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Human epicardial fat has a beige profile and contains higher
type 2 innate lymphoid cells than subcutaneous fat
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Abstract

Objective: Epicardial adipose tissue (EAT) is a visceral fat that has been associated
with coronary artery disease and atrial fibrillation. Previous work has revealed that
EAT exhibits beige features.

Methods: First, a new pan-genomic microarray analysis was performed on previ-
ously collected paired human EAT and thoracic subcutaneous AT (thSAT) from
the EPICAR study (n = 31) to decipher a specific immune signature and its link
with browning genes. Then, adaptive (T and B cells) and innate lymphoid cell
(ILC1, ILC2, and ILC3) immunophenotyping assay panels, including CD127,
CD117, and prostaglandin D2 receptor 2, were performed on prospectively col-
lected paired human multiorgan donors (n = 18; INTERFACE study).

Results: In the EPICAR study, a positive correlation between the T helper cell sub-
type Th2 immune pathway and browning genes was found in EAT versus thSAT
(r=0.82; p<0.0001). In the INTERFACE study, this correlation was also
observed (r=0.31; p = 0.017), and a preponderance of CD4"'T cells, CD8"T
cells, and a few B cells was observed in all ATs (p < 0.0001). An increase in ILCs
was observed in visceral AT (VAT) (i.e., EAT + VAT, 30 + 5 ILCs per gram of AT)
compared with subcutaneous counterparts (i.e., thSAT + abdominal SAT; 8 + 2
ILCs per gram of AT; p=0.001), with ILC1 being the most frequent
(ILC1 > ILC3 > ILC2). Numbers of ILCs per gram of AT correlated with several
Th2 or browning genes (IL-13, TNF receptor superfamily member 9 [TNFRSF9], and
alkaline phosphatase, biomineralization associated [ALPL]). Interestingly, a specific
increase in EAT-ILC2 compared with other ATs was observed, including a significant
proportion expressing CD69 and/or CD25 activation markers (97.9% + 1.2%;
p < 0.0001). Finally, more natural killer cells were observed in EAT + VAT than in
thSAT + abdominal SAT (p = 0.01). Exclusion of patients with coronary artery dis-
ease in the EPICAR and INTERFACE studies did not modify the main findings. Gene
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INTRODUCTION

Epicardial adipose tissue (EAT) is, in the human heart, the unique vis-
ceral AT (VAT) that is in direct contact with the myocardium and coro-
nary arteries. The emerging role of this ectopic AT in cardiovascular
diseases has led to a growing interest. Nowadays, EAT is increasingly
recognized as an endocrine organ capable of secreting adipokines that
can have a direct impact on the metabolism of the heart and coronary
arteries [1, 2]. Although EAT secretome can have physiologically posi-
tive effects (adiponectin), it can also represent a source of proinflam-
matory (C-C motif chemokine ligand 2 [CCL2], interleukin [IL]-6,
tumor necrosis factor a [TNFa], chemerin, resistin, and serglycin) or
profibrotic molecules (activin-A and transforming growth factor p) that
could exert adverse effects on the heart and coronary arteries [3].
EAT is believed to be a direct source of heat for the myocardium and
protects the heart from unfavorable hemodynamic conditions such as
ischemia, hypothermia, or hypoxia. However, the imbalance between
protective and deleterious EAT adipokines may also participate in the
proinflammatory phenotype associated with endothelial dysfunction
and atherogenesis [4, 5]. In the past few years, its secretome was
shown to switch into a proinflammatory profile in obesity and coro-
nary artery disease (CAD) inducing atherogenic changes in monocytes
[6, 7]. Elucidating factors implicated in the balance between the pro-
and anti-inflammatory immune cells seem to be a key element in ath-
erogenesis and could represent a future therapeutic target. The innate
lymphoid cell (ILC) family is composed of natural killer (NK) cytotoxic
cells and helper cells, i.e., ILC1, ILC2, and ILC3, which are mostly tis-
sue-resident and could participate in regulating AT inflammation or
homeostasis. Using transcriptomic studies, we and others have shown
that EAT exhibits a brown fat-like or beige phenotype [8, 9], with a
high expression of thermogenic genes such as uncoupling protein
(UCP)-1 or peroxisome proliferator activated receptor y (PPARY) coac-
tivator 1 o (PPARGC1A) and a specific lipidomic plasmalogen enrich-
ment that could reflect a specific thermogenic activity [9, 10].
Remarkably, recent studies have demonstrated that ILC2, the innate
counterparts of T helper subtype Th2 cells, are critically involved in
the browning of AT [11, 12]. Indeed, ILC2 have been shown to acti-
vate a thermogenic circuit that directly promotes the expansion and
commitment of beige adipocyte progenitors in subcutaneous AT
(SAT) [13]. ILC1 are another subclass of ILCs that can contribute to
AT inflammation. In diet-induced obesity, ILC1-derived interferon
(IFN)-y was necessary and sufficient to drive proinflammatory macro-
phage polarization and to promote obesity-associated insulin resis-
tance [14]. In this study, we aimed at prospectively analyzing the

between innate and adaptive lymphoid cells in human EAT. Further studies are ongo-

ing to decipher whether these cells could be involved in EAT beiging.

