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Abstract

Pathological changes resulting from myocardial infarction (MI) include extracellular matrix
alterations of the left ventricle, which can lead to cardiac stiffness and impair systolic and diastolic
function. The signals released from necrotic tissue initiate the immune cascade, triggering an
extensive inflammatory response followed by reparative fibrosis of the infarct area. Immune cells
such as neutrophils, monocytes, macrophages, mast cells, T-cells, and dendritic cells play distinct
roles in orchestrating this complex pathological condition, and regulate the balance between pro-
fibrotic and anti-fibrotic responses. This review discusses how molecular signals between
fibroblasts and immune cells mutually regulate fibrosis post-Ml, and outlines the emerging
pharmacological targets and therapies for modulating inflammation and cardiac fibrosis associated
with MI.
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1. Introduction

Heart failure (HF) is a consequence of various cardiovascular diseases (CVD) [1].
Myocardial infarction (MI) remains the most common cause of HF worldwide [2].
Following an M, necrosis of cardiomyocytes within the ischemic area elicits intense
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inflammation, and ultimately leads to replacement of dead cells with an extracellular matrix
(ECM)-rich scar. Optimal healing in the infarct zone is critical for restoration of left
ventricle (LV) integrity and function. Dysregulated healing causes reactive interstitial
fibrosis in the non-infarct and remote zones due to impaired suppression of inflammation
and excessive accumulation of ECM proteins such as collagen. These changes results in LV
stiffness and thereby contributes to the pathogenesis of HF [3, 4]. Preservation of
homeostasis requires an ongoing balance between ECM synthesis and degradation, which is
regulated by matrix metalloproteinase (MMPSs) and tissue inhibitors of metalloproteinases
(TIMPs) [4, 5].

This review is devoted to the cellular and molecular cascades mediating the pathogenesis of
cardiac fibrosis post-MlI, focusing mainly on the pro-fibrotic and anti-fibrotic aspects of the
immune system. We also provide insight into the therapeutic opportunities for targeting
different cell types and molecules involved in the pathogenesis of cardiac fibrosis post-Ml,
along with summarizing therapies currently available, and those in development.

Immune cells orchestrate the complex and dynamic response post-Ml

Numerous immune cells, such as neutrophils (PMNSs), monocyte/macrophages, mast cells,
T-cells, dendritic cells (DCs) and their associated molecular signals are involved in
regulating the balance between pro-fibrotic and anti-fibrotic responses (Figure 1) [5, 6]. The
interaction between inflammatory cells and fibroblasts regulates cardiac fibrosis post-Ml.
Immune cells coordinate cardiac scar formation directly by producing proteases and other
mediators that break down and inhibit ECM deposition or indirectly by secreting mediators
that initiate the differentiation of fibroblast into activated ECM producing myofibroblast [7,
8]. Furthermore, timely clearance of leukocytes is crucial for optimal healing in infarct.
Despite recent significant advancements in the field, there is a need to accumulate more in-
depth knowledge of the mechanisms that contribute to the process of cardiac fibrosis and
development of HF post-Ml, so that effective translatable therapies can be developed.

Neutrophils (PMNSs)

PMNs are the first responders at the ischemic injury site. During acute inflammation, PMNs
are not only vital for the clearance of necrotic tissue, but also for the resolution of
inflammation and maintenance of tissue homeostasis. Upon arrival to the infarct, PMNs
secrete granules which contain various factors including neutrophil gelatinase associated
lipocalin (NGAL), reactive oxygen species (ROS), nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, MMPs, elastase, and cathepsins, all of which have direct or
indirect roles in the regulation of cardiac fibrosis post-MI [9, 10]. PMNSs indirectly
contribute to the tissue repair, in part by modulating the phenotype of macrophages. A recent
study provided evidence that PMNSs are required for resolving post-MI inflammation and
promoting cardiac healing, as PMN depletion aggravated cardiac function and increased
fibrosis [11]. Mice with PMN depletion showed a significant down-regulation of M1
markers (interleukin (IL)-12, tumor necrosis factor (TNF)a, interferon (IFN)y, IL1p) and
up-regulation of M2 signature markers (CX3CR1, arginase, chitinase-3-like protein 3 or
YM1, IL4) in infarcted hearts at day 7 post-Ml, illustrating that the effect on fibrosis was
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likely due to alterations in macrophage population. In addition, PMN-depleted mice had
decreased macrophage expression of phagocytosis receptor, Mer-tyrosine protein kinase
(MertK), indicating a worsened capacity to clear necrotic cardiomyocytes [11]. PMNs also
release large amount of ROS via NADPH oxidase [12, 13]. Inhibition of NADPH oxidase
resulted in attenuation of cardiac fibrosis post-MI while reducing cardiac Nox4 expression,
ROS production, NFxB activation, and plasma MMP2 activity in rats [13].

