020z ‘6T JoquenoN uo Agq Bio'sfeuinofeye//:dny woly pspeojumod

Circulation

ORIGINAL RESEARCHARTICLE

Pericardial Adipose Tissue Regulates
Granulopoiesis, Fibrosis, and Cardiac
Function After Myocardial Infarction

BACKGROUND: The pericardial adipose tissue (AT) contains a high density
of lymphoid clusters. It is unknown whether these clusters play a role in post—
myocardial infarction (Ml) inflammatory responses and cardiac outcome.

METHODS: Lymphoid clusters were examined in epicardial AT of humans
with or without coronary artery disease. Murine pericardial lymphoid
clusters were visualized in mice subjected to coronary artery ligation. To
study the relevance of pericardial clusters during inflammatory responses
after MI, we surgically removed the pericardial AT and performed

B-cell depletion and granulocyte-macrophage colony-stimulating factor
blockade. Leukocytes in murine hearts, pericardial AT, spleen, mediastinal
lymph nodes, and bone marrow were quantified by flow cytometry.
Cannabinoid receptor CB2 (CB27") mice were used as a model for
enhanced B-cell responses. The effect of impaired dendritic cell (DC)
trafficking on pericardial AT inflammatory responses was tested in CCR77~
mice subjected to MI. Cardiac fibrosis and ventricular function were
assessed by histology and echocardiography.

RESULTS: We identified larger B-cell clusters in epicardial AT of human
patients with coronary artery disease in comparison with controls without
coronary artery disease. Infarcted mice also had larger pericardial clusters
and 3-fold upregulated numbers of granulocyte-macrophage colony-
stimulating factor—producing B cells within pericardial AT, but not spleen
or lymph nodes. This was associated with higher DC and T-cell counts in

pericardial AT, which outnumbered DCs and T cells in lymph nodes. Analysis

of DC maturation markers, tracking experiments with fluorescently labeled
cells, and use of CCR7-deficient mice suggested that activated DCs migrate
from infarcts into pericardial AT via CCR7. B-cell depletion or granulocyte-
macrophage colony-stimulating factor neutralization inhibited DC and T-cell
expansion within pericardial AT, and translated into reduced bone marrow
granulopoiesis and cardiac neutrophil infiltration 3 days after MI. The
relevance of the pericardial AT in mediating all these effects was confirmed
by removal of pericardial AT and ex vivo coculture with pericardial AT and
granulocyte progenitors. Finally, enhanced fibrosis and worsened ejection
fraction in CB27~ mice were limited by pericardial AT removal.

CONCLUSIONS: Our findings unveil a new mechanism by which the
pericardial AT coordinates immune cell activation, granulopoiesis, and
outcome after M.
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Clinical Perspective
What Is New?

¢ The pericardial adipose tissue contains a high den-
sity of lymphoid clusters that serve as secondary
lymphoid organs in which B cells, dendritic cells,
and T cells expand in response to myocardial
infarction.

e Local release of cytokines and growth factors
within the pericardial adipose tissue, as well as
systemically released factors, promote immune cell
proliferation and emergency granulopoiesis after
myocardial infarction.

e |tis most important to note that the pericardial adi-
pose tissue critically regulates cardiac fibrosis and
preservation of ventricular function in response to
myocardial infarction.

What Are the Clinical Implications?

e Our preclinical data suggest that the pericardial
adipose tissue is a central compartment for innate
and adaptive immune responses that regulate
post-myocardial infarction healing.

e Changes in pericardial and epicardial adipose tis-
sue inflammatory milieu might affect the clinical
outcomes in patients with myocardial infarction,
opening a new avenue for searching for more tai-
lored therapies to improve cardiac remodeling and
prevent heart failure after myocardial infarction.

infarction (MI) activates an immediate immune

response to promote cardiac repair. Whereas the
role of innate immune cells, in particular monocytes
and neutrophils, in this inflammatory process has been
extensively studied, the role of adaptive immune cells
such as B and T lymphocytes during the early immune
response after Ml is less clear. Zouggari et al' dem-
onstrated that B cells contribute to myocardial injury
and unfavorable remodeling by inducing the release of
Ly6C* monocytes from the bone marrow via secretion
of CCL7. This study essentially focused on the role of B
cells on collagen deposition and impaired heart func-
tion 14 days after MI.

As opposed to experimental data reporting a peak of
lymphocytes infiltrating murine hearts around day 5 to
7 post-Ml, analysis of transcoronary gradients from pa-
tients with Ml suggests an early recruitment of T and B
lymphocytes from peripheral blood into the myocardi-
um within 90 minutes of reperfusion.? This is reflected
by the loss of circulating lymphocytes and associated
with a poor prognosis.?2 However, because myocardium
and epicardial adipose tissue (AT) share the same mi-
crocirculation in humans,? it is conceivable that lympho-
cytes are recruited in part in the epicardial AT.

C ardiomyocyte necrosis in response to myocardial
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In support of a possible lymphocyte recruitment
into AT, it was recently described that B and T cells are
retained in so-called fat-associated lymphoid clusters
(FALCs) in the peritoneal and pleural cavity of mice,
which are a type of lymphoid tissue present in visceral
fat.# It is remarkable that the pericardium contains the
highest density of these FALCs in the pleural cavity,*
suggesting a possible relevance as a secondary lym-
phoid organ in response to cardiac injury.

The inflammatory process after Ml is accompanied
by an increase of circulating cytokines that might af-
fect FALC formation and function. However, whether
pericardial FALCs and immune cell activation in these
clusters might play a role during early inflammatory
responses after ischemic cardiac injury is unknown.
We therefore addressed Ml-induced inflammatory re-
sponses in pericardial AT and activation of lymphocytes
and dendritic cells (DCs) within FALCs, and whether
this might affect innate immune cells during acute in-
flammatory responses and cardiac healing and func-
tion after M.

