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Abstract

Despite significant advances, cardiovascular disease is the leading cause of world-wide mortality,
highlighting an important yet unmet clinical need. Understanding the pathophysiological basis
underlying cardiovascular tissue injury and repair in therefore of prime importance. Following
cardiac tissue injury, the immune system plays an important and complex role throughout the
acute inflammatory response and regenerative response. This review will summarize the role of
the immune system in cardiovascular disease, and focus on the idea that the immune system
evolved to promote tissue homeostasis following tissue injury and/or infection, and that the
inherent cost of this evolutionary development is unwanted inflammatory mediated damage.
While inflammation induced tissue damage is of little evolutionary consequence in organisms that
have limited life spans, as will be discussed below, inflammation plays a major role in the
development of cardiovascular disease worldwide in humans.

Introduction

The cardiovascular system evolved ~600 million years ago as a means to transport nutrients
and cells within multicellular organisms. Primitive organisms such as Drosophila possess a
single chamber that acts as both a pumping tube and a simple vascular system 1. More
complex organisms have compartmentalized functions, with venous and arterial vascular
systems connected to a multi-chamber muscular myocardium that continually receives and
ejects blood components. Despite the more complex nature of the mammalian
cardiovascular system, its primary functions remain the same, and its importance to health
and disease is underscored by the fact that cardiovascular disease is the leading cause of
death world-wide, with an increasing burden over the last decade 2 3. Therefore,
understanding both how cardiac tissue is injured and how cardiac tissue regenerates is of
prime importance to global health.

The immune system evolved as both a layered mechanism of host defense against invading
pathogens, and as a facilitator of tissue growth during development and repair after sterile
tissue injury, including within the myocardium. We will utilize a contemporary
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immunological framework to review the roles of individual immune subsets and pathways in
response to both sterile and infectious cardiac injury. We will also bring to light the idea that
immune system evolved to promote tissue homeostasis, although this beneficial evolutionary
mechanism also comes at a cost of increased "bystander damage" secondary to over
reactivity of immune responses to internal injury signals.

The immune system during tissue growth and regeneration

A careful examination reveals temporal and phylogenetic characteristics that predict the
ability of tissue to regenerate in diverse organisms. More primitive organisms such as
invertebrates, reptiles and amphibians have a striking regenerative potential when compared
with mammals. For example, both the zebrafish and newt heart can fully re-grow after
significant injury and the salamander can fully re-grow limbs after amputation, functions not
possessed by adult mammals 4-6. During times of rapid growth, such as during development,
very young mammals also retain this significant regenerative capacity. For example, the
neonatal heart whether through apical resection of the left ventricle (LV), or myocardial
infarction or, fully regenerates - which is lost after the first weeks of life /2. One important
similarity between more primitive organisms and very young mammals is a more limited
(primitive) immune system.

Phagocytes are an evolutionary conserved lineage that evolved more than 600 million years
ago 10- 11, The macrophage (M®) is a specialized mononuclear phagocyte that resides in all
tissues from the earliest stages of development 12 13, Loss of M®s due to deficiencies in
transcription factors or growth signaling leads to increased mortality and stunted

growth 14-16_ | oss of Ms also leads to abnormalities focused on remodeling and growth of
complex vascular and neuronal networks 17-20, Beyond supporting growth, Md®s also have
an important and more generalized role in clearance of senescent cells during embryonic
development 21 22, Importantly, non-selective depletion of all M®s impairs the ability of
primitive organisms and young mammals to regenerate, highlighting the critical role M®s
play in tissue growth and repair . Together, these data suggest that the M®, first identified
by Ilya Metchnikoff in primitive organisms, may possess evolutionary conserved functions
that aid tissue growth, both during homoeostasis and following injury — a hypothesis that
Metchnikoff himself proposed in the late 191" century 11, While M®s possess important
regenerative functions, they can also mediate pathology. Excessive M® expansion during
ischemic injury impairs tissue healing, indicating that either specific M® activation profiles
or pathological M® subsets can interfere in the regenerative process 23. Understanding when
Ma®s do or do not promote tissue repair is a critical first step if we are to understand why the
adult human heart has only a limited regenerative capacity. Moreover, we need to
understand how in more complex organisms, M®s both regulate, and are regulated by other
leukocyte populations — which adds an additional layer of complexity to the interactions
between immune cells and the regenerative capacity of the myocardium.

Mechanisms of Cardiac Injury

The myocardium can be injured through a variety of pathophysiological processes, which
can be grouped broadly into ischemic and non-ischemic etiologies. In terms of global
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disease burden, ischemic injury is the primary pathophysiological mechanism of injury 2 3,
Occlusion of a coronary vessel after acute plaque rupture can leads down one of two
pathways. The first is permanent anoxic / low nutrient injury from a completed infarction.
The second is due in part to advances in timely interventions that re-establish blood flow to
ischemic (yet viable) tissue, albeit at the cost of what has been termed “reperfusion injury”
(discussed below). Non-ischemic cardiomyopathy is a composite diagnosis that includes
myocarditis secondary to viral / bacterial infections or toxin administration. In addition,
there are cardiomyopathies that develop secondary to chronic hypertension. All these forms
of injury are influenced by genetic predisposition, which can itself lead to early onset
cardiac dysfunction 24. Whether through acute ischemic injury or through the gradual
impairment of cardiac function secondary to a variety of clinical pathologies, irreversible
heart failure often develops. As we are coming to understand, the immune system can
contribute both the initial insult and during the chronic phase of cardiac injury — and despite
significant investment in understanding the contribution of immune cells to injury and
repair, much remains unknown.

