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The heart under pressure: immune cells in fibrotic remodeling
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Abstract

The complex syndrome of heart failure (HF) is characterized by increased left ventricular
pressures. Cardiomyocytes increase in size, cardiac fibroblasts transform and make extracellular
matrix, and leukocytes infiltrate the cardiac tissue and alter cardiomyocyte and cardiac fibroblast
function. Here we review recent advances in our understanding of the cellular composition of

the heart during homeostasis and in response to cardiac pressure overload, with an emphasis on
immune cell communication with cardiac fibroblasts and its consequences in cardiac remodeling.
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Introduction

The physiologic function of the heart is to pump blood through the body providing

the necessary nutrients and oxygen for continued function. Pressure overload caused

by conditions such as aortic stenosis and hypertension leads to increased strain on

cardiac resident cells, local inflammation, and compensatory responses that result in left
ventricular derangements in structure, such as cardiac hypertrophy and ventricular dilation.
Sustained pressure leads to adverse remodeling, marked at the tissue and cellular level by
cardiomyocyte hypertrophy, various stages of cardiac fibrosis, and inflammation, hallmarks
of the of the deadly syndrome of heart failure (HF) which affects over 24 million people
worldwide [1]. Resident immune cells act as sentinels against possible infection and

injury in a tissue such as the heart that largely lacks regenerative capacity. In addition,
cardiac fibroblasts synthesize extracellular matrix (ECM) to provide important biochemical
and structural support. These important functions of cardiac resident immune cells and
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fibroblasts are becoming appreciated to contribute to cardiac homeostasis. During HF, the
number of immune cells is increased in the heart, and they acquire a more proinflammatory
state; simultaneously, fibroblasts transform to myofibroblasts that make excess ECM
resulting in pathological fibrosis. Preclinical models of cardiac remodeling serve as
important tools for HF investigation and have shed new light into how cardiac homeostasis
is disrupted in the heart under pressure. Cardiac infiltrated immune cells actively contribute
to cardiac remodeling by communicating with cardiomyocytes, endothelial cells, and cardiac
fibroblasts. Here we review recent advancements in knowledge of the immune system’s

role in cardiac homeostasis, in acute and chronic inflammation, and in adverse fibrotic
remodeling in response to cardiac pressure overload (Figure 1).

Immune Cells In Cardiac Homeostasis

Cardiomyocytes make up the largest volume of the murine cardiac tissue. Within the
non-myocytes, endothelial cells make up 60% of cells, fibroblasts <20%, and leukocytes
make up approximately 10% of cells as determined by flow cytometry [2]. Single cell
sequencing of immune cells from both murine and deceased transplant donors without
cardiac pathology show the healthy adult heart contains most major immune cell classes
including macrophages, monocytes, neutrophils, mast cells, dendritic cells, T cells, T
regulatory cells, and B cells [3, 4]. The distribution of immune cells is not uniform as
samples from human atria and ventricles showed different proportions of immune cells with
a greater number of myeloid and lymphoid cells in the atria [4].

Besides their role in protection from infectious pathogens, there is a growing appreciation
for homeostatic roles of immune cells in the heart. Our greatest understanding comes from
cardiac resident macrophages which are embryonically derived and can be distinguished
from hematopoietic derived macrophages by the lack of expression of C-C Motif
Chemokine Receptor 2(CCR2) [5, 6]. Resident cardiac macrophages are important for
cardiac development, lymphangiogenesis, clearing local cell debris, and for proper electrical
conduction [5, 7-10]. Similarly, B cells seem to be central to cardiac homeostasis, since B
cell deficient mice show alterations in myocardial mass and ventricular contractility[11].
Recent single cell sequencing analysis of the human heart predicts extensive cell-cell
interactions based on receptor- ligand circuits between immune cells, cardiomyocytes, and
stromal cells, supporting cell-cell communication being central to cardiac homeostasis,

but the physiologic functions of these interactions still need to be elucidated[4, 12].

Taken together analyzing RNA transcripts by bulk or single cells sequencing, and

protein expression using cell specific markers, significant progress has been made in

our understanding of the cellular composition of the heart. Sequencing studies have the
advantage of being unbiased and of identifying low proportion cell subsets, yet protein
validation of such low proportion cell populations as well as physiologic studies to confirm
their predicted function still needs to be conducted.

