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Splenic CD169*Tim4* Marginal Metallophilic
Macrophages Are Essential for Wound Healing
After Myocardial Infarction

Mohamed Ameen Ismahil®®, PhD; Guihua Zhou, MD; Shreya Rajasekar, MS; Min Gao, PhD; Shyam S. Bansal'®, PhD;
Bindiya Patel, PhD; Nita Limdi, PharmD, PhD, MSPH; Min Xie(®, MD, PhD; Sergey Antipenko®2, MD, PhD; Gregg Rokosh, PhD;
Tariq Hamid, PhD; Sumanth D. Prabhu®, MD

BACKGROUND: Fidelity of wound healing after myocardial infarction (M) is an important determinant of subsequent adverse
cardiac remodeling and failure. Macrophages derived from infiltrating LyBC" (lymphocyte antigen 6 complex, locus C) blood
monocytes are a key component of this healing response; however, the importance of other macrophage populations is unclear.

METHODS: We used a variety of in vivo murine models and orthogonal approaches, including surgical Ml, flow cytometry and
single-cell RNA sequencing, lineage tracing and cell tracking, splenectomy, parabiosis, cell adoptive transfer, and functional
characterization, to establish an essential role for splenic CD169*Tim4+ (cluster of differentiation 169%; T cellimmunoglobulin—
and mucin-domain—containing molecule 4) marginal metallophilic macrophages (MMMs) in post-MI wound healing in mice.
Flow cytometry was used to measure circulating CD169*Tim4* monocytes in humans with ST-segment—elevation M| and
control participants with stable coronary artery disease undergoing elective percutaneous coronary intervention.

RESULTS: Splenic CD169"Tim4* MMMs circulate in blood as Ly6C"* monocytes expressing macrophage markers and
help populate CD169*Tim4*CCR2-LYVE1"" macrophages in the naive heart. After acute MI, splenic MMMs augment
phagocytosis and CCR (C-C motif chemokine receptor) 3 and CCR4 expression, and robustly mobilize to the heart, resulting
in marked expansion of cardiac CD169*Tim4*LYVE 1" macrophages with an immunomodulatory and proresolving gene
signature. These macrophages are obligatory for apoptotic neutrophil clearance, suppression of inflammation, and induction
of a reparative macrophage phenotype in the infarcted heart. Splenic MMMs are both necessary and sufficient for post-
MI wound healing, and limit late pathological remodeling. Liver X receptor-a agonist-induced expansion of the splenic
marginal zone and MMMs during acute M alleviates inflammation and improves short- and long-term cardiac remodeling.
Humans with acute ST-segment—elevation Ml also exhibit expansion of circulating CD169*Tim4+ cells, primarily within the
intermediate (CD14*CD16*) monocyte population.

CONCLUSIONS: Splenic CD169*Tim4* MMMs are required for proresolving and reparative responses after Ml and can be
manipulated for therapeutic benefit to limit long-term heart failure.
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Clinical Perspective Nonstandard Abbreviations and Acronyms

What Is New? 7-AAD 7-aminoactinomycin D

* We establish for the first time that metallophilic ARRIVE Anlmgl Research: Reporting of In Vivo
marginal macrophages from the spleen, express- Experiments
ing the markers cluster of differentiation (CD) 169 CCL C-C chemokine ligand
and T cell immunoglobulin— and mucin-domain— CCR C-C motif chemokine receptor
containing molecule 4 (Tim4), circulate in blood as cD cluster of differentiation
Hgﬁ‘:yt(e'ﬁmgt‘;‘;f;nag”‘r'r?ae(’:‘rof‘p;:grgp';’;rl'(‘;‘jgsancg C-FLIP cellular FLICE-like inhibitory protein
traffic to the heart to help maintain the CD169*Ti CX3CR1  CX3-C motif chemokine receptor 1
m4+CCR2-LYVE1"" macrophage population in the DC dendritic cell
heart. DEG differentially expressed gene

» After acute myocardial infarction, splenic metallo- DT diphtheria toxin
philjc marginal macrophages augmgnt cardiac traf- DTR diphtheria toxin receptor
ficking in response to chemotactic signals, resulting . .
in expansion of CD169*Tim4* macrophages in the e e.nd-c.hastohc.volume
heart that play an essential role in post—-myocardial EF ejection fraction
infarction (MI) efferocytosis, wound healing, and ESV end-systolic volume
repair, while limiting longer-term adverse cardiac FACS fluorescence-activated cell sorting
fm?de“r‘g-t o h I T—— G-CSF granulocyte colony-stimulating factor

» Analogous to mice, humans also exhibit circulatin -

CD160-Tima* colle primarily within the ntormod. GFP green fluorescent protein

ate (CD14*CD16%) blood monocyte population, HF heart failure

which expand after acute ST-segment—elevation MI. HLA-DR  human leukocyte antigen-DR
ICAM-1 intercellular adhesion molecule 1

What Are the Clinical Implications? IL interleukin

¢ This Study high“ghts the importance of the cardio- iNOS inducible nitric oxide synthase
splenic axis in acute MI, and the splenic marginal v left ventricular
zone, in determining the course and outcome of LXRa. liver X receptor a
post-MI left ventricular remodeling. P .

+ Pharmacological expansion of splenic marginal LyeC lymphocyte antigen 6 complex, locus C
zone macrophages alleviated post-MI adverse left LYVE1 lymphatic vessel endothelial hyaluronan
ventricular remodeling and inflammation, suggest- receptor 1
ing that splenic modulation is a potential transla- MaFIA macrophage Fas-induced apoptosis
tional therapeutic approach for limiting post-MI MHCII  major histocompatibility complex class I
inflammation and improving heart repair. MI myocardial infarction

MMM metallophilic marginal macrophage

yocardial infarction (MI) triggers an orches- Mz marginal zone
M trated wound-healing response initially com- MzM marginal zone macrophage

prising intense inflammation and clearance of NR4A1 nuclear receptor subfamily 4 group a
dead cells, followed by inflammation resolution, wound member 1
healing, and scar formation.! Whereas this biphasic PCI percutaneous coronary intervention
response is required for effective tissue repair, an RNA-seq RNA sequencing
inflammatory response that is excessively vigorous or STEMI ST-segment—elevation myocardial
fails to resolve in a timely manner can lead to deleteri- infarction
ous left ventricular (LV) remodeling and heart failure Tim4 T cell immunoglobulin- and mucin-
(HF)." Innate immune cells are crucial to this process. domain—containing molecule 4
The inflammatory phase is dominated early‘by infiltrat- WT wild-type
ing neutrophils, and subsequently by Ly6CNCX3CR 1"

(Iymphocyte antigen 6 complex, locus C; C-X3-C
motif chemokine receptor 1) monocytes derived from
the spleen and bone marrow, as well as proinflamma-
tory macrophages.?® In the healing phase, reparative
Ly6C"" macrophages are generated locally and prolif-
erate in the heart. These cells are also derived from the
initial surge of LyBC" monocytes, through a process
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dependent on the nuclear hormone receptor Nr4al
(nuclear receptor subfamily 4 group a member 1).2 The
specific triggers responsible for the switch from proin-
flammatory to reparative cells in the infarcted heart are
not fully defined, but may relate to the phagocytic clear-
ance of dead cells, including apoptotic cardiomyocytes
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and neutrophils,®” which induces a proresolving pheno-
type in macrophages.”

Whereas the role of Ly6C" monocytes and Ly6C"
monocyte-derived macrophages after MI has been well-
delineated, the importance of other macrophage popu-
lations remains unclear. The subcapsular red pulp of the
spleen is an important reservoir of Ly6C" monocytes that
mobilize to the infarcted heart34® However, beyond the red
pulp, the spleen contains several macrophage populations
with specialized functions. Prominent among these are
macrophages in the marginal zone (MZ) that surrounds the
splenic white pulp.®"® The MZ is an important watershed
between lymphoid tissue and blood, characterized by con-
tinuous leukocyte transit. Along with SIGN-R1*MARCO*
MZ macrophages (MZMs), the mouse MZ harbors cluster
of differentiation (CD) 169 (sialoadhesin)* marginal metal-
lophilic macrophages (MMMs), which play crucial roles
in antigen capture and processing; communication with
dendritic cells, T cells, and B cells; regulation of apoptotic
cell clearance; and facilitation of immune tolerance®
CD169* MMMs coordinate host immune responses that
affect both inflammation and immunoregulation.'?