Study Importance
What is already known?

e Epicardial adipose tissue (EAT) is a biologically active
ectopic fat depot surrounding the myocardium and coro-
nary arteries. Its abundance has been implicated in car-
diovascular diseases such as atrial fibrillation and
coronary artery disease.

e Our group has demonstrated that EAT exhibits a beige
phenotype.

e Immune cells can be involved in the AT beiging/browning
phenomenon. In rodents, innate lymphoid cells (ILCs),
particularly type 2 (i.e., ILC2), have been found to induce
beiging and type 1 (i.e.,, ILC1) inflammation, but their
presence has never been studied in human EAT, to our
knowledge.

What does this study add?

o This study is the first, to our knowledge, to describe indi-
vidual immune cell populations and identify ILCs in
human EAT using multiparametric flow cytometry
methods.

e Anincrease in T cells compared with B cells was evidenced
in all ATs, and an increase in ILCs (ILC1 > ILC3 > ILC2) and
natural killer cells was observed in visceral versus subcuta-
neous AT.

e Remarkably, a specific enrichment of ILC2 in EAT was
observed compared with other ATs, and these ILC2 were

found to be highly activated.

How might these results change the direction of
research or the focus of clinical practice?

e These new preliminary findings could suggest that ILC1/
ILC2 might play a role in the inflammation/beiging profile
of EAT.

e The cellular players and molecular targets responsible for
this specific EAT phenotype have yet to be discovered
and could represent future therapeutic targets to prevent

coronary artery disease.
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presence of adaptive lymphoid cells and ILCs in the human EAT stro-
mal vascular fraction (SVF) compared with abdominal VAT and tho-
racic and abdominal SAT (thSAT and abSAT, respectively).

METHODS
Patients and collection of samples
First retrospective cohort: the EPICAR study

A new pan-genomic microarray analysis was performed on a previous
transcriptomic dataset obtained from the EPICAR study, including
118 biopsies of 31 paired thSAT and EAT samples [9], to identify a spe-
cific immune signature and its link with browning genes. This transcrip-
tomic study was approved by the local ethics committee of Pitié-
Salpétriere Hospital (Paris, France) and North Hospital (Marseille,
France). This study was performed in accordance with the Declaration
of Helsinki. All patients signed their written informed consent. The aim
of the EPICAR study was to identify the transcriptomic signature of
EAT collected from different anatomical regions (atrial, pericoronary,
and periventricular EAT). In this new study, we reused pan-genomic
data from all of our EAT samples and tried to decipher whether the
EAT browning profile was related to the Th2 cell pathway.

Second prospective cohort: the INTERFACE study

Prospective paired EAT, VAT, thSAT, and abSAT biopsies from brain
dead multiorgan donors (n = 18) were then collected for flow cytome-
try (FC) analyses and identification of AT immune cell populations. A
minimum of 20 mg of each AT was necessary to perform FC analyses.
All of the donors’ families gave their signed written informed consent
for the scientific sampling protocol. This protocol was approved by
the National Ethics Committee of the French Biomedicine Agency
(registration number PFS21-005), and collection was declared to the
Ministry of Higher Education, Research, and Innovation (CODECOH
N° DC-2021-4518) and adhered to the Jardé Law on human investi-
gation. Absence of objection from the deceased donors’ families was

systematically verified by the organ donation coordination team.

Transcriptomic study

RNA was extracted and analyzed through a pan-genomic approach
using HumanHT-12 version 4 Illumina BeadChip containing 47,231
probes for 28,688 coded transcripts. A quantile normalization was
used to eliminate bad quality signals. Principal components analysis,
partial least-squares discriminant analysis, and gene score calculation
were performed with SIMCA (Sartorius AG) and Prism (GraphPad
Software). The score was obtained from contribution of separate
orthogonal partial least-squares discriminant analyses calculated from