Early Inflammation in Cardiac Pressure Overload

Most of the mechanistic insight on the spatial and temporal pathophysiological roles of
immune cells and cardiac stromal cells comes from reproducible pre-clinical experimental
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models that result in cardiac pressure overload. Trans aortic constriction (TAC) is one

of them, which mimics aortic stenosis by reducing the diameter of the aorta. Although

the acute sudden left ventricular pressure induced by TAC does not replicate how human
heart failure develops, it is well-established that with time, TAC induces hallmarks of HF
that include cardiac hypertrophy, cardiac fibrosis and systolic and diastolic dysfunction
progressively. Compensatory changes in response to sudden pressure transition into
decompensation, and finally chronic HF. Recent single cell sequencing data have correlated
transcriptional changes during the decompensation and chronic HF stages of TAC to bulk
RNA sequencing data in patients with hypertrophic cardiomyopathy and HF, respectively,
further supporting its use as a pre-clinical model system [13]. Systemic hypertension is
modeled by chronic administration of Angiotensin-I1 (Angll), deoxycorticosterone acetate
(DOCA), unilateral nephrectomy and high salt diet, which alters hemodynamic pressure and
induce systemic and/or cardiac proinflammatory and ECM alterations.

Cardiomyocytes and Inflammation

Pressure overload induced by TAC or hypertension does not result in cardiomyocyte

death early on. However, the pressure sensed by the heart induces the release of
proinflammatory cytokines and initiates the recruitment of immune cells. Mechanical stretch
or neurohormonal stimulation in the case of hypertension leads to increased intracellular
Ca?* and increased Ca/Calmodulin signaling [14]. Cardiomyocytes transform sensing of
hemodynamic stress into inflammatory signals through the Ca2*/calmodulin dependent
kinase protein kinase 11 §(CaMKI18) leading to activation of the NOD-like receptor protein
3 (NLRP3) inflammasome. Indeed, cardiomyocyte specific deficiency of CaMKIIS in mice
results in reduced inflammatory cytokines (IL-1p, IL-6, TNF-a.) and chemokines (CCL2,
CCL3, CXCL1) as early as 3 days after TAC, and reduced cardiac macrophages 7 days after
TAC. Thus cardiomyocytes are central players initiating inflammatory responses to pressure
overload [15]. Additionally, sensing of danger associated molecular patterns contribute to
early inflammation as knockdown of the cytosolic DNA sensor cGAS or deficiency of

the DAMP receptor Toll Receptor 2 (TLR2) showed reduced cardiac hypertrophy and
inflammation in TAC. Although DAMPS such as II-B, ATP and HMGB-1 have been
reported in TAC hearts, their cell specific actions through different receptors still need to

be studied to understand the cell specific early inflammatory response to pressure overload
[16, 17].

Cardiac Stromal Cells and Inflammation

Fibroblasts are important contributors to the proinflammatory environment in response to
pressure overload. Single cell sequencing on sorted murine fibroblasts during the first three
days after TAC highlighted a subset of proinflammatory fibroblasts that secrete CCL2

in a nuclear factor kappa B (NFxB) dependent manner and promoted the infiltration of
Ly6CN monocytes. Fibroblast deficiency of lxxB, an activator of NFkB, led to attenuated
cardiac dysfunction in TAC [18]. Fibroblasts also participate in cardiac inflammation
through surface receptors like fibroblast growth factor inducible 14, a highly inducible
cytokine receptor, or production of matricellular proteins such as Tenascin-C that result

in monocyte recruitment [19, 20]. Alterations in the intramyocardial vascular endothelium
are also observed as early as 2 days post TAC, demonstrated by increased expression of
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intercellular adhesion molecule- 1 (ICAML1), promoting leukocyte infiltration [21]. Thus
cardiac fibroblasts and endothelial cells actively contribute to inflammation.

Immune Cells and Inflammation

The onset of pressure overload leads to alterations in the immune cell composition of the
heart [3]. Neutrophils are among the earliest cells to infiltrate the heart in response to
pressure overload in a Wnt5a, a member of the Wnt family that activates noncanonical