The phosphatidylserine receptor T cell immunoglobu-
lin— and mucin-domain—containing molecule 4 (Tim4)
allows for the recognition and phagocytosis of apoptotic
cells,’® and, along with LYVE 1 (lymphatic vessel endothelial
hyaluronan receptor 1), has been proposed as a specific
marker of resident tissue macrophages.'*'® Tim4 further
identifies an important tissue CD169" macrophage sub-
set capable of suppressing local immune responses.'® As
proper healing after M| necessitates both inflammation
resolution and efficient apoptotic cell clearance, we pos-
ited that CD169*Tim4* MMMs from the spleen may play
a central role in these events. However, whether splenic
CD169*Tim4* MMMs mobilize to the heart during acute
Ml is unknown. Moreover, the pathophysiological role of
splenic MMMs in post-MI repair, and the subsequent
development of adverse LV remodeling and HF, is unex-
plored. Therefore, we tested the hypothesis that splenic
CD169'Tim4* MMMs infiltrate the acutely infarcted
heart and play an essential role in inflammation resolution
and wound healing after Ml.

METHODS

Full Methods are presented in the Supplemental Material.

Data Availability Statement

Data, analytical methods, and study materials will be made
available to other researchers upon reasonable request
after ensuring compliance with applicable legal guidelines.
RNA sequencing (RNA-seq) data are accessible in the
Gene Expression Omnibus (accession number GSE210798
for bulk RNA-seq and GSE289921 for single-cell RNA-seq).
The code for single-cell RNA-seq analyses is accessible at
https://github.com/shreyii/scRNA-segAnalysis.git.
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Mouse Studies

All mouse studies complied with the National Research Council
Guide for the Care and Use of Laboratory Animals (2011 revi-
sion) and conformed to the ARRIVE 2.0 (Animal Research:
Reporting of In Vivo Experiments) reporting guidelines. Studies
were performed under institutional animal care and use commit-
tee protocol 10231 at the University of Alabama at Birmingham
and protocols 24-0323 and 21-0359 at Washington University.
Male mice, 10 to 12 weeks of age, were studied to reduce
experimental variability and overall sample size, given known
substantial differences in survival, LV remodeling, and inflam-
matory responses between male and female mice.'"'® A total of
475 mice were used.

Human Studies

Peripheral blood was collected from human participants upon
initial presentation to the University of Alabama at Birmingham
Hospital with acute ST-segment—elevation MI under the aus-
pices of a University of Alabama at Birmingham institutional
review board—approved protocol (X151201004). Blood was
also collected from control participants (with coronary artery
disease but without acute coronary syndrome) before elective
percutaneous coronary intervention (PCI) under the auspices
of the University of Alabama at Birmingham institutional review
board protocol X130807012. Informed consent was obtained
from all patients.

Statistical Analysis

All results are presented as meanSD. Analyses were per-
formed using GraphPad Prism version 7.03 software. Group
variances were compared using the Brown-Forsythe test,
and normality was assessed using the D’Agostino-Pearson
test. Two-group statistical comparisons were performed
using an unpaired t test with equal or unequal variance
(Welch t test) for normally distributed variables or Mann-
Whitney U test for non-normal distribution. For comparisons
of >2 groups, experimental data sets were first assessed
for normality. For normally distributed data, a 1-way ANOVA
was performed, with Bonferroni, Tukey, or Dunnett T3 post-
test to adjust for multiple comparisons. For multiple compari-
sons of groups with unequal variance, Welch ANOVA was
used with Dunnett T3 post-test. If a non-normal distribution
was observed, the Kruskal-Wallis test was used. Specific
approaches are presented in the figure legends. A<0.056 was
considered significant.

RESULTS

Spleen-Derived, Macrophage-Like
CD169+Tim4+ Cells Circulate Within the
Ly6Clow Monocyte Compartment and Populate
the Heart

Spleens were harvested from naive wild-type (WT)
CH7BL/6 mice. Immunostaining identified splen-
ic CD169*Tim4* macrophages mainly confined
to the MZ (Figure 1A). Using the gating strategy
shown in Figure S2A, splenic MMMs (CD45*Ly6C~
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CD11b"*F4/80°*CD169*) were identified by flow core macrophage marker,'*2" and MHC I (major his-
cytometry; *65% of CD169* MMMs were Tim4* (Fig-  tocompatibility complex class II; Figure 1B), suggesting
ure TA). Next, using the fluorescence-activated cell macrophage-like features. Four weeks after splenecto-
sorting (FACS) strategy in Figure S2B, we identified my, mice exhibited profound (#70%) reductions in circu-
Ly6G-Ly6C*CD169* Tim4* cells in the blood, which lating Ly6C*CD169*Tim4* monocytes. splenectomized

were primarily (>95%) in the Ly6C"" monocyte com- mice also exhibited mild leukocytosis, neutrophilia,
partment (Figure S2B and S2C). May-Grinwald Giemsa anemia, and thrombocytosis (Figure S3A), but had no
staining of FACS-sorted cells revealed a distinct mor- changes in circulating B cells, CD4* and CD8* T cells,
phology (cell projections) and smaller size than circu-  or Ly6C" monocytes, and had comparable cardiac size
lating LyBC" monocytes (Figure S2D). Further analysis ~ and function (Figure S3B and S3C).

of Ly6C" monocytes revealed a minor subpopulation To further explore the identity of blood CD169*Tim4+*

expressing CD169 (Figure 1B). CD169*Tim4* cells  monocytes, we performed lineage tracing in Cx3cri¢e
comprised =20% of the blood Ly6C"°* monocytes, and ~ ER%,Rosa26™™* mice in which a tamoxifen pulse
~90% of these cells expressed CD64, considered a labels all Cx3crl-expressing cells (ie, monocytes,
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Figure 1. Splenic CD169+Tim4+ marginal metallophilic macrophages circulate as Ly6Clow monocytes and populate the naive
heart.

A, Left, Representative immunostaining of macrophages in the splenic marginal zone expressing cluster of differentiation (CD) 169 (red) and T
cell immunoglobulin— and mucin-domain—containing molecule 4 (Tim4; green), and DAPI nuclear staining (blue). Right, Fluorescence-activated
cell sorting (FACS) contour plots for CD169 and Tim4 expression in splenic CD45*CD11b°*F4/80°" cells and quantitation of Tim4 expression in
CD169* marginal metallophilic macrophages (n=4). B, Top, FACS plots of circulating Ly6C (lymphocyte antigen 6 complex, locus C) monocytes
with histograms identifying CD169* and CD169" populations within Ly6C monocytes, and corresponding cell quantitation. Bottom, FACS
pseudocolor plots of circulating Ly6C**CD169*Tim4+ macrophages in naive and splenectomized mice with flow histograms identifying CD64
and MHC 11 (major histocompatibility complex class I1) surface expression (in black), together with quantitation of the populations shown (n=5-7).
Mann-Whitney U test. C, Top and Bottom Left, Representative blood FACS dot plots and quantitation of tdTomato (Tdt) expression in blood
LyBC* monocytes from CX3CR1C<ER™ (C-X3-C motif chemokine receptor 1); Rosa26'™  mice after a tamoxifen (TAM) pulse to induce Cre
recombination. Also shown are data 14 days after splenectomy performed at 26 days after TAM and quantitation of Tdt*Ly6C* monocytes before
and after splenectomy (n=3). *R<0.05; paired t test. Bottom Right, FACS plots showing CD169 expression in Tdt+ cells 26 days after TAM
pulse and overlay of the CD169*Tdt* cells (green) on blood Ly6C* monocytes. D, Top, Uniform manifold approximation and projection (UMAP)
plots from single-cell RNA sequencing of blood leukocytes from 3 naive mice (=400 000 total cells) identifying 12 cell clusters (left) with
depiction of CD169 (SiglecT) expression levels, primarily observed in the monocyte cluster (right). Middle and Bottom, Violin plots quantitating
expression of select macrophage genes in monocytes with and without CD169 expression. Wilcoxon rank-sum test; P values are shown in the
panel. E, Left, FACS plots identifying CD169*Tim4* cardiac macrophages in intact and splenectomized mice, overlay of these macrophages on
contour plots of CCR2 (C-C motif chemokine receptor 2) and LYVE1 expression (in intact mice), and quantitation of overall LYVE1 and CCR2
expression (n=6). Right, Quantitation of frequency and number of cardiac CD169*Tim4*LYVE 1" macrophages in naive and splenectomized
CB57BL/6 mice (n=5-7/group). Unpaired ttest. NTM indicates normalized to mode.
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macrophages, dendritic cells [DCs]) with tdTomato.
Given their shorter lifespan, monocytes and DCs gen-
erally no longer express tdTomato by 3 weeks as new
cells replace them, whereas macrophage (and long-
lived monocyte) tdTomato is retained.?? As illustrated
in Figure 1C, 1 day after tamoxifen, ~80% of Ly6C*
monocytes expressed tdTomato. At 26 days after
tamoxifen, 6% of total Ly6C* blood cells remained
td-Tomato*, supporting either a long-lived monocyte or
macrophage population. Most of these td-Tomato™ cells
expressed CD169 and were Ly6C"*. Repeat analysis
2 weeks after splenectomy in these mice revealed
near total disappearance of circulating Ly6C*tdT*
cells, consistent with a splenic origin for circulating
Ly6C**CD169* monocytes/macrophages.