Th2 cells or browning sets of genes (genes with variable importance in

the projection [VIP] value > 0.8), allowing for each set to generate a com-
posite score value. The following browning gene set was selected from
peer literature review [12, 15]: UCP-1; UCP-2; UCP-3; TNF receptor
superfamily member 9 (TNFRSF9); adrenoceptor p 3 (ADRB3);
PPARGC1A; PR/SET domain 16 (PRDM16); activating transcription fac-
tor 2 (ATF2); zinc finger CCCH-type containing 10 (ZC3H10); nuclear
respiratory factor 1 (NRF1); transcription factor A, mitochondrial (TFAM);
CD81 molecule (CD81); Cbp/p300 interacting transactivator with
Glu/Asp rich carboxy-terminal domain 1 (CITED1); epithelial stromal
interaction 1 (EPSTI1); fatty acid binding protein 1 (FABP4); SHOX
homeobox 2 (SHOX2); solute carrier family 2 member 4 (SLC2A4); T-box
transcription factor 1 (TBX1); bone morphogenetic protein 7 (BMP7); cell
death inducing DFFA like effector A (CIDEA); carnitine palmitoyltransfer-
ase 1b (CPT1B); EBF transcription factor 2 (EBF2); NADH:ubiquinone
oxidoreductase subunit B6 (NDUFB6); sirtuin 5 (SIRT5); translocase of
inner mitochondrial membrane 23 (TIMM23); and transmembrane protein
26 (TMEM26). The following Th2 cell gene set was also selected from
peer literature review [12, 15]: IL-2; IL-4; IL-5; IL-9; IL-13; IL-25; IL-33;
thymic stromal lymphopoietin (TSLP); colony stimulating factor 2 (CSF2);
amphiregulin (AREG); killer cell lectin-like receptor G1 (KLRG1); inducible T
cell costimulator (ICOS); GATA binding protein 3 (GATA3); sperm-
associated antigen 5 (SPAG5); cyclin B1 (CCNB1); RAD51-associated pro-
tein 1 (RAD51AP1); hyaluronan-mediated motility receptor (HMMR);
denticleless E3 ubiquitin protein ligase homolog (DTL); SHC binding and
spindle associated 1 (SHCBP1); thymidine kinase 1 (TK1); BUB1 mitotic
checkpoint serine/threonine kinase B (BUB1B); ribonucleotide reductase
regulatory subunit M2 (RRM2); kinesin family member 23 (KIF23); baculo-
viral IAP repeat containing 5 (BIRC5); minichromosome maintenance com-
plex component 6 (MCM®é); TTK protein kinase (TTK); maternal embryonic
leucine zipper kinase (MELK); and ubiquitin-like with PHD and ring finger
domains 1 (UHRF1). Th2 cell aggregation of the data into a gene score
block enables an ease of data interpretation with a correlation analysis.
The difference in gene expression between thSAT and EAT was per-
formed with significant analysis of microarray (SAM) analysis, which pro-
vides a list of significant genes (VIP > 0.8) and false discovery rate (FDR).
Pathway enrichment was analyzed with Ingenuity Pathway Analysis (IPA;
QIAGEN) using canonical ingenuity pathway database.

Prospective AT SVF extraction

SVF from the collected AT was obtained by mechanical and enzymatic
dissociation, as previously described [16, 17]. Briefly, AT was cut into
small pieces and then dissociated with 0.5-mg/mL collagenase A
(Roche) for 30 to 45 min at 37°C under agitation. The dissociation
products were then filtered and centrifuged for 5 min at 550g at room
temperature. SVF was then incubated with 1 mL of red blood cell lysis
buffer (115mM ammonium chloride [NH,CI], 10mM potassium bicar-
bonate [KHCO3], and 0.1mM EDTA) for 10 min at room temperature
with gentle agitation and centrifuged for 5 min at 550g at room tem-
perature. The pellet was then washed in 5 mL of buffer (0.1mM
EDTA-phosphate-buffered saline [PBS], Gibco, Thermo Fisher Scien-
tific) and filtered on 100-um nylon filter (BD Falcon). Filtrate was then
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centrifuged for 5 min at 300g at room temperature, and the pellet

was suspended in fluorescence activated cell sorting (FACS) buffer
(bovine serum albumin [BSA] 1%, EDTA 2mM-PBS) prior to FC.

Prospective FC

Two sets of FC analyses were performed, as previously described
[18, 19]. First, lymphocyte populations were analyzed. To this end, total
lymphocytes, CD3"T cells, CD4*T cells, CD8"T cells, CD19"B cells, and
CD3"CD56" NK cells were quantified using BD Multitest 6-color and
BD Trucount technologies. Fifty microliters of samples was incubated
for 15 min in the dark at room temperature before addition of BD lysis
buffer. Cells were gated on CD45 (hematopoietic cells) and respectively
stained with CD3 (T cells), CD4 (CD4'T cells), CD8 (CD8'T cells), CD19
(B cells), and CD16/CD56 (NK cells) antibodies. Samples were analyzed
on a BD FACSCanto Il cytometer using the BD FACSCanto software.
Secondly, a peripheral blood mononuclear cell panel was used to
characterize ILCs by FC [18, 19]. SVF cells were centrifuged for
5 min at 4°C and 645g. Then, they were incubated with 5 uL of BD
Fc Block at room temperature for 10 min. Samples were then mixed
with a fluorescein isothiocyanate (FITC) exclusion lineage antibody
panel (T cell receptor [TCR]y®, TCRap, CD3, CD19, CD14, CD16,
CD94, CD123, CD34, CD303, and FceRlI) and 50 pyL of BD Horizon
Brilliant Stain Buffer before adding specific antibodies (CDA45,
CD127, CD7, CD56, CD161, CD117, prostaglandin D2 receptor
2 [CRTH2], CD5, CCRé6, CD69, CD25, NKp44, and NKp46). The mix
was incubated for 30 min at room temperature and in obscurity. We
thereby used cell-surface expression of CD127, CD117, and CRTH2
to identify ILC1, ILC2, and ILC3 subsets, respectively, defined as
Lin"CD1277CD117 CRTH2™ cells, Lin " CD127"CRTH2" cells, and
Lin"CD1277CD117" CRTH2™ cells. These data were acquired with
a BD LSRFortessa X-20 cytometer and were analyzed on FlowJo

version 10.8.1 software.

