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Preface

Cardiovascular immunology is a newly emerging research area based on the increas-
ingly evident existence of several layers of crosstalk between the cardiovascular and
the immune system. Nevertheless, there is still little overlap between research into
cardiovascular biology and immunology. However, emerging knowledge is chal-
lenging this paradox and forcing communication between the two fields. As a result,
we are now approaching a time where the immune system is rapidly being appreci-
ated for its role other than fighting infections, particularly in the cardiovascular
sciences.

For this book, we have sought to bring together experts on various aspects of
cardiovascular immunology, with the aim of providing an overview of the crosstalk
between the cardiovascular and the immune system under homeostasis and during
disease. First, we discuss our changing understanding of the immune system and its
various roles in physiological processes other than host defence. We then describe
the immunological capacities and functions of the most important cardiovascular
cell types, including cardiomyocytes, fibroblasts, endothelial cells, pericytes as well
as resident macrophages, the most prominent cardiac immune cell population. This
is followed by an exploration of areas, in which disturbance of immune regulation
and aberrant activation of the immune system is causative in the development of
cardiovascular disease including atherosclerosis and cardiac and cardiovascular
autoimmunity. We conclude with two chapters on the crucial role of the endogenous
innate and adaptive immune system in heart repair and regeneration after tissue
damage.

With this comprehensive coverage of state-of-the-art knowledge on the mutual
and interdependent link between the cardiovascular and the immune system, we
hope to provide a valuable resource for readers with either immunology or cardio-
vascular background.

London, UK Susanne Sattler
London, UK Teresa Kennedy-Lydon



Introduction

Most textbooks still describe the immune system largely in the light of infectious
disease. However, we now know that defence against invaders is only one of several
roles of the immune system aiming for the maintenance or restoration of tissue
integrity. Non-self-recognition and defence against infectious microorganisms even
seem to be an evolutionary younger addition to the ancient mechanism of phagocy-
tosis, which is the crucial basis for fundamental physiological processes during
development and homeostasis.

As such the immune system cannot be separated from the rest of the body but is
an integral part of any organ system or physiological process. To name just a few
striking examples, ovulation, mammary gland development, the establishment of a
successful pregnancy through fetomaternal tolerance, embryonic development
through developmental apoptosis, angiogenesis, bone and brain development and of
course wound healing and regeneration of adult tissues are all dependent on a vari-
ety of immune effector cells or molecules.

A crucial role of the immune system beyond the control of infectious diseases
has also become evident in the cardiovascular system. Immune cells and molecules
play critical roles as effectors in cardiovascular health and disease. The heart itself
contains a diverse population of tissue-resident immune cells, which are crucial in
the continuous maintenance of tissue integrity. Moreover, the vasculature is in inti-
mate contact with immune effectors in the blood and thus particularly susceptible to
inflammatory changes. Conversely, parenchymal and stromal cells of the heart and
vasculature have a wide range of crucial immunological functions and are active
players in shaping immune responses.

Although the field of cardiovascular immunology is still in its infancy, it’s
becoming increasingly evident that a tightly controlled interplay between the two
systems is essential to maintain cardiovascular health. Taking into account the
effects on both systems will have potential to significantly improve future therapeu-
tic strategies.

vii
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Part I
The Immune System in Tissue
and Organ Homeostasis



Chapter 1
The Role of the Immune System Beyond
the Fight Against Infection

Susanne Sattler

1.1 Introduction: Our Changing Understanding
of the Inmune System

Our current understanding of the immune system varies drastically from the view
that prevailed just over 20 years ago. Early observations during infectious diseases
lead to a major focus on the immune system’s ability to discriminate between self
and non-self and defence against pathogenic microorganisms. In its classical defi-
nition, the immune system comprises of humoral factors such as complement pro-
teins, as well as immune cells and their products including antibodies, cytokines/
chemokines and growth factors. This system of humoral and cellular factors is
considered responsible for defending the host from invading pathogens.