Single-cell RNA-seq of blood leukocytes from naive
mice (Figure 1D) revealed CD169 (Siglec) expression
in a minority (14%) of cells identified as monocytes.
Compared with monocytes without detectable levels
of Siglec1 transcript, Siglec1-expressing cells exhibited
significantly higher transcript levels of key macrophage
genes Fcgrl (CD64), Axl, Trem2, and Chil3, and a near
significant increase [P=0.06] in Mafb. Heatmaps for the
top 20 upregulated and downregulated differentially
expressed genes (DEGs), and key macrophage and
DC genes, in Sigleci-expressing (versus nonexpress-
ing) cells are shown in Figure S4, together with quan-
titation of DC genes Zbtb46, Dpp4, and Fit3. Expression
levels of DC genes were very low in both CD169* and
CD169™ monocytes. Hence, these results indicate that
blood CD169" cells are unlikely to represent DCs and
rather are spleen-derived monocytes with macrophage-
like characteristics.

We next characterized cardiac CD169*Tim4* mac-
rophages and the impact of the spleen. Live/dead
staining with 7-aminoactinomycin D (7-AAD) routinely
yielded >90% to 95% viability of isolated heart mono-
nuclear cells (Figure S5A). We identified CD64*MHC
[I"CD169*Tim4* macrophages using gating strategy
1 in Figure SBB, and used LYVET, a marker specific
for resident macrophages,'*?3?* to delineate LYVE1"
(cardiac resident'®) and LYVE1"" macrophage sub-
sets. As shown in Figure 1E, cardiac CD169*Tim4*
macrophages were principally (¥90%) CCR2- (C-C
motif chemokine receptor 2) but exhibited variable
LYVE1 expression, with *40% to 45% being LYVE1"".
Splenectomized mice exhibited significant reduc-
tion (=80%) of cardiac CD169*Tim4*LYVE1"" mac-
rophages (Figure 1E) without significant change in
the LYVE1" subset (Figure S6A). Principal compo-
nent analysis of bulk RNA-seq of sorted CD64*MHC
[I"CD169*Tim4* cardiac macrophages revealed
separation based on LYVET1 expression, with 987
DEGs (g<0.05) and discrete clustering of LYVE1"
and LYVE1"° cells, suggesting distinct functional
subsets (Figure S6B). Moreover, expression analy-
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sis of b4 select macrophage- and DC-associated
genes® 2" revealed that both subsets expressed mac-
rophage marker genes, but uniformly low levels of DC-
associated genes (Figure S6C). Intravascular CD45
labeling in vivo immediately before cardiac harvest in a
subset of mice (Figure S7) revealed that intravascular
leukocytes comprised =0.5% of cardiac CD169*Tim4*
cells isolated at steady state, and <2% 24 hours after
MI, confirming tissue localization. These findings collec-
tively are consistent with splenic CD169*Tim4" mac-
rophages circulating as Ly6C**CD64*CD169*Tim4*
macrophage-like monocytes that help populate CD1
69*Tim4*CCR2 LYVE1"* macrophages in the heart.

Splenic CD169+Tim4+ Macrophages Augment
Cardiac Trafficking and Phagocytosis Acutely
After MI

WT mice were evaluated 24 hours after nonreperfused
MI, during the inflammatory phase of repair. Compared
with sham-operated mice, there was a ~3-fold increase
in blood CD169*Tim4* monocytes 24 hours after Ml
(Figure 2A). CCR3 and CCR4 expression increased
in circulating CD169*Tim4* monocytes (Figure 2B)
along with upregulation of cognate chemokine ligands
in border zone myocardium, including C-C chemokine
ligand (CCL) 5, CCL6, CCL7, CCL17, and CCL22.%8 In
contrast, splenectomized mice did not exhibit increases
in circulating CD169*Tim4* cells 24 hours after Ml
(Figure 2C). We next examined CD169*Tim4+ macro-
phage infiltration in the acutely infarcted heart. Here,
to align with previous studies of MMMs in the spleen,
and to maintain consistency between approaches in
blood and heart given dynamic innate immune cell flux
acutely after MI, we used low expression of Ly6C as
a central identifier of CD169*Tim4* macrophages, as
illustrated in Figure SBB, gating strategy 2. As shown
in Figure 2D, WT mice exhibited a robust =2.5-fold in-
crease in cardiac CD169*Tim4* macrophages 1 day
after MI. Overall cell numbers were reduced in splenec-
tomized mice and the increase after Ml was abrogated.
Concomitantly, the spleen in MI mice exhibited dynamic
changes with significant hypotrophy and loss of mar-
ginal metallophilic macrophages, consistent with egress
from the spleen (Figure 2E). We next evaluated phago-
cytic activity of Ly6C°*CD169*Tim4* macrophages.
Fluorescent bioparticles were given intravenously 3
hours before sacrifice with determination of cell biopar-
ticle uptake by FACS. As shown in Figure 2F, there was
a significant (#2-fold) increased uptake of bioparticles
by CD169*Tim4* cells in both blood and heart versus
sham mice, establishing enhanced phagocytic capacity
of these macrophages after MI. There was an attendant
reduction of CD169*Tim4*bioparticle* macrophages in
the spleen, consistent with overall fewer MMMs early
after Ml.
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Figure 2. Splenic marginal metallophilic macrophages increase cardiac trafficking and exhibit phagocytosis after acute

myocardial infarction.

A, Fluorescence-activated cell sorting (FACS) plots and group quantitation for circulating Ly6C**CD169*Tim4* (lymphocyte antigen 6 complex,
locus C; cluster of differentiation 169; T cell immunoglobulin— and mucin-domain—containing molecule 4) monocytes in wild-type (WT) C57BL/6
mice 1 day after myocardial infarction (MI) or sham operation (n=4/group). Mann-Whitney U test. B, Left, Flow histograms demonstrating
surface expression of CCR (C-C motif chemokine receptor) 3 and CCR4 in Ly6C**CD169*Tim4* monocytes from the same groups. Unpaired
ttest; y axis represents cell counts. Right, Chemokine gene expression by reverse transcription polymerase chain reaction (normalized to

18 seconds) in the myocardial border zone (BZ) 1 day after Ml or sham operation (n=4 or 5/group). Unpaired ¢ test. *F<0.05, **F<0.01,
“*P<0.001 vs sham. C, Circulating LyBC**CD169*Tim4* cell frequency before and 1 day after Ml in splenectomized mice (n=9). Mann-Whitney
Utest. D, FACS density plots, histograms, and quantitation of cardiac Ly6C°*CD169*Tim4* macrophages in WT and splenectomized mice

1 day after Ml or sham operation (n=4~7/group). Kruskal-Wallis test. E, Inmunostains and FACS dot plots of splenic CD169* metallophilic
marginal macrophages (red) 24 hours after Ml or sham operation, and quantitation of metallophilic marginal macrophage frequency by FACS

and spleen weight (n=5-7/group). Unpaired t test. F, Left, FACS dot plots and histograms, and corresponding quantitation, of blood and heart
Ly6C**CD169*Tim4*Bioparticle* cells from sham and MI mice given 10 mg/kg Texas Red—conjugated bioparticles IV 3 hours before sacrifice
(n=3 or 4/group). Unpaired ¢ test for blood and nonparametric Mann-Whitney U test for heart (non-normal distribution). Right, Quantitation of
splenic BioParticle* metallophilic marginal macrophages in the same experimental mouse groups. Unpaired t test. BSL indicates baseline; NS, not

significant; NTM, normalized to mode; and TL, tibia length.

To definitively establish a splenic source for
CD169*Tim4* macrophages in the acutely infarcted
heart, we used parabiosis. The circulations of CD45
isotype-mismatched mice were surgically joined, with
nonreperfused Ml induced 4 weeks later in either intact
or splenectomized host mice (Figure S8). Blood FACS (2
days after M) indicated stable ~35% donor chimerism
of CD45* blood leukocytes in both intact and splenecto-
mized host mice (Figure S8; Figure 3A). We then evalu-
ated cardiac CD169* macrophages using gating strategy
2 in Figure S5B. In hearts of intact host MI mice, #15%
of CD169* macrophages were of donor origin; donor
chimerism significantly increased by 138% in splenec-
tomized host MI mice (Figure 3A), consistent with aug-
mented sourcing from the parabiont donor spleen.

For more comprehensive validation, we examined
host CD169°™ mice expressing human diphtheria toxin

Circulation. 2025;151:1712-1729. DOI: 10.1161/CIRCULATIONAHA.124.071772

(DT) receptor (DTR) in the sialoadhesin gene, allow-
ing selective depletion of CD169* macrophages,'" and
parabiont macrophage Fas-induced apoptosis (MaFIA)
mice expressing GFP (green fluorescent protein) in all
mononuclear phagocytes, and used gating strategy 1
in Figure SBB to identify cardiac CD169*Tim4* macro-
phages. In the first set of experiments, host CD169°™
mice received either vehicle or DT (10 pg/kg IP) at the
time of MI, and host cardiac leukocytes were examined
2 days later. As shown in Figure 3B, compared with vehi-
cle, DT-treated host mice exhibited robust increases in
the frequency of parabiont-derived cardiac GFP* leuko-
cytes and GFP*CD169*Tim4* macrophages, despite a
reduction in total CD169*Tim4+* cells (expressed as per-
cent of total cardiac macrophages). These data establish
increased sourcing of cardiac CD169* macrophages
from the parabiont circulation after CD169* cell ablation
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Figure 3. CD169+Tim4+ macrophages in the acutely infarcted heart depend on the spleen.