RNA extraction/reverse transcription-quantitative
polymerase chain reaction (INTERFACE study)

RNA was extracted using the PureLink RNA Mini Kit (Life Tech-
nologies), and total RNA concentration was measured by the use
of a BioDrop spectrophotometer (Biochrom Ltd). Reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR) was
performed with 100 ng of RNA, 20 U/uL of SuperScript Il RT (Life
Technologies), 200 ng/uL of random primers, 10mM nucleotides,
and 40 U/pL of the ribonuclease inhibitor RNaseOUT (Life
Technologies). Primers for gPCR (Table S1) were designed via Oli-
goArchitect (Sigma-Aldrich). gPCR was performed using primers
labeled with fluorescent EvaGreen (Euromedex) and a real-time
thermocycler, i.e, LightCycler 480 (Roche). The ribosomal protein
lateral stalk subunit PO (RPLPO) ribosomal gene was used as refer-
ence gene to normalize cycle thresholds (Ct) and to obtain relative
quantification (AACt) [20].

Statistics

For transcriptomic analyses (EPICAR and INTERFACE studies), correlation
between Th2 cells and browning gene expression scores was analyzed
using Spearman rank correlation coefficient. For multiblock analyses, the
level of significance used was FDR < 0.05. In the prospective INTERFACE
study, FC data from paired EAT, VAT, thSAT, and abSAT were all first
analyzed separately. Then, because EAT and VAT are both VAT when
thSAT and abSAT are both SAT, their data were pooled to analyze paired
VAT (EAT + VAT) and SAT (thSAT + abSAT). Data are shown as mean
+ SEM and box plot data with the Tukey method (p < 0.05 considered as
statistically significant). For the prospective analysis (INTERFACE study),
the differences in gene expression quantified by RT-qPCR were analyzed
using the Kruskal-Wallis test and, as appropriate, Dunn post hoc test.
Correlation between ILCs per gram of AT and relative gene expression
was analyzed using Spearman nonparametric test. The level of signifi-
cance used was p < 0.05. Statistical analyses were performed using Prism
version 10 (GraphPad Software).

RESULTS
Patient characteristics
Retrospective transcriptomic study

Pan-genomic microarray analysis was performed on 31 patients who
had an average age of 67.3 + 10.4 years [9]. This population had an
average body mass index (BMI) of 28.0 * 4.5 kg/m?; 54% of them had
CAD; 63% had hypertension; 54% had dyslipidemia; 29% had type 2 dia-
betes (T2D); and 49% of them smoked, as previously described [9].

Prospective FC study

A total of 18 multiorgan donor patients were included in this study.
These patients had an average age of 56 + 16 years; average BMI of
27.2 + 4.2 kg/m?%; 6% had CAD; 44% had hypertension; 17% had dys-
lipidemia; 2% had obesity; 6% had T2D; and 50% had a history of
smoking (Table 1).

Epicardial fat is enriched in Th2 cell signaling pathway
transcripts that also correlate with browning genes

Transcriptomic analysis revealed an average of 9700 + 105 detected
genes (Figure 1A). Principal components analysis on SIMCA showed that
EAT depots clustered differently from thSAT (Figure 1B). Moreover,
SAM analysis significantly identified 2123 upregulated genes and 1813
downregulated genes in EAT compared with thSAT (FDR < 0.05). The
significant genes with VIP >0.8 were IL-4, IL-5, IL-9, IL-13, IL-25, IL-33,
KLRG1, HMMR, BUB1B, KIF23, MCMé6, UHRF1, and MELK for Th2 cell
score and UCP-1, PPARGC1A, PRDM16, NRF1, CD81, EPSTI1, FABP4,
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TABLE 1 Clinical characteristics of multiorgan donor

patients (n = 18)

Patients (F/M)
Age (y)
BMI (kg/m?)
Obesity, BMI = 30 kg/m?
Waist circumference (cm)
F
M
T2D
Hypertension
Smoking history, ever
Dyslipidemia
CAD

Multiorgan donor
population

18 (6/12)
56 £16
272+42
2 (11%)
98 + 14
97 £15
95+12
1(6%)

8 (44%)
9 (50%)
3(17%)
1 (6%)

Note: Data shown as mean * SD or n (%).