Sensing Cardiac Injury

Mammalian hearts use both innate and adaptive immunity to respond to tissue injury
resulting from pathogens or environmental injury (e.g. ischemia or hemodynamic
overloading). Resident cardiac immune cells are triggered by the detection of pathogen
associated molecular patterns (PAMPS) or damage associated molecular patterns (DAMPS)
by a fixed number of germ-line encoded pattern recognition receptors (PRRs). Classic
examples of pathogen-associated molecular patterns include the lipopolysaccharides (LPS)
of Gram-negative organisms, the teichoic acids of Gram positive organisms, the zymosans
of yeast, the glycolipids of mycobacterium, or the double-stranded RNAs of viruses (Fig 1).
More recently it has become clear that cardiac PRRs also recognize the molecular patterns
of endogenous host material released by dying or injured myocardial cells. Cells that die by
accidental necrosis, regulated necrosis (necroptosis), and/or secondary apoptosis release
their cytosolic contents into the extracellular space, thereby initiating a brisk inflammatory
response through engagement of an ensemble of extracellular or intracellular PRRs 2%, The
time course of the inflammatory response that ensues following tissue injury is remarkably
consistent, irrespective of the specific cause of cell injury, and is associated with the rapid
influx of neutrophils, and subsequently monocytes into the area of tissue injury. This
inflammatory response has been referred to as “sterile inflammation,” insofar as the
inflammation following tissue injury occurs in the absence of a known pathogenic

infection 26 27,

Many PRRs encountering PAMPs and DAMPs trigger signaling cascades that activate
nuclear factor-xB, activator protein 1, and interferon regulatory factors transcription factors,
that in turn regulate target genes that encode pro-inflammatory cytokines and interferons in
the heart 28, Another subset of PRRs in the heart trigger a distinct pro-inflammatory
mechanism that requires assembly of cytosolic protein complexes called inflammasomes 2°.
Canonical inflammasomes convert procaspase-1 into the catalytically active protease that is
responsible the production of interleukin 1p (IL-18) and IL-18, which are sufficient to
trigger inflammatory responses in the heart 2°,
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PRRs can be subdivided into two major classes based on their subcellular localization. Toll-
like receptors (TLRs) and C-type lectin receptors are found on plasma membranes or
endosomes, where they can detect the presence of PAMPs or DAMPs. A second class of
PRRs resides in intracellular compartments, and includes RIG (retinoic acid inducible gene)-
I-like receptors, also called RLRs, nucleotide binding and oligomerization domain (NOD)
like receptors (NLRs) and absent-in-melanoma (AIM) 2 receptors 30 31,

Messenger RNA for TLRs 1 — 10 has been identified in the human heart, with TLR4 and
TLR2 being the most abundant 32. Although expression levels of TLRs have not been
identified in human myocytes, TLR-2, 3, 4, 6 MRNA has been identified in cardiac
myocytes from neonatal rats 33, Little is known with regard to the regulation of TLR
expression in the heart, however TLR4 appears to be upregulated in the failing human heart
and on circulating monocytes at the time of myocardial infarction 3438, In animal studies,
loss of TLR4 is hematopoietic cells is protective in the setting of sepsis-induced cardiac
dysfunction, and while loss of TLR4 is also protective following ischemic injury, it is not
know if this too is in hematopoietic or other cell types 37-40. Alternatively, loss of TLR2 in
hematopoietic cells is protective during ischemic injury #1. In the setting hemodynamic
stress, mitochondria are typically damaged, however if degradation of mitochondrial DNA
(mtDNA\) is inhibited, a TLR9-dependent inflammation-induced cardiomyopathy

develops 2. C-type lectin receptors are calcium-dependent carbohydrate-binding receptors,
while expressed in human and murine heart tissue, very little is known about their role in
cardiac tissue injury 43.

NLRs act as cytosolic sensors to intracellular DAMPs and PAMPs. In humans, the NLR
family is composed of 22 intracellular pattern recognition molecules that share a central
NACHT domain and a carboxy-terminal leucine rich repeat region 44. Analysis of human
heart tissues has revealed that NOD2, NOD1 and NLR family members NLRP2, NLRP3 are
expressed. Both NOD1 and NLRP3 have been shown to activate cannonical inflammasomes
in the heart, and play an important role in adverse cardiac remodeling following ischemia
reperfusion injury and myocardial infarction, however the cell types involved are not

known 4% 46_Interestingly, potent inflammatory responses (inflammasome activation)
require integration from two separate signals. The first (through TLRs) leads to upregulation
of mRNA and translation of pro-IL-1p and pro-IL-18, while the second signal (such as
NLRP3 sensing ATP) generates the second signal required for inflammasome assembly and
cleavage of into mature IL-1p and 1L-18 47,

The RLR family is composed of RIG-I, melanoma differentiation-associated gene 5
(MDAJ5), and LGP2. RLRs are localized in the cytoplasm and recognize the genomic RNA
of double stranded (ds)RNA viruses and dsSRNA generated as the replication intermediate of
sSRNA viruses. The expression of RLRs is greatly enhanced in response to type | IFN
stimulation or virus infection. MDAS is the best characterized receptor in this family, with
loss in cardiomyocytes leading to uncontrolled viral replication and rapid death, while over-
expression resulting in protection from lethal myocarditis 48-50. One important issue which
has only been partially addressed thus far is the delineation of cell-types specific roles for
PRRs. Beyond the few example given here, it is not clear what differential roles TLR4 or
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NOD?2 play within individual immune and non-immune subsets during the process of tissue
injury and repair, which represents an important avenue for further investigations.

