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Macrophage-Expressed Coagulation Factor V|
Promotes Adverse Cardiac Remodeling

Venkata Garlapati, Qi Luo,” Jens Posma,” Melania Aluia®2, Than Son Nguyen, Kristin Grunz, Michael Molitor(, Stefanie Finger,
Gregory Harms‘, Tobias Bopp®®, Wolfram Ruf{®, Philip Wenzel

BACKGROUND: Excess fibrotic remodeling causes cardiac dysfunction in ischemic heart disease, driven by MAP (mitogen-
activated protein) kinase—dependent TGF-B1 (transforming growth factor-81) activation by coagulation signaling of myeloid
cells. How coagulation-inflammatory circuits can be specifically targeted to achieve beneficial macrophage reprogramming
after myocardial infarction (MI) is not completely understood.

METHODS: Mice with permanent ligation of the left anterior descending artery were used to model nonreperfused Ml and
analyzed by single-cell RNA sequencing, protein expression changes, confocal microscopy, and longitudinal monitoring of
recovery. We probed the role of the tissue factor (TF)-FVlla (activated factor VIl)-integrin B1-PAR2 (protease-activated
receptor 2) signaling complex by utilizing genetic mouse models and pharmacological intervention.

RESULTS: Cleavage-insensitive PAR2?%E and myeloid cell integrin B1—deficient mice had improved cardiac function after Ml
compared with controls. Proximity ligation assays of monocytic cells demonstrated that colocalization of FVlla with integrin B1
was diminished in monocyte/macrophage FVIl-deficient mice after MI. Compared with controls, F7%" CX3CR1 (CX3C motif
chemokine receptor 1)® mice showed reduced TGF-B81 and MAP kinase activation, as well as cardiac dysfunction after Ml,
despite unaltered overall recruitment of myeloid cells. Single-cell MRNA sequencing of CD45 (cluster of differentiation 45)* cells
3 and 7 days after Ml uncovered a trajectory from recruited monocytes to inflammatory TF*/TREM (triggered receptor expressed
on myeloid cells) 1+ macrophages requiring F7. As early as 7 days after MI, macrophage F7 deletion led to an expansion of
reparative Olfml 3 (olfactomedin-like protein 3)* macrophages and, conversely, to a reduction of TF*/TREM1* macrophages,
which were also reduced in PAR2?E mice. Short-term treatment from days 1 to 5 after nonreperfused Ml with a monoclonal
antibody inhibiting the macrophage TF-FVlla-PAR2 signaling complex without anticoagulant activity improved cardiac dysfunction,
decreased excess fibrosis, attenuated vascular endothelial dysfunction, and increased survival 28 days after M.

CONCLUSIONS: Extravascular TF-FVIla-PAR2 complex signaling drives inflammatory macrophage polarization in ischemic
heart disease. Targeting this signaling complex for specific therapeutic macrophage reprogramming following Ml attenuates
cardiac fibrosis and improves cardiovascular function.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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In This Issue, see p 803 | Meet the First Author, see p 804

of death and disability worldwide, particularly when remodeling and excess cardiac fibrosis. Myeloid cells
timely revascularization cannot be achieved. Per-  recruited to the ischemic myocardium play pivotal roles in
sistent and subacute ischemia results in the development  repair and postischemic adverse remodeling." Recruited

Myocardial infarction (MI) remains a leading cause of ischemic heart failure, which is caused by tissue
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FVII and Cardiac Remodeling

Novelty and Significance

What Is Known?

* Anticoagulant and antiplatelet therapies are well-
established in the management of ischemic heart
disease.

* The tissue factor pathway plays a crucial role in medi-
ating both inflammatory responses and tissue repair
following acute injuries.

What New Information Does This Article

Contribute?

* Novel role of macrophage-expressed factor VIl in
adverse postischemic cardiac remodeling.

* Interference with the noncoagulant functions of the
TF-FVlla complex rebalances macrophage functions
from TREM (triggered receptor expressed on myeloid
cells) 1 expressing inflammatory to TREM2* reparative
macrophages after experimental myocardial infarction.

+ Blockade of TF-FVIla-PAR2 (protease-activated recep-
tor 2) signaling pathway with a specific anti-TF antibody
can improve long-term cardiovascular function without
increasing bleeding risk.

Current treatments for ischemic heart disease include
the inhibition of coagulation. However, these interven-
tions often carry a high risk of bleeding. We here show
that targeting the signaling properties of coagulation
is sufficient to improve postischemic tissue repair after
myocardial infarction modeled by permanent ligation
of the left anterior descending artery. We delineate
that the immune signaling functions of the coagulation
initiation TF-FVIla-PAR2 complex depend on the cell-
autonomous synthesis of FVII and regulate macro-
phage polarization in ischemic cardiac tissue. Genetic
ablation of the signaling functions or specific antibody
inhibition of this complex induces a shift in injury-
recruited monocyte differentiation from an inflam-
matory toward a reparative macrophage phenotype.
These findings provide insight into a crucial myeloid
cell intrinsic coagulation signaling pathway that deter-
mines ischemic remodeling after myocardial infarction
and suggest potential new strategies for therapeutic
intervention, particularly for patients with subacute and
nonreperfused myocardial infarction who are at high
risk to develop ischemic heart failure.