Abbreviations: CAD, coronary artery disease; F, female; M, male; T2D,

type 2 diabetes.
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SHOX2, SLC2A4, and TMEM26 for browning score. Interestingly, func-
tional analysis of genes using IPA showed that EAT-enriched pathways
were related to Th2 cell immune response (IL-4 and IL-13 signaling) and
browning, including mitochondrial dysfunction, oxidative phosphoryla-
tion, and white AT browning (r = 0.82; p < 0.0001; Figure 1C,D). The
exclusion of patients with CAD did not alter the relationship between
Th2 cells and browning score in EAT (Figure S1). In the INTERFACE pro-
spective study, we confirmed significant consistent correlation between
Th2 cells and browning genes (r = 0.31; p = 0.017; data not shown).

All ATs have the same adaptive cell distribution
tendency

FC analyses revealed a significantly higher proportion of T cells
(18,886 + 23,313 cells per gram of tissue) compared with B cells (447
+ 955 cells per gram of tissue; p < 0.0001) in all ATs (Figure 2A). In
addition, CD4'T cells were more represented than their cytotoxic
counterpart CD8T cells (Figure 2A). No significant difference was

found in the amount of adaptive lymphoid cells among ATs
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Superoxide Radicals Degradation

Th1 and Th2 Activation Pathway

FIGURE 1 Relationship between Th2 cell pathway and browning genes in epicardial adipose tissue (EAT) compared with thoracic
subcutaneous AT (thSAT) using significant analysis of microarray (SAM), SIMCA, and Ingenuity Pathway Analysis (IPA) in the EPICAR study.

(A\) Site collection of AT. (B) Principal components analysis including EAT and thSAT genes. (C) Correlation between Th2 and browning scores in
EAT. (D) IPA showing the most important pathways associated with EAT compared with thSAT. The variable importance in the projection value
(VIP) was selected as >0.8; Th2 gene set is as follows: IL-4, IL-5, IL-9, IL-13, IL-25, IL-33, KLRG1, HMMR, UHRF1, BUB1B, KIF23, MELK, MCMé;
Browning gene set: UCP1, PPARGC1A, PRDM16, NRF1, CD81, EPSTI1, FABP4, SHOX2, SLC2A4, and TMEM26. [Color figure can be viewed at

wileyonlinelibrary.com]
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(Figure S2A-D). On the other hand, VAT (EAT + VAT) contained sig-
nificantly more CD3" cells (p < 0.05) as well as CD4'T cells (p < 0.05)
and CD8™T cells (p < 0.05) than SAT (thSAT + abSAT), but there was
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no significant difference for B cell distribution (p = 0.35;
Figure S2E-H). Together, these results show that EAT, VAT, thSAT,

and abSAT have the same tendency of adaptive immune cell
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FIGURE 2 Legend on next page.
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proportions and that VAT contains more adaptive immune cells than
SAT. Exclusion of a patient with CAD did not significantly change the
results (Figure S3).

VAT contains more ILCs than SAT

We next performed multiparametric FC assay to identify AT ILCs and
NK cells (Figure 2B,C). VAT showed a significant increase in ILC1
and ILC3 compared with thSAT (p < 0.05; Figure S4). Interestingly,
the total number and the number of ILCs per gram from AT were sig-
nificantly increased in VAT (EAT + VAT) compared with SAT (EAT +
VAT: 30 =5 ILCs per gram of AT; thSAT + abSAT: 8 + 2 ILCs per
gram of AT; p = 0.001), and this was also observed for each ILC sub-
set (Figure 2D,E). We also observed more NK cells in EAT and VAT
(2208 + 843 cells per gram of AT) than in SAT (586 + 127 cells per
gram of AT; p = 0.01; Figure 2F). Interestingly, there was a difference
in the proportion of the three subtypes of ILCs (62% + 3% of ILC1 vs.
24% + 3% of ILC3 vs. 15% + 3% of ILC2; p < 0.0001) in all ATs, and
this was also the case in EAT (Figure 2G). Exclusion of a patient with
CAD did not significantly change the results (Figure S3).

Remarkably, a higher percentage of ILC2 (15% +2.7%) was
observed in EAT than in thSAT (4% + 1.7%) and VAT (4.4% + 1.5%;
p = 0.0044; Figure 2H). We also showed that almost 100% (97.9%
+ 1.2%; p < 0.0001) of EAT-ILC2 expressed CD25 and/or CD69 acti-
vation markers compared with ILC1 (71.6% + 1.2%; p < 0.001) and
ILC3 (75% + 7%; p < 0.001; Figure 2l). Taken together, these results
showed that VAT contains more ILCs and NK cells than SAT and that
the ILC1 subtype is the more represented in all fat depots. Moreover,
EAT-ILC analysis showed that EAT contains more ILC2 compared with
other ATs and that nearly all of the EAT-ILC2 expresses activation

markers.