In reparative response, apoptotic PMNs helped in wound healing by directly secreting
cytokines and growth factors. Contrasting to what was previously thought; Dasake et al.
demonstrated PMNs isolated from the infarct of mice at days 3-7 post-MI had a reparative
signature that included expression of fibronectin and fibrinogen [14]. Interestingly,
stimulation of PMNSs /n7 vitro with fibronectin induced MMP9 and NGAL secretion,
indicating a possible negative feedback loop. MMP9 facilitates the removal of necrotic
myocytes by degrading collagen, fibronectin, and other ECM components. However, MMP9
also prevents neutrophil apoptosis leading to prolonged inflammation, which results in
enhanced degradation of collagen and ECM components. This may compromise tissue
integrity and leads to infarct expansion propagating adverse LV remodeling [15].
Understanding the detrimental and beneficial roles of PMNs in the post-MI remodeling
process will provide mechanistic insight and possible therapeutic targets that would tip the
balance towards favorable cardiovascular remodeling.

2.2. Monocytes/Macrophages

Monocytes and monocyte-derived macrophages play an important role in the initiation and
progression of the fibrotic responses. As a result of their remarkable plasticity and
heterogeneity, macrophages exert a wide range of pro-fibrotic and anti-fibrotic effects in the
myocardium [16]. Yano and colleagues have shown that the level of collagen deposited post-
MI directly correlates with macrophage numbers [17]. Typically, monocyte-derived
macrophages are classified into either pro-inflammatory M1 cells or anti-inflammatory/pro-
fibrotic M2 cells; however, this nomenclature is simplistic and does not truly capture the
complexity of macrophage biology. Resident and monocyte-derived (infiltrating)
macrophages likely lie between (and outside of) the classical M1 and M2 definitions [16].
Resident macrophages maintain tissue-specific homeostasis by clearing cellular debris,
recruiting other inflammatory leukocytes and resolving inflammation. After ischemic injury,
resident macrophages drive the influx of monocytes into the infarct zone [18]. Upon
infiltration, monocytes begin to differentiate into inflammatory macrophages [19]. During
acute phase post-MI (day 1-3 after ischemia in mice), the MI environment is highly
inflammatory [8, 16]. Ly-6C"9" monocytes and inflammatory macrophages secrete multiple
proteases including MMP2 and -9 [20, 21]. Together they form a ‘demolition crew’ that
clears the debris and digests ECM in order to replace the injured tissue with granulation
tissue, which includes newly laid connective tissue and developing blood vessels and the
evolving scar [22].

In addition to the degradation of the ECM via proteases, pro-inflammatory macrophages
also secrete inflammatory markers that regulate fibroblast function. Previously, we
demonstrated that secretion of CCL12 by macrophages inhibits fibroblast activation, leading
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to decreased collagen deposition [7]. In mice, macrophages at days 1 and 3 post-MI display
a unique signaling profile composed of genes associated with pro-inflammatory, phagocytic,
proliferative, and metabolic reprogramming [16]. Macrophage-derived cytokines, IL1p and
IFNy are the major promoters of the pro-inflammatory environment early post-Ml. /n vitro
stimulation of human cardiac myofibroblasts with IFN-y arrested proliferation and reduced
the expression of a-smooth muscle actin (a SMA), implying that IFN+y is a negative
regulator of cardiac fibrosis [23]. Similarly, blocking IL1p signaling reduced cardiac fibrosis
and MMP expression by decreasing leukocyte recruitment and attenuating inflammation
[24].