However, the roles of immune cells and factors are not limited to host defence,
but extend to development, tissue homeostasis and repair (Fig. 1.1). In addition,
there are crucial immunological functions played by stromal and mesenchymal
cells, which are not commonly considered part of the immune system, such as
fibroblasts and endothelial cells. On top of that, it is now also appreciated that the
inflammatory status of the environment is important in defining the type of
response to any antigen and that the immune system is in fact crucial for the main-
tenance and restoration of tissue homeostasis in both sterile and infectious
situations.
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Fig. 1.1 The fundamental roles of the immune system beyond host defence: The immune system
is essential for reproduction, development and homeostasis. Sterile tissue damage such as physical
trauma or ischemia/reperfusion injury (e.g. myocardial infarct) induces an inflammatory reaction
to initiate wound healing and/or regenerative mechanisms. The same basic immunological mecha-
nisms will eliminate microbes if they are present due to injury at a barrier sites (e.g. skin) or pri-
mary infectious tissue damage (e.g. viral myocarditis). Necrotic cells in damaged tissue release
damage/danger-associated molecular patterns (DAMPs) such as HMGBI1, IL-33, ATP, heat-shock
proteins, nucleic acids and ECM degradation products. Microbes are recognised by the immune
system through their expression of pathogen-associated molecular patterns (PAMPs) such as LPS,
flagellin, dsRNA and unmethylated CpG motifs in DNA. ATP adenosine triphosphate, HMGBI
high mobility group box 1, ECM extracellular matrix

1.2 A Brief Historical Perspective

What is believed to be the first record of an immunological observation dates
from 430 BC. During a plague outbreak in Athens, the Greek historian and gen-
eral Thucydides noted that people that were lucky enough to recover from the
plague did not catch the disease for a second time [1]. The beginnings of modern-
day immunology are usually attributed to Louis Pasteur and Robert Koch.
Pasteur, in contrast to common belief at the time, suggested that disease was
caused by germs [2], and Robert Koch confirmed this concept in 1891 with his
postulates and proofs, for which he received the Nobel Prize in Physiology or
Medicine in 1905 [3, 4]. These very early observations were fundamental for the
first identification and early characterisation of the immune system but also
skewed all subsequent definitions towards a defence machinery against invading
microorganisms.

1.2.1 The Traditional View of Immunity: Evolution to Protect
Jrom Infectious Microorganisms

The immune system has long been considered to have evolved primarily because
it provided host protection from infectious microorganisms and correspond-
ingly a survival advantage. Genes of the immune system have been suggested to
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be under particularly high evolutionary pressure due to the need to prevent
pathogenic microorganisms from harming the host. Hosts are therefore under
selective pressure to resist pathogens, whereas pathogens are selected to over-
come increasing host defences [5]. This process of a stepwise increase in resis-
tance by the host and subsequent mechanisms for evasion by the pathogen is the
basis for a well-established co-evolutionary dynamics, the ‘host—pathogen arms
race’ [6].

In 1989, Charles Janeway proposed his ‘Pattern Recognition Theory’ [7], which
still provides the conceptual framework for our current understanding of innate
immune recognition and its role in the activation of adaptive immunity. Janeway
proposed the existence of an evolutionary conserved first line of defence consisting
of antigen-presenting cells equipped with pattern recognition receptors (PRR)
which recognise common patterns found on microorganisms, which are different
and thus distinguishable from those of host cells. These innate immune cells take
up foreign antigens, present them to adaptive immune cells and thus determine the
following adaptive immune response. Janeway’s model also suggested that the
innate immune system evolved to discriminate infectious non-self from non-infec-
tious self as microbial patterns were not present on host tissues [8]. A few years
later, the first family of pattern recognition receptors, the Toll-like receptors (TLRs),
were indeed discovered [9]. Notably, Toll-like receptors (TLRs) are also one of
several striking examples of convergent evolution in the immune system [10]. TLRs
are used for innate immune recognition in both insects and vertebrates. The ancient
common ancestor, a receptor gene with function during developmental patterning,
subsequently evolved a secondary function in host defence. This happened inde-
pendently in insects and vertebrates after the vertebrate and invertebrate lineage had
separated [11].