EAT gene phenotyping confirms upregulation of Th2
cells and browning genes compared with other ATs

BUB1B, IL-5, transcription factor 21 (TCF21), and IL-33 gene expres-
sion evaluated by qPCR was upregulated in EAT compared with SAT,
with a high significance for the alarmin cytokine IL-33 (p < 0.0001 for
ANOVA; Figure 3). Additionally, TBX20, MELK, and UHRF1 genes
were found to be significantly upregulated in EAT compared with VAT

(all p < 0.05; Figure 3). According to the pan-genomic study, we found
upregulation of UCP-1 and alkaline phosphatase, biomineralization asso-
ciated (ALPL) genes in EAT compared with VAT, abSAT, and thSAT
(p =0.003 and p = 0.0062 for ANOVA, respectively) and TNFRSF9
gene in EAT compared with thSAT (p = 0.0075 for ANOVA; Figure 4).
FABP4 and CCAAT enhancer binding protein o (C/EBPa) genes were sig-
nificantly downregulated in EAT versus abSAT and thSAT (p < 0.0001
and p = 0.0003 for ANOVA, respectively; Figure 4). Interestingly, we evi-
denced a positive correlation between the number of ILC1 per gram of
AT and TNFRSF9 (r = 0.55; p = 0.036) and between the number of ILC2
per gram of AT and UCP-1 (r = 0.64; p = 0.028), TNFRSF9 (r = 0.69;
p = 0.006), and ALPL (r = 0.53; p = 0.017). We also found a positive cor-
relation between IL-13 gene expression and ILC1 and ILC2 per gram of
AT (r = 0.58; p = 0.008 and r = 0.55; p = 0.013, respectively; Table 2).

DISCUSSION

This study is the first, to our knowledge, to describe individual
immune cell populations and identify ILCs in human EAT using multi-
parametric FC methods.

We observed an increase in T cells compared with B cells in all
ATs and an increase in ILCs (ILC1 > ILC3 > ILC2) and NK cells in
VAT versus SAT. In addition, we observed a specific enrichment of
ILC2 in EAT compared with other ATs, and these ILC2 were found to
be highly activated.

Immunometabolism has been emerging in these last years as a
key regulator of AT homeostasis. Components of the innate immune
system such as AT macrophages (ATMs), dendritic cells, NK cells, and
ILCs dominate the resident leukocyte population in AT. In 2003,
Mazurek et al. provided the first evidence of this meta-inflammation
in EAT and showed that CD3*T cells, CD68" macrophages, and tryp-
tase™ mast cells infiltrate EAT compared with thSAT [21]. Recent
studies with integrated bioinformatics analysis and immunohisto-
chemistry have confirmed marked immune activation of IFN-y™" effec-
tor memory T cells in EAT of patients with heart failure and
proinflammatory M1 polarization of ATMs with CAD [22]. However,
the profile and microenvironment of ILCs within human EAT have
never been studied before, to our knowledge, because of the difficulty
in obtaining a sufficient amount of cardiac fat during open heart sur-
gery [23]. Interestingly, recent developed drugs such as glucagon-like
peptide-1 (GLP-1) receptor agonists can reduce EAT inflammation and

FIGURE 2 Distribution of adaptive and innate lymphoid cells (ILCs) in visceral adipose tissue (VAT) and subcutaneous AT (SAT).

(A) Distribution of lymphocyte flow cytometry (FC) assay showing the number of T cells (CD3"), CD4'T cells (CD3"CD4 1), CD8"T cells
(CD3"CD8"), and B cells (CD19 ™) per gram of epicardial AT (EAT), thoracic subcutaneous AT (thSAT), VAT, and abdominal SAT (abSAT).

(B) ILC gating. Helper ILCs are defined as CD45"Lin"CD127" cells. Among total ILCs, ILC1 are defined as CD117 CRTH2 cells, ILC2

as CD1177/~CRTH2*, and ILC3 as CD117+*CRTH2". (C) Natural killer (NK) cells are defined as CD3"CD56/CD16" cells among total
lymphocytes. (D) Box plot representation of total ILC number in VAT (EAT and VAT) and SAT (thSAT and abSAT) per gram of tissue.

(E) Distribution of ILC1, ILC2, and ILC3 subsets per gram of VAT or SAT. (F) Distribution of NK cells within EAT, thSAT, VAT, and abSAT.
(G) Distribution of ILC subsets in EAT. (H) Quantification of ILC2 percentage per gram of tissue within all four ATs. (I) Percentage of
CD25%" and/or CD69" activated ILCs within EAT. Histogram data are represented as mean = SEM and box plot data with the Tukey
method. Comparison analyses between VAT and SAT were performed using t test or ANOVA; n = 18; *p < 0.05; **p < 0.01; ***p < 0.001.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Comparative gene expression analysis of Th2 cell genes in the INTERFACE prospective study between epicardial adipose
tissue (EAT), visceral AT (VAT), abdominal subcutaneous AT (abSAT), and thoracic SAT (thSAT). Violin plot data are represented as
median = IQR. Comparison analyses among ATs were performed using the Kruskall-Wallis test; n = 18; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. IL-9 and SHOX2 data are not presented because Ct were >45. ns, not significant. [Color figure can be
viewed at wileyonlinelibrary.com]