The reparative phase post-MlI is characterized by a phenotypic transition of pro-
inflammatory macrophages to anti-inflammatory macrophages [16, 25]. Macrophages
during this phase influence the encompassing cells, and activate fibroblasts by producing an
abundance of inflammatory mediators, such as tissue growth factor (TGF)-g, IL10, and
CCL17. Together, these mediators activate fibroblasts and enhance ECM protein synthesis,
while suppressing the degradation of ECM, thus promoting tissue remodeling and repair
post-MI [26-28]. Increasing the number of anti-inflammatory macrophages by constant
infusion of recombinant IL10 has been shown to decrease MMP expression and improve LV
function post-MI [27, 29]. Jung et al. demonstrated that macrophages from IL10-infused
mice increased cardiac fibrosis compared to wild-type (WT) mice by stimulating
proliferation and migration of cardiac fibroblasts [27]. Despite the increase in fibroblast
activation, IL10 also decreased the collagen | to collagen Il ratio post-MI, improving
myocardial wall compliance and cardiac function.

Among all pro-fibrotic mediators, TGFp is the main player in fibrotic remodeling. It
stimulates production of pro-fibrotic factors such as connective tissue growth factor (CTGF)
and type I collagen, via SMAD3-dependent pathway [26]. Interestingly, in addition to
decreased 7gfBand /L10expression, Smad3deletion in macrophages has been shown to
reduce expression of genes associated with phagocytosis, such as milk fat globule-EGF
factor 8 (Mfge8), indicating that the transition to the anti-inflammatory phenotype may be
regulated by phagocytosis [30]. Similarly, human monocyte-derived macrophages increased
TGFB and TGFB-induced (TGFpi) expression following ingestion of apoptotic debris [31].
In vitro stimulation of fibroblasts with TGFBi decreased MMP14 levels and subsequent
collagen accumulation.

New evidence suggests that macrophages may directly mediate maintenance of the fibrotic
scar through secretion of ECM proteins, including collagen [16, 32]. These studies have
shown that macrophages can convert themselves into fibroblast-like cells, and then
upregulate fibroblast-specific ECM organization genes (e.g. Co/1al and Postr) in mice at
day 7 post-MI [16, 32, 33]. The newly converted fibroblasts, however, expressed very low
levels of fibroblast marker discoidin domain receptor 2 (DDR2), which is thought to play a
role in monitoring the state of the cardiac ECM and directing collagen synthesis/turnover
[32]. In a mouse model of chronic renal allograft injury, fibroblast-like macrophages
(CD68+/F4/80+ and a.-SMA+) contributed to interstitial fibrosis and correlated with
allograft rejection [34]. Therefore, ECM-producing macrophages may represent a subgroup
of pathogenic fibroblasts. Future studies to focus on determining whether these cells are
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friend or foe are needed. Defining the spatio-temporal proteomic profile by combining
techniques such as MALDI-imaging and histology would provide insight into whether
immune cells-mediated alterations in ECM can alter the pliability of the infarct scar. Gaining
a better understanding of the stimulus needed to activate ECM production by macrophages
would also provide possible targets that may facilitate in our understanding of cardiac
fibrosis post-Ml.

2.3. Mast cells

Mast cells are characterized by their abundant and diverse granules, which produce a variety
of fibrogenic mediators, including proteases (i.e. tryptase, chymase) and growth factors. Not
much is known about the role of mast cells post-MI but recent studies have begun to utilize
the mast cell deficient mice in ischemia reperfusion (I/R) injury and MI [35-37].
Frangogiannis et al. first showed that mast cell density increased during the healing phase in
a canine model of I/R, with maximum accumulation in the areas of collagen deposition [37].
Cimini et al. reported that decreased fibroblast activation and accumulation around the
infarct could be associated with diminished mast cell numbers [35].

