.0 NaHCO3, 10 HEPES, 30 2,3-butanedione monoxime,
5.5 glucose, 1.8 pyruvate, and 5.0 taurine (pH 7.3) for 5 min,
followed by 0.9-1.0 mg/mL collagenase (type II, Worthington) for
20 min. Hearts were transferred to tubes containing fresh
collagenase for an additional 10 min in a 37°C water bath. The
heart tissue was mechanically dispersed and rinsed with gradually
increasing extracellular calcium to 1 mM. The cells were plated on
24 x 50-mm, No. 1 glass coverslips coated with laminin.

Invasive hemodynamic measurements

After anesthetized and endotracheal intubation, mice were
connected to a volume-cycled rodent ventilator. The anterior
neck and abdomen were shaved. A subcostal incision was
performed in the abdomen. The diaphragm was incised by a
transverse substernal approach leaving the pericardium intact.
The left ventricle was entered through an apical stab with a 25 1/
2 G needle, followed immediately by a 1F Millar conductance-
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micromanometer (Millar Instruments). The catheter was
positioned in the left ventricle and monitored to verify correct
placement. Pressure recordings were obtained and analyzed to
obtain left ventricular pressure (LVP), rate of contraction (dP/dt
max) and rate of relaxation (dP/dt min).

Contractility measurements in vitro

Cardiac myocyte (CM) contractility is measured with a state-of-
the-art integrated myocyte contractility workstation (IonOptix
LLC). This method combines brightfield imaging with a high-
speed camera recording system, along with sarcomere and cell-
length detection algorithms, and application-specific analysis
software to output reliable quantification of cardiomyocyte
contractile function at the sarcomere level. Analysis outputs
include determination of +AL/At (dL/dt), representing peak
shortening/relengthening velocities, and percent shortening for
both sarcomere and cell length. CM contractility was measured
after 36 hours of treatment with gut EVs.

In vitro assays with Kupffer cells

KCs (Clec4f'F4/80") isolated from ageing WT mice were
seeded in a 24-well plate (0.5x10°/well) and cultured with
nicotinamide mononucleotide (NMN; 1mM). After 24 hours, cells
were used for gPCR assays.

16s rRNA sequencing and
bioinformatics analysis

Bacterial DNA was isolated from ileum lumen content and
heart samples using the ZymoBIOMICS DNA extraction Kits.
Bacterial 16s ribosomal RNA gene targeted sequencing was
performed using the Quick-168™ NGS Library Pre Kit (Zymo
Research). The bacterial 16s primers amplified the V3-V4 region of
the 16s rRNA gene. The final PCR products were quantified with
qPCR fluorescence readings and pooled together based on equal
molarity. The final pooled library was cleaned with the Select-a-Size
DNA Clean & Concentrator (Zymo Research), then quantified
with TapeStation® (Agilent Technologies) and Qubit® (Thermo
Fisher). The final library was sequenced on an Illumina MiSeq with
a v3 reagent kit (600 cycles). The sequencing was performed with
10% PhiX spike-in. For bioinformatics analysis, unique amplicon
sequences variants were inferred from raw reads using the DADA2
pipeline (55). Potential sequencing errors and chimeric sequences
were also removed with the DADA2 pipeline. Chimeric sequences
were also removed with the DADA2 pipeline. Taxonomy
assignment was performed using Uclust from Qiime v.1.9.1 with
the Zymo Research Database, a 16s database that is internally
designed and curated. Composition visualization, alpha-diversity,
and beta-diversity analysis were performed with Qiime v.1.9.1 (56).
If applicable, a taxonomy that has significant abundance among
different groups was identified by LEfSe using default settings (57).
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Sequencing raw data supporting these studies can be found
in the Sequence Read Archive database under accession
number PRJINA859808.