increase free fatty acid oxidation as fuel for the myocardium metabolism [24]. GLP-1, glucose-dependent insulinotropic polypep-
and induce fat browning; this GLP-1R-dependent browning effect on tide, and glucagon receptors are similarly present at mRNA and pro-
EAT could lead to improved myocardial insulin sensitivity and tein levels in human EAT, particularly in crown-like structures and,
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FIGURE 4 Comparative gene expression analysis of browning genes in the INTERFACE prospective study between epicardial adipose tissue
(EAT), visceral AT (VAT), abdominal subcutaneous AT (abSAT), and thoracic SAT (thSAT). Violin plot data are represented as median + IQR.
Comparison analyses among ATs were performed using the Kruskall-Wallis test; n = 18; *p < 0.05; **p < 0.01; ****p < 0.0001. TMEM26, NRF1,
and SLC2A4 data are not presented because Ct were >45. ns, not significant. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Correlation between relative browning or Th2 cell gene expression and ILC1, ILC2, or ILC3 per gram of all ATs.

ILC1

Pathways Gene r p value

Browning ALPL 0.35 0.128
BMP7 0.34 0.165
CDh81 —-0.54 0.015
C/EBPa —-0.55 0.011
CIDEA —-0.42 0.068
CPT1B —-0.52 0.020
EBF2 -0.16 0.490
EPSTI1 0.37 0.104
FABP4 -0.59 0.006
NDUFB6 -0.25 0.289
PPARGC1A 0.18 0.447
PPARY —-0.48 0.032
PRDM16 -0.29 0.212
SIRT5 —-0.43 0.058
SLC2A4 -0.34 0.140
TBX1 -0.16 0.519
TIMM23 0.03 0.915
TNFRSF9 0.55 0.036
UCP-1 0.22 0.499
UCP-2 —0.05 0.850
UCP-3 0.07 0.772

Th2 cell BUB1B 0.21 0.406
CSF2 0.17 0.678
HMMR 0.51 0.023
IL-4 0.31 0.564
IL-5 0.21 0.430
IL-13 0.58 0.008
IL-25 -0.12 0.617
IL-33 0.32 0.171
KIF23 0.34 0.171
KLRG1 —0.06 0.796
MCMé 0.06 0.796
MELK 0.00 0.987
TBX20 —-0.20 0.543
TCF21 0.46 0.054
UHRF1 0.45 0.094

ILC2 ILC3
r p value r p value
0.53 0.017 0.03 0.890
0.06 0.799 0.04 0.879
—-0.35 0.125 —-0.54 0.015
-0.31 0.181 -0.35 0.135
-0.32 0.173 -0.41 0.071
-0.34 0.147 -0.40 0.083
-0.20 0.403 -0.33 0.151
0.35 0.134 0.00 0.987
-0.47 0.037 —-0.67 0.001
-0.11 0.654 -0.44 0.053
0.12 0.627 0.04 0.862
—-0.28 0.239 -0.32 0.172
0.02 0.937 -0.25 0.286
-0.27 0.246 —-0.65 0.002
-0.18 0.455 -0.36 0.121
0.11 0.668 -0.33 0.169
0.23 0.332 —0.45 0.048
0.69 0.006 0.21 0.452
0.64 0.028 0.09 0.783
-0.02 0.935 -0.17 0.487
0.03 0.895 —-0.04 0.865
0.25 0.315 0.28 0.265
0.35 0.350 0.25 0.521
0.53 0.015 047 0.035
0.20 0.714 —-0.03 >0.999
0.32 0.220 0.23 0.388
0.55 0.013 0.29 0.215
0.02 0.920 0.03 0.915
0.32 0.173 0.21 0.375
0.35 0.152 0.45 0.062
0.05 0.830 -0.14 0.548
—-0.05 0.830 0.14 0.548
0.08 0.760 -0.10 0.680
0.16 0.619 -0.14 0.671
0.63 0.006 0.34 0.172
0.51 0.053 0.38 0.161

Note: Correlation with Spearman nonparametric test; bold values denote statistical significance (p < 0.05).

Abbreviations: AT, adipose tissue; ILC, innate lymphoid cell.

partially, in adipocytes [25]. Whether other adipose resident immune
cells express these receptors remains unknown.

Our transcriptomic study confirms that EAT was specifically
enriched in transcripts from the Th2 cell signaling pathway and also
provides evidence that these pathways are correlated with browning
genes [23, 26]. This is interesting because recent research has indi-

cated that ILC2 effector function is responsible for enhanced AT

browning and an anti-inflammatory immune profile [11, 13]. Accord-
ingly, EAT had more ILC2 than other ATs, and these cells displayed
markers of activation (CD25 and CDé9), highlighting their potential
role in thermogenic activity, which we and others have previously evi-
denced [8, 9]. Moreover, gene expression phenotyping confirmed
upregulation of specific ILC2 alarmin cytokines such as IL-33 in EAT
and a positive correlation between IL-13 gene expression and ILC2
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quantification in all ATs. However, further functional studies are war-
ranted to identify which mediators trigger ILC2 activation and
whether ILC2 may be causative in the regulation of EAT thermogenic
activity [12]. Additionally, both EAT mitochondrial function and brown
AT-like thermogenic activity decrease with advanced CAD and aging,
and low mitochondrial respiration in EAT was associated with CAD
severity [27].