A Left, Parabiosis schema joining cluster of differentiation (CD) 45 isotype—mismatched host (spleen-intact or after splenectomy) and

donor parabiont mice, with myocardial infarction (MI) induced in the host. Middle and Right, Fluorescence-activated cell sorting plots and
quantitation of donor chimerism in host mouse blood (total CD45* leukocytes) and heart (Ly6C**CD169* [lymphocyte antigen 6 complex, locus
C; cluster of differentiation 169] macrophages) in spleen-intact and splenectomized host mice 48 hours after Ml (n=4-7/group). B, Top Left,
Parabiosis schema joining CD169°™ host and donor parabiont macrophage Fas-induced apoptosis (MaFIA) mice, with host mice given either
vehicle or diphtheria toxin (DT) at the time of MI. Right, Representative fluorescence-activated cell sorting dot plots of donor GFP*CD169*
(green fluorescent protein; CD169) macrophages in 48 hours post-MI hearts from host mice and flow histograms of CD169 expression in
GFP*CD64*MHC II*Tim4* cells delineated as normalized to mode (NTM) or cell counts. Bottom Left, Quantitation of GFP* frequency in host
cardiac CD169*Tim4* macrophages and total CD169Tim4* cells as a percentage of all autofluorescent (Auto)* macrophages in vehicle and DT-
treated host MI mice (n=3 or 4/group). C, Left, Parabiosis schema joining CD169°™ host mice and either spleen-intact or splenectomized MaFIA
donor parabionts, with host mice given DT at the time of Ml to deplete CD169* macrophages. Right, Example fluorescence-activated cell sorting
dot plots and quantitation of donor CD45*Auto*CD64*MHC II*GFP*CD169*Tim4* macrophages in the host MI heart 48 hours after Ml (n=3 or
4/group). Welch ttest. MHC Il indicates major histocompatibility complex class I1.

in the host. In the second set of studies, host CD169°™®
mice receiving DT at the time of MI were paired with
either intact or splenectomized MaFIA parabionts, and
host GFP*CD 169" cardiac macrophages were measured
after 2 days. Compared with CD169°™ mice paired with
intact MaFIA parabionts, the hearts of host CD169°™
mice paired with splenectomized MaFIA mice exhib-
ited profoundly reduced GFP*CD169* macrophages
(Figure 3C). These data establish splenic dependence
of augmented cardiac CD169* macrophages from the
parabiont circulation upon host CD169* cell ablation.
We next evaluated the impact of MI, and the spleen,
on cardiac CD169*Tim4* macrophage LYVE1 sub-
sets, using gating strategy 1 in Figure S5B. In naive
hearts, LYVE1" resident cells comprised the major-
ity of CD169*Tim4* macrophages (=60%) versus
LYVE 1" (Figures 4A and 1E). One day after M|, this
ratio reversed, with a marked decrease (=1.8-fold) in
LYVE 1" frequency (consistent with ischemic loss'4%4)

1718 June 17,2025

and =3.5-fold increase in LYVE1"°" macrophages
(Figure 4A). Bulk RNA-seq of sorted LYVE1" and
LYVE1"" cardiac CD169*Tim4* macrophages 1 day
after Ml revealed 462 DEGs (g<0.05) and subset seg-
regation by hierarchical clustering (Figure 4B). Gene
Ontology pathway analysis revealed higher expression
of metabolism and oxidative phosphorylation genes
and lower expression of immune response genes in
the LYVE1"" subpopulation in the acutely infarcted
heart (Figure S9A), suggesting an immunomodula-
tory and proresolving phenotype. Moreover, gene
expression analysis of the LYVE1"" subset (versus
LYVE 1" cells) revealed upregulation of several genes
related to tissue injury (Egrf), wound healing, cell
migration, matrix responses (Thbs1, Nrp1, Mmp9, and
Mmp12), and immunomodulation (Socs3 and Sem4a),
consistent with a reparative and healing role for
CD169 Tim4*LYVE1" macrophages (Figure S9B).
These differences were much more pronounced after

Circulation. 2025;151:1712-1729. DOI: 10.1161/CIRCULATIONAHA.124.071772
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Figure 4. Spleen-dependent CD169+Tim4+LYVE1low macrophages expand in the acutely infarcted heart.

A, Left, Fluorescence-activated cell sorting pseudocolor plots of cardiac CD169*Tim4* (cluster of differentiation 169; T cell immunoglobulin—
and mucin-domain—containing molecule 4) macrophages and separation based on LYVE1 (lymphatic vessel endothelial hyaluronan receptor
1) surface expression in naive and 1 day after myocardial infarction (MI) mice. Right, Quantitation of LYVE1" and LYVE 1" CD169*Tim4*
macrophages in hearts from naive and 1 day after Ml mice (n=4-6/group). Unpaired t test. B, Heatmap of 462 significant (P,,,....<0.05)
differentially expressed genes (DEGs) by RNA sequencing analysis in sorted LYVE 1" and LYVE 1" CD169*Tim4* cardiac macrophages 1 day
after M. C, Principal component analysis plots using the top 500 DEGs after rlog transformation of RNA sequencing data from macrophages
sorted from the indicated sites in naive and 1 day after Ml mice. D, Left, Flow histograms depicting LYVE1 surface expression on cardiac
CD169*Tim4* macrophages (green) and total autofluorescence*CD64*MHC II* macrophages (brown) in wild-type (WT) and splenectomized
mice 1 day after MI. Right, Fluorescence-activated cell sorting quantitation of LYVE1" and LYVE1"°* CD169*Tim4* macrophages in the hearts
of WT and splenectomized mice 1 day after Ml (n=5 or 6/group). Unpaired t test. E, Representative confocal micrograph of border zone (BZ)
myocardium immunostained for CD169 (red) and Tim4 (green) 1 day after Ml in WT and splenectomized mice, and nuclear staining with DAPI
(blue). Scale bar=200 pm. Inset shows magnified images of CD169 and Tim4 staining. Yellow arrows indicate double-positive cells. Scale bar=10

pm. MHC Il indicates major histocompatibility complex class Il. NTM indicates normalized to mode.

MI| compared with naive conditions. Principal com-
ponent analysis of RNA-seq data from LYVE1" and
LYVE1"» CD169* cardiac and splenic macrophages
from naive and post-MI mice revealed tight clustering
of splenic cells regardless of underlying condition, but
distinct clustering of cardiac macrophages linked to
underlying injury, suggesting an overriding influence
of tissue microenvironment on CD169* macrophage
phenotype (Figure 4C). Splenectomized mice failed to
expand CD169*Tim4*LYVE1"" cardiac macrophages
after acute M, exhibiting profoundly (=11-fold) dimin-
ished levels of these cells compared with WT M| mice
(Figure 4D and 4E). These data collectively estab-
lish that splenic CD169*Tim4* MMMs with phago-
cytic capacity acutely traffic as Ly6C**CD169*Tim4*
monocytes to the heart after Ml in response to che-
motactic signals and are a primary source of immu-
nomodulatory and proresolving CD169*Tim4*LyVE 1"
macrophages in the infarcted heart.