Histamine, a biogenic amine known to be stored in and secreted from mast cells, was found
to decrease cardiac fibrogenesis by inhibiting TGF-p through STAT6-dependent signaling
pathway [38]. /n vitro human mast cells have been shown to induce a SMA expression in
dermal fibroblasts through the release of histamine and tryptase [39]. Histamine, however,
did not stimulate fibroblasts’ contraction in the collagen contraction assay. In contrast,
inhibition of tryptase eliminated mast cells’ ability to stimulate fibroblast contraction,
suggesting that tryptase, but not histamine, is a key mediator for fibroblast physiology [39].
Studies have shown that both tryptase and chymase activate TGFp1, which in turn stimulates
fibroblast activation, myofibroblast differentiation, and collagen synthesis [40, 41].
Interestingly, chymase released by mast cells can also generate angiotensin (Ang) Il (a
profibrotic regulator), which leads to an increase in collagen synthesis, and development of
diastolic dysfunction [42, 43]. Achieving a better understanding of how the multifaceted
mast cells mediate post-MI healing could increase the potential to harness their activities and
provide opportunities for the treatment of Ml-induced HF.

2.4. T-cells

After cardiac injury, T-cells are recruited to the site of injury as a result of cytokine
production, and release a multitier of pro- and anti-inflammatory molecules (e.g. TNFa,
IL1B, TGFB) [11, 44]. T-cells are categorized into CD4+ helper T-cells (Th1, Th2), CD4+
regulatory T-cells (Treg), and CD8+ cytotoxic T-cells. During the first 7 days after MI, Thl
and CD8+ are the predominant T-cells. In the chronic post-MI environment (8 weeks after
MI in mice), Th2 and Treg become the predominant phenotype within the infarcted tissue
[45, 46]. These changes in the temporal T-cell phenotype facilitate in cardiac fibrosis post-
MI.

2.4.1. Th1l cells—Th1 cells are associated with imbalanced ECM turnover and decreased
myofibroblast differentiation, thus promoting cardiac rupture [47]. Th1 cells release IFN-y,
which acts as an anti-fibrotic mediator by blocking the pro-fibrotic activity of TGF-p,
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thereby inhibiting fibroblast proliferation and subsequently the expression of collagen | and
11 mMRNA [26]. In addition, IFN-y impedes Th2-mediated fibroblast activation by reducing
IL4 and IL13 secretion [48, 49]. Another potent anti-fibrotic mediator secreted by Th1 cells
after Ml is an IFNy induced protein-10 (i.e. CXCL10) [50]. The anti-fibrotic role of
CXCL10 is believed to be due to inhibition of basic fibroblast growth factor (bFGF)-induced
cellular migration and enhancement of growth factor-mediated wound contraction in
fibroblast-populated collagen lattices [51]. However, the role of Th1l cells is complex, as
IFN-y has been shown to promote differentiation of a distinct Treg population that limit Thl
and CD8+ T-cell-mediated pathology and could ultimately promote cardiac healing [52, 53].

2.4.2. Th2 cells—Th2 cells secrete various pro-fibrotic mediators including I1L4 and
IL13, which are potent stimulators of collagen synthesis post-MI [48, 54, 55]. In a mouse
model of MI, 1L-13 deficiency aggravated cardiac wound healing and increased LV dilation
likely due to decreased macrophage recruitment and M2 polarization in the infarct and
border area [55]. Even still, there was no effect of IL13 deficiency on de novo expression of
collagen in mice at day 3 post-MI. IL4 is known to promote cardiac fibrosis by stimulating
the recruitment of monocyte-derived M2 macrophages, thus indirectly regulating cardiac
fibroblasts [54]. In mice, constant /n vivo infusion of I1L4 starting 24 hours after occlusion
upregulated T-cell mediated inflammation and was linked to an overall environment of pro-
resolution while stimulating anti-inflammatory macrophages at day 3 post-MI [56].
Although these observations demonstrate a putative pro-fibrotic role for Th2 in the heart,
more studies are needed to further clarify the role of Th2 cells in post-MI remodeling.