METHODS

Detailed methods are available in the online-only Data
Supplement. Requests by researchers to access the data, ana-
lytic methods, and study materials for the purposes of repro-
ducing the results or replicating procedures can be made to
the corresponding author who manages the information.

Animal Experiments

Female 10- to 12-week-old C57BL/6J wild-type (WT), CB27-,°
and CCR77% mice were used in this study. Ml was induced
by permanent ligation of the left anterior descending cor-
onary artery (LAD). Mice were anesthetized, intubated,
and ventilated with a MiniVent mouse ventilator (Harvard
Apparatus). A left thoracotomy was performed in the fourth
left intercostal space, and the pericardium was carefully
incised to maintain the integrity of the pericardial AT. M
was induced by permanent ligation of the LAD proximal
to its bifurcation from the main stem, and the chest wall
and skin subsequently were closed. Postoperative analge-
sia (buprenorphine, 0.1 mg/kg) was given for the first 12
hours after surgery. In some experiments, mice received
intramyocardial injections of DCs labeled with cell tracker
SP-DIOC18 (Molecular Probes) in the ischemic LAD territory.
B-cell depletion was performed by intraperitoneal injection
of a mixture of monoclonal antibodies at 150 pg/mouse
each, as previously described’: rat anti-mouse CD19 (clone
1D3), rat anti-mouse B220 (clone RA36B2), and mouse
anti-mouse CD22 (clone CY34). After 48 hours, mice were
injected intraperitoneally with a secondary antibody mouse
anti-rat kappa (clone TIB216) at 150 pg/mouse before LAD
ligation.” Control mice received corresponding isotype
intraperitoneal injections. Anti—granulocyte-macrophage
colony-stimulating factor (GM-CSF) blocking antibody (100
pg/mouse) or vehicle (saline) was injected intraperitoneally
15 minutes before, and 1 and 2 days after LAD ligation, as
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well 8 Splenectomy was performed 7 days before LAD liga-
tion. In selective experiments, pericardial AT (=80%) was
removed before LAD ligation. All animal experiments were
approved by the local ethical committee (District of Upper
Bavaria, Germany).

Human Specimen

White male patients undergoing cardiac surgery were
recruited at the Department of Cardiothoracic Surgery,
Policlinico S. Orsola-Malpighi, University of Bologna. Patients
in the control group (n=5) underwent elective cardiac valve
surgery, and patients with coronary artery disease (CAD)
(n=6) underwent elective coronary artery bypass graft sur-
gery. In the control group, only patients with no history of
CAD and cerebrovascular disease, and no instrumental evi-
dence of CAD and carotid atherosclerosis, were recruited.
At the time of recruitment, none of the control subjects
included in the study underwent pharmacological therapy,
except for antihypertensive drugs (including B-blockers).
During the surgical procedures, epicardial AT and subcuta-
neous AT were collected for histological characterization.
Adipose biopsy samples were obtained before the initiation
of cardiopulmonary bypass from areas that had not previ-
ously been injured mechanically or cauterized. Epicardial AT
was taken from the anterior surface of the heart near the
anterior descending coronary artery or, alternatively, along
the atrioventricular groove in proximity of the right coronary
artery. Subcutaneous AT was taken from the subcutaneous
fat on the sternum. Tissues were immediately fixed in for-
malin for histology. The human study protocol was approved
by the Azienda Sanitaria Locale of Bari and the Policlinico
S. Orsola-Malpighi (University Hospital) of Bologna Ethics
Committees. All patients gave their informed consent for the
use of clinical data and blood samples for scientific research
purposes connected to this project. The principles of the
Declaration of Helsinki were followed.

Statistics

Statistical analyses were performed with Prism (version 6;
GraphPad). Unless noted differently, data are expressed as
mean+SEM. Comparison between 2 groups was analyzed
by the Student t test, applying the Welch correction when
appropriate. To test significance in comparisons involving
>3 groups, we applied the 1-way or 2-way ANOVA depend-
ing on the number of factors involved, and followed by the
Bonferroni post hoc test for assessing pairwise differences
among groups. For the comparison of stem cell distribution
within the different cell cycle phases, we applied the %? test. A
2-tailed P<0.05 was deemed statistically significant.

RESULTS

Ml Induces Proliferation of B Cells Within
Pericardial AT

To clarify whether MI induces B-cell expansion within
pericardial AT, we subjected WT mice to Ml and per-
formed flow-cytometric analysis of heart and AT. We
detected only a few B cells in murine hearts at baseline
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without significant increases 1 to 7 days after MI, but
~100-fold higher numbers in pericardial AT (=1x10%g
in hearts versus =1x108g in AT, baseline), which further
increased ~3-fold in AT after 3 days of MI (Figure 1A
through 1C). This time point represents the peak of B-
cell accumulation in the pericardial AT, with subsequent
decrease until day 7 (Figure 1C).

The cannabinoid receptor CB2, which is abundant-
ly expressed on B cells,? is required for the retention of
immature B cells in the bone marrow within the sinu-
soidal niche and is thought to play an important role
in B-cell repertoire formation.’® We therefore thought
to use CB2-deficient mice as an additional model for
studying the sequential role of B cells during post-
Ml inflammatory responses. We used only females in
this study, because of a larger amount of pericardial
AT (Figure IA through IC in the online-only Data Sup-
plement). CB27~ mice had elevated B-cell counts in
hearts and pericardial AT in comparison with WT mice
(Figure 1A through 1C) and larger pericardial clusters,
as shown by immune fluorescence (Figure ID in the
online-only Data Supplement) and 2-photon laser-
scanning microscopy (Figure 1D). In human epicardial
AT from patients with CAD, we also found B-cell clus-
ters, which were larger in size than control epicardial
AT samples from patients without CAD (Figure 1E,
Figure ID in the online-only Data Supplement). B-cell
clusters were undetectable in subcutaneous AT from
patients with CAD (Figure IE in the online-only Data
Supplement).