On the other hand, ILC1 were the most abundant ILC subtype in
all ATs. Co-culture and adoptive transfer studies have shown that
ILC1 from human AT promote adipose fibrogenesis by activating
transforming growth factor B 1 signaling and CD11c" macrophage
activation in obesity [28].

In mice, removal of pericardial AT, which contained a high density
of lymphoid clusters, prevented adaptive immune cell response trig-
gered by coronary artery ligation and ischemic cardiac injury, limited
fibrosis, and decreased ejection fraction [29]. Recent studies have
shown that ILC1 and ILC2 play opposite roles in atherosclerosis path-
ogenesis. Increased circulating ILC1 have been found in patients with
acute ST-segment elevation myocardial [30] or cerebral infarction [31]
and correlated with higher oxidized low-density lipoprotein levels. By
contrast, ILC2 are decreased in patients with myocardial [30] or cere-
bral [31] infarcts and in obese mice. Furthermore, genetic ablation of
ILC2 favors atherosclerosis development [32], whereas their expan-
sion through direct adoptive transfer or via administration of IL-2 [33]
and IL-25 [34] is atheroprotective. Whether ILC1 are implicated in the
proinflammatory profile of EAT in patients with CAD has not been
elucidated.

Under homeostatic lean conditions, ILC2, eosinophils, or anti-
inflammatory ATMs are present within AT [35]. In obesity, the compo-
sition of inflammatory cells switches to an accumulation of ILC1,
proinflammatory ATMs, CD8'T cells, or Th1 and Th17 cells within
SAT [36, 37]. Adoptive transfer of adipose ILC1 from obese mice
exaggerated their accumulation in recipient mice and amplified glu-
cose intolerance [28]. ILC1-mediated IFN-y production enhanced
macrophages to promote a dysregulated proinflammatory microenvi-
ronment, favoring insulin resistance [14].

ILC2 have been shown to be resident in white AT and decreased in
obesity [11, 35]. Indeed, when stimulated via administration of alarmin
IL-25 or IL-33, ILC2 promote an anti-inflammatory type 2 environment
via eosinophil recruitment and alternatively activated macrophage
induction [11]. Mice treated with ILC2 adoptive transfer or via adminis-
tration of IL-33 had an increased number of UCP-1 positive beige cells
within white AT [11]. Furthermore, ILC2 can produce methionine-
enkephalin peptides, which upregulate UCP-1 in adipocytes in vitro and
promote the beiging of AT in vivo [11]. Consistent with this, gPCR anal-
ysis confirmed upregulation of UCP-1, ALPL, and TNFRSF9 gene
expression in EAT versus other ATs, as well as a positive correlation
among expression of these genes and ILC2 quantification in all ATs.
Thus, better identifying the imbalance between ILCs in AT and in EAT
could help to better target its immunometabolic profile.

Various methods to manipulate ILCs have been developed
recently such as the inhibition of ILC migration and function [38-40],
microbiome manipulation [41], glucocorticoid [42], or even f;
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adrenergic receptor agonists [43]. Others such as adoptive transfer,
anticytokine antibodies, or even immune checkpoint modulation have
been also used to fight against atherosclerosis, obesity, or T2D in
humans and/or mice. Interestingly, glucocorticoid-induced TNF recep-
tor (GITR) engagement on activated ILC2 not only stimulates secre-
tion of ILC2 effector cytokines but also prevents ILC2 apoptosis. A
GITR agonist reversed established glucose intolerance by inducing
adipocyte beiging via IL-13 secretion [44]. Thus, therapeutic activation
of the IL-33/GITR/ILC2 beiging pathway could represent an interest-
ing target to reduce the EAT inflammatory phenotype [44].

Given their recent identification, and apart from the numerous
studies that aimed at understanding their role in obesity and brow-
ning, ILCs have never been studied in EAT, to our knowledge. Their
role in the pathophysiology of epicardial fat and, extensively, in car-
diovascular disease remains to be understood.

Our study has several limitations. This study provides correlative
data, and no causal conclusions can be drawn regarding the presence
of ILC2 and the beiging profile of EAT, which merit further investiga-
tion. The small sample size of patients did not allow us to analyze the
impact of obesity, T2D, or CAD on the immune profile of EAT, and we
probably lacked statistical power to clearly differentiate EAT from
VAT immunophenotype; however, we faced many refusals of organ
donation and sampling for experimental studies from deceased
patients’ families. However, a recent study has shown that obesity
and T2D significantly increase the inflammatory profile and the
expression of immune mediators in EAT [45]. Finally, due to the small
sample size, we likely lack sufficient power to identify objective differ-
ences in the different ILC subtypes and had to pull data regarding
VAT and SAT.

CONCLUSION

In this study, we compared individual immune cell populations of vari-
ous ATs and reported that ILC2 are highly represented in EAT. This
might suggest that these cells could have a role in its beiging profile.O
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