Nonstandard Abbreviations and Acronyms

Arg1 arginase 1

CCL2 C-C-motif chemokine ligand 2
CD45 cluster of differentiation 45

CD68 cluster of differentiation 68

CpGB cytosine phosphate guanine B

Ctss cathepsin S

CX3CR1 CX3C motif chemokine receptor 1
ERK extracellular signal-regulated kinase

FX factor X, encoded by the F10 gene

Fvil factor VII, encoded by the F7 gene
FVlla activated factor VI
FN1 fibronectin 1

IL interleukin

Itgam integrin alpha M

Itgb1 integrin beta 1

LAD left anterior descending artery

Lv left ventricle

MAPK mitogen-activated protein

]| myocardial infarction

NAPc2 nematode anticoagulant protein c2

NOX nicotinamide adenine dinucleotide
phosphate hydrogen oxidase

OlfmI3 olfactomedin-like protein 3
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PAR2 protease-activated receptor 2

SMAD mothers against decapentaplegic
homolog

SPP1 secreted phosphoprotein 1

TF tissue factor, encoded by the F3 gene

TGF-81 transforming growth factor-f31

TLR-9 toll-like receptor 9

TREM triggered receptor expressed on myeloid
cells

WT wild type

monocytes undergo spatiotemporal dynamic changes in
the myocardium and differentiate into macrophages with
distinct phenotypes. These can be precisely defined by
their single-cell transcriptional profiles.?* Several signal-
ing pathways and receptors, including TREM (triggered
receptor expressed on myeloid cells), have been impli-
cated in the phenotypic differentiation of macrophages
in regenerative processes and are linked to tissue
homeostasis and repair in cardiac dysfunction.?® Thera-
peutic immune interventions after MI have the potential
to improve adverse remodeling, but preservation of host
protective and reparative processes is of crucial impor-
tance for functional tissue repair.

Our previous study has uncovered a persistent com-
plement and coagulation activation upstream of MAP
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(mitogen-activated protein) kinase ERK (extracellular
signal-regulated kinase) 1/2 phosphorylation in the
myocardium of patients with chronic ischemic heart fail-
ure.® While thrombosis is an established trigger for acute
cardiovascular events, continued activation of coagula-
tion in cardiac tissue suggests roles of procoagulant
pathways beyond acute atherothrombosis. Myeloid cells
in the failing myocardium express the extrinsic coagula-
tion initiator tissue factor (TF, encoded by the F3 gene),
which is phosphorylated at its cytoplasmic domain, and
the PAR2 ( protease-activated receptor 2), which controls
specifically the NOX (nicotinamide adenine dinucleotide
phosphate hydrogen oxidase)2/ERK1/2-dependent
activation of TGF-B1 (transforming growth factor-81)
and profibrotic myofibroblasts. Genetic or pharmacologi-
cal inhibition of the TF-PAR2-NOX2-ERK1/2-TGF-B1
pathway attenuates postischemic myocardial dysfunc-
tion and excess fibrosis.®

Here, we provide novel evidence that a cell-
autonomous signaling pathway of monocyte-expressed
factor VII (FVII, expressed by the F7 gene), the ligand
for TF, is central for coagulation-inflammatory circuits
in the infarcted myocardium and the differentiation of
newly recruited monocytes into inflammatory macro-
phages. This signaling involves the association of the
TF-FVIla-PAR2 signaling complex with integrin adhe-
sion receptors”® and can be blocked with a specific anti-
TF antibody with minimal antithrombotic activity.® The
delineated monocyte reprogramming to yield a repara-
tive immune cell phenotype could provide a therapeutic
approach to achieve postischemic cardioprotection with-
out an increased risk for bleeding complications.

METHODS

Data Availability
The data supporting the findings of this study can be obtained
from the corresponding author upon reasonable request.
Single-cell RNA sequencing data have been deposited in
the Gene Expression Omnibus under the accession number
GSE270768.

A detailed description of the methodology'©2° is available in
the Supplemental Material.

RESULTS

Proteolytic PAR2 Activation Is Linked to Myeloid
Cell Integrin $1 Signaling Following MI

Because PARZ2 is linked to different innate immune sig-
naling pathways®'" and can be activated indirectly by het-
erodimeric PAR1/PAR2,” we first addressed the question
of whether PAR2 proteolytic activation was required for
pathological signaling in MI. We investigated mice with a
point mutation of position 38 (arginine to glutamic acid)
in the PAR2 extracellular domain that renders PAR2
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cleavage resistant and insensitive to TF-FVlla—mediated
signal transduction (Figure 1A).8 PAR2R®E mice were
subjected to permanent left anterior descending artery
(LAD) ligation to model nonreperfused MI; sham surgery
was used as an additional control. Compared with strain-
matched PAR2 wild-type (WT) controls, PAR2RE mice
had better left ventricle (LV) systolic function, indicating
partial protection from MI-induced cardiac dysfunction
despite having PAR2 protein expression comparable to
controls (Figure 1B; Figure S1A). Thus, the previously
shown profibrotic role of myeloid cell PAR2 in the devel-
opment of ischemic heart failure requires the direct pro-
teolytic activation of this receptor.

TF-FVlla activates PAR2 by recruiting different recep-
tor complexes, and integrin 81 heterodimers especially
support direct cleavage-dependent signaling of PAR2
downstream of TF-FVlla supporting ERK1/2 activa-
tion® On macrophages, TF-FVlla traffics with integrin
04/B1 and TF-FVlla regulates monocyte/macrophage
migration on fibronectin, the extracellular matrix ligand
for integrin 04/B1 and integrin ab/B1, in the context of
nucleic acid sensing in inflammation.® While complete
integrin B1 (encoded by the Itgb1 gene) deficiency is
embryonically lethal, deletion of Itgb1 in macrophage is
permissive with development but prevents TF-dependent
endosomal activation of the NOX2 in antiphospholipid
antibody signaling.” Because TF also couples to NOX2
in adverse cardiac remodeling after MI,° we compared
ltgb 1% littermate controls with Itgb1%" LysM (lysozyme
M)Ce mice after LAD ligation (Figure 1A). Myeloid cell
integrin B1—deficient mice had better LV systolic func-
tion and decreased left ventricular end diastolic volume,
consistent with partial protection from adverse cardiac
remodeling (Figure 1C).