All this seemed to strongly support the concept that the primary role of the
immune system is to defend against potentially infectious microorganisms.

1.2.2 The Danger View of Immunity: Evolution to Protect
Jrom Endogenous Danger

Charles Janeway’s model is still considered largely correct today, although too
simplistic as it fails to explain certain aspects of immunity including sterile
immune responses in the absence of infectious agents as well as the unrespon-
siveness to a variety of non-self-stimuli such as dietary antigens and commensal
microorganisms. In 1994, Polly Matzinger proposed the ‘Danger Hypothesis’
[12]. Her model, again on purely theoretical grounds, suggested that the primary
driving force of the immune system is the need to detect and protect against dan-
ger as equivalent to tissue injury. Importantly, in the same year, a group of scien-
tists working on kidney transplantation discussed the possibility that in addition
to its foreignness, it was the injury to an allograft which ultimately caused an



6 S. Sattler

immune response and rejection [13]. Activation of innate immune events by
injury-induced exposure of normally hidden endogenous molecules has since
been demonstrated countless times [14, 15]. Examples for such endogenous mol-
ecules include nucleic acids [16], heat-shock proteins [17], cytoskeletal proteins
[18], HMBG-1 [19], SAP130 [20], IL-33 [21] and IL-1a [22]. In addition to
proteins that are normally hidden from detection by the immune system, there
are small molecules released as a result of endogenous stress including high
glucose [23], cholesterol [24] and ATP [25]. All these agents have been shown
to contribute to sterile inflammatory responses and have been termed damage/
danger-associated molecular patterns (DAMPs).

Thus, an inflammatory environment caused by tissue injury (danger hypothesis)
alerts the immune system and is the prerequisite to an adaptive immune response
(self versus non-self pattern recognition hypothesis).

1.2.3 The Integrative View of Immunity:
Evolution as a System to Establish
and Maintain Tissue Homeostasis

Considering the crucial importance of the innate immune response to tissue
injury to initiate tissue repair processes and mount an effective adaptive response,
the question arises if the early evolution of the immune system may have been
driven by the need to maintain tissue homeostasis and the ability to deal with
tissue injury rather than infection. Strikingly, the Russian developmental zoolo-
gist Ilya Metchnikoff discovered phagocytosis in echinoderms at the end of the
nineteenth century and proposed the phagocyte and innate immunity as the cen-
tre of the immune response. Metchnikoff’s already developed a concept of immu-
nity as a summary of all those activities that defined organismal identity and
which regarded host defence mechanisms as only subordinate to this primary
function [26]. The evolutionary development of the process of phagocytosis pro-
vides a very strong argument for the immune system being more than just a
defence mechanism. Evolutionary old organisms, such as amoeba, already use
this ancient mechanism, albeit mainly for feeding [27, 28]. In multicellular
organisms, phagocytosis is first used during embryogenesis for the removal of
dying cells and the recycling of their molecules. In adults, phagocytosis contin-
ues to play a crucial role during tissue remodelling [29, 30]. Only the evolution-
ary appearance of the major histocompatibility complex (MHC) locus in jawed
fish seems to have allowed the phagosomes to play a role in the establishment of
adaptive immunity [31].

Decades of research using ever more sophisticated technologies allow the con-
clusion that defence against ‘non-self’ is only one of many layers of how the
immune system protects us from disease. This is most evident in the evolutionary
ancient mechanism of phagocytosis, which is still the most fundamental basis for
tissue development, homeostasis and repair.
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1.3 Functions of Immune Cells Beyond Host Defence

In this section, examples of non-defence functions of classical immune cells during
reproduction, embryonic development, angiogenesis and post-injury repair and
regeneration will be discussed.