Circulation. 2025;151:1712-1729. DOI: 10.1161/CIRCULATIONAHA.124.071772

CD169+ Macrophages and the Spleen
Promote Apoptotic Neutrophil Clearance,
Suppress Neutrophil Activation, and Resolve
Inflammation After Mi

Coronary ligation was performed in WT mice, splenec-
tomized mice, and CD169°™® mice (given DT 1 hour
after ligation), with evaluation 24 hours later. Rela-
tive to WT mice, both splenectomized mice and CD-
169°™/DT mice exhibited marked reductions in blood
Ly6C*"CD169*Tim4+ and total Ly6C"* monocytes after
acute MI (Figure 5A), without changes in Ly6C" mono-
cytes (Figure S10A). Levels of LyBC°*CD169*Tim4+
macrophages and total Ly6C"" cells in the heart 24
hours after Ml were profoundly reduced in both splenec-
tomized mice and CD169°™/DT mice (Figure 5B), again
without differences in LyBC" cells (Figure S10B). In
contrast, compared with WT, both splenectomized mice
and CD169°™/DT mice exhibited significantly elevated

June 17,2025 1719

(—)
=
o
=
=
-
=
m
ow
m
==
=
()
==



https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.124.071772
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.124.071772

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

Ismahil et al Splenic MZ Macrophages and Ml

levels of blood neutrophils (and activated ICAM* neutro- ~ and CD169°™/DT mice was accompanied by increased
phils) 24 hours after Ml (Figure 5C), indicative of height-  Lin"cKit*CD34*CD16/32*  granulocyte-macrophage
ened acute inflammation. progenitors in the bone marrow, suggesting augmented

Macrophage ingestion of apoptotic cells suppresses  granulopoiesis upon loss of splenic MMMs (Figure 5E).
the production of proinflammatory mediators and pro-  To establish a role for CD169*Tim4* macrophages in

motes secretion of proresolving cytokines, including neutrophil efferocytosis, experiments were performed in
interleukin (IL)-10 and transforming growth factor 3.2°%°  Catchup mice,®" which contain a knock-in allele express-
During acute MI, apoptotic neutrophils undergo effero- ing Cre recombinase and the fluorescent protein tdTo-
cytosis by macrophages.'® As shown in Figure 5D and mato in the first exon of Ly6G. As depicted in Figure 5F,
Figure S10C, compared with WT, both splenectomized  tdTomato-positive neutrophils were identified in the heart
and CD169°™/DT mice exhibited augmented cardiac 24 hours after Ml in these mice; *60% of CD169*Tim4*

neutrophil infiltration and increased annexin V* apop- ~ macrophages in the acutely infarcted heart also exhib-
totic neutrophils after acute MI, as assessed by immu- ited tdTomato fluorescence, indicating the presence of
nostaining and FACS. Neutrophilia in splenectomized ingested apoptotic neutrophils.
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Figure 5. CD169+Tim4+ macrophages clear apoptotic neutrophils, suppress neutrophil activation, and resolve inflammation
after myocardial infarction.

Fluorescence-activated cell sorting (FACS) plots and quantitation of Ly6C***CD169+Tim4+ (lymphocyte antigen 6 complex, locus C; cluster of
differentiation 169; T cell immunoglobulin— and mucin-domain—containing molecule 4) monocytes/macrophages and total Ly6C** cells in blood
(A) and in heart (B) 1 day after myocardial infarction (MI) in wild-type (WT) and splenectomized WT mice, and CD169°™ mice given diphtheria
toxin (CD169°™/DT) at the time of MI (n=5-7/group). A, Welch ANOVA, Dunnett T3 post-test; B, 1-way ANOVA, Bonferroni post-test. Isotype
antibody is shown in gray. C, FACS plots and group data for blood CD45*CD11b*Ly6G* neutrophils and ICAM-1/CD54+ neutrophils 1 day after
Ml in WT, splenectomized, and CD169°™/DT mice (n=6-8/group). One-way ANOVA, Bonferroni post-test. D, Left, Representative confocal
images of immunofluorescent Ly6G staining in WT, splenectomized, and CD169°™/DT hearts 1 day after Ml demonstrating Ly6G* neutrophil
(red) infiltration (arrows), and nuclear staining with DAPI (blue). Scale bar=20 um. Right, FACS plots and corresponding quantitation of cardiac
CD45*CD11b*Ly6G* neutrophils (red) and annexin V*+ apoptotic neutrophils (blue) in the same groups 1 day after Ml (n=3 or 4/group). One-way
ANOVA, Dunnett T3 post-test. E, FACS density plots for Lin"c-kit"CD34+*CD16/32* granulocyte monocyte precursors (GMPs) in bone marrow
from WT, splenectomized, and CD169°™/DT mice 1 day after MI, together with quantitation. Flow gates were based on isotype antibody control
(n=5-"7/group). One-way ANOVA, Tukey post-test. F, Left, Representative FACS dot plots identifying cardiac neutrophils as CD11b*Ly6G*

cells in WT mice and as Ly6G*tdTomato* cells in Catchup mice at baseline and 1 day after MI. Top Right, Representative histograms of Ly6G
and tdTomato fluorescence intensity in heart mononuclear cells from the same groups. Bottom Right, FACS dot plots gated on cardiac
CD169*Tim4* macrophages illustrating tdTomato expression in Catchup mice 1 day after MI. G, Representative FACS histograms of intracellular
interleukin (IL)-4 and IL-10 staining in cardiac Ly6C®" cells 1 day after Ml in WT, splenectomized, and CD169°™/DT mice, together with cell
quantitation of the Ly6C*" subsets (n=6 or 7/group). One-way ANOVA, Bonferroni post-test. H, Representative FACS pseudocolor plots for
intracellular TGFP (transforming growth factor-p) and IL-10 staining in cardiac CD169* macrophages 1 day after Ml in WT and splenectomized
mice, with accompanying quantitation (n=4 or 5/group). Unpaired ¢ test. BMC indicates bone marrow cells.
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Reduced neutrophil efferocytosis in the absence of
splenic CD169*Tim4* macrophages after Ml would
delay tissue macrophage polarization toward a repara-
tive phenotype. Indeed, flow cytometric evaluation of car-
diac Ly6C"* cells 24 hours after Ml indicated profoundly
reduced anti-inflammatory IL-10 and IL-4 expression
in splenectomized and CD169°™/DT mice compared
with WT mice (Figure 5G). CD169* macrophages in the
acutely infarcted heart exhibited #2-fold lower IL-10* and
transforming growth factor 3* cells in splenectomized Ml
mice compared with WT MI mice (Figure 5H), and F4/80
and IL-10 immunostaining of the infarct border zone
revealed significantly fewer dual F4/80*IL-10* (yellow)
cells in splenectomized MI mice (Figure S10D). Taken
together, these results demonstrate that CD169*Tim4+*
macrophages, including those of splenic origin, temper
the neutrophil inflammatory response and promote effe-
rocytosis and the transition to a proresolving milieu in the
heart after acute Ml.

Splenic CD169+Tim4+ Macrophages Promote
Post-MI Healing and Reduce Adverse LV
Remodeling

WT mice, splenectomized mice, and CD169°™/DT mice
underwent nonreperfused MI or sham operation and
were followed for 10 days. Compared with respective
sham mice, all Ml mice exhibited increased mortality
over 10 days (Figure 6A). However, post-MI mortality
was dramatically, and comparably, higher in both sple-
nectomized mice and CD169°™”/DT mice versus WT
mice. Necropsy revealed increased mortality attributable
to more frequent cardiac rupture (Figure 6B), consistent
with impaired post-MI wound healing in both splenecto-
mized and CD169°™/DT mice.

To assess the sufficiency of splenic MMMs for cardiac
repair, CD45.2 WT splenectomized mice underwent M|,
but with intravenous adoptive transfer 24 hours after Ml
of 1x10° FACS-sorted CD169Tim4+ cells (=100 uL/
mouse) from the spleens of naive donor CD45.1 WT
mice (Figure S11A). After adoptive transfer (24 hours),
CD45.1*CD169*Tim4* macrophages/monocytes were
readily identified in the heart and blood by immunostain-
ing and flow cytometry (Figure S11B), indicating suc-
cessful donor cell transfer, with recipient splenectomized
MI mice augmenting circulating Ly6c°*CD169*Tim4+
monocytes to levels comparable with nonsplenecto-
mized MI mice (Figure S11C). Splenic CD169*Tim4* cell
reconstitution rescued the increased mortality and rup-
ture rate in splenectomized MI mice (Figure 6A and 6B),
reduced bone marrow neutrophil levels (Figure S11D),
and markedly diminished the abundance (=13-fold) of
both total and annexin V* neutrophils in the infarcted
heart 24 hours after transfer (Figure S11E), indicating
that splenic MMMs are both necessary and sufficient
for tissue repair, temper acute neutrophil inflammation,
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and augment apoptotic neutrophil efferocytosis. Loss of
these specialized macrophages contributes substantially
to deleterious post-MI healing in splenectomized mice.

Echocardiography 10 days after Ml revealed signifi-
cantly larger LV end-diastolic volume (EDV) and end-
systolic volume (ESV) and lower LV ejection fraction (EF)
in splenectomized and CD169°™/DT M| mice versus WT
MI mice (Figure 6C), indicative of exacerbated LV remod-
eling. Splenic MMM reconstitution in splenectomized M|
mice improved LV remodeling, evidenced by significantly
lower EDV and ESV (comparable with WT MI mice)
versus splenectomized MI mice (Figure 6C). Repara-
tive CD206" macrophages are an important cardiac
macrophage population 10 days after ML'%32 Although
CD206* cells were readily identifiable upon border zone
immunostaining in all mouse MI groups (Figure 6D),
both splenectomized and CD169°™/DT MI mice exhib-
ited a #2.5-fold increase in CD206" macrophages coex-
pressing proinflammatory inducible nitric oxide synthase
(INOS). Splenic MMM transfer in splenectomized mice
markedly decreased (x4-fold) INOS*CD206* cardiac
macrophages after Ml to levels similar to WT mice.
Abundance of cardiac INOS"CD206* cells was compa-
rable across all M| groups (Figure 6D). Accompanying
this persistent proinflammatory milieu, there was sig-
nificantly less border zone matrix metalloproteinase-9
abundance and fibrosis 10 days after Ml in both splenec-
tomized and CD169-ablated MI mice, with restoration
of matrix metalloproteinase-9 and border zone fibrosis
upon splenic MMM transfer in splenectomized MI mice
(Figure BE). These tissue-level changes were accompa-
nied by parallel directional changes in proinflammatory
Ly6C" monocytes and serum levels of anti-inflammatory
IL-10 (Figure 6F). In a subgroup of WT, splenectomized,
and CD169°™/DT mice, long-term (8 weeks) post-
MI remodeling was examined (Figure S12). Compared
with WT MI mice, splenectomized and CD169°™/DT
MI mice exhibited aggravated LV remodeling and HF,
with increased chamber volume, greater heart and lung
weight, and lower EF; thinner scars and reduced border
zone fibrosis; and chronic inflammation with persistently
augmented iINOS*CD206" cardiac macrophages.