To investigate the underlying mechanism of B-cell
expansion within pericardial AT in response to MI, we
first assessed bone marrow lymphopoiesis, which did
not reveal differences between WT and CB27- mice.
We found overall lower numbers of lymphoid progeni-
tors 1 day after Ml in comparison with noninfarcted
mice irrespective of the genotype (Figure IF in the on-
line-only Data Supplement). We asked whether lym-
phocytes are mobilized from the spleen in response to
MI. However, splenectomy only partially reduced B-cell
numbers infiltrating the AT, albeit plasma chemokines
involved in lymphocyte recruitment (CXCL5, CXCL10,
CCL2) were detectable 1 day post-MI and significantly
higher in CB27~in comparison with WT mice (Figure IG
and IH in the online-only Data Supplement). Another
explanation for lymphocyte expansion post-MI might
be proliferation, driven by proinflammatory plasma
cytokines (tumor necrosis factor-a, interleukin [IL]-9,
and IL-13), which were detectable in WT mice 1 day
after Ml and significantly higher in CB27 mice (Fig-
ure Il in the online-only Data Supplement). Indeed, we
confirmed higher numbers of proliferating B cells in
the pericardial AT of WT mice, and even higher num-
bers of B cells in G1 and G2/S/M phase in CB27~ than
in WT mice, whereas the percentage in GO decreased
(Figure 1F).

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833
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Figure 1. Myocardial infarction promotes B-cell proliferation in pericardial adipose tissue.

A, Gating strategy for flow-cytometric quantification of murine cardiac B cells. B, CD19* B220* B cells in hearts of WT and
CB27 mice at steady state or after 1, 3, and 7 days post-MI (n=6). C, B cells in pericardial adipose tissue (AT) at steady state
or 1, 3, and 7 days post-MI (n=6). D, Three-dimensional TPLSM reconstruction of CD19 (red) and autofluorescent components
(collagen, adipocytes; blue) in pericardial AT of WT and CB2~- mice. Scale bars represent 100 pm. E, Immunofluorescence
staining on paraffin sections of CD19* B cells (green) and nuclei (blue) in human epicardial AT of patients with or without
coronary artery disease (CAD). F, Representative dot plots with quadrants to identify cells in G, (Lower Left), G, (Upper Left),
and G,/S/M (Upper Right) cell cycle phases. Proliferating B cells in pericardial AT from WT and CB27" mice at steady state

or 3 days post-MI (n=3). G, Plasma levels of GM-CSF 1 and 3 days after Ml (n=4-6). H, Representative FACS plots (Left) and
quantification (Right) of cardiac GM-CSF* B cells 3 days after MI, with or without B-cell depletion. I, Representative FACS plots
(Left) and quantification (Right) of GM-CSF* B cells in pericardial AT 3 days after Ml, with or without B cell depletion (n=4-6).
Results are pooled from at least 3 independent experiments. Mean values=SEM are shown. *P<0.05. **P<0.01. ***P<0.001.

Ctrl indicates control; FACS, fluorescence-activated cell sorting; FSC, forward scatter; GM-CSF, granulocyte-macrophage
colony-stimulating factor; MI, myocardial infarction; TPLSM, 2-photon laser-scanning microscopy; and WT, wild type.

GM-CSF-Producing B Cells Expand
in Pericardial AT After Ml

The multiplex immunoassay of murine plasma after Ml
further revealed increased plasma levels of GM-CSF in
CB27~in comparison with WT mice (Figure 1G). Among
various cell types, such as macrophages, fibroblasts,
and endothelial cells, producing GM-CSF, B cells also
represent a relevant source.”” We asked whether GM-
CSF—producing B cells expand during early inflamma-

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833

tory responses post-MlI. Flow-cytometric analysis con-
firmed the presence of GM-CSF* B cells in infarcted
hearts and pericardial AT of WT mice 3 days after Ml
(Figure 1H and 11). It is striking that their numbers
were much higher in CB27~ mice. To validate our find-
ings, we systemically depleted B cells with an antibody
cocktail (Figure Il in the online-only Data Supplement),
which significantly reduced GM-CSF* B-cell counts in
infarcted hearts and pericardial AT (Figure 1H and 1I).
To assess the distribution of GM-CSF—producing B cells
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and preferential expansion sites in response to MI, we
compared their numbers in various lymphoid organs.
We found the highest amounts of GM-CSF* B cells in
the spleen (Figure HlIA through IlIC in the online-only
Data Supplement). In proximity to the heart, most GM-
CSF* B cells were localized in pericardial AT, but only
at low numbers within mediastinal lymph nodes (Fig-
ure lll in the online-only Data Supplement). After M,
GM-CSF* B cells expanded only in pericardial AT, not in
mediastinal lymph nodes or spleen (Figure IlIA through
IC in the online-only Data Supplement). FALCs were
originally described in the peritoneal cavity.* Given that
Ml induces an acute increase of inflammatory cytokines
in the circulation, we may speculate that Ml also sup-
ports an expansion of B cells and FALCs in other AT
beds. Hence, we performed flow cytometry analysis of
visceral AT from infarcted mice. Besides an overall small
number of leukocytes in visceral in comparison with
pericardial AT, we observed that B cells are only a minor
population among all visceral AT leukocytes (Figure IlID
through llIF in the online-only Data Supplement), indi-
cating a specific activation of B cells in pericardial AT in
response to MI.