Activation of TGF-B1 and phosphorylation of down-
stream SMAD (mothers against decapentaplegic homo-
log) 2 were attenuated in the infarcted cardiac tissue of
integrin B1 floxed (Itgb1¥") LysM®® mice relative to Itg-
b 1" littermate controls 7 days after Ml (Figure 1D). The
number of myeloid cells accumulating in the infarcted
myocardium was reduced 7 days after LAD ligation in
myeloid cell integrin B1—deficient mice but not altered 3
days after Ml (Figure 1E; Figure S1B). This was paralleled
by comparable expression of IL (interleukin)-6 and CCL2
(C-C-motif chemokine ligand 2) at day 3, indicating that
the cardiac inflammatory milieu provoked by Ml was not
different between the 2 strains (Figure S1C). Importantly,
TGF-B1 activation started to decrease already at day 3,
whereas myofibroblast activation indicated by p-SMAD2
was not yet altered in the infarcted myocardium (Figure
S1D). These data suggest that myeloid cell integrin B1
signaling is dispensable for the initial monocyte recruit-
ment but plays a role in the subsequent differentiation
and functional maturation of monocyte-derived macro-
phages in the specific coagulation-inflammatory tissue
milieu of postischemic remodeling.
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Figure 1. Myeloid cell integrin B1 is linked to PAR2 (protease-activated receptor 2) cleavage-dependent cardiac dysfunction
post-myocardial infarction (Ml).
A, PAR2RE cleavage—insensitive and strain-matched control wild-type (WT) PAR2 mice were subjected to permanent left anterior descending
artery (LAD) ligation. B, High-frequency ultrasound echocardiography (HFUS) 7 days after Ml with quantification of left ventricular ejection
fraction (LVEF) and left ventricular end diastolic volume (LVEDV). Mean+SEM; n=5 to 6 animals/group, 1-way ANOVA, Sidak (Continued)
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Monocyte/Macrophage-Expressed FVII
Promotes Adverse Remodeling After Ml

The remarkable cardiac protection of myeloid cell integ-
rin B1—deficient mice indicated that myeloid cell integrin
B1 signaling supports TF-FVlla signaling during ischemic
remodeling following ML® Although FVII in the blood is
primarily synthesized in the liver, there is increasing evi-
dence that extrahepatic synthesis of F7 by macrophages
contributes to adaptive and inflammatory processes.92627
We, therefore, hypothesized that potential signaling con-
nections between TF and integrin 81 required the extra-
hepatic synthesis of FVII by monocytes/macrophages.
We deleted F7 with the monocyte/macrophage-specific
CX3CR1 (CX3C motif chemokine receptor 1)¢ driver to
create a deficiency of FVII in the monocytic lineage (Fig-
ure 2A). After permanent LAD ligation, FVII colocalized
with integrin B1 based on proximity ligation assay spe-
cifically in the infarcted tissue. Proximity was significantly
reduced in F7"" CX3CR1¢® mice versus F7"" littermate
controls (Figure 2B). These data indicated that FVII
associated with immune cells in the ischemic myocar-
dium was derived at least in part from cell-autonomous
synthesis by monocytes/macrophages.

Compared with littermate F7%" controls, LAD-ligated
F7¥1 CX3CR1¢® mice showed improved post-MI cardiac
function and reduced LV dilatation (Figure 2C). This was
paralleled by attenuation of MAPK (mitogen-activated
protein) ERK1/2 phosphorylation, profibrotic TGF-81
activation, and downstream SMADZ2 phosphorylation, a
marker of fibroblast activation (Figure 2D). As seen with
ltgh 1% LysMCr mice, the abundance of accumulating
immune cells in the infarcted tissue 3 days after Ml did
not differ between controls and monocyte/macrophage
F7-deficient mice (Figure S2A). Remarkably, immune
cell numbers and inflammatory markers (Figure S2B)
in the infarcted myocardium were also similar between
monocyte/macrophage F7—deficient mice and littermate
WT controls 7 days after MI, suggesting that FVII specifi-
cally fine-tuned the macrophage phenotype for adverse
remodeling.

We capitalized on the quantitatively similar numbers of
infiltrating immune cells to characterize the FVIl-induced
phenotypic changes in monocytes/macrophages by
single-cell RNA sequencing. We isolated CD45 (cluster
of differentiation 45)* immune cells from the infarcted
myocardium of littermate F7"" and F7"" CX3CR1Cre

FVII and Cardiac Remodeling

mice 3 and 7 days after permanent LAD ligation. Unsu-
pervised clustering of the merged data set showed that
most retrieved cells were of the monocyte/macrophage
lineage with few granulocytes, T cells, and contaminat-
ing stromal cells being captured (Figure S3A and S3B).
Reclustering of monocyte/macrophage populations
yielded 10 distinct clusters populated (Figure S3C) with
different amounts of cells isolated from day 3 and 7 sam-
ples after LAD ligation (Figure S3D and S3E). Most clus-
ters coexpressed F7 and CX3CR1 and showed reduced
F7 levels in F7¥# CX3CR1¢® relative to F7%" control
mice (Figure S3F).