These findings collectively indicate that splenic
CD169*Tim4* macrophages are indispensable for effe-
rocytosis and inflammation resolution, matrix turnover,
wound healing and scar formation, and effective remod-
eling of the post-MI heart. Deficiency of CD169* mac-
rophages early after M| exacerbates LV rupture, adverse
long-term LV remodeling, and late HF.

Splenic MZ Expansion Ameliorates Adverse LV
Remodeling and Inflammation After Ml

Liver X receptor o (LXRa) is a nuclear receptor essen-
tial for generation of splenic MZMs. LXRa enhances
macrophage phagocytosis and suppresses inflammatory
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Figure 6. Splenic CD169+Tim4+ marginal metallophilic macrophages promote healing and reduce adverse left ventricular
remodeling after myocardial infarction.

A, Ten-day Kaplan-Meier survival curves for cluster of differentiation (CD) 45.2 wild-type (WT), splenectomized, and CD169°™/diphtheria toxin
(DT) mice after myocardial infarction (MI) or sham operation, and for CD45.2 splenectomized MI mice with adoptive transfer of CD45.1 WT naive
splenic CD169*Tim4* (CD169; T cell immunoglobulin— and mucin-domain—containing molecule 4) cells 24 hours after Ml (splenectomized
MI+adoptive transfer [AT]). Log-rank test. B, Gross images of post-MI cardiac rupture with hemothorax or hemopericardium, and Kaplan-Meier
curves for freedom from rupture over 10 days after Ml in WT, splenectomized, CD169°™/DT, and splenectomized MI4+AT mice. Log-rank test.

C, Left, Representative postmortem whole hearts and end-diastolic long-axis 2-dimensional echocardiograms from WT M, splenectomized M,
CD169°™/DT M, and splenectomized MI+-AT mice 10 days after M. Right, Quantitation of left ventricular ejection fraction and end-diastolic
volume (EDV) and end-systolic volume (ESV) 10 days after Ml or sham for indicated groups (n=4-6/group). One-way ANOVA, Bonferroni
post-test. D, Left, Representative confocal images of immunofluorescent staining for CD206 (green) and inducible nitric oxide synthase (iNOS;
red) in the heart infarct border zone (BZ) from WT M, splenectomized MI, CD169°™/DT M, and splenectomized MI+AT mice 10 days after

MI. DAPI (blue) nuclear staining. INOS*CD206* cells appear yellow. Higher magnification is shown in the middle. Right, Quantitation of
iINOS*CD206* and iNOS-CD206* cells/mm? in the hearts (n=3/group). One-way ANOVA, Bonferroni post-test. E, Top Left, Confocal images

of matrix metalloproteinase-9 (MMP-9) immunostaining (red) in infarct BZ of hearts from WT M, splenectomized M|, CD169°™%/DT M|, and
splenectomized MI+AT mice 10 days after MI. Nuclear staining with DAPI (blue). Top Right, Quantitative group data for total MMP-9 mean
fluorescence intensity per region of interest (ROI; n=4/group). One-way ANOVA, Bonferroni post-test. Bottom, Representative Masson trichrome
stains of infarcted hearts (10 days after MI) from the same groups demonstrating M| border zone (BZ) fibrosis, together with BZ fibrosis
quantitation (n=4/group). One-way ANOVA, Bonferroni post-test. F, Fluorescence-activated cell sorting quantitation of Ly6C" (lymphocyte antigen
6 complex, locus C) blood monocytes and serum interleukin (IL)=10 levels in WT MI, splenectomized MI, CD169°™/DT M, and splenectomized

MI+AT mice at 10 days after Ml (n=4-7/group). One-way ANOVA, Bonferroni post-test. AU indicates arbitrary units; and NS, not significant.

pathways after efferocytosis.?*** In naive mice, the selec-
tive LXRa agonist T0901317% (40 mg/kg IP) induced
an ~9-fold increase in blood CD169*Tim4* monocytes
and an =1.5-fold expansion of splenic CD169*Tim4*
MMMs 24 hours later (Figure S13). To evaluate the
effects of splenic MZ expansion during MI, we admin-
istered TO901317 40 mg/kg IP daily from 1 day be-
fore to b days after Ml in WT and splenectomized mice
(Figure 7A). T0901317 increased CD169*Tim4* mac-
rophages in the heart 24 hours after Ml and blood
CD169*Tim4* macrophages 10 days after Ml in WT MI
mice, but not in splenectomized M| mice (Figure 7B).
T0901317-treated WT MI mice exhibited significantly
improved 10 days post-MI mortality compared with un-

1722 June 17,2025

treated MI mice (Figure 7C), but post-MI mortality was
not improved in splenectomized mice. The mortality ben-
efit resulted primarily from reduced ventricular rupture,
consistent with improved wound healing.

At 10 days after MI, TO901317-treated WT MI mice
exhibited significantly smaller EDV and ESV and higher
EF than untreated WT MI mice (Figure 7D). In contrast,
there was no effect of TO901317 on LV volumes and
EF in splenectomized MI mice. Evaluation of a separate
group of WT MI mice 8 weeks after Ml revealed that
TO901317 given early after Ml significantly improved
(versus vehicle) long-term survival, LVEDV, LVESY, and
LVEF (Figure 7E). There was less total cardiac inter-
stitial fibrosis (border and remote zone) and fewer
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Figure 7. Splenic marginal zone expansion alleviates left ventricular remodeling and inflammation after myocardial infarction.
A, Protocol for LXRa agonist T0901317 treatment (40 mg/kg IP) from 1 day before to 5 days after myocardial infarction (MI), with 10 days
after Ml follow-up, in wild-type (WT) and splenectomized mice. B, Fluorescence-activated cell sorting contour plots and quantitation of cardiac
CD169*Tim4* (cluster of differentiation 169; T cell immunoglobulin— and mucin-domain—containing molecule 4) macrophages 1 day after Ml
and blood CD169*Tim4* monocytes 10 days after Ml in untreated and TO901317-treated WT and splenectomized mice (n=5 or 6/group).
Welch ANOVA, Dunnett T3 post-test. C, Kaplan-Meier survival curves after Ml in untreated and TO901317-treated WT and splenectomized mice.
Statistical comparisons by log-rank test; group sizes as indicated. D, Representative end-diastolic long-axis 2-dimensional echocardiograms

and group data for left ventricular (LV) ejection fraction (EF) and end-diastolic volume (EDV) and end-systolic volume (ESV) in the same mouse
groups at 10 days after Ml or sham operation, as indicated (n=5-10/group). One-way ANOVA, Bonferroni post-test. E, Top, Kaplan-Meier survival
curves over 8 weeks after Ml in WT mice treated with either vehicle or TO901317 from 1 day before Ml to 5 days after Ml (statistical comparison
by log-rank test; n=12-17/group, as indicated) and group data for LV EF, EDV, and ESV, and normalized heart and lung weight, at 8 weeks after
MI (n=8 or 9/group for echocardiography, n=4-7/group for gravimetry). Unpaired t test. Bottom Left, Representative Masson trichrome staining
of LV short-axis sections (2x magnification) and infarct border zone (BZ; scale bar=500 pm), along with quantitation of cardiac fibrosis (BZ and
remote zone [RZ]; blue staining) in vehicle- and TO901317-treated WT HF mice. Also shown are confocal images of immunofluorescent staining
for CD206 (green) and inducible nitric oxide synthase (iNOS; red) in the RZ of hearts from vehicle- and T0901317-treated heart failure (HF)
mice (8 weeks after MI) and quantitation of INOS*CD206+* and iINOS"CD206* macrophages (Mg)/mm?. Double-positive (CD206+INOS*) cells
appear yellow (arrows). DAPI (blue) was used for nuclear staining; n=4-8/group. Unpaired ¢ test. Bottom Right, Representative fluorescence-
activated cell sorting contour plots to identify Ly6C" (lymphocyte antigen 6 complex, locus C) monocytes in vehicle- and T0901317-treated WT
HF mice (8 w after MI), and corresponding quantitation (n=5-10/group). Mann-Whitney U test. NS indicates not significant; and TL, tibia length.