Whnt signaling pathways, dependent manner. Depletion of Neutrophils before TAC or
myeloid specific deficient Wnt5a mice showed decreased cardiac dysfunction, diminished
early immune cell recruitment, and decreased proinflammatory cytokines (IL-1p, IL-6)

and chemokines (Cxcl1, Cxcl2, Cxcl5, CCL2) 3 days after TAC [22]. Additionally, local
proliferation of cardiac resident macrophages as well as differentiation of infiltrated Ly6C!°
and Ly6C" monocytes into macrophages occurs within the first week after TAC [23-26].
Cardiac resident macrophages are required for survival to pressure overload, as their deletion
drastically reduces survival during the first week after TAC, and myeloid specific Kruppel-
like factor 4 deletion, a transcription factor that promotes cardiac macrophage proliferation,
also worsened ventricular function post TAC [25]. This protection is in part due to resident
Ly6C!® macrophage secretion of amphiregulin, an epidermal growth factor receptor (EGFR)
ligand, that leads to compensatory hypertrophy and supports normal cardiomyocyte gap
junction communication [9, 27]. Resident cardiac macrophages expressing lymphatic vessel
endothelial hyaluronic acid receptor-1 (LYVE-1) are a recently discovered population that
associate with lymphatic vessels and express lymphangiogenic factors. The severity of
cardiac dysfunction was correlated with greater reductions in this population in response to
pressure overload, supporting an additional cardioprotective mechanism [10].

Antagonism of CCR2 in the onset of TAC revealed that infiltrating CCR2+ macrophages
derived from monocytes contribute to early proinflammatory chemokine release and
expansion of CD4 T cells in the mediastinal lymph nodes [24, 28]. MicroRNA-21,

the most highly expressed microRNA in cardiac macrophages, is increased after TAC,
promotes a proinflammatory transcriptome, and is predicted by ligand receptor pairing
analysis to increase crosstalk between macrophages and fibroblasts [29]. A more recent
study analyzing single cell data at several points after TAC also supports increased
inflammatory macrophages 2-5 weeks after TAC to be key contributors to cardiomyocyte
pathology in response to pressure overload [13]. One example of this cross talk can be
seen in a hypertensive model where macrophage IL-10 production induced secretion of
osteopontin which promotes the transformation of myofibroblasts [30]. The transcription
factor Megakaryocytic Leukemia 1 in macrophages also promotes pathological hypertrophy
in cardiomyocytes possibly though exosomal release of miR-155 [31]. Macrophages also
show important roles in the recruitment of immune cells through the secretion of CXCL9
and CXCL10 1 week after TAC which recruit CXCR3+ T cells to the heart [28].

In addition to cells of myeloid origin, thymic derived Natural Killer T (NKT), an innate
type T lymphocyte at the interphase of innate and adaptive immune responses, have

also recently been implicated in the inflammatory response to cardiac pressure overload.
While their presence is increased in the heart in TAC, pharmacological or genetic deletion
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leads to worsened cardiac remodeling potentially through reduced cardiac levels of IL-10
[32]. Moreover, NKT cell activation with the CD1d ligand a-galactosylceramide resulted
in attenuated cardiac fibrosis and hypertrophy in response to Angll infusion [33]. Thus,
NKT cells seem to protect the heart from adverse cardiac remodeling induced by pressure
overload.

Dendritic cells (DCs) also contribute to the inflammatory response to pressure overload.
DCs begin to accumulate within the first week after TAC [26] and ablation of CD11c+ cells
reduced cardiac hypertrophy, fibrosis, and leukocyte infiltration [34]. DCs also proved to be
necessary for the induction of renal sodium transporters and the renin angiotensin system in
hypertension [35], but dispensable for renal fibrosis and were not enriched in the kidneys
of hypertensive mice [35, 36]. Since these conclusions were based on pan-CD11c+ cell
depletion, it is possible that monocytes, which also express CD11c, may contribute to these
phenotypes attributed to DCs.

In summary, pressure overload leads to the recruitment of neutrophils, monocytes, NKT
cells, and DCs as well as the expansion of resident cardiac macrophages. Neutrophils
and monocytes promote inflammation while NKT cells and resident macrophages play
protective roles. In hypertension models, myeloid cells alter blood pressure and may have
consequences in cardiac remodeling.

Sustained Inflammation in Cardiac Pressure Overload

Samples from HF patients also suggest a potential role of myeloid cells in cardiac
remodeling. An increased neutrophil to lymphocyte ratio in patients newly diagnosed with
hypertension was predictive of left ventricular hypertrophy [37]. Increasing numbers of
CCR2+ macrophages are also associated with worsened ventricular function while patients
with lower CCR2+ macrophages show better improvement following the implantation of left
ventricular assistance devices [6]. In mice, however, depletion of mononuclear phagocytes
starting two weeks after TAC, after the onset of left ventricular hypertrophy, did not

alter pathologic cardiac remodeling [26], supporting that non-myeloid leukocytes, namely
adaptive immune cells, are responsible for pathological cardiac remodeling.