Pericardial Adipose Tissue Regulates MI Outcome

B Cells Promote DC Accumulation in the
Ischemic Myocardium and Pericardial AT

To address a possible role for GM-CSF* B cells in inflam-
matory responses post-MI, we first asked whether B-
cell depletion affects other cellular key players involved
in this process. In agreement with previously published
data,” we found significantly lower cardiac monocyte
counts in B-cell-depleted WT mice 3 days after Ml (Fig-
ure 2A and 2B). It is noteworthy that monocyte counts
in infarcted hearts of CB27- mice were similar to the
WT group, whereas cardiac macrophage counts were
significantly higher in CB2~- mice (Figure 2C). B-cell de-
pletion blunted cardiac macrophage increase in CB27-
mice, suggesting that B cells not only promote mono-
cyte recruitment, but also possibly local proliferation in
the myocardium (Figure 2C).

Deficiency of CB2 was accompanied by higher num-
bers of cardiac DCs evidenced 3 days after MI, whereas
B-cell depletion reduced the number of DCs in both
WT and CB27~ mice (Figure 2D). Even higher DC counts
were detected in pericardial AT after MI, in particular
in CB27- mice (Figure 2E). Analysis of the tissue distri-
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Figure 2. Myocardial infarction promotes accumulation of DCs in pericardial FALCs.
A, Gating strategy for flow-cytometric quantification of classical monocytes (CM) (B), macrophages (C), and DCs (D) detected
in hearts of WT and CB2~- mice with or without B-cell depletion 3 days after Ml (n=6). E, Quantification of DCs in pericardial
AT of WT and CB27 mice at steady state or 3 days after Ml with or without B-cell depletion or GM-CSF blocking antibody,
respectively. F, Percentage of resting and proliferating DCs in pericardial AT, at steady state or 3 days after Ml with or with-
out GM-CSF blocking antibody (n=3). Results are pooled from 3 independent experiments. Mean values£SEM are shown.

*P<0.05. **P<0.01. ***P<0.001. AT indicates adipose tissue; Ctrl, control; DC, dendritic cell; FALC, fat-associated lymphoid
cluster; GO, cell cycle arrest; G1, begin of cell cycle interphase; G2, end of cell cycle interphase; GM-CSF, granulocyte-macro-
phage colony-stimulating factor; M, mitotic phase; Ml, myocardial infarction; S, synthetic phase; and WT, wild type.
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bution of DCs among lymphoid tissues revealed high-
est DC counts in spleens, without relevant differences
3 days after MI, whereas DCs significantly expanded in
pericardial AT (Figure IVA in the online-only Data Sup-
plement). A nonsignificant trend for DC expansion was
also detected in draining lymph nodes after M, but their
numbers were much lower than in the pericardial AT.

GM-CSF plays an important role in the modulation
of DC survival and proliferation.' We hypothesized that
elevated levels of this cytokine released (among other
cellular sources) by GM-CSF* B cells in CB27~ mice were
responsible for the massive DC expansion in these mice.
Blocking of GM-CSF significantly reduced DC numbers
in pericardial AT of both WT and CB27 mice to levels
comparable to the effects found after B-cell depletion
(Figure 2E). Cell cycle analysis revealed that increased
DC numbers in WT and CB27 mice after Ml were a
consequence of enhanced proliferation, which was in-
hibited by GM-CSF blockade (Figure 2F). Conversely,
splenectomy did not inhibit DC proliferation within
pericardial AT, suggesting that splenic cells are not con-
tributing to this effect (Figure IVB in the online-only
Data Supplement).

DC Recruitment to Pericardial AT
Requires CCR7

DCs are immune sentinels in peripheral tissues that, on
antigen uptake, migrate to secondary lymphoid organs
for the induction of immune responses.” In support
of DC trafficking during early inflammatory responses
post-MI, we found massively increased circulating DC
counts in CB27- and, to a weaker extent, in WT mice 1
day after Ml (Figure 3A). This was inhibited in part by
B-cell depletion. To track DC migration from infarcted
hearts to pericardial AT after MI, we injected fluores-
cently labeled immature DCs into infarcted hearts. We
detected fluorescent DCs in pericardial AT 24 hours af-
ter cardiac injection, and some remaining fluorescent
DCs in the infarct area, as well (Figure 3B), but no fluo-
rescent signal within spleens (Figure IVC in the online-
only Data Supplement).

DC maturation is reflected by expression of costim-
ulatory molecules such as CD80 and CD86.'* We ob-
served the lowest CD80 and CD86 expression levels in
blood, intermediate levels in hearts, and highest levels
in pericardial AT 3 days after Ml (Figure 3C through 3E).
Cardiac and pericardial AT expression levels of DC co-
stimulatory molecules were higher in CB27 than in WT
mice 3 days post-MI, but lower in the case of B-cell
depletion (Figure 3C through 3E).

CCR7 expressed by mature DCs' is required for DC
migration to lymphoid organs to initiate immune re-
sponses. We found an upregulation of CCR7 expression
by cardiac and pericardial AT DCs after Ml (Figure IVD
in the online-only Data Supplement). In agreement with
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the expression pattern of CD80 and CD86 maturation
markers, we observed a mixed population of CCR7-
and CCR7* DCs in the heart, whereas in AT, the major
proportion of DCs after Ml were CCR7+. CCL21, the
ligand of CCR7, is constitutively released in secondary
lymphoid organs and associated with the development
of lymphoid structures in inflamed tissues. We found
selective expression of this chemokine in pericardial but
not subcutaneous AT of the same animals subjected to
MI, with no difference between CB27- and WT mice
(Figure 3F and 3G).

To validate that DC migration to pericardial AT is
mainly driven by the CCL21/CCR7 axis, we further in-
vestigated the impact of CCR7 deficiency on DC ex-
pansion in response to MI. Cardiac DC numbers were
comparable in WT and CCR77 mice 3 days after M,
whereas DC numbers in pericardial AT were significant-
ly lower in CCR77~ mice (Figure 3H and 3l).