proinflammatory iINOS*CD206* macrophages and cir- nary reperfusion and from controls undergoing elec-
culating Ly6C" monocytes with TO901317 treatment,  tive PCl. The 2 groups were relatively matched for age,
but comparable levels of INOS"CD206" cardiac mac-  sex, and race, and had comparable comorbidity burden,

rophages compared with vehicle-treated MI mice (Fig-  as depicted in Table S4. Using the gating strategy in
ure 7E). Taken together, these results establish splenic  Figure 8A, we identified human leukocyte antigen-DR
dependence of the remodeling benefits of the LXRa (HLA-DR)*CD64*CD169*Tim4+ cells within the cir-
agonist TO901317 and that MZM expansion is cardio-  culating CD14* monocyte population. We performed
protective after MI, suppressing cardiac inflammation  further validation by sorting and visualizing CD14*HLA-

and improving short- and long-term cardiac remodeling. DR*CD169* monocytes using FACS and imaging flow
cytometry (Figure 8B). Robust CD169 expression was
Blood CD64+CD169+Tim4+ Monocytes readily observed in sorted cells. CD169* monocytes

. exhibited a narrower size distribution (=9 pm) after
Expand After STEMI in Humans STEMI compared with controls (8=11 pm; Figure 8B),
Blood was collected from patients with acute ST-  suggesting an altered activation state. Quantitation by
segment—elevation Ml (STEMI) before urgent coro-  flow cytometry revealed robustly increased frequency
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Figure 8. CD169+Tim4+ monocyte expansion after ST-segment-elevation myocardial infarction in humans.

A, Fluorescence-activated cell sorting plots and characterization of human CD45*CD14*HLA-DR*CD64+*CD169*Tim4* (clusters of
differentiation 45 and 14; human leukocyte antigen—DR; clusters of differentiation 64 and 169; T cell immunoglobulin— and mucin-
domain—containing molecule 4) circulating monocytes from a patient with acute STEMI. The accompanying overlaid contour plot illustrates
CD14*HLA-DR* (red) and CD64*CD169+Tim4~* (green) subsets superimposed on all CD45* leukocytes in an SSC-A versus FSC-A gate.
B, Top, Fluorescence-activated cell sorting gating strategy for sorting CD45*CD14*HLA-DR*CD169* cells from human peripheral blood
for further characterization using ImageStream analysis. Bottom, ImageStream visualization of fluorescence-activated cell-sorted CD169*
blood cells from patients with STEMI and controls undergoing elective percutaneous coronary intervention (PCI), and group data for size
distribution of CD169* cells (n=14/group). Scale bar=10 pm. Fluorescence-activated cell sorting plots and frequency of circulating HLA-
DR*CD64+*CD169*Tim4* monocytes within CD14* monocytes (C) and all blood monocytes (D) in STEMI and PCI controls. Also shown in D
are HLA-DR*CD64+CD169*Tim4+ cells (cyan) backgated on monocyte subsets (n=9-12/group): classic (CD14*CD167; orange), intermediate
(CD14*CD16*; green), and nonclassic (CD16*CD147; gray). Unpaired t test.

of circulating HLA-DR*CD64*CD169*Tim4* mono-
cytes within the CD 14" monocyte population and within
the total monocyte (CD14*, CD16*, or dual positive)
population in patients with STEMI versus PCI controls
(Figure 8C and 8D). Backgating revealed that HLA-
DR*CD64*CD169*Tim4* cells circulated primarily
as intermediate CD14+*CD16* blood monocytes (Fig-
ure 8D). These data suggest mobilization of activated
CD169* monocytes after acute Ml in humans, analo-
gous to mice.

DISCUSSION

We have established a novel role for splenic
CD169*Tim4* MMMs, and the cardiosplenic axis, in
the inflammatory, healing, and remodeling responses
after MI. There are several key findings. First, splenic
CD169*Tim4* MMMs circulate as a Ly6C"" mono-
cyte subpopulation and help maintain CD169*Tim4*C
CR27LYVE1"™ macrophages in the heart. Second, af-
ter acute MI, splenic CD169*Tim4* MMMs augment
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phagocytosis and mobilize to the heart in response to
chemotactic signals, resulting in marked expansion of
CD169*Tim4*LYVE1"" macrophages with an immu-
nomodulatory and proresolving gene signature. Third,
splenic MMMs play a crucial role in efferocytosis after
MI, particularly in clearance of apoptotic neutrophils,
and are obligatory for inducing a reparative macro-
phage phenotype. Fourth, splenic CD169*Tim4* mac-
rophages are both necessary and sufficient for post-Ml
wound healing, and limit long-term pathological remod-
eling. Fifth, LXRa agonist—induced expansion of splen-
ic MZMs alleviates adverse post-MI LV remodeling and
inflammation, suggesting a translational approach for
splenic modulation. Sixth, humans also exhibit expan-
sion of circulating CD64*CD169*Tim4* monocytes af-
ter acute STEMI. These data collectively establish that
splenic CD169*Tim4* MMMs traffic to the heart and
are required for proresolving and reparative responses
after MI. These macrophages limit long-term pathologi-
cal LV remodeling and can potentially be manipulated
for therapeutic benefit.
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Interfacing the white and red pulp, the splenic MZ is
an important sinusoidal system for the transit of blood
leukocytes.? It contains specialized CD169* MMMs that
clear apoptotic cells through phagocytic receptors such
as Tim4,"® capture bloodborne antigens, and regulate
subsequent adaptive immune responses.®*" Expres-
sion of CD169, a lectin-like receptor, is restricted to
tissue-resident macrophages in various organs. Spatial
localization of CD169* macrophages in close proxim-
ity to endothelial cells in the splenic MZ, within hepatic
sinusoids, and adjacent to the brain and kidney vascu-
lature suggests that they serve as frontline sentinels
in phagocytosing and removing bloodborne particulate
antigens.?¥%° MZMs are required for both establishing
tolerance to apoptotic cell antigens,*® an essential step
to reduce immunogenicity of autoantigens, as well as
amplifying immune responses through interactions with
dendritic cells, indicating dual regulation of both tolero-
genic and proinflammatory responses.

CD169* MMMs are classically considered tissue resi-
dent at steady-state, dependent on CCL19 and CCL21
for splenic localization®3” However, our data indicate
that splenic CD169*Tim4* macrophages can circulate
in blood as Ly6C**CD169*Tim4* monocytes expressing
CD64 and several key macrophage genes, and populate
CD169*Tim4*LyVE1"" macrophages in the heart. Mobili-
zation of MMMs may relate to their unique anatomic local-
ization, with splenic marginal sinus lining endothelial cells
during dynamic movement of blood from the white pulp to
the red pulp.®® Indeed, the circulating cells exhibited pro-
jections reminiscent of splenic MMM processes that pen-
etrate the white pulp.®” Moreover, splenectomy induced
an ~80% loss of cardiac CD169*Tim4* macrophages
and =70% loss of circulating Ly6C°*CD169*Tim4*
monocytes, consistent with an active splenocardiac MMM
circulation. CD169*Tim4+ macrophages are particularly
important as an immunoregulatory and hypostimulatory
tissue-resident macrophage subset'® Whereas both
splenectomy and CD169 ablation significantly reduced
total Ly6C™ monocytes, neither affected levels of proin-
flammatory Ly6C" monocytes.

Given a steady-state splenocardiac circulation of
CD169*Tim4* macrophages, the recognized rapid turn-
over of splenic MMMs during inflammatory states,®"*!
and their importance in immunoregulation,'® we explored
their role in acute MI. It is established that splenic sub-
capsular red pulp reservoir Ly6C" monocytes infiltrate
the heart and contribute to both inflammation and repair
after acute MI1.2%8%741 Here we show, for the first time
to our knowledge, that Ly6C**CD169*Tim4* splenic
MMMs also robustly mobilize to the heart after acute M,
as splenectomy dramatically reduced the cardiac recruit-
ment of CD169*Tim4*LYVE1"" macrophages, and also
resulted in augmented donor splenic MMM recruitment
in parabiotic models. CD169*Tim4* monocytes exhibited
increased surface expression of CCR3 and CCR4 in
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conjunction with upregulation of several corresponding
chemokine ligands in the infarcted heart. Spleen-derived
MMMs augmented phagocytic capacity after M, sug-
gesting that efferocytosis is a key role for these cells.