This initial analysis was consistent with prior stud-
ies indicating that newly recruited monocytes differen-
tiated into macrophages during myocardial remodeling
after ML'® To further analyze the differentiation path, we
enriched our data obtained on days 3 and 7 after Ml by
merging publicly available data sets'® for CD45* myocar-
dial cells at steady state and days 1,5, and 7 (Figure 3A).
This merging of data yielded an integrated Uniform
Manifold Approximation and Projection (UMAP) with
13 clusters (Figure 3B) that were characterized by dis-
tinct expression profiles (Figure S4). The abundance of
cells in these clusters differed between F7%" CX3CR1¢re
and F7% control mice, specifically on day 7 (Figure 3C).
Clusters 6 and 10, which had an expression profile con-
sistent with newly recruited monocytes (Figure S4), were
most abundant on day 3. Comparison of the expression
profiles of clusters 10 versus 6 showed an upregulation
of macrophage maturity markers related to antigen pre-
sentation and regulation of adaptive immune responses
(Figure SBA and SbB), suggesting sequential differen-
tiation from clusters 6 to 10. At day 3, cell numbers in
these clusters did not differ between monocyte F7—defi-
cient and control mice, in line with the flow cytometry
data (Figure S2A). Clusters 1, 11,and 12 also had similar
cell numbers in both strains on day 3, but cell numbers
within these clusters increased on day 7. Moreover, the
abundance of cells in clusters 1, 11, and 12 cells shar-
ing a more anti-inflammatory signature (Figure S4) was
higher in F7%" CX3CR1%*® than in control mice 7 days
post-Ml. In contrast, more proinflammatory Arg1 (argi-
nase 1)* macrophages in cluster 3 (Figure S4) increased
in numbers in controls from day 3 to day 7 but remained
unchanged in F7"f CX3CR1¢* mice (Figure 3C).

We next performed a trajectory analysis of monocyte
differentiation in this merged data set. We uncovered

Figure 1 Continued. multiple comparison test. C, Integrin 81 floxed (Itgh1%") and myeloid cell integrin B1—deficient ltgh 1" LysM (lysozyme
M)c littermates were subjected to permanent LAD ligation and analyzed after 3 and 7 days. C, HFUS obtained from Itgb1"" and Itgh 1™

LysMCe mice 7 days after Ml with measurement of LVEF and LVEDV. Mean£SEM; n=5 to 6 animals/group, 1-way ANOVA, Sidak multiple
comparison test. D, Protein expression analysis of TGF-B1 (transforming growth factor-81; normalized to GAPDH) and p-SMAD (mothers against
decapentaplegic homolog) 2 (normalized to total SMAD2) in the infarcted myocardium. Representative blots and quantification of biological
replicates. Mean+SEM, n=6 animals/group; Welch unpaired t test. E, Flow cytometry analysis of the infarcted myocardium obtained 3 and 7 days
post-MI. Quantification of CD45 (cluster of differentiation 45)*/CD90.2/B220/NK1.1 (killer cell lectin-like receptor subfamily B member 1C)/
CD11b*/Ly-6C (lymphocyte antigen 6 family member C)" monocytes and CD45*/CD90.2-/B220-/NK1.1-/CD11b*/Ly-6C" macrophages.
MeanxSEM, n=4 to 6 animals/group; Welch unpaired ttest. Scheme created with the help of BioRender.com.
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Figure 2. Monocyte-expressed factor VIl (FVII) is required for pERK (extracellular signal-regulated kinase) 1/2 and TGF-1
(transforming growth factor-B1) activation and development of cardiac dysfunction after myocardial infarction (MI).

A, F7V"and F7"" CX3CR1 (CX3C motif chemokine receptor 1)° littermates were subjected to permanent left anterior descending artery (LAD)
ligation and investigated after 7 days. B, Proximity ligation assay (PLA) with red fluorescence spots for FVIl and ITGB1 proximity in the infarcted
and remote myocardium was measured 7 days post-MI with a 63x 1.4 numerical aperture (NA) oil immersion objective with sequential detection
for 4’,6-diamidino-2-phenylindole (DAPI) and Alexa Fluor 594. n=3 animals/group; 1-way ANOVA, Sidak multiple comparison test. C, Assessment
of cardiac function by high-frequency ultrasound 7 days after Ml with quantification of left ventricular ejection fraction (LVEF) and left ventricular
end diastolic volume (LVEDV). Mean+SEM, n=5 animals/group; 1-way ANOVA, Sidak multiple comparison test. D, Protein expression analysis
and quantification of pERK1/2 (normalized to total ERK1/2), activated TGF-B1, and aSMA (alpha smooth muscle actin; normalized to GAPDH)

at day 7. Mean£SEM, n=b animals/group; 1-way ANOVA, Sidak multiple comparison test. Scheme created with the help of BioRender.com.

trajectories from early recruited monocytes in cluster 6
to proinflammatory monocytes in cluster 3 as opposed to
a trajectory sequentially through clusters 12 and 11 to
cluster 1 (Figure 3D). A differentiation path along clus-
ters 9 and 8 to a monocyte-derived dendritic cell pop-
ulation in cluster 4 was also revealed in this analysis.
Cluster 4 cell abundance neither changed from days 3 to
7 nor differed between WT and myeloid cell F7-deleted
mice. While factor 10 (F10) was expressed in the newly

846  September 27, 2024

recruited monocyte cluster 6, its expression peaked in
cluster 10 and then remained relatively higher on the
trajectory to cluster 3 compared with the alternative tra-
jectory to cluster 1 (Figure 3E). In contrast, F7 mRNA
expression increased along the trajectory to cluster 3,
which was also characterized by high expression of the
FVII receptor TF (encoded by F3 gene), indicating cell-
autonomous synthesis and signaling of the TF-FVlla
complex. In addition, Arg1 and IL1a increased along