Innate immunity cell activation following tissue injury

Acute ischemic injury is the best characterized model of cardiac injury and repair. Following
injury, necrotic cell death leads to activation of most leukocyte populations, which initiates
an inflammatory response characterized initially by the activation of ensembles of pro-
inflammatory cytokines and chemokines driven by resident immune and none-immune cells
that are responsible for initiating the recruitment of leukocytes into the area of tissue injury.
The initial inflammatory phase is followed by a proliferative phase characterized by the
expansion of neutrophils and M®s that are responsible for removing dead cells and matrix
debris, as well as releasing cytokines and growth factors that lead to the formation of a
highly vascularized granulation tissue, comprised of connective tissue and new blood
vessels. The final maturation phase is characterized by fibroblast activation and endothelial
cell proliferation, culminating in reparative myocardial fibrosis and angiogenesis.

During the very early stages following ischemic injury mast cells and soluble complement
proteins become important initiators of inflammation — a process amplified following
coronary reperfusion. Immediately after blood flow is restored, resident cardiac mast cells
release preformed pro-inflammatory mediators (TNF-a, histamine and various proteases)
that initiate an amplification loop involving adjacent cells, such as endothelium, resident
macrophages and subsequently, infiltrating neutrophils °1. Timely restoration of blood flow
to viable tissue is critical to prevent cardiomyocytes death, however reperfusion comes at
the cost of introducing complement proteins to injured / inflamed endothelial cells and
myocardium (see review 52). Activated (cleaved) complement proteins trigger further mast
cell degranulation, release of histamine and vasogenic edema °2. Cleaved complement
proteins such as C5a both attract neutrophils and induce their transendothelial migration into
the injured tissue via the CD11b/CD18 complex 33 (Fig 2A). If reperfusion is not
established, cardiomyocyte cell death will ensue through a variety of pathways that lead to
additional DAMP liberation. The exact role of resident mast cells is in part inferred, since
models of mast cell deficiency revolve around using Kit™~ animals, which have other
immune cell deficits 456, However, mast cells, the complement cascade, oxidative stress
and proinflammatory cytokine / chemokine production immediately after injury initiate a
complex interplay between innate and adaptive immune cells.

The Neutrophil - recruitment, oxidative damage and cell death

Following either cardiac ischemic injury or pressure overload, neutrophils are the first innate
immune cell recruited to the myocardium in large numbers 57. Patients deficient in
neutrophils or neutrophil function suffer from devastating disseminated bacterial infections,
indicating a clear requirement for this cell type to prevent expansion of otherwise harmless
pathogens 8. Yet, their role in the response to injury is almost entirely pathologic, and as
such, neutrophils serve as the best example of adaptations that promote overall longevity,
yet in the setting of sterile injury, have no known protective role.
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Neutrophil recruitment is mediated in two phases. The first phase is peripheral activation
prior to infiltration. Mitochondria in all cell types, including cardiomyocytes, contain
formylated peptides and mitochondrial DNA - both of which are structurally similar to
bacterial components. In an analogous system (skeletal muscle necrosis), these
mitochondrial DAMPs are released. Formylated peptides are sensed by formyl peptide
receptor 1 (FPR1) and mtDNA is sensed by TLR9, which leads not only lead to neutrophil
activation, but both act as chemoattractants that lead to neutrophil tissue infiltration

homing 2. The ability to sense mitochondrial motifs is not surprising since mitochondria are
endosymbionts, and related to microbes in many ways. The second phase of neutrophil
activation is dependent on cardiac endothelial cells, Cardiac endothelium is activated by
proinflammatory cytokines such as TNF-a, IL-1f and histamine which activate endothelium
and induce upregulation of adhesion molecules allowing for neutrophils transmigration
between and through endothelial cells to reach the site of tissue injury 51 59, Detailed
imaging studies in other organ systems have helped our understanding of how neutrophils
enter damaged tissue. Following necrotic tissue injury in the liver, neutrophils adhere to
more remote sites, where viable tissue is present. Initially, migration is dependent on
chemokines and subsequently neutrophils follow necrotic signals, such as liberated
intracellular ATP - also a DAMP - in order to precisely home to the site of tissue injury 0.
The reason neutrophils (and perhaps other recruited cells) take this more convoluted path is
that necrotic tissue is usually non- (or under) perfused, and transendothelial migration at the
site of injury is not possible. Unfortunately, such detailed imaging studies have yet to be
performed in the injured beating heart, however techniques to image are being developed 6.
It would also be highly informative to understand the spatial dynamics of resident M®s,
recruited neutrophils and monocytes during the evolution of ischemic cardiac injury.