B Cells and GM-CSF Induce IL-17-
Producing T Cells Within Pericardial AT

Mature DCs are specialized in activating T cells within
lymphoid organs. Whole-mount 2-photon laser-scan-
ning microscopy imaging indicated that CB27-in com-
parison with WT mice displayed more T cells in FALCs
at steady state and that Ml induced a T-cell expansion
(Figure 4A). Flow-cytometric quantification of T cells
in pericardial AT confirmed higher counts in CB27-
than in WT mice at both steady state and after Ml
(Figure 4B). T-cell counts in mediastinal lymph nodes
were much lower in comparison with pericardial AT,
whereas most T cells are localized in the spleen (Fig-
ure VA in the online-only Data Supplement). However,
pronounced T-cell expansion 3 days after Ml was only
detectable in pericardial AT, but not in spleen or lymph
nodes. B-cell depletion or GM-CSF blockade, respec-
tively, inhibited pericardial T-cell expansion in both WT
and CB27~ mice (Figure 4B). CCR77~ mice subjected to
MI did not show an expansion of T cells within pericar-
dial AT (Figure 4B).

We further detected plasma cytokines produced by
DCs and involved in lymphocyte polarization, ie, IL-1a
and IL-23, 24 hours after MI, with significantly higher
plasma levels in CB27~ than in WT mice (Figure 4C). IL-
23 induces IL-17 expression in T cells.’® We found sig-
nificantly increased numbers of CD3*IL17* cells within
pericardial AT after MI, which were predominantly
CD4-negative (Figure 4D and 4E) and expressed TCRyd
(Figure VB in the online-only Data Supplement). Num-
bers of IL-17 expressing T cells were significantly higher
in CB27 than in WT mice (Figure 4D and 4E). The up-
regulation was inhibited by B-cell depletion or GM-CSF
blockade in both genotypes. These findings were vali-
dated by gene expression analysis of pericardial AT and
plasma cytokine levels of IL-17 (Figure 4F and 4G).
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Figure 3. DCs are recruited to infarcted hearts and migrate to pericardial AT via CCR7.

A, Quantification of circulating DCs in blood of WT and CB27- mice with or without MI. B, Representative immunofluorescent
images of DCs in infarcted heart and pericardial AT after intramyocardial injection of DCs labeled with cell tracker SP-DIOC18
(green) 24 hours after MI. Scale bars represent 50 um. C, Representative histograms of maturation markers expressed by DCs
in blood, heart, and pericardial AT of WT and CB2~ mice subjected to Ml with or without B-cell depletion (3 days after Ml).
Mean fluorescence intensities (MFI) of CD80 (D) and CD86 (E) staining on blood, heart, and pericardial AT DCs of WT and
CB27 mice subjected to Ml with or without B-cell depletion (3 days after Ml). F, Quantification of CCL21 mRNA levels in peri-
cardial AT (PAT), normalized to hypoxanthine guanine phospho ribosyltransferase, and represented as fold change in compari-
son with levels in subcutaneous AT (SAT) from WT and CB27~ mice at steady state or 3 days after MI. G, Representative CCL21
immunostaining in SAT and PAT. The scale bar represents 50 um. Flow-cytometric quantification of DCs in heart (H) and PAT (1)
of CCR7** and CCR7~ mice 3 days after MI. Results are pooled from 3 independent experiments (n=3-6). Mean values+SEM
are shown. *P<0.05. **P<0.01. ***P<0.001. AT indicates adipose tissue; DC, dendritic cell; MI, myocardial infarction; and
WT, wild type.

Mi-Induced Granulopoiesis and Second we detected a significant upregulation of IL-3 and IL-6

Wave of Cardiac Neutrophil Influx Is in CB27 in comparison with WT mice 24 hours after
B-Cell Dependent MI (Figure VIA in the online-only Data Supplement).

In support of enhanced bone marrow activation, flow
IL-17 signaling regulates granulocyte colony-stimulating  cytometry and whole-mount 2-photon laser-scanning
factor (G-CSF) expression, which promotes granulopoi-  microscopy imaging confirmed higher numbers of he-
esis and neutrophil mobilization. G-CSF plasma levels  matopoietic stem and progenitor cells in CB2-- than in
post-MI were much higher in CB27 than in WT mice, ~ WT mice, both at steady state and after Ml (Figure 5B
but potently inhibited by B-cell depletion (Figure 5A).  through 5D and Figure VIB in the online-only Data
G-CSF can interact with other cytokines to induce he-  Supplement). Cell cycle analysis confirmed that this
matopoiesis.”’~'* Among cytokines produced by B cells, increase was attributable to enhanced proliferation of
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Figure 4. Ml promotes accumulation of IL-17* T cells in pericardial AT.

A, Three-dimensional TPLSM reconstruction of CD19* B cells (red), CD3* T cells (green), and autofluorescent components
(collagen, adipocytes; blue) in pericardial AT of WT and CB27- mice. Higher magnification of T-cell clusters are shown
without B cells. Scale bars represent 200 um. B, Flow-cytometric quantification of T cells in pericardial AT of WT, CB27, and
CCR77 mice at baseline or subjected to MI, B-cell depletion, or injection of GM-CSF-blocking antibody as indicated (3 days
after Ml). C, Plasma cytokine levels 24 hours after MI. D, Gating strategy used for the quantification of T-lymphocyte popu-
lations in pericardial AT. E, Number of IL-17* T cells in pericardial AT of WT and CB27~ mice at baseline or subjected to M,
B-cell depletion, or injection of GM-CSF-blocking antibody as indicated (3 days after MI). F, IL-17 mRNA expression levels in
pericardial AT 3 days after Ml with or without B-cell depletion in WT, CB27-, and CCR7~~ mice, normalized to hypoxanthine
guanine phospho ribosyltransferase and represented as fold change in comparison with WT mice with MI. G, Plasma levels
of IL-17, 24 hours after Ml with or without B-cell depletion in WT and CB27~ mice. Results are pooled from 3 independent
experiments (n=3-7). Mean values£SEM are shown. *P<0.05. **P<0.01. ***P<0.001. AT indicates adipose tissue; GM-CSF,
granulocyte-macrophage colony-stimulating factor; IL, interleukin; MI, myocardial infarction; TPLSM, 2-photon laser-scan-

ning microscopy; and WT, wild type.