Circulation Research. 2024;135:841-855. DOI: 10.1161/CIRCRESAHA.123.324114



202 ‘6¢ Jequiedaq uo Agq Blo'sfeulnofeye//:dny woly papeojumod

Garlapati et al FVIl and Cardiac Remodeling

Steady State Day 1 Day 3 Day 5 Day 7

=)
==
=
=
==
=
=
m
17}
m
==
=
=)
=

n =502 n =253 n=12164 n =764 n=7687

Day 3 Day 7
B C flfi Cre fifi Cre D

0.07 0.08 1

0.2
0.14/0.13 2

0.15

0.07 0.06 0.15/0.09|3
0.09/0.10/0.08/0.08 4 ’
5
6

0.11/0.07 0.06 0.09 0.1
0.12/0.13

005 <.
0.11/0.11 7 I ‘
0.06/0.11/0.11/8 ]

0.09/0.10 9
0.09/0.08 10
0.110.12|11

0.07 0.11/12 B
13

0.9

UMAP2
UMAP2

0.6

0.3

0.0

UMAP1

E F3 (TF) F7 F10

UMAP 2
UMAP 2
UMAP 2

5 0 5 -5 0 5 5 0 5
UMAP 1 UMAP 1 UMAP 1

-

Figure 3. Single-cell sequencing of immune cells in the infarcted myocardium.

A, CD45 (cluster of differentiation 45)* single-cell data sets published by Haghverdi et al'® (steady state before myocardial infarction [MI], days
1,3, 5, and 7 post-MI) was integrated with our data set from days 3 and 7 post-MI obtained from 18 mice (day 3: factor 7 [F7]"" mice: n=4;
F7%1 CX3CR1 (CX3C motif chemokine receptor 1) mice: n=3; day 7: F7"" mice: n=6; F7"" CX3CR1°* mice: n=5) using the Fastmnn from
the Batchelor package in R. Uniform Manifold Approximation and Projection (UMAP) plots and number of monocytic cell extracted from the
integrated data sets at the different timepoints. B, Cluster numbering of the integrated data set. Corresponding clusters of the UMAP plots from
Figure S2C are given in brackets. n=21 644 cells. C, Relative abundance of monocytic cells in clusters 1 to 13 in F7%" and F7%" CX3CR1¢®

at days 3 and 7 in our data sets. D, Cells were positioned along a pseudotime trajectory path using the TSCAN package in R and color labeled
according to their pseudotime. Cluster 6, the Ly6C2 (lymphocyte antigen 6 family member C)"sh monocytes, was selected as the root of the
trajectory. The minimum spanning tree trajectory path was visualized on top of the UMAP plot. E, mMRNA Expression of tissue factor (TF; factor 3
[F3]), F7, and factor 10 (F10) along the trajectory in the UMAP plot.
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the trajectory from cluster 6 to cluster 3 but decreased
along the differentiation path to cluster 1. Conversely,
transcripts increasing on the trajectory to cluster 1
(Ctss [cathepsin S] and lymphocyte granule membrane)
remained unchanged or decreased on the trajectory to
cluster 3 (Figure S6A and S6B).

Comparison of the expression profiles of cluster 3
with the combined data of early recruited monocytes/
macrophages in clusters 6 and 10 revealed an upregu-
lation of cell migration and immune activation pathways
(Figure S7TA and S7B). To identify relevant macrophage
subpopulations in which TF-FVlla might interact with inte-
grin p1, we analyzed integrin expression of Ml-recruited
monocyte/macrophages. Violin plots of log-normalized
counts of relevant integrin subunits showed that integ-
rin aM/B2 was already expressed in the newly recruited
monocyte/macrophage population in cluster 6 and mark-
edly increased on the trajectory through cluster 10 to the
detrimental macrophage population in cluster 3 express-
ing high levels of F3 and F7 (Figure 4A; Figure S8A).
In contrast, integrin f1 was expressed at low levels by
newly recruited monocyte/macrophages (cluster 6) but
reached the highest level of expression in the detrimental
F3/F7 expressing macrophages in cluster 3 (Figure 4A).
In addition, integrin o subunits previously implicated in
the interaction with TF-FVIla® were also expressed by this
macrophage phenotype (Figure S8B). Taken together,
these data showed that the proinflammatory cluster 3 had
the highest expression levels of not only F3 and F7 but
also Itgb1 compared with all other clusters, including the
reparative clusters 1, 11, and 12.

In addition to the expression of F3, F7, and F10, a
comparison of cluster 3 with clusters 1, 11, and 12 iden-
tified TREM1 as a transcript characteristic for these
CD68 (cluster of differentiation 68)* macrophages
found at day 7 predominantly in WT mice. Additional
transcripts discriminating CD68* cells between cluster 3
and clusters 1, 11, and 12, which shared a high degree
of similarity, were the expression of TREM2 and of Olfm|
(olfactomedin-like protein) 3 (Figure 4B). Analysis of
gene ontology terms characterizing cluster 3 versus the
combined clusters 1, 11, and 12 showed that the latter
had a tissue-homeostatic/reparative expression profile,
whereas cluster 3 showed an inflammatory signature
and patterns of leukocyte and ERK activation (Figure
S9A), known to be implicated in profibrotic remodeling
after ML® Further analysis with an alternative bioinfor-
matics pipeline confirmed that cluster 3 cells had a more
inflammatory phenotype as opposed to cluster 1, 11, and
12 cells, which showed enrichment of pathways involved
in homeostatic functions of macrophages (Figure 4C;
Figure SOB).