In both hypertensive and TAC experimental models, deficiency in B cells resulted in
decreased proinflammatory cytokines, 1gG production, and adverse cardiac remodeling, and
it was postulated that B cell production of cardiac specific autoantibodies contributes to
cardiac remodeling [38, 39].

T cells from patients with nonischemic HF show increased adhesion to activated human
primary endothelial cells /n vitro, and myocardial tissue from HF patients show increased

T cell infiltrates and CXCR3+ leukocytes, not seen in healthy donors by histology.
Additionally, T cell deficient mice through deletion of the T cell receptor a, or mice with

T cell costimulatory receptor blockade do not develop TAC induced cardiac fibrosis and
dysfunction [40, 41]. TAC induces myeloid and cardiac fibroblast release of CXCL9 and
CXCL10 that chemoattract CXCR3+ CD4 T cells to the heart in an LFA-1 integrin-ICAM-1
dependent manner. Indeed, CXCR3 deficient mice show reduced T cell infiltration and
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preserved cardiac function [28]. Once in the heart, T cell recognition of cardiac neoantigens
induced by reactive oxygen species is required for sustaining T cell activation and systolic
dysfunction. The presence of such neoantigens in the mouse and human failing hearts, and
their induction of T cell proliferation further support a role for T cell immune response

in the heart [42]. Moreover, deficiency in Thet, the transcription factor necessary for Thl
cell development, alleviated cardiac fibrosis and hypertrophy in a model of abdominal
aortic constriction in rats, confirming that Th1 cells are important in the development of
pathologic remodeling [43]. In line with these findings, Th1l cells promote fibrosis through
directly adhering to CFBs and secreting IFNy which induces CFB production of TGFp
and myofibroblast transformation [44]. Advanced age, another risk factor for HF, may also
facilitate T cell pathology in pressure overload as 12-month-old mice show an expansion

in effector and IFN-y+ T cells within mLNs. These mLN T cells also demonstrated greater
cardiotropism compared to cells from juvenile mice when adoptively transferred into T cell
deficient mice [45]. The expansion of Thl cells in aging mice may be due to disrupted
mitochondrial function as T cell specific deficiency in mitochondrial transcription factor A,
which stabilizes mitochondrial DNA, led to skewing towards Th1 cells [46]. CD8 T cells
can also be activated in response to pressure overload induced by TAC, though they do not
appear to play a role in the progression of HF [47]. While recent work has reviewed T cell
contributions to the initiation of hypertension and vascular inflammation in hypertension,
more work is needed to better define their role in hypertensive cardiac remodeling [48].

In all these studies, the read outs for cardiac fibrosis focus on collagen deposition as the
dominant component of the ECM, and more studies are needed to identify whether other
ECM components, in addition to collagen, are also modulated by immune cells.

T regulatory (Tregs) cells are characterized by the expression of the transcription factor
FoxP3 and surface expression of the IL-2 receptor alpha chain CD25 and suppress effector
T cell responses. Adoptive transfer of Tregs in mice with Angll resulted in reduced

cardiac fibrosis and transformation of myofibroblasts [49] and endogenous expansion of
Tregs through the induction of IL-2 leads to reduced LV remodeling induced by TAC and
attenuates the progression of HF in mice with existing LV dysfunction, suggesting Tregs are
protective in pressure overload induced HF [50].

Fibrosis and Extra Cellular Matrix Changes in Sustained Inflammation

Regardless of etiology, fibrosis is a hallmark of heart disease; and long-standing pressure
overload induces interstitial and perivascular fibrosis through the deposition of excessive
ECM proteins including collagens, fibronectin, hyaluronic acid, and proteoglycans. The
extent of fibrosis is also associated with worse clinical outcomes [51]. The transformation
of fibroblasts to myofibroblasts, the major contributors to fibrotic remodeling, can be
triggered by neurohormonal activation, mechanosensitive pathways, and immune cells [52].
Inflammation and fibrosis are interrelated processes; fibroblasts make chemoattractants and
ECM components such as hyaluronic acid that promote early inflammation and immune cell
infiltration. Immune cells, in turn, directly or indirectly contribute to fibroblast activation
[29, 30, 38, 44]. Inhibition of hyaluronic acid production through 4- methylumbelliferone
(4-MU) in mice that underwent TAC showed reduced early inflammation with decreased
levels of circulating monocytes and chemokine receptors (Ccr2, Ccr5, Cx3crl) three days
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later. This was accompanied by reduced levels of hypertrophy and better systolic function as
well as decreased fibrosis 7 weeks after TAC [53].