hematopoietic stem cells, multipotent progenitors, and
hematopoietic progenitors (Figure 5E). B-cell depletion
resulted in reduced numbers of lineage-negative, Scal-
positive, c-kit—positive cells, confirming a crucial role for
B cells in regulating hematopoiesis post-MI (Figure 5F).

In support of enhanced granulopoiesis, CB27- mice
had higher granulocyte-macrophage progenitor (GMP)
numbers in response to Ml in comparison with WT
mice, whereas B-cell depletion significantly decreased
Ml-induced increase in GMP numbers (Figure 5G and
Figure VIC in the online-only Data Supplement). GMP
counts were much lower in CCR77~ mice. We further
assessed the effect of CB2 deficiency or B-cell deple-
tion, respectively, on cardiac neutrophil infiltration post-

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833

MI. B-cell depletion did not affect early neutrophil infil-
tration within 24 hours (Figure 5H), suggesting that a
large reservoir of bone marrow neutrophils is readily re-
leased after MI. Three days post-Ml, cardiac neutrophil
counts were significantly lower after B-cell depletion,
GM-CSF blockade, or CCR7 deficiency, suggesting an
inhibition of emergency granulopoiesis.

Pericardial Adipose Tissue Controls
Mi-Induced Granulopoiesis

Because pericardial AT is not the only source for B cells
and GM-CSF production, we aimed to clarify the specific
contribution of pericardial AT in promoting granulopoi-

February 27,2018 955

310114V
HJ4Y3S3d TYNIDIHO




ARTICLE

=
S
<
=
Ll
7]
Ll
=
—
=
=
=
=
S

020z ‘6T JoquenoN uo Agq Bio'sfeuinofeye//:dny woly pspeojumod

Horckmans et al Pericardial Adipose Tissue Regulates MI Outcome

A B C
O wT 1 HPC
O cB2-/ —
w1 o] S — ¥ .51
2 I 21 (5 5 g =25 =" .
= 3] a 3 - =) =)
€ Wi . Q1. :- = 20 = kkk
) 4 = S = -
£ 20 MPP g E 15 E 1.0 4
7] ] ] o 2 3
3] @ 1.0 @
3 10 <] =y - : o 2 0.5
il 1A & 2 g os Q
0 I73F of~ X I = I
mi 4 : 0 0-
depleted - + - + - + - + M - - M - -+ +

HSC MPP HPC
- CD @B B

" DD
~ & @D &P

=G0=mG1=G2/S/IM

no Ml

F G .

N ? 259 g 307 =
s 1.0 ) 3

= = 2.0 =

“ 0.8 5 & 20

2 g 15 2~

@ 0.6 3 a2

& e =

= 5 1.0 -E-

g 04 g g 10

~ o 0.5 =

0 0 ol

MI - -+ + + + M e depleted

depleted - - -~ * - % gepleted - * - * -t -+ - anti-GM-CSF - - - - - - - - - -

1 day after Ml 3 days after M|

Figure 5. B cells promote emergency granulopoiesis after M.

A, G-CSF plasma levels of WT and CB2~- mice at steady state or 1 day after Ml with or without B-cell depletion. B, Plots represent
the gating strategy used for flow-cytometric quantification of resting and proliferating bone marrow stem cell populations of WT
(upper dot plots) and CB27 mice (lower dot plots). C, Quantification of hematopoietic stem cells (HSC), multipotent progenitor
(MPP), and hematopoietic progenitor cells (HPC) in femurs of WT and CB27- mice at steady state or 1 day after Ml with or without
B-cell depletion. D, TPLSM reconstruction of CD150* HSCs (red) after exclusion of Lin (CD3, CD11b, B220, Gr-1,Ter119, CD41) and
CD48 in bone marrow (femoral metaphysis) of WT and CB2~ mice 1 day after MI. Scale bars represent 150 um. E, Relative dis-
tribution of HSC, MPP, and HPC within the bone marrow in the different cell cycle phases, before and 1 day after M, determined
by flow cytometry. F, Flow-cytometric quantification of lineage-negative, Sca1-positive, c-kit—positive (LSK) in WT and CB2~- mice
at steady state or 1 day after Ml with or without B-cell depletion. G, Quantification of GMP in WT, CB27-, and CCR77 mice at
steady state or 1 day after Ml with or without B-cell depletion. H, Quantification of neutrophils in digested hearts of WT, CB27,
and CCR77 mice, at steady state, 1 or 3 days after Ml with or without B-cell depletion or injected with GM-CSF-blocking antibody.
Results are pooled from 3 independent experiments (n=3-9). Mean values+SEM are shown. *P<0.05. **P<0.01. ***P<0.001. GO
indicates cell cycle arrest; G1, begin of cell cycle interphase; G2, end of cell cycle interphase; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GMP, granulocyte-macrophage progenitor; M, mitotic phase;
MI, myocardial infarction; S, synthetic phase; TPLSM, 2-photon laser-scanning microscopy; and WT, wild type.

esis in response to MI. For this purpose, we first per-  mice. Likewise, exposure of progenitors to adipocyte-
formed an ex vivo coculture experiment. Ml was induced  conditioned medium did not induce proliferation (Fig-
in WT mice, and the pericardial AT was removed 3 days  ure 6A), suggesting that immune cells within pericardial
later and subsequently exposed to freshly isolated bone AT, rather than adipocytes, promote GMP proliferation.
marrow cells. The coculture resulted in a massive expan- To provide in vivo evidence that the pericardial AT is
sion of GMPs, whereas pericardial AT from noninfarcted involved in the regulation of granulopoiesis in response
mice did not markedly increase GMP counts (Figure 6A).  to MI, we surgically removed the pericardial AT when
No mitogenic effects were observed when coculturing  subjecting mice to LAD ligation. The analysis 3 days af-
bone marrow cells with subcutaneous AT from the same  ter Ml revealed a 50% reduction of GMP counts in the

956  February 27,2018 Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833
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Figure 6. Pericardial adipose tissue regulates granulopoiesis after M.