2.4.3. Treg—Tregs are thought to have a dual role in contributing to cardiac fibrosis by
releasing the pro-fibrotic molecule, TGF-B and by inhibiting secretion of IL-10 [57, 58]. Co-
culturing of Tregs with cardiac fibroblasts led to decreased a SMA and Mmp3 expression
and attenuated fibroblast mediated-contraction of collagen pads, suggesting that direct
contact may be necessary for Tregs to stimulate fibroblasts and preserve the matrix [59].
Similarly, Treg expansion by CD28 antibodies significantly decreased MMP-mediated
degradation of collagen, and led to improved survival and attenuation of cardiac ruptures
during the first 7 days after M1 [60]. Within the healing myocardium, Tregs activation has
also been linked to increased expression of macrophage-derived proteins via M2
macrophage polarization, thus implicating Tregs as indirect regulators of fibrosis via
activation of macrophages [59, 60]. Co-culturing Tregs with macrophages increased the
expression of genes associated with healing, such as osteopontin and arginase-1, supporting
the notion that Tregs facilitate cardiac fibrosis indirectly via macrophages [60].

2.4.4. CD8+ T-cells—Despite the recent advancements in our understanding of the role
that CD4+ T-helpers and CD4+ Tregs play in cardiac fibrosis post M, little is known about
the role of CD8+ T-cells in this context. Our recent study showed that CD8+ T-cell deficient
mice had increased cardiac rupture due to poor collagen cross-linking [61]. The data
suggested that this was due to indirect effects on fibroblast activation through macrophage
and Th1 cell activation. Furthermore, we revealed that CD8+ T-cells are needed for
activation of macrophage-mediated removal of necrotic debris, which is essential to keep the
inflammatory response in check, and proper collagen scar formation [61]. A delay in the
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removal of necrotic debris resulted in an exacerbation of inflammation and poor collagen
scar formation. Focusing on T-cell mediated responses may be a way to selectively target the
antagonistic inflammatory responses while preserving other protective processes like host-
defense and wound healing.

Dendritic cells (DCs)

After necrotic injury, antigen-presenting cells internalize damage-associated molecular
patterns (DAMPSs) and migrate into the lymph nodes where they present these molecules to
other inflammatory cells, and initiate their recruitment to the infarcted myocardium [62].
DCs play a crucial role in initiation of adaptive response through antigen presentation and
stimulation of T-cells and natural killer cells [63]. Several subtypes of DCs have been
described with myeloid DC (mDC) and plasmacytoid DC (pDC) being the most
predominant. DCs that are CD1c*CD11cM, secrete 1L12 upon stimulation, and drive a Thl-
polarized immune response are classified as mDCs [64, 65]. On the other hand, pDC are
CD123*CD11c ™, produce IFNa upon viral activation, and induce a Th2 polarization of
naive T-cells [64, 65]. The most prominent DC in the infarcted heart is the mDC which
peaks at day 7 in rat/mouse models whereas as pDCs are found mainly in circulation and
peripheral lymphoid organs [25, 66]. In a study by Kretzschmar et al., CD209-positive
mDCs were found to be increased in the infarct tissue collected post-mortem in MI patients,
while circulating DCs (DC precursors) were significantly reduced, likely due to enhanced
recruitment to the infarcted myocardium [67]. Similarly, Nagai et al. demonstrated that the
number of infiltrated CD209 and mDCs directly correlates with the extent of reparative
fibrosis in the infarcted myocardium [68].

The pro-fibrotic role of DCs was also demonstrated in a study by Lee et al., where ablation
of conventional but not precursor DCs resulted in decreased cardiac fibrosis in mice at 3
weeks post-MI [69]. This decrease in cardiac fibrosis corresponds to reduced numbers of
cardiac macrophages, neutrophils, and T-cells, indicating a blunted inflammatory response.
Similarly, DC depletion reduced post-MI survival rates, increased MMP9 activity, and
disorganized collagen fibers within the infarct [70]. Additional insight is needed to assess
the influence of DCs on cardiac fibrosis post-MI. In particular, attention needs to be devoted
to temporal changes in the DC population, and how these changes will influence the cardiac
remodeling process.