To clarify the phenotypic changes of macrophage
abundance in the spatial context of the infarcted myocar-
dium, we analyzed the cellular distribution of the identified
markers by immunohistochemistry in cardiac sections
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from mice 7 days after LAD ligation. Confocal micros-
copy showed that the CD68* macrophages were pre-
dominantly localized to the infarcted myocardium (Figure
S10A through S10C), but the abundance of CD68* cells
did not differ between F7%" CX3CR1%* and littermate
controls mice (Figure S10D). In contrast and in line with
the single-cell transcriptomic data, CD68* macrophages
double positive for TF or TREM1 were lower, whereas
the number of CD68* OIfmI3* cells was higher in F7%"
CX3CR1¢e relative to F7"" littermate controls (Figure A
and BB). We corroborated these results by investigating
cardiac sections of LAD-ligated PAR2E mice 7 days
after Ml (Figure S11A and S11B). PAR2R% mice had sim-
ilar numbers of CD68* cells in the infarcted myocardium
and phenocopied the F7%" CX3CR 1% mice by a shift to
a lower abundance of CD68*TF* and CD68*TREM1*
macrophages relative to controls (Figure 5C and 5D).
Western blotting also confirmed the overall reduced lev-
els of TREM1 in the infarcted myocardium of PAR2RE
relative to WT mice (Figure S11C). Thus, proteolytic TF-
FVIla-PAR2 signaling by monocyte/macrophages is a
driver for the expansion of a more proinflammatory mac-
rophage population during adverse remodeling after MI.

Inhibition of the TF-FVilla Complex Preserves
Cardiovascular Function After Ml

Monoclonal antibodies can inhibit the integrin-
dependent function of TF-FVlla in cell signaling with
minimal interference in TF-dependent coagulation.®®
Recently, a monoclonal antibody (43D8) to mouse TF
without appreciable anticoagulant activity has been
developed.® We evaluated anti-mouse TF 43D8 in
a clotting assay initiated with mouse TF* cells. The
function-blocking anti-mouse TF 21E10% was used as
positive control and markedly prolonged clotting times
relative to control IgG from 12.0+£0.1 s to 39.6£1.7 s
(P<0.0001), whereas the clotting time was not signifi-
cantly prolonged by anti-mouse TF 43D8 (13.310.1 s).
We next analyzed the effects of anti-mouse TF 43D8
on TF-FVlla-PAR2 signaling—dependent macrophage
migration stimulated by nucleic acid sensing,® which
plays a pivotal role in the macrophage response to myo-
cardial ischemia.?® Considering our scRNA sequencing
results revealing Itgh1* and ltgam* (integrin alpha M)/
ltgb2* (integrin beta 2) cells in cluster 3, we stimu-
lated macrophages with the DNA mimic and TLR-9
(toll-like receptor 9) activator CpG B (cytosine phos-
phate guanine B) and compared anti-mouse TF 43D8
to control IgG. CpG B-—activated cells migrated more
efficiently on the integrin 1 matrix fibronectin and the
integrin aM/B2 matrix fibrin(ogen), but only the latter
was inhibited by the signaling blocking anti-TF 43D8
compared with control IgG (Figure S12A). These data
demonstrated signaling inhibition in the context of MI-
relevant DNA sensing and indicated that TF-FVlla-PAR2
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Figure 4. Characteristics of macrophage subsets in the infarcted myocardium.
Violin plots of log-transformed raw counts of (A) coagulation proteins tissue factor (TF; factor 3 [F3]), factor 7 (F7), and factor 10 (F10), as well
as ltgb1, and (B) CD68 (cluster of differentiation 68), Trem1 (triggered receptor expressed on myeloid cells), Trem?2, and Olfml (olfactomedin-
like protein) 3. Note that clusters 1, 11, and 12 show a similar expression profile of Trem1, Trem2, and OlfmI3. C, The top 1000 upregulated and
top 1000 downregulated genes between cluster 3 and the combined clusters 1, 11, and 12 were used to determine differentially activated and
repressed biological processes with clusterProfiler. The enrichment analysis revealed an inflammatory/apoptotic phenotype in cluster 3 vs clusters
1,11, and 12. MHC indicates major histocompatibility complex.
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Figure 5. Localization and quantification of macrophage subsets in the infarcted myocardium 7 days after myocardial
infarction (MI).

A Representative confocal images of left ventricle infarct zones in myocardial cryo-sections obtained after 7 days post-MI. B, Quantification of
CD68 (cluster of differentiation 68)*Olfml (olfactomedin) 3*, CD68*TREM (triggered receptor expressed on myeloid cells) 1%, and CD68*tissue
factor (TF)* cells in factor 7 (F7)"" CX3CR1 (CX3C motif chemokine receptor 1) compared with F7%" littermate mice. C and D, Representative
confocal images and quantification of CD68*TREM 1+ and CD68*TF* cells in cleavage-resistant PAR2 (protease-activated receptor 2)%%8¢
compared with wild-type (WT) mice. All images were acquired with a 20x 0.75 NA dry objective with sequential scanning and detection for
4’,6-diamidino-2-phenylindole (DAPI; blue), Alexa Fluor 594 (CD68; green), and Alexa Fluor 647 (OlfmI3, TREM1 and TF; red). Mean£SEM, n=5
animals/group, Welch unpaired t test.

signaling did not play a role in integrin B1-dependent  in improved survival (Figure 6C) and reduced excess

macrophage migration, in line with the similar recruit-  fibrotic remodeling of the LV (Figure 6D) 28 days post-
ment of monocyte/macrophages at day 3 post-Ml in ~ MI. Consistently, systemic endothelial dysfunction as
myeloid cell Itgb1- and F7-deficient mice. assessed by vascular relaxation studies of isolated aor-