An important early mediator of tissue injury appears to be IL-6, which is produced in an
autocrine fashion by cardiomyocytes and recruited myeloid cells (both neutrophils and
macrophages) 2 63, |L-6 upregulates ICAM-1 on cardiomyocytes, whose expression
induces neutrophil binding and stimulates cytotoxic activity %496, The role of neutrophils
following cardiac injury may be more pronounced when significant areas of the myocardium
are at risk of cell death (but have not yet died), such as following ischemia-reperfusion
injury. Neutrophils produce numerous proteases which contribute to injury and blockade of
neutrophil recruitment appears to be most effective during more limited episodes of
ischemia, rather than during longer episodes where cardiomyocyte death is largely
secondary to anoxia and nutrient deprivation 67-69,

Circulating monocytes and tissue macrophages - rediscovered

The dominant view for the last half century has been that bone marrow derived
hematopoietic stem cells (HSC)s produce circulating blood monocytes which enter into
tissue and become tissue macrophages 0. However, in the last few years a series of more
definitive publications have drastically revised our understanding of monocyte and M®
origin by demonstrating that many resident tissue M®s are established during embryonic
development, and are maintained through self-renewal, rather than through blood monocyte
input 13 71-76_Gjven the importance of monocytes and M®s to cardiovascular disease, we
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will review recent insights into the origin of functions of these subsets, and how they
contribute to cardiac tissue injury and repair.

There are two principle subsets of circulating monocytes in mice (Ly6cH! and Lyc6-oW).
Ly6c* monocyte progenitors give rise to Ly6cHi monocytes, and through an Nr4al-
dependent transcriptional program, Ly6cHi monocytes differentiate into Ly6c-oW

monocytes 72 77 78_Global transcriptional profiling has revealed these subsets are
conserved in humans 7°. Not only do cell surface markers differ between monocyte subsets,
but these subsets have very different roles. Ly6c-°" monocytes adhere to and move along
the endothelium, both clearing damaged cells and trigger inflammatory responses without
entering tissue 8% 81, In the setting of cardiac stress, Ly6cHi monocytes are the primary
subset recruited in the heart, either following ischemic injury or hypertensive stress, while
Ly6c-" monocytes do not appear to be directly recruited into the

myocardium /3. 74,76, 82,83 ‘Monocytes recruited into ischemic myocardium are found in the
blood, but the spleen also represents a monocyte reservoir that can be utilized when blood
and bone marrow stores are insufficient 84 85. Monocyte recruitment appears to be
dependent on innate B cells, which are also recruited to the ischemic myocardium, and drive
monocyte expansion through a CCL7-dependent fashion 8. Many studies have examined
the role of monocytes and M®s and analyzed them a single cell population, but as we will
describe below — these subsets represent different ontological lineages, and those differences
have important functional implications.

Using genetic fate mapping, parabiosis and adoptive transplant studies, resident cardiac
Md®s have recently been defined in much more detail. Rather than a single homogenous
population, resident cardiac M®s are composed of three discrete subsets, with different
origins and functions (Fig 3A) 7. These three M subsets are defined by two cell surface
markers [major histocompatibility class Il (MHC-II) and C-C chemokine receptor 2
(CCR2)]. MHC-11Hi and MHC-11-W cardiac M®s are both CCR2~, numerically are the
dominant subsets, and are derived primarily from embryonic progenitors, but also contain
adult-monocyte-derived M®s "4, These embryonic-derived subsets originate both from both
primitive yolk sac precursors and fetal monocytes, and renew in situ. MHC-I1" and MHC-
[1-9W cardiac M®s represent two transcriptionally distinct subsets, yet each are comprise of
a complex coexistence of M®s from multiple lineages 4. Immediately after birth, MHC-
[1LOW Mds are the primary subset, and MHC-11H1 Mas develop from MHC-11-9W, as well as
monocyte recruitment. After birth there is some dilution of embryonic-derived M®s by
recruited monocyte-derived Mds in the heart, however in adult animals (20 weeks old), the
majority of resident cardiac M®s remain of embryonic origin 4 87,

The third cardiac M® subset is made up of CCR2* M®s, which are derived from, and slowly
replenished by circulating blood monocytes. Detailed studies during hypertensive stress
indicate that embryonic-derived M®s expand solely through in situ proliferation, while
monocyte-derived M®s require monocyte input prior to proliferative expansion in tissue 74,
CCR2* M®s are enriched in NLPR3 inflammasome genes, which are required to process
and deliver 1L-1p to the heart during cardiac stress 74. Previously it has been demonstrated
that inflammasome activation promotes adverse cardiac remodeling following ischemic
injury, genetic cardiac hypertrophy and hypertensive cardiac disease, and it may be that

Nat Rev Immunol. Author manuscript; available in PMC 2015 December 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Epelman et al.

Page 8

CCR2* M®s are an important contributor to inflammasome activation irrespective of the
mechanism of cardiac injury 29 8. 89, Recruited CCR2* M®s and their robust pro-
inflammatory signature likely evolved as a mechanism to control invading pathogen
expansion, which is activated inappropriately during sterile inflammatory responses 90: 91,
One of the interesting questions in the setting of cardiac tissue injury is trying to understand
what role recruited monocytes and monocytes-derived M®s play, since the ability to
separate monocyte-derived M®s and embryonic-derived M®s has only recently been
developed.