3. Balance in immunity and fibrosis

Taken together, the processes involved in resolution of inflammation and initiation of
fibrosis are tightly regulated to achieve optimal healing. Slight deviations in timing and
magnitude of the inflammatory response can tip the balance from fibrosis necessary for
wound healing post-MlI, towards reactive fibrosis [6, 71]. Excessive collagen crosslinking
and progressive fibrous tissue contraction results in a stiff non-compliant scar and thereby
leads to diastolic and systolic dysfunction [72]. In contrast, attenuated collagen deposition
and cross-linking is associated with a weak scar that ultimately leads to increased LV
dilation and cardiac rupture [7, 61, 73]. Elevated Ly-6C" monocytosis in both
lipopolysaccharide exposed and in atherosclerotic (apoE-/-) mice has been shown to
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interrupt resolution of inflammation and consequently enhance adverse remodeling [74].
Interestingly, Ly-6CM monocytes have also been shown to orchestrate the reparative phase
post-MI, by giving rise to Ly-6C!°W F4/80M macrophages that proliferate locally and
contribute to cardiac firbosis [75]. Chronically activated Ly-6C" monocytes due to the
absence of orphan nuclear hormone receptor NR4A1 became abnormally differentiated pro-
inflammatory macrophages that contributed to defective cardiac healing and compromised
heart function [75]. Previously, we demonstrated that under LPS-induced chronic
inflammation, macrophage recruitment is accelerated, leading to reduced fibroblast
activation and increased cardiac rupture [7]. These studies highlight that fibrosis is not
always a negative consequence, and that some fibrosis is needed for cardiac wound healing.

The exact mechanisms behind reactive fibrosis are not clear, however preliminary evidence
suggests that continual release of cytokines and other inflammatory mediators may lead to
increased fibroblast proliferation and matrix deposition in the infarct border zone, which
may expand fibrosis into the viable tissue [76]. Immune cells including macrophages and T-
cells accumulate in the remote zone weeks after the MI, both in patients and animal models
[77, 78]. Comparing Balb/c and C57BI/J mice, Toor et al. demonstrated that a more
pronounced and prolonged inflammatory response in the infarct and remote zone of C57
mice may contribute to increased scar size and impaired survival compared to Balb/c mice
[79].

Persistent fibroblast activation as well as Ang Il and TGF- synthesized and secreted at the
infarction site have also been suggested to play a role in the development of reactive fibrosis
in the non-infarcted myocardium [72, 80]. /n vitro stimulation of fibroblasts with Ang Il has
been shown to promote myofibroblast transdifferentiation, collagen production, and
secretion of growth factors and ROS [81, 82]. Stimulation of neonatal fibroblast with Ang Il
increases cellular proliferation however, the data in adult cardiac fibroblasts isn’t as
convincing [83]. This maybe in part due to the fact that Ang Il can effectively increase the
synthesis of pro-fibrotic substances, like TGF-B, through activation of the AT1 receptor [84—
87]. Simm and Diez observed that confluent cultures (above 1x10° cells/cm?2) of rat adult
cardiac fibroblasts did not respond at all to Ang I (10~7 mol/L), whereas lower density
cultures (below 2x104 cells/cm?) showed evidence of cell proliferation [88]. This positive
response however, was only observed after 40 hours of incubation. Interestingly, the addition
of a platelet-derived growth factor (PDGF) blocking antibody inhibited this growth
suggesting Ang Il indirectly regulated cell proliferation in adult cardiac fibroblasts by cell
density-dependent expression of growth factors including PDGF.

In all, these studies highlight the importance of maintaining a precise balance between pro-
inflammatory and pro-healing processes for optimal healing of damaged tissue. Improving
our understanding of the drivers that are maintaining this precise balance may identify novel
regulators that are key in orchestrating beneficial tissue repair. Development of more
specific, effective, and clinically translatable therapeutic targets will emerge if we learn to
influence the fundamental regulatory proteins and enhance healing to improve clinical
outcomes.
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4. Drugs and therapies under pre-clinical and clinical trials targeting
inflammation and cardiac fibrosis associated with Mi