Kupffer cell-depleted (KCKO) mice

To deplete Kupffer cells, diphtheria toxin (DT) was
intraperitoneally (i.p.) injected into Clec4fCre"DTR" lean mice
(crossbreeding Clec4fCre mice and iDTR mice) daily for three
days (200 ng/mouse). Thereafter, these mice were injected with
DT (200 ng/mouse) every two days to prevent KC recovery (26).

CRISPR-Cas9 system for transcriptional
activation

Plasmids containing deactivated Cas9-VPR (VP64, p65, and
Rta) system (Cat. No. CAS11915) or guide RNA for Vsig4 TSS (Cat.
No. GSGM11893-247477006) were obtained from Horizon
Discovery (58-60). The lentivirus packing these plasmids were
prepared by the UCSD Vector core. 100wks old ageing WT mice
were intravenously injected with these lentiviruses (1x10° particles/
mouse). Control mice were treated with lentivirus containing
dCas9-VPR only. After 2 wks, Vsig4 expression in livers and
hearts was evaluated by Western blot analysis.

In vivo antibiotic treatment

Ageing WT mice (100-108wks old) were subject to oral gavage
(twice per week; 200 pL per mouse) with a mixture of broad-
spectrum antibiotics (0.5 mg/mL vancomycin HCIl, 1 mg/mL
ampicillin sodium salt, 1 mg/mL metronidazole, 1 mg/mL
neomycin sulfate, and 1mg/mL gentamycin sulfate; Sigma) (48).
Control mice were treated with water alone. The ageing WT mice in
the antibiotic withdrawal group were fed ad libitum without
antibiotic treatment for another 2 wks.

Quantification of bacterial DNA using
real-time PCR

Bacterial DNA was assessed by qPCR using a Femto Bacterial
DNA Quantification Kit by following the manufacturer’s
instructions. Briefly, Bacterial DNAs were extracted from cells,
tissues, or plasma samples using the ZymoBIOMICS DNA
extraction kits according to the manufacturer’s instructions. The
concentration of bacterial DNA in each sample was calculated from
the standard curve.

Immunofluorescence staining

Mouse hearts were snap frozen in optimum cutting temperature
(O.C.T., Fisher Healthcare) with dry ice. Tissue cryo-sections were
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prepared and fixed with pre-cold acetone for 20 min. Slides were
blocked with 5% normal donkey serum for 60 min at RT. Then, the
samples were incubated with antibodies diluted 1:100 in PBS at 4°C
overnight. After washing, nuclei were stained with DAPI (4’,6-
Diamidino-2-28 phenylindole dihydrochloride) for 10min at room
temperature. Mounting media and coverslips were then added to
slides for imaging. Images were acquired on a Keyence Fluorescent
Microscope and were processed with ImageJ (NIH, Bethesda, MD).

RNAscope in situ hybridization combined
with immunofluorescence

We performed RNAscope ISH to detect 16s rRNA. Mouse
hearts were frozen in O.C.T with dry ice. Human heart sample
information is presented in Table S3. Tissue sections were fixed with
4% PFA for 15 min at 4°C and then dehydrated with 50%, 70%, and
100% ethyl alcohol gradients for 5 min each at room temperature.
Next, tissue sections were treated with hydrogen peroxide and
protease IV at room temperature for 10 min each. 16s RNA
probes (Cat. No. 464461, Advanced Cell Diagnostics) were then
added for 2 hours at 40°C. Signal amplification and detection
reagents were applied sequentially and incubated in AMP 1, AMP
2, AMP 3, HRP-C1 (RNAscope® Multiplex fluorescent reagent kit
v2, Cat. No. 323100, Advanced Cell Diagnostics), Opal 520 (Cat.
No. PNFP1487001KT, Akoya Biosciences), or Opal 690 (Cat. No.
FP1497001KT, Akoya Biosciences). Then, slides were immediately
processed for immunofluorescence, and images were taken with a
Leica SP8 Confocal microscope.