Recent studies using activated fibroblast specific deletions of Smad3, an important mediator
in TGFB signaling, showed that early fibroblast function is important in maintaining

ECM structure and preventing early systolic dysfunction while continued activation is
responsible for accumulation of fibrosis [54, 55]. In the presence of continued pressure
overload, extensive collagen crosslinking by enzymes such as transglutaminase (tGT)
promotes fibrosis and increased cross-linked collagen was associated with greater incidence
of hospitalization for HF in hypertensive patients [56]. Inhibition of tGT prevented TAC
induced fibrosis and diastolic dysfunction [57]. Continued pressure overload also leads to
the accumulation of chondroitin sulfate proteoglycans that localize to fibrotic areas in both
patients with HF and in rats that received TAC. Moreover, treatment with an enzyme that
breaks down chondroitin sulfate resulted in improved ejection fraction 8 weeks after TAC
[58]. The mechanisms of how immune cells contribute to these alterations in the ECM
requires further investigation and analysis of predicted cell interactions may prove useful.

Concluding remarks

The work reviewed here highlights novel findings and mechanistic insights in nonischemic
heart failure gained using pre-clinical models and novel sequencing technologies in the
mouse and human hearts. Small molecule inhibitors to costimulatory pathways were
effective in murine TAC models to reduce cardiac dysfunction through inhibiting immune
cell activation [41, 59]. Recent advances in cancer research have also inspired a potential

use for chimeric antigen receptor (CAR) T cells in HF as CD8 T cells engineered to
recognize a protein on activated fibroblasts showed reduction in fibrosis and reduced loss in
fractional shortening in a model of hypertension[60] However, to date, no anti-inflammatory
or anti-fibrotic approaches have proven effective in clinical trials. How can these be
leveraged to treat human heart failure patients? While in experimental models there is a
clear characterization of each inflammatory and fibrotic step in response to cardiac pressure
overload that can be timely prevented or treated, patients diagnosed with HF already present
with hallmarks of inflammation and fibrosis. Moreover, most experimental models do not
include aged animals, and thus exclude the inflammatory component of aging, prevalent

in the HF population. Despite these challenges, the future is bright with new advances

in cardio-immunology and our understanding of cardiac fibrosis. The development of
transgenic animals with specific molecular immunological and fibrotic pathways altered, and
the new single cell technologies in mouse and human hearts provide a wealth of information,
including receptor-ligand pairing analysis that suggest active interplay between different
cells in the heart. Once these predicted interactions are functionally validated, the field will
be closer to develop new targeted immunomodulatory therapies with anti-fibrotic effects that
are safe in patients with HF.
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Figure 1. Immune Cells in Fibrotic Remodeling.
A) Cardiac Homeostasis. Immune cells, stromal cells, and cardiomyocytes are in close

contact with each other and maintain cardiac homeostasis in several ways. Cardiac

resident CCR2- macrophages participate in clearance of cell debris, lymphangiogenesis,

and electrical conduction. A population of transcriptionally distinct B cells is associated
with the cardiac microvasculature. And fibroblasts make ECM and sustain cardiomyocyte
homeostatic function. B) Early inflammation in cardiac pressure overload. Cardiomyocytes
are among the earliest cells sensing pressure and initiating inflammatory responses. Together
with fibroblasts and resident and infiltrating macrophages produce proinflammatory
chemokines and cytokines that recruit circulating immune cells. Resident macrophages
proliferate and NKT cells increase playing important roles in compensatory cardiac
remodeling. Neutrophils are the among the earliest infiltrating cells and precede the
recruitment of CCR2+ monocytes, which participate in fibroblast activation and ECM
deposition, promote cardiomyocyte hypertrophy, and secrete chemokines that recruit
CXCR3+ T cells. DCs begin to accumulate during the first week after TAC. C) Sustained
inflammation in cardiac pressure overload. Continued pressure overload leads to the
recruitment of B and T lymphocytes. Infiltrating T cells are necessary for the progression

of HF through the recognition of cardiac neoantigen presented by DC. Thl cells adhere

to cardiac fibroblasts and induce myofibroblast transformation. Fibrotic remodeling of the
heart is promoted by the excessive ECM deposition, increased cross-linking of collagen, and
accumulation of proteoglycans.
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