A, WT bone marrow cells were cocultured with subcutaneous (SAT) or pericardial adipose tissue (PAT) or treated with adipo-
cyte culture supernatant (SN). AT for coculture and isolation of adipocytes was isolated from WT mice 3 days after Ml or mice
without MI. GMP counts were quantified by flow cytometry after 48 hours of stimulation. B and C, Effect of surgical removal
of pericardial AT before LAD ligation (MI-AT) on GMP expansion in the bone marrow (B) and neutrophil recruitment to the
myocardium (C) 3 days after Ml in WT mice. Data are expressed relative to infarcted mice without AT removal (MI, defined as
100%). Mean values+SEM are shown. *P<0.05. **P<0.01. AT indicates adipose tissue; GMP, granulocyte-macrophage pro-
genitor; LAD, left anterior descending coronary artery; MI, myocardial infarction; and WT, wild type.

bone marrow (Figure 6B) and a comparable reduction
of neutrophils in the myocardium (Figure 6C).

B Cells and Pericardial AT Regulate
Fibrosis and Cardiac Function Post-MI

Finally, to address the structural and functional conse-
quences of enhanced B-cell activation in pericardial AT,
we performed histochemical analysis of hearts 7 days
post-MI, which is the fibrotic phase succeeding the re-
solved inflammatory phase. Masson trichrome staining
revealed a significantly higher content of left ventricu-
lar fibrosis in infarcted hearts of CB27 in comparison
with WT mice (Figure 7A and 7B). This massive increase
of fibrosis was inhibited by B-cell depletion or surgi-
cal removal of pericardial AT. In line with larger fibrotic
scar formation, CB27~ mice had a significantly more
impaired left ventricular function 7 days after Ml than
WT mice, reflected by a higher reduction in ejection
fraction between sham and infarcted mice (Figure 7C).
This more pronounced loss of left ventricular function
in CB27- mice was prevented by either B-cell depletion
or surgical removal of pericardial AT (Figure 7C).

DISCUSSION

The murine pericardial AT contains a high density of
lymphoid clusters, suggesting that they might play a
relevant role in regulating cardiac homeostasis. Here,

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833

we have identified a new function for pericardial AT
in promoting granulopoiesis induced by ischemic car-
diac injury. The quantity of B cells, DCs, and T cells in
murine pericardial AT largely exceeds their numbers in
the myocardium. Although GM-CSF-producing B cells
are produced and stored in the spleen' during homeo-
stasis, they preferentially expand in the pericardial AT
in response to ischemic cardiac injury. Similarly, M-
induced DC and T-cell expansion occurs in pericardial
AT, with numerically lower increases in heart-draining
lymph nodes. It is remarkable that this expansion was
not observed in other AT beds, suggesting a specific
mechanism in the pericardial AT after MI.

Previous studies addressing the role of lymphocytes
and DCs in Ml mainly focused on their local presence
in the myocardium and long-term effects on cardiac re-
modeling. However, their cardiac numbers are relatively
low and peak around day 7 after Ml in murine models
of permanent ligation.™?%22 Similarly, B cells have been
detected in infarcted myocardium, peaking at day 5
post-MI." Release of CCL7 in response to Ml and con-
sequently monocyte mobilization has been attributed
to splenic B cells.” B cells are heterogeneous subsets
with distinct immunologic functions. Mature B2 cells
depend on B-cell activating factor receptor signaling.??
Genetic B-cell activating factor receptor deficiency or
antibody-mediated blockade of CD20 or B-cell activat-
ing factor, which preferentially depletes B2 cells, limits
cardiac fibrosis, and improves cardiac function parame-
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Figure 7. Pericardial adipose tissue
regulates Ml outcome.

A, Representative images of WT and
CB27 mice 7 days after Ml stained with
Masson trichrome (collagen, blue). Whole
heart cross-sections (2.5x magnification,
Left) and border zone (20x magpnification,
Right, scale bar represents 50 um) are
shown. B, Quantification of collagen in WT
and CB27 hearts 7 days after Ml with or
without B-cell depletion (depleted) or sur-
gical removal of pericardial AT (MI-AT; n=6
per group). C, Echocardiographic assess-
ment of left ventricular ejection fraction
(LVEF) in WT or CB2~- mice with or with-
out B-cell depletion or surgical removal of
pericardial AT, 7 days after Ml (n=4-7). The
dotted line corresponds to the WT sham
group. Mean values+SEM are shown.
*P<0.05. **P<0.01. ***P<0.001. AT
indicates adipose tissue; LV, left ventricle;
LVEF, left ventricular ejection fraction; MI,
myocardial infarction; and WT, wild type.