Using non-selective depletion strategies that target all monocyte and M® subsets has
revealed that in the absence of both monocytes and M®s, scar formation is impaired after
cardiac ischemic injury, with decreased collagen production, decreased angiogenesis and
increased mortality due to myocardial rupture 9293, Alternatively, increased M® expansion
in ApoE deficient mice suggests that excessive M® expansion also impairs infarct healing,
leading to excessive inflammation and impaired cardiac function 23. Models of monocyte
ablation (Ccr27/~ mice), which lack circulating monocytes, or impaired monocyte function
indicate monocyte recruitment and the resultant inflammatory response leads to

pathology 94-96. One simple interpretation of these data is that either too many or too few
monocytes / M®s impair infarct healing. However given our new understanding that cardiac
embryonic-derived resident Mds exist, some clarity emerges about studies that produce
seemingly paradoxical findings. For example, studies which target Ly6cHi monocytes
(Ccr27/~ mice), are in fact targeting adult monocyte-derived cells, but leaving the embryonic
M®s untouched. Loss of Ly6cHi monocytes prevents hypertension induced cardiac fibrosis
and improves LV function after myocardial infarction, suggesting recruited monocytes play
a pathological role in the setting sterile injury, as long as resident, embryonic-derived M®s
are not targeted 82 92,97,

Interestingly, the neonatal heart has a remarkable capacity to regenerate in response to
multiple forms of tissue injury - and the regenerative process is lost when resident,
embryonic-derived M®s are eliminated 2. In fact, the neonatal heart expands resident
embryonic M® populations, rather than recruits monocytes, which appears to be a
fundamental difference between neonatal and adult hearts. Neonatal cardiac M®s promote
endothelial cell activation and cardiomyocyte growth, and generate minimal inflammation
after stimulation through TLR and inflammasome pathways °. These data suggest that that
the neonatal heart avoids excessive inflammatory responses generated in the adult, which
may be a critical factor that aids the regenerative process (Fig 3B). The generalized
immunosuppressive nature of neonatal animals may be related to their limited ability to
recruit monocytes, and while the reliance on embryonic-derived M®s for growth and
regeneration after injury is clearly beneficial, it comes at the cost of being susceptible to
infections %,

Embryonic-enriched M® subsets (MHC-11H and MHC-111°W) are efficient at internalizing
debris and engulfing apoptotic cardiomyocytes, suggesting important homeostatic roles that
are reminiscent embryonic M® function during development, and could suggest some of
these functions are “hard-wired” into the adult 2+ 22. 74, The uptake of dead / dying cells is
an important function in the setting ischemic injury. The Mer tyrosine kinase (MerTK) —a
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phagocytic receptor (and highly specific marker of tissue macrophages) is upregulated on
cardiac M® after myocardial infarction and loss of MerTK leads to accumulation of
apoptotic cardiomyocytes, increased neutrophil persistence and decreased levels of the anti-
inflammatory cytokine I1L-10 in the myocardium indicative of ongoing inflammation, which
ultimately results in decreased cardiac function 9 100, The act of phagocytosing apoptotic
cells (efferocytosis) in skeletal muscle results in their transition to a more anti-inflammatory
state through the intracellular signaling kinase AMPK, which is associated with
downregulation of proinflammatory genes (i.e. TNF-a) and upregulation of anti-
inflammatory genes (i.e. IL-10) 101. 102 (Fig 3B). ). Therefore, impaired phagocytic
clearance of apoptotic debris can act increase inflammation through a feed-forward
mechanism. Macrophages that cannot phagocytose dying cells secrete excessive pro-
inflammatory cytokines , while excess apoptotic cells accumulate leading to secondary
necrosis, which itself further stimulates M® activation through DAMP signaling, thereby
perpetuating inflammation.

Together, these data suggest strategies that spare resident M®s may yield therapeutic
benefit. Given the new found heterogeneity of cardiac M®s, it would be interesting to
determine how ontologically distinct macrophage subsets behave. How do embryonically
derived cardiac M®s promote regeneration? Can you instruct an infiltrating monocyte-
derived M® to behave in a fashion similar to resident, embryonic-derived M®s? Given that
M®s during development promote tissue growth and differentiation, are these functions
"hard-wired" and retained in adult hearts 21: 22, Alternatively, given that adult-derived
CCR2* M®s are enriched in inflammatory genes and are dependent on blood monocytes -
can strategies be developed to exclusively target monocyte expansion only, while leaving
resident M®s untouched prevent injury? While embryonic-derived cardiac M®s are a
critical for triggering cardiomyocyte growth after injury in the neonate, on their own, they
may not be sufficient to trigger a robust proliferative program in relatively quiescent adult

cardiomyocytes, as neonatal cardiomyocytes loss are much more receptive to growth
signals 8,103, 104

Neutrophils, monocytes and macrophages - Intertwined inflammatory

amplification and de-amplification

Neutrophils and recruited monocytes may act within an amplification loop to both trigger
synergistic inflammation early after cardiac tissue injury and promote rapid resolution of
inflammation. Imaging studies have revealed following ischemic injury in lung tissue, very
early recruited Ly6cH monocytes interact with and activate neutrophils - a process required
for neutrophil transendothelial migration 195 (Fig 3A). Once recruited, neutrophils propagate
inflammation through the release of preformed mediators that induce the recruitment of
monocytes (proteoglycans, cathepsin G), release of neutrophil proteases that digest
monocyte chemokines (which can serve to attenuate or enhance chemokine activity) or in
the correct context, the direct release of chemokines themselves (as reviewed in 106).