To assess whether blockade of TF signaling without  tic segments was impaired in ischemic heart failure mice
undesired effects on coagulation is sufficient for car-  with nonreperfused M, while short-time intervention with

dioprotection, we treated mice on days 1, 3, and b after  anti-TF 43D8 in the first days after LAD ligation attenu-
LAD ligation with anti-TF 43D8 versus isotype-matched ~ ated this phenotype (Figure 6E). Vascular inflammation
control IgG2a (Figure 6A). Specific inhibition of TF-FVIla  after Ml is a driver for endothelial dysfunction.'* Treat-
resulted in reduced dilation of the LV and improved left ~ ment with anti-TF 43D8 decreased aortic mRNA levels
ventricular ejection fraction, starting at day 7 and per-  of the myeloid cell-expressed pro-oxidant and inflam-
sisting until day 28 post-MI (Figure 6B). This resulted ~ matory genes NOX2, IL-16, and MMP9 (Figure 6F),
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Figure 6. Pharmacological targeting the tissue factor (TF)-factor Vlla (FVIla) signaling complex improved post-myocardial

infarction (MI) recovery.

A, Top, Treatment scheme of mice with established Ml received anti-TF 43D8 or control IgG (10 mg/kg) on days 1, 3, and 5. B, High-

frequency echocardiography obtained in the parasternal long axis (PLAX) after left anterior descending artery (LAD) ligation and longitudinal
echocardiography and quantification of left ventricular ejection fraction (LVEF) and left ventricular end diastolic volume (LVEDV) in the PLAX
M-mode; n=6 to 10 animals/group, 2-way ANOVA, Tukey multiple comparison test. C, Kaplan-Meier survival analysis of LAD-ligated vs sham-
operated mice treated with anti-TF and isotype control IgG, as shown in A; n=12 animals/group. D, Representative images and quantification of
fibrotic areas normalized to total surface area in hearts from control or anti-TF—treated mice with sham surgery or LAD ligation 4 weeks earlier;
n=5 animals/group, 1-way ANOVA, Sidak multiple comparison test. E, Endothelium-dependent (acetylcholine [Ach]) relaxation of thoracic aortic
rings measured by isometric tension method. Aortas were obtained 4 weeks after sham surgery or LAD ligation with control IgG or anti-TF
treatment; =6 to 7 animals/group, 2-way ANOVA with Tukey multiple comparison test. F, mMRNA expression analysis for NOX (nicotinamide
adenine dinucleotide phosphate hydrogen oxidase) 2, IL (interleukin)-16, and MMP (matrix metalloproteinase) 9 in aortic tissue obtained 4 weeks
post-MI; mean+SEM, n=5 animals/group, 1-way ANOVA, Sidak multiple comparison test and Kruskal-Wallis test (MMP9). Scheme created with
the help of BioRender.com.
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indicating reduced vascular infiltration with immune cells
in the aorta of anti-TF treated mice.™

Cardiovascular diseases have sex-specific differ-
ences in pathogenesis®® and outcomes3® While the
above experiments were performed in age-matched
male mice, we affirmed the translational impact of the
delineated mechanism by a pharmacological interven-
tion study in females. Female LAD-ligated mice showed
no increased lethality, consistent with published evi-
dence®' (Figure S12B). However, treatment with the
inhibitory anti-mouse TF 43D8 partially preserved LV
systolic function (Figure S12C) and prevented ischemic
fibrotic remodeling to a similar extent as seen in males
(Figure S11D). Post-MI vascular dysfunction was not
increased in female mice, which also showed no evi-
dence of increased vascular inflammation 28 days after
MI'* (Figure S12E and S12F). Thus, specific targeting
of TF-FVlla—dependent signaling has beneficial effects
on post-MI remodeling, mitigates the development of
ischemic heart failure in mice of both sexes, prevents
systemic vascular dysfunction, and reduces mortality in
male mice.

DISCUSSION

Inhibition of coagulation and platelet activation are
established and effective therapeutic interventions in the
prevention and treatment of ischemic heart disease. The
hemostatic system and, particularly, the TF pathway also
play pivotal roles in inflammation and tissue repair after
injury. Specific therapeutic interventions targeting TF
have to date not reached clinical applications due to con-
cerns of increased bleeding risk. Here, we demonstrate
a novel and specific role of macrophage-expressed FVI
in adverse postischemic remodeling. We show that inhi-
bition of the noncoagulant functions of the TF-FVlla
complex achieves a rebalancing of inflammation toward
reparative macrophage functions following M.

We had previously shown that inhibition of TF with
recombinant NAPc2 (nematode anticoagulant protein
c2) was effective in averting the development of ischemic
heart failure in a preclinical model of nonreperfused Ml by
blocking the TF-PAR2/ERK/TGFf1 signaling cascade.®
Although NAPc2 inhibits the TF-FVlla complex and its
signaling function, this inhibitor also interferes with TF
prothrombotic activities in a complex manner®>3% and
has multiple antithrombotic,**® signaling, and immune-
modulatory properties.''¢ Using anti-TF 43D8 that has
minimal antithrombotic properties but blocks TF-FVlla-
PAR2 dependent signaling, we here demonstrate a ther-
apeutic window of opportunity in persisting myocardial
ischemia to achieve beneficial myeloid cell reprogram-
ming and improve long-term cardiovascular function.
Without the risk of increased bleeding, this strategy pro-
tects from adverse cardiac remodeling after Ml and may
decrease the risk of ischemic heart failure.
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Mechanistically, we show that the synthesis of FVII
by monocyte/macrophages leads to the engagement of
integrin B 1 in the infarct zone and promotes PAR2 cleav-
age—dependent myocardial dysfunction. With single-cell
sequencing—based monocyte/macrophage profiling,
we identify a trajectory of differentiation from recruited
monocytes to an integrin B1-TF-FVII expressing mac-
rophage population with an inflammatory phenotype. In
addition to the extrahepatic synthesis of FVII our data
also reveal the expression of coagulation FX (encoded
by F10 gene) in newly recruited monocytes on a path of
differentiation toward macrophages. While FX expression
rather declines in TF*FVII* inflammatory macrophages,
the expression of all components of the TF coagula-
tion initiation complex in this detrimental cell population
is in line with the previously demonstrated therapeutic
efficacy of the FX-dependent inhibitor NAPc2. More-
over, our data show that specific blockade of TF-FVlla
dependent protease signaling is sufficient for beneficial
reprogramming of cardiac macrophages and results in
cardioprotection after ML.