Flow cytometry analysis

The liver and heart were perfused to get single cells which were
then stained with fluorescence-tagged antibodies. KCs were
CD45"Clec4f"F4/80" cells, and cardiac macrophages were
CD45"CD11b"F4/80" cells. These cells were analyzed by an
MA900 flow cytometer (SONY). Data were analyzed using Flowjo
software. Clec4f (Cat. No. 156804), F4/80 (Cat. No. 123114), CD11b
(Cat. No. 101235), and CD45 (Cat. No. 103116) antibodies were
received from Biolegend, and Vsig4 antibody (Cat. No. 17-5752-82)
was from ThermoFisher Scientific. The concentration of antibodies
(0.25ug per 10° cells) for sample staining were used.

Quantitative reverse transcriptase-
polymerase chain reaction analysis

Total RNA was extracted using the RNA extraction protocol
according to the manufacturer’s instructions. cDNA was
synthesized using MultiScribe Reverse Transcriptase and random
primers (High-capacity cDNA reverse transcription kit, Cat. No.
4368813, ThermoFisher Scientific). qPCR was carried out in 10 pl
reactions using iTaq SYBR Green supermix (Cat. No. 172-5125,
Bio-Rad) on a StepOnePlus Real-Time PCR Systems
(ThermoFisher Scientific). The data presented correspond to the
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mean of 2-AACt from at least three independent experiments after
being normalized to B-actin.

Western blot analysis

Cells or tissues were homogenized in 1x RIPA buffer
supplemented with protease and phosphatase inhibitors. Equal
amounts of cell lysate proteins (30 ug protein per lane for
detection) from each biological replicate were subjected to western
blotting. Using the ChemiDoc XRS imaging system (BioRad), the
protein bands on blots were detected with the SuperSignal West Pico
Chemiluminescent Substrate (Cat. No. 34077, ThermoFisher
Scientific). Protein bands were analyzed using Image Lab software
(BioRad). We normalized phosphorylated protein to total protein
bands or normalized protein expression to housekeeping protein
bands. Western blot data in figures and supplemental figures are all
representatives of more than three independent experiments.
pSTING (Cat. No. 72971), STING (Cat. No. 50494), cGAS (Cat.
No. 316595), and Serca2 (Cat. No. 4388S) antibodies were bought
from Cell Signaling Technology. Vsig4 antibody (Cat. No. 17-5752-
82) was obtained from ThermoFisher Scientific. All primary
antibodies were diluted at 1:1000.

Lentivirus production

Production of lentivirus vectors: HIV1-based lentivirus vectors
were produced by transient co-transfection of 293T cells
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% FCS. 293T cells in ten 150 mm dishes were co-
transfected by the polyethyleneimine method with gRNA vector
plasmid, pLP1 (gal-pol) and pLP2 (Rev) (Invitrogen), and pCMV-G
(61). Conditioned media on day 1, 2, and 3 post-transfection were
collected, filtered through a 0.45 um filter, and concentrated by
centrifugation at 7000 rpm for 16 hours at 4°C with Sorvall GS-3
rotor. The resulting pellets were resuspended with buffer containing
10 mM Tris HCL pH 7.8, 1 mM MgCl, and 3% sucrose. Titering of
HIV1 vectors by real-time Q-PCR: HIV1-CMV-GFP vector (1x10°
iu/mL) was used as the standard. HEK293 cells in a 6-well plate
were infected with different amounts of viruses in the presence of
polybrene (4 ug/mL). Infected cells were passaged once every 4 days
and cell DNAs were prepared on day 14 post-infection by the
DNeasy Blood & Tissue kit (Qiagen Science, MD). Real-time Q-
PCR was performed using a primer set selected from the
WPRE sequence.

Statistical analysis

To assess whether the means of two groups are statistically
different from each other, an unpaired two-tailed Student’s ¢-test
was used for statistical analyses using Prism8 software (GraphPad
software v8.0; Prism, La Jolla, CA). P values of 0.05 or less would be
considered to be a significant difference. Degrees of significance was
indicated in each of the figure legends.
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