Monocytes and M®s also control neutrophil numbers through at least two mechanisms. The
first involves production of neutrophils in the bone through the action of IL-17a, which itself
is regulated by 1L-23 107, Increased levels of apoptotic tissue neutrophils are sensed by
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tissues M®s, and by phagocytosis apoptotic neutrophils, tissue M®s decrease their own
secretion of 1L-23, which decreases IL-17a levels, and thereby decrease neutrophil
production 197-109 Neutrophil apoptosis in tissue is regulated by a number of factors
including reactive oxygen species, TNF-a, Bcl-2 and FasL 119-112_||_-23 appears to act on
innate v8 T cells, which are an important source of IL-17a production 197. Blockade of
IL-17a improves LV function, decreases neutrophil recruitment and cardiomyocyte
apoptosis 113, highlighting not only the important role IL-17a plays, but how production of
IL-17a acts as a integration node for multiple cell types and pathways (Fig 2B).

In inflammation, apoptotic neutrophils release chemotactic cues that attract monocytes and
M®s 106, |n addition to reduced IL-23 production, M®s that have ingested neutrophils also
increase production of anti-inflammatory cytokines and decrease production of pro-
inflammatory cytokines such as I1L-18 and TNF-a 114115 Following ischemic injury, if all
cardiac M®s are absent, or they if they lack the phagocytic receptor MerTK, there is
neutrophil persistence within the infarcted tissue and ongoing inflammation, suggesting
phagocytosis of neutrophils and likely other necrotic elements by resident and/or recruited
M®s is critical to limit inflammation and promote wound healing 74 92: 99, The specific
contributions from either embryonic-derived cardiac M®s or recruited monocytes / M®s to
the maintenance of tissue homeostasis in the heart is not currently known.

Myocarditis as a Model of Cardiac Inflammation

Myocarditis is an excellent model of dissecting inflammatory processes in the heart. It
typifies the balance of innate and acquired immune mechanisms in response to injury, and in
turn determines the outcomes of progression to heart failure versus repair and regeneration.
Myocarditis is most often induced by infection with viruses, although other infectious
pathogens can also be involved, such as bacteria or the protozoa Trypanosoma cruzii
(causing Chagas’ disease, the commonest cause of heart failure in South America) 116: 117,
During infection, PAMP production triggers innate immune response through pattern
recognition receptors. Myocarditis can also result from non-infectious triggers produced by
DAMPs that activate the innate immune response in the susceptible individual leading to
sterile inflammation. These can follow cardiac injury stimuli such as myocardial infarction,
cardiac surgery, allergic reactions to drugs or chemicals or excessive stress, and can be
mimicked in the laboratory by exposure of intracellular proteins such as myosin in the
presence of Freund’s adjuvant 118,

Clinically, myocarditis accounts for about 1 in 9 cases of heart failure of hon-ischemic
etiology, and remains one of the most common reasons for heart transplantation
worldwide 119, Currently there are no specific treatments for viral myocarditis, except for
generalized supportive therapy. However, the pathophysiological underpinnings of
myocarditis profile the interplay amongst the different immune signaling pathways in the
heart, and can help to guide personalized treatment strategies 120,

The commonest viruses which are known to cause myocarditis include enteroviruses such as
Coxsackievirus B3/4 strains and adenoviruses, with a periodicity to its prevalence in the
population, possibly related to herd immunity. European studies also demonstrate a
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significant contribution of Parvovirus 19, with chronic tropism for endothelial cells and the
bone marrow 121, The coxsackieviruses and adenoviruses target the host tissue, including the
immune, cardiovascular and neurological systems through the internalizing coxsackie-adeno
receptor (CAR), an immune regulated tight junction protein expressed in the target

tissues 122. 123 The internalization is assisted by its co-receptor, decay accelerating factor or
CD?55, that also inhibits complement activation 124, However, while viral entry and
subsequent proliferation trigger disease, they are not necessarily the primary determinants of
disease outcomes. Both the innate and adaptive immune responses play critical roles in
progression viral myocarditis, evidenced by findings that genetic deletion of innate immune
toll-receptor intermediates such as MyD88 or IRAK4, or T-cell receptor tyrosine kinase
p56/K, can all ameliorate myocardial inflammation and survival despite viral

proliferation 50: 125-127,

Following viral entry into the target cell, such as an immune cell or the myocyte, the virus
can engage intracellular NLR’s including RIG-1 and MDADS. The endosomal degradation of
the virus can lead to activation of TLR3 and TLR7s, with the participation of their
downstream signals in the host inflammatory response #8: %0, The TLR signal cascade
activation, when exuberant, can have detrimental consequences for the host.