CD169*Tim4* MMMs were proresolving, anti-
inflammatory, and reparative in the infarcted heart. One
mechanism underlying these effects may be their impact
on neutrophil clearance and production. Tim4 binds
phosphatidylserine residues on the surface of apoptotic
cells, allowing for engulfment and prevention of ambient
release of toxic materials from dead cells.'”® Acutely after
M, there is intense neutrophil infiltration for removal of
tissue debris."® Neutrophils have short life spans and
undergo apoptosis,*? necessitating their efferocytosis
in the acutely infarcted heart. Our studies with Catchup
mice established that CD169*Tim4* macrophages take
up apoptotic neutrophils, whereas MMM loss upon either
splenectomy or CD169 ablation significantly increased
the number of apoptotic neutrophils in the infarcted
heart. Apoptotic neutrophil levels normalized upon adop-
tive transfer of splenic CD169*Tim4* MMMs in sple-
nectomized MI mice, establishing these cells as crucial
mediators of neutrophil efferocytosis after Ml.

Apoptotic neutrophil disposal triggers anti-inflammatory
and immunosuppressive signals in engulfing phagocytes,*®
including an IL-12"°|L-10"¢" regulatory phenotype** that
promotes tissue repair. In our studies, mice with MMM
deficiency after splenectomy or CD169 ablation exhibited
significantly fewer cardiac Ly6C"" cells expressing anti-
inflammatory 1L-10 or IL-4 24 hours after M|, more pro-
nounced proinflammatory Ly6C" monocytosis and lower
anti-inflammatory serum IL-10 levels at 10 days after M|,
and persistence of proinflammatory INOS*CD206* mac-
rophages at later stages (10 days and 8 weeks) after M.
Proinflammatory macrophage abundance, Ly6C" mono-
cytosis, and serum IL-10 levels were all normalized upon
adoptive transfer of splenic CD169*Tim4* MMMs in
splenectomized MI mice. Hence, whereas the impact of
the spleen on the heart likely relates to multiple cell types,
these studies establish that splenic MMMs are essential
for the development of a proresolving program in cardiac
macrophages after Ml.

Loss of splenic Ly6C*™CD169*Tim4* cells also aug-
mented neutrophil activity and accumulation in the heart,
thereby sustaining tissue inflammation. Both splenecto-
mized and CD169 ablated mice exhibited increased total
and ICAM1* (intercellular adhesion molecule 1) activated
blood neutrophils, myocardial neutrophils, and bone marrow
granulocyte-macrophage progenitors (suggesting greater
granulopoiesis) acutely (24 hours) after MI. Although not
examined specifically, extramedullary granulopoiesis may
have been similarly affected. Bone marrow and myocar-
dial neutrophils were markedly suppressed upon splenic
CD169*Tim4* MMM adoptive transfer in splenecto-
mized M| mice. These data are consistent with previous
work showing that Ly6C°*CD169* macrophages limit
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kidney accumulationandinjuryafterischemia-reperfusion
by suppressing vascular endothelial ICAM-1 expression*;
mice deficient in MZ and bone marrow stromal cell macro-
phages resulting from myeloid C-FLIP (cellular FLICE-like
inhibitory protein) deficiency exhibit excess G-CSF (granu-
locyte colony-stimulating factor)—driven granulopoiesis
because of the failure of macrophages to efficiently clear
apoptotic neutrophils*; and acute CD169* macrophage
depletion significantly expands an activated aged neutro-
phil subset*” Hence, the anti-inflammatory and reparative
effects of splenic CD169*Tim4* MMMSs appear tightly
linked to neutrophil responses.

In concert with immunomodulatory  effects,
CD169*Tim4* MMMs induced functional benefits in
the infarcted heart, promoting cardiac wound healing
and limiting early and late LV remodeling and dysfunc-
tion. Both splenectomized and CD169 ablated MI mice
exhibited higher 10-day mortality after M| because of
increased cardiac rupture, indicative of impaired wound
healing. Lower survival was accompanied by lower matrix
metalloproteinase-9 levels and reduced border zone fibro-
sis at 10 days after MI, indicating diminished extracellular
matrix turnover and healing scar formation, together with
increased LV chamber dilatation and systolic dysfunction.
CD169*Tim4* MMM adoptive transfer in splenectomized
MI mice improved survival, prevented rupture, restored
border zone matrix metalloproteinase-9 and fibrosis, and
alleviated LV dilatation at 10 days after M. The long-term
remodeling effects (8 weeks after MI) of splenic MMM
deficiency included thinner scars and increased LV dila-
tation, systolic dysfunction, hypertrophy, and lung edema.
These data indicate that splenic CD169*Tim4* MMMs
are obligatory for optimal post-MI wound healing to limit
the late development of ischemic cardiomyopathy.

It is known that splenectomized mice exhibit exagger-
ated early LV remodeling after MI® Our results establish
that this impaired healing is in part dependent on the
loss of splenic CD169* MMMs. More recent work dem-
onstrated that CD169* macrophage depletion 1 week
before reperfused MI worsened post-MI remodeling.?* In
that study, CD169 was used as a marker of tissue resi-
dent macrophages to understand the impact of cardiac
CCR2" cells. Our results indicate that detrimental effects
of CD169* macrophage ablation are also attributable to
the loss of splenic MMMs, as nonsplenic derived cardiac
resident CD169*Tim4* cells would not be affected by
splenectomy. The prohealing effects of the spleen on the
heart during acute MI described here contrasts with the
detrimental cardiosplenic axis in chronic ischemic HF that
we have described previously.® This suggests a pathologi-
cal change in the splenic immune cell milieu in chronic HF
that favors tissue injury rather than healing, and carries
important translational implications for wound healing after
a first Ml versus recurrent Ml in the context of chronic HF.

The previous studies established the necessity of
splenic MMMs for post-MI wound healing. We also
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wanted to establish whether expansion of splenic MMMs
would improve endogenous repair. LXRs are nuclear
receptors that are key transcriptional regulators of meta-
bolic and immune responses in macrophages, including
the phagocytic clearance of apoptotic cells and immune
tolerance.®*4° Among the LXRa and LXRp isoforms,
LXRa is specifically required for the development and
generation of MMMs (and MZMs)5° LXRa-deficient
mice exhibit selective loss of MZMs, without affecting
CD169* macrophage populations in other tissues.®
Moreover, LXRa activation accelerates MZM develop-
ment and expansion. Therefore, we used pharmacologi-
cal LXRa agonism to expand splenic MMMs and their
efferocytotic capacity to evaluate therapeutic benefit
of MMM gain of function after MI. Because LXRs are
expressed in several tissues, we isolated the splenic
effects of LXRa agonism by comparing responses in WT
and splenectomized mice. Pharmacological LXRa aug-
mentation with TO901317 robustly increased splenic
and circulating CD169*Tim4* cells at steady state and
splenic CD169*Tim4* MMM infiltration in the acutely
infarcted heart. TO901317 improved 10-day post-Ml
survival and LV remodeling in WT mice, but not in sple-
nectomized mice, indicating splenic dependence of these
effects. Long-term effects included alleviation of late LV
systolic dysfunction, total fibrosis, and reduction of pro-
inflammatory monocytes and macrophages, suggesting
chronic suppression of local and systemic inflammation.

LXRo agonism may be a potential translational
approach to favorably modulate the spleen after Ml.
Both dual LXRo/f agonists®” and LXRa-selective
agonists® protect against adverse LV remodeling from
pressure overload, whereas such remodeling is wors-
ened in LXRa-null mice.®" Bolstering the case for clini-
cal relevance, analogous to mice with acute MI, humans
with acute STEMI also exhibited marked expansion of
circulating CD64*CD169*Tim4" intermediate mono-
cytes, along with size distribution characteristics sug-
gesting an altered activation state, compared with
control PCI participants matched for age, sex, race, and
comorbidities. Whereas the source of these CD169*
cells was not definitively determined, previous work has
indicated that patients with acute coronary syndrome
have increased splenic metabolic activity, as measured
by '®F-fluorodeoxyglucose—positron emission tomog-
raphy, which correlates with proinflammatory remod-
eling of blood leukocytes and the risk of subsequent
cardiovascular events.®® Hence, acute activation of the
cardiosplenic axis after Ml in humans may well include
activation and mobilization of CD169* MMMs to the
infarct to participate in Ml healing. Of note, CD169*
blood monocytes have been observed in humans with
gastrointestinal malignancies, metastatic melanoma,
and COVID-19, and were suggested to represent a
heightened monocyte activation state.®* Moreover, sple-
nectomy in humans has been reported as increasing
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the long-term risk of cardiac ischemic events and MI1.5®
However, it is not clear whether splenectomy augments
the risk of adverse post-MI remodeling in humans. Fur-
ther studies will be required to further delineate this
phenomenon and its implications for post-MI prognosis
and outcomes.

Conclusions

Splenic CD169"Tim4* MMMs play a central role in the
healing and repair response after MI. They comprise a
key cellular component of the cardiosplenic axis both at
baseline and after acute myocardial injury. Splenic MMMs
play a crucial role in dead cell clearance, particularly of
apoptotic neutrophils; induction of reparative tissue mac-
rophages; inflammation resolution; and proper wound
healing after MI. Expansion of the splenic MZ improves
the LV remodeling response and alleviates inflammation,
raising the possibility of splenic modulation as a thera-
peutic intervention during the acute M| period to prevent
the late development of HF.
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