There are multiple preclinical and clinical trials that are targeting the inflammatory response
with the overall goal of inhibiting cardiac fibrosis and progression of ischemic HF with
reduced ejection fraction (HFrEF; Table 1). Angiotensin receptor-neprilysin inhibition
(ARNI) has received much attention as the newest addition to the established therapies that
are used as first-line treatments. This therapy combines an Ang Il receptor blocker (ARB,
Valsartan), with a compound that inhibits neprilysin (Sacubitril). This particular Valsartan-
Sacubitril combination, more commonly known as Entresto, was previously observed to
have cardioprotective and desirable anti-inflammatory effects in mice during the first 7 days
post-MI [89]. This was further supported by the PARADIGM-HF trial (Prospective
Comparison of ARNI With an ACE-Inhibitor to Determine Impact on Global Mortality and
Morbidity in Heart Failure), which reported that combination of neprilysin with an ARB
further improved clinical outcomes in HFrEF [90]. Due to the beneficial effects on HFrEF,
Entresto has been more recently evaluated in the pathological setting of HF with preserved
ejection fraction (HFpEF) [91-93]. Total hospitalizations for HFpEF and death from
cardiovascular causes were not statistically significant compared to valsartan alone. This
study highlights that the etiology of non-ischemic and ischemic heart failure are likely
different and not all treatments will work for both. This therapy continues to be studied, as
the current clinical trials programmed to terminate in 2022 relate to examining its
pharmacodynamics.

Baroreflex activation therapy in patients with HFrEF has also been shown to improve
outcomes including quality of life, exercise capability, and N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels compared to the established optimal medical management
therapies [94]. NT-proBNP release is associated with increased levels of IL-6 and C-reactive
protein (CRP), suggesting baroreflex treatment would likely attenuate cardiac inflammation
[95, 96]. How baroreflex activation therapy affected morbidity and mortality or change in
cardiovascular structure or function endpoints however, was not evaluated. The
PARADIGM-HF and GUIDE-IT (Guiding Evidence Based Therapy Using Biomarker
Intensified Treatment) studies demonstrated that a reduction in NT-proBNP was associated
with significant improvements in left ventricular systolic function and left ventricular
remodeling, suggesting that baroreflex activation therapy will likely improve morbidity and
cardiovascular structure.

Recent clinical trials of serelaxin (Pre-RELAX-AHF; RELAX-AHF) have provided a new
hope in HF. Studies have shown that relaxin, the hormone serelaxin is modeled after, has
protective effects on end organs via alterations in inflammatory mediators such as nitric
oxide, endothelial endothelin type B receptor, vascular endothelial growth factor, and cCAMP
[97, 98]. Clinical studies have demonstrated significant serelaxin-related improvement in HF
symptoms, length of hospital stay as well as mortality reduction in HF patients [97, 99, 100].
Seralaxin treatment reduced worsening of HF by 47% through day 5 and all-cause and
cardiovascular mortality by 37% through day 180 [99, 100].
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In a pilot study from REDHART (REcently Decompensated Heart failure Anakinra
Response Trial), inhibition of IL-1 receptor decreased CRP levels and improved exercise
capacity and quality of life measures but only in patients given 12 weeks of treatment [101].
In the CANTOS trial (Canakinumab Anti-inflammatory Thrombosis Outcome Study), IL1p
blockade via Canakinumab was effective at preventing adverse cardiac events over a median
of 3.7 years [102]. However, neutropenia and sepsis were more common in the canakinumab
groups than placebo group. Neutropenia was dose-dependent supporting the notion that 1L1
signaling regulates both detrimental and beneficial processes. These studies highlight that
we still have a lot to learn about the inflammatory system. Future studies must focus on
strategies that inhibit the detrimental effects of inflammation while retaining and promoting
the beneficial processes.

The possibility of using immunotherapy to treat cardiac fibrosis and the subsequent
development of HF is supported by the enormous progress in the treatment of certain
cancers through the use of engineered T-cells [103]. More recently, chimeric antigen
receptor (CAR) T-cell therapy has been approved by the FDA (US Food and Drug
Administration) for use in patients with some forms of leukemia and lymphoma [103, 104].
Aghajanian et al. was the first to use engineered T-cells that target a chimeric antigen
receptor expressed on activated fibroblast to treat cardiac fibrosis [105]. Adoptive transfer of
engineered CD8+ T-cells reduced cardiac fibrosis and restored cardiac function in mice with
Ang Il induced cardiac dysfunction. To date, there have been no studies that use the same
techniques to treat post-MI hearts. Continued investigation to identify unique antigens that
are expressed by activated cardiac fibroblasts may identify alternative antigens, or
combinations of antigens, that could be effective as targets for immunotherapy in patients
with heart disease. A major limitation of CAR T-cell therapies is that they can have serious
and not readily predictable off-target and organ-specific toxicities including severe
myocardial damage [106]. This highlights the need for improved methods to identify novel
antigens and minimize any off-target side effects.