There are multiple potential ligands that can engage
with various integrin B1 heterodimers with diverse func-
tions in leukocyte trafficking into but putatively also out-
side of inflamed tissue.3” A specific integrin-binding site
in the FVlla protease domain enables complex forma-
tion with active integrin 1 and stimulates cell migration
and PAR2 signaling leading to ERK1/2 activation® The
pharmacological antibody blockade of integrin f1-TF-
FVlla-PAR2 signaling did not impair macrophage migra-
tion on fibronectin, which is the extracellular matrix ligand
for integrin a4/p1 and integrin ab/p1, in the context
of DNA sensing, playing a pivotal role for macrophage
polarization in myocardial ischemia.®® These data are in
line with the unaltered initial recruitment of integrin p1-
deficient monocytes/macrophages and suggest that the
specific interaction of FVlla with integrins specifically
affects the subsequent polarization to a proinflammatory
macrophage at the expense of a reparative phenotype.
Consequently, targeting the integrin $1-TF-FVlla signal-
ing effectively attenuated cardiac remodeling in nonre-
perfused Ml and mitigated the development of ischemic
heart failure both in male and female mice, in the absence
of apparent bleeding complications.

Recently, several immune interventions have been
evaluated to identify new therapeutic avenues for the
treatment or prevention of ischemic heart failure. For
example, TREM2 was found on a subset of macrophages
with remodeling properties peaking 5 days post-Ml, and
injection of soluble TREMZ2 attenuates the development
of heart failure in this setting.? In models of lung and liver
fibrosis, TREM2*SPP1 (secreted phosphoprotein 1)*
macrophages are profibrotic and activated by TGF-81 for
increased deposition of collagen type 1 and scarring.®
In atherosclerosis, TREM2 plays a pivotal role in macro-
phage function, by regulating cholesterol efflux pathways
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and reducing endoplasmic reticulum stress responses,
which defines macrophage survival and effectively con-
strains plague necrosis.3%4

Cardiac expression of TREM1 is increased after Ml in
mice, and levels of soluble TREM1 predict outcomes of
Ml patients.* Importantly, targeting TREM1 limits cardiac
accumulation of neutrophils and inflammatory mono-
cytes and protects from impaired cardiac function.*’ Our
data implicate TREM1* monocyte-derived macrophages
expressing the integrin 1 ligand fibronectin (FN1 [fibro-
nectin 1]; Figure S4) in the adverse remodeling in car-
diac ischemia. Mice with monocyte/macrophage F7
deficiency have decreased numbers of TREM1* mac-
rophages, reduced ERK phosphorylation, and TGF-B1
activation. These TREM1* cells are also Arg1 positive
and resemble FN1 and osteopontin (SPP1) express-
ing macrophages associated with postischemic fibrotic
tissue remodeling across organs and species, including
heart failure.*> SPP1 is an alternative ligand for integ-
rin B1, regulated by platelet-derived CXCL4, and, thus,
involves hemostatic-immune cell crosstalk. Similarly,
SPP1* macrophages differentiate from recruited mono-
cytes, accumulate in atrial myocardium, and cause tissue
remodeling and arrhythmia in atrial fibrillation.** Our data
indicate that an intracellular coagulation signaling mech-
anism drives polarization toward TREM1* macrophages
as the culprits for the activation of myofibroblasts.®

TREMZ2 is more broadly expressed by macrophages
in the infarcted myocardium than TREM1, supporting an
important role as a decision maker in myeloid cell trajec-
tories and in tissue (mal)adaptive responses to inflamma-
tory stress.*?*3 In our study, TREM2 was predominantly
upregulated in the repair type macrophage populations,
which were expanded in monocyte/macrophage F7-
deficient mice. These macrophages can be identified by
the expression of Olfml3, which encodes the secreted
extracellular matrix glycoprotein OlfmI3 with a C-terminal
olfactomedin domain mediating cell adhesion and inter-
cellular interactions. Olfml3 is important for angiogenesis
and is upregulated in macrophages after Ml dependent
on TGF-B81.** The expansion of OIfmI3*CD68* macro-
phages in monocyte/macrophage F7 deficiency is, thus,
consistent with the regenerative effect of macrophage
reprogramming seen in our study.

In principle, activation of self-renewing and tissue-
homeostatic properties of cardiac resident macrophages
may confer cardioprotection after ML* Yet, tissue-
resident macrophages represent a minor cell population
in our data set 7 days after acute MI. Our study clearly
indicates that manipulating monocyte-derived macro-
phages, which represent the majority of accumulated
immune cells post-MI," is effective in inducing cardio-
protection. Moreover, this reprogramming of monocyte-
derived macrophages can be achieved by antagonizing
a noncanonical signaling function of coagulation and is
feasible to rebalance the inflammatory response post-Ml.

Circulation Research. 2024;135:841-855. DOI: 10.1161/CIRCRESAHA.123.324114
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Thus, our strategy provides new therapeutic prospects to
prevent and treat ischemic heart failure.
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