ters 14 days after MI. A distinct subset, more related to
B1 cells, is innate response activator B cells that develop
in the spleen and have been described in the peritoneal
and pleural cavity during sepsis and pneumonia.'"?* In-
nate response activator B cells secrete GM-CSF, which
regulates, among other functions, DC physiology'? and
is required for IL-23 secretion by DCs and IL-17-pro-
ducing T cells.?®> IL-17 released by ydT cells controls
granulopoiesis through G-CSF.?¢ The relevance of the
IL-23/IL-17 axis in MI healing responses has been previ-
ously demonstrated in experimental studies.'®?” B cells
are not required for early neutrophil mobilization within
the first 24 hours after MI, because B-cell depletion did
not inhibit early neutrophil infiltration. The bone mar-
row serves as a reservoir in which >90% of neutrophils
are stored at steady state. After ischemic cardiac injury,
bone marrow stromal cells respond by releasing G-CSF,
which induces rapid de novo neutrophil production re-
ferred to as emergency granulopoiesis.?® Concomitant
with GMP expansion, we observed a strong reduction
of lymphopoietic progenitors 24 hours after Ml, reflect-
ing the shift toward enhanced granulopoiesis. In sup-
port of a role for B cells and GM-CSF release in promot-
ing granulopoiesis after Ml, B-cell depletion or GM-CSF
blockade inhibited granulopoiesis and a second wave
of cardiac neutrophil infiltration. We further confirmed
the pericardial AT as a major source for factors regu-
lating emergency granulopoiesis after MI. Our in vitro
findings suggest that factors released by adipocytes
alone are not involved in this regulation.

We used the CB27- mice as strategy to assess the
effects of enhanced B-cell activation on post-MI in-
flammatory responses. We found that the cannabinoid

958  February 27,2018

receptor CB2 regulates B-cell and GM-CSF+ B-cell ex-
pansion within pericardial AT. CB2 is required for the
retention of immature B cells within the bone marrow
sinusoidal niche'® and positioning of marginal zone B
cells in the spleen.?® Because bone marrow lympho-
poiesis is not affected by CB2 deficiency, higher B-cell
counts in CB27 hearts and pericardial AT are rather a
consequence of impaired bone marrow retention and
enhanced activation. All relevant cytokines involved in
B-cell, DC, and T-cell activation are systemically elevat-
ed in CB27 mice after MI. Enhanced GM-CSF/IL-17/G-
CSF signaling in CB27 mice translates into more pro-
nounced emergency granulopoiesis and higher cardiac
neutrophil infiltration post-MI. Our B-cell depletion and
GM-CSF-blocking experiments in CB27~ mice indicate
that this effect depends on early B-cell activation and
GM-CSF release, which subsequently enhances DC and
T-cell expansion, and granulopoiesis, as well. Although
a certain amount of neutrophils is required for regulated
cardiac healing and priming of reparative macrophages
that remove cell debris in the infarct area,*® excessive
cardiac neutrophil influx may promote an unfavorable
remodeling process.?' In line with a detrimental effect
of enhanced cardiac neutrophil infiltration attributable
to upregulated granulopoiesis, infarcted CB27~ mice
had a more reduced ejection fraction than infarcted
WT mice. The histological and functional data are in
agreement with previous studies reporting unfavorable
Ml healing in the absence of CB2.3233 Our novel finding
that left ventricular fibrosis and cardiac function decline
was less pronounced after B-cell depletion or removal
of pericardial AT highlights the major role of pericardial
AT and B cells in the modulation of post-MI outcome.

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833
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A limitation of our experimental approach based
on systemic B-cell depletion is that the observed ef-
fects might not be solely a consequence of impaired
B-cell activation in the pericardial AT. Another limita-
tion is that CB2 is expressed by different leukocyte
populations and nonhematopoietic cells, whereas we
only used conventional CB27~ mice in this study. To
strengthen the conclusions that can be drawn from
our study, we have used a combination of mouse mod-
els and strategies in WT and CB2~~ mice (B-cell deple-
tion, GM-CSF blockade, and pericardial AT removal).
Thereby, we could validate a novel mechanism driven
by pericardial AT B cells that coordinates early inflam-
matory responses post-MI. This might have potential
relevance for human pathophysiology, as suggested
by the presence of B-cell-rich clusters in human epi-
cardial AT of patients with CAD. Moreover, analysis
of human transcoronary gradients, obtained from pa-
tients with Ml during revascularization intervention to
reopen the occluded coronary artery, hints to an early
recruitment of lymphocytes into the myocardium or
possibly epicardial AT.2

Nevertheless, some open questions still remain
that deserve further investigation, such as the local
milieu promoting B- and T-cell expansion in AT. We
may speculate that there is a specific cross-talk be-
tween adipocytes and lymphocytes, which raises the
question whether metabolic changes and chronic AT
inflammation in obese patients affects B-cell function
and pericardial AT immune cell activation in the set-
ting of an acute MI. As to the local differences that
may promote specific recruitment to lymphoid clus-
ters within pericardial AT, we found that the second-
ary lymphoid tissue chemokine CCL21 is specifically
expressed in pericardial but not subcutaneous AT.
Upregulation of CCR7 on mature DCs might thereby
support their homing from their site of activation in
the infarcted myocardium to lymphoid clusters pres-
ent in pericardial AT. Finally, activation of pericardial
lymphoid clusters in response to Ml might have ad-
ditional effects beyond stimulation of granulopoiesis,
which could also affect cardiac healing. Unveiling the
specific function of pericardial GM-CSF+ B-cell expan-
sion on cardiac outcome will require further studies
based on genetic models selectively depleting GM-
CSF—producing B cells.

In conclusion, we have identified the pericardial AT
as an immunologically active organ in which lympho-
cyte subsets contribute to rapid immune responses.
A better knowledge of its complex regulation under
homeostatic and pathophysiological conditions might
further enhance our understanding of cardiac stress
responses to severe events such as an acute MI. This
might eventually lead to new approaches for more tar-
geted and better balanced inflammatory therapies to
improve Ml outcome.

Circulation. 2018;137:948-960. DOI: 10.1161/CIRCULATIONAHA.117.028833
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