5. Conclusion and Perspectives

Funding

This review highlights the importance and diversity of the inflammatory processes in the
development of ischemic HF. We have attempted to target the immune system as a means for
treatment and while we have made great strides, there is much that still needs to be
understood. This is especially important since anti-inflammatory treatments have been
associated with adverse effects. Studies like the CANTOS trial highlighted that IL-1
signaling and inflammation are critical including for infection and wound healing.
Pharmaceutical inhibition of I1L-1 therefore, led to increased incidence of sepsis in patients
on these drugs. We must first learn how to favorably tilt the balance to find a way to inhibit
the adverse effects of inflammation without affecting the beneficial modulators.
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Highlights
Crosstalk among fibroblasts and immune cells regulate fibrosis post-MI.
Cells secrete pro- and anti-fibrotic signals to regulate scar quality post-Ml.

Therapies that target inflammation may be beneficial for ischemic heart
failure.
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Figure 1: Pro-fibrotic and anti-fibrotic signaling factors in immune regulation of cardiac fibrosis
post-MI.
Following cardiac injury, the necrotic cardiomyocytes release inflammatory mediators like

DAMPs, which recruit immune cells to the infarcted heart. Cytokines, chemokines, growth
factors and enzymes released by activated immune cells directly or indirectly regulate
fibroblast activation and collagen synthesis. PMN: neutrophil; Mo: monocyte; M1:
monocyte-derived inflammatory macrophage; M2: monocyte-derived anti-inflammatory/pro-
fibrotic macrophage; MC: mast cell; Thl, Th2: T helper type 1, -2 cells; Treg: regulatory T-
cell; cDC: conventional dendritic cell; DC: mature dendritic cell; ROS: reactive oxygen
species; MMP: matrix metalloproteinase; IL: interleukin; IFN-vy: interferon gamma; CCL:
chemokine ligand; TGF-B: transforming growth factor beta; CTGF: connective tissue growth
factor; Ang: angiotensin; IP-10: IFN-y induced protein-10; FB: fibroblast; self-Ag: self
antigen; CM: cardiomyocyte; DAMP: damage-associated molecular pattern; TIMP: tissue
inhibitor of metalloproteinase. Graphics were created using Servier Medical Art templates;
https://smart.servier.com
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Table 1.

Current therapies in pre-clinical and clinical trials targeting cardiac fibrosis
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Target molecule/

Drug or therapy

Trial Phase

Current findings

Ref

Pathway
. . . Anti-inflammatory effects in animal models; improved
rec eA?c?rI/ol\tlinsrlirl] sin Entresto c"g('ﬁ%_%ﬁsezlo\gz(? ct composite end point of death from cardiovascular [89, 90]
p prily y cause or hospitalization for HFrEF patients
Baroreflex NA (April 2016- Improve outcomes including quality of life, exercise
Baroreceptors activation therapy December 2021) capability, and NT-proBNP levels [94]
. . - Anti-inflammatory effects (INOS); reduced worsening
Relzaré::r;/R;gl"axm Serelaxin CI'(T:'(;?]I ﬁ?&s;)lll heart failure and all-cause and cardiovascular [91763]9’
p P mortality in heart failure patients
Interleukin-1 Anakinra Clinical phase Il (Jan Decreased CRP; improved exercise capacity and [101]
receptor 2019-July 2024) quality of life measures after 12 weeks of treatment
. . Clinical phase 111 Decreased CRP; decreased risk for non-fatal MI, non-
Interleukin-1 Canakinumab (completed) fatal stroke, or cardiovascular related death. [102]
Engineered T-cells NA Preclinical Reduction in cardiac fibrosis; restoration of function [105]

after continuous Ang Il infusion

Heart failure with reduced ejection fraction (HFrEF); N-terminal pro-B-type natriuretic peptide (NT-proBNP); Nitric oxide synthase (NOS); C-
reactive protein (CRP); Angiotensin (Ang)
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