Genetic deletion of TLR adaptor MyD88 or its downstream tyrosine kinase IRAK4,
following exposure to CVB3 viral infection, surprisingly showed a very significant
protective benefit for the host. This is accomplished by at least 4 different mechanisms: (1)
reduction in MyD88-IRAK4 signaling reduced downstream activation of TRAF6, and
nuclear translocation of the NF-kB complexes leading to reduced cytokine production and
T-cell activation 128; (2) paradoxical increases of IRF3 or IRF5 homodimerization and stat1/
stat5 phosphorylation, leading to increased production of protective type | interferons %0 127;
(3) IRAKA4 deletion also facilitated the mobilization of protective CCR5™ macrophages from
the bone marrow into the myocardium 9; (4) down regulation of the CAR receptor and
decreased viral proliferation. Conversely, the genetic deletion of IRF3, of the TRIF or
MyD88 independent TLR pathway, leads to much worse outcome with increased mortality
and viral proliferation. Mechanistically, this involves decreased type | interferon production
while conversely activation of NF-kB translocation and downstream pro-inflammatory
signals are increased 129,

These observations have several important implications. The first is that viral receptor
number and the degree of viral proliferation are paradoxically facilitated by the host innate
immune response — likely an evolutionarily selected advantage for the pathogenic virus at
the expense of the host. The second is that the intracellular pathways of innate immune
signaling downstream to the TLR or NLR engage in significant cross talk, such that down
regulation of IRAK4 signaling up regulates IRF3/IRF5 mediated type | interferon
production; conversely IRF3 signaling counter regulates NF-kB activity. The third is that
intracellular immune signaling appears to also regulate trafficking of inflammatory cells
from the bone marrow, such as the CCR5* macrophages. Indeed the latter is also the case in
sterile inflammation post myocardial infarction, where IRAK4 appears to regulate the
trafficking and maturation of dendritic cells into the myocardium, with subsequent
orchestration of host inflammatory responses that dictate remodeling and host survival.
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The activation of innate immune signaling pathways also sets the stage for the acquired
immune T-cell maturation and participation in the host inflammatory response. Genetic
deletion studies of the T-cell receptor tyrosine kinase p56lck, where T-cell maturation is
impaired, demonstrated almost complete protection of the host against Coxsackievirus B3
infection 125, This is mimicked partially by CD4/CD8 subset deletion 130, This is also
replicated by the general leukocyte tyrosine phosphatase CD45 deletion 126, Interestingly, in
many of these models, there was a significant reduction in viral proliferation and up
regulation of type | interferons. Meanwhile the T regulatory cell subset is usually produced
in limited numbers following infection. However, isolated external T regulatory cell
expansion and adoptive transfer to infected hosts demonstrated a very significant protective
effect with again a decrease in viral proliferation and up regulation of type | interferons 31,
Surprisingly there was a general down regulation of TLR related signaling pathways,
including MyD88, IRAK, NF-kB and even TLR4 itself (see summary of protective and
detrimental pathways during viral myocarditis — Fig 4). Moreover, beyond their role during
infections, regulatory T cell also promote recovery via an 1L-10 pathway following ischemic
injury 132-134 These data suggest that there is close cross-talk between the T regulatory
subsets and innate immune signaling pathways during both infectious and sterile injury.

The above progress in understanding the myocarditic processes has moved the field forward
from the earlier failed effort in treating patients with biopsy proven myocarditis with broad
immunosuppressive regimen, demonstrating no net benefit 13%. Subsequently, a Phase I1 trial
has demonstrated that in patients with persistent viral proliferation, intravenous interferon
has benefits in clearing the virus, and improving symptoms 136, Targeted
immunosuppressive therapy may be indicated for patients with persistent immune activation
where the viral proliferation phase has already passed. Nevertheless, there are still major
gaps in knowledge, including why there are periodic enteroviral outbreaks in the population,
what are the susceptibility factors predisposing some patients to develop several viral
myocarditis requiring transplantation, vs. those who are able to rebalance the immune
response and promptly recover, are there biomarkers to permit one to predict an individual
patient’s susceptibility, and for those at risk, is vaccination a viable option?

Future directions

The ultimate goal in terms of understanding how the immune system directs inflammatory
and reparative programs following cardiac injury is the development of therapeutic
strategies that promote tissue regeneration and repair. Evolutionary pressures drove both the
development of primitive phagocytic cells to promote tissue growth during development and
wound healing, but also drove the development of innate / adaptive immune subsets and
pathways that promote survival of the host in the face of infectious threats. Adaptations to
both enhance pathogen clearance, as well as promote tissue regeneration/repair may result in
a zero-sum game, whereby the gains in host-defense are counterbalanced by the loss of
regenerative potential. Within this context, an important recent advancement has been the
discovery of ontologically distinct cardiac M® subsets and the pathways that they control.
The ability to selectively trigger germ-line encoded reparative programs in resident cardiac
immune cells represents a novel approach to modulate tissue damage and repair in patients
with a wide range of cardiovascular diseases.
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Figure 1. Cardiac injury and sensing damaged tissue

Schematic demonstrating coronary artery occlusion (black) that leads to ischemic tissue
injury (grey zone). From within the ischemic zone, cell necrosis, extracellular matrix (ECM)
degradation and recruitment of immune cells all leads to production specific damage
associated molecular patterns (DAMP)s, which are recognized by pattern recognition
receptors (PRR)s, leading to the generation of inflammatory responses to internal injury
signals.
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Figure 2. Immune Response To | schemic Injury in Adult Animals
A) Temporal schematic demonstrating that early after ischemic injury (first 24 hrs), internal

DAMP signals released from necrotic cardiomyocytes activate resident mast cells, causing
degranulation and release of preformed pro-inflammatory cytokines and vasogenic
compounds such as histamine, which activate endothelial cells. Necrotic cardiomyocytes
also release mitochondrial DAMPS (formylated peptides and mtDNA) into circulation,
which causes systemic neutrophil activation. Activated neutrophils adhere to activated
endothelium, transmigrate into tissue following a chemokine gradient. Neutrophils secrete
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proteases that digest tissue (and also activate chemokines such as C5a), which further
potentiates leukocyte recruitment. Early recruitment of monocytes aids neutrophil
recruitment. Neutrophils are directed to ischemic areas by following DAMP gradient (such
as ATP). Neutrophils then both phagocytose dying cells, but can also induce apoptosis in
live cardiomyocytes themselves through a MAC-1 : ICAM-1 interaction and release of
reactive oxygen species. B) Schematic demonstrating that later after ischemic injury (24-96
hrs), there is recruitment of Ly6cHi monocytes from the blood into ischemic cardiac tissue.
Some of the monocytes originated from the spleen. IgM/IgD* innate B cells are also
recruited into the myocardium, and through a CCL7-dependent fashion, promote further
monocyte recruitment 86, Innate B cell activation is Myd88 dependent (suggesting TLR /
DAMP involvement). Recruited monocytes secrete pro-inflammatory cytokines and
chemokines, and drive inflammatory processes. A proportion of recruited monocytes
ingested apoptotic material including neutrophils, which serves to increase secretion of anti-
inflammatory cytokines such as TGF-B and IL-10, and thereby decrease leukocyte
recruitment. Monocytes produce IL-23, which drives innate v T cells to produce IL-17a.
IL-17a has two roles; it drives neutrophil production in the bone marrow and causes
cardiomyocytes death. As inflammatory responses diminish, less IL-23 is produced.
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Figure 3. Role of embryonic-derived M®s during tissue injury and repair
A) Schematic depicting cardiac M® origins. During embryonic development, initially extra-

embryonic yolk-sac derived M®s seed the developing heart (blue), and expressed low levels
of MHC-II. Later during development, fetal-monocyte-derived M®s also infiltrate the heart
(red), and both embryonic M® populations expand by proliferation during development and
after birth. MHC-11" M®s develop from MHC-11L°W M®s after weaning 74 87. During this
time, HSC-derived monocytes infiltrate the heart and also differentiate into MHC-111i and
MHC-11LW Mds (green). MHC-11H1 and MHC-11-°W M live as ontologically mixed
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groups, primarily made up of embryonic-derived M®s 4. Monocytes infiltrate the heart and
become shorter lived CCR2* Md®s, which are entirely derived from blood monocytes 4. B)
Comparison of the M® response to tissue injury in neonatal animals (which regenerate
cardiac tissue) and adult animals (minimal regeneration). In the neonate, resident
embryonic-derived populations expand without significant monocyte input. Embryonic-
derived M®s promote angiogenesis, cardiomyocyte proliferation and produce minimal
inflammation when stimulated by DAMPs, which together facilitate cardiac regeneration °.
In injury in the adult, large numbers expansion of CCR2" monocytes and M®s, which
possess a limited ability to promote angiogenesis and cardiomyocyte expansion, but have
significant capacity to drive inflammatory responses, which impedes regeneration & 74,
Importantly, neonatal cardiomyocyte are primed to divide and therefore "receptive” to
regenerative signals 8 103. 104 Adult cardiomyocytes are much less receptive to regenerative
signals, and growth signals from embryonic-derived cardiac M®s are but one important
component to enhancing cardiac regeneration in adult tissues. To exploit this understanding
therapeutically, the goal would be model the neonatal response to injury (embryonic-derived
Mda®s and receptive cardiomyocytes) in the adult.
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Figure 4. Interaction of Coxsackievirus B (CVB) with the host innate and acquired immune
system
The virus engages the internalizing receptor Coxsackie-Adeno Receptor (CAR) whose

tyrosine kinases Fyn and Abl can facilitate viral remodeling of cytoskeleton to gain entry,
further aided by co-receptor decay accelerating factor (DAF), associated with tyrosine
kinase p56'°k. The viral components can interact with MDAS/RIG-I to activate NF-kB, or
engage the cell surface toll-like receptors (TLR) through adaptor MyD88 and downstream
signal intermediates such as IRAK-4 and TRAF6. These pathways facilitate viral
proliferation and host immune tissue damage. On the other hand, activation of TRIF-IRF3/
IRF7 pathway leading to type I interferon (IFN) production is protective. There is mutual
counter-regulation of the MyD88 —IRAK4 and TRIF-IRF3 pathways. The subsequent
maturation of CD4* / CD8* T cell subsets is also detrimental for the host, in contrast to the
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T regulatory cells which are host-protective. Cross talk between acquired and innate immune
signaling pathways modulate the host response to viral infection.
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