1.3.1 Reproduction

The immune system plays a crucial role in reproduction both before and during preg-
nancy, and leucocytes are found in male and female reproductive tissues [32-34].
Several classical inflammatory mediators participate in the process of ovulation.
Granulocytes, macrophages and T lymphocytes migrate to the ovulation site and are
activated locally, suggesting an active role of leucocytes in the tissue remodelling which
occurs during ovulation [35]. Mice deficient of the major macrophage growth factor,
colony-stimulating factor-1 (CSF-1), show severe fertility defects, as CSF-1 is involved
in feto-maternal interactions during pregnancy and has a crucial role in the development
of the mammary gland [36-39]. Eotaxin, a major chemokine for local recruitment of
eosinophils into tissue, also contributes to mammary gland development [40, 41].
Establishment and maintenance of feto-maternal tolerance during pregnancy has
intrigued immunologists for a long time, and to date a set of anatomical, cellular and
molecular regulatory mechanisms that protect the fetus from immune-mediated
rejection has been uncovered [42]. The feto-maternal interface is an immunologi-
cally highly dynamic site rich in cytokines and hormones [43, 44]. During the first
few weeks after fertilisation, interstitial and endovascular infiltration of trophoblast
cells leads to the recruitment of maternal immune cells and the production of pro-
inflammatory cytokines [45]. Maternal immune responses have been proposed to
protect from trophoblast over-invasion while allowing for the acceptance of the
semi-allogeneic fetal-placental unit. 40% of cells in the decidua during the first
trimester are CD45* leucocytes. 50-60% of decidual leucocytes are a unique type of
natural killer (NK) cells which is not present outside the context of pregnancy and
has crucial trophic function by helping to remodel the spiral arterioles of the uterus
that supply the placenta with blood [46]. Failure to sufficiently remodel these ves-
sels leads to inadequate placental perfusion, intrauterine growth restriction and pre-
eclampsia, two important obstetric complications [47]. The remaining leucocytic
infiltrates are roughly 10% T lymphocytes, 1-2% dendritic cells (DCs) and 20-25%
decidual macrophages [48]. The decidual macrophage population are subdivided
into a CD11c"e" and CD11c¥ population, which are responsible for antigen pro-
cessing and presentation. Depending on the macrophage subset, antigen presenta-
tion leads to either an induction of maternal immune cell tolerance to fetal antigens
(CD11c"e") or homeostatic functions including the clearance of apoptotic cells dur-
ing placental construction (CD11c") [49, 50]. Thus, besides being a potential
threat to the developing fetus due to allorecognition of foetal antigens, decidual
leucocytes play a crucial role in the development of the fetal-placental unit [51].
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1.3.2 Development

Macrophages both initiate and respond to developmental apoptosis [52, 53]. Notably
however, and a major sign of the fundamental role of the phagocytic process, non-
immune cells are able to take over phagocytosis if necessary. In mice lacking mac-
rophages due to a deficiency for the hemopoietic-lineage-specific transcription
factor PU.1, the task of developmental phagocytosis is taken over by mesenchymal
cells, although they are significantly less efficient than professional macrophages in
recognition, engulfment and degradation of apoptotic debris [54]. Comparable roles
of macrophages in developmental apoptosis have been reported in evolutionary
older vertebrate species and insects. In the frog Xenopus laevis, macrophage phago-
cytosis is involved in programmed cell death of tail and body muscle during meta-
morphosis [55]. In the Drosophila embryo, the development of the tracheal system
is created through migration, rearrangement and elimination of cells, which are
engulfed and removed by macrophages [56].

Bone Development Bone osteoclasts are multinucleated cells that resorb bone
material during development and form by fusion of mononuclear precursors of the
monocyte/macrophage lineage. CSF-1 is an important factor involved in osteoclast
differentiation [57]. The toothless (tl) mutation in the rat is a naturally occurring,
autosomal recessive mutation in the Csf/ gene and causes severely reduced num-
bers of macrophages and a profound deficiency of bone-resorbing osteoclasts and
peritoneal macrophages. This results in severe osteopetrosis, with a highly sclerotic
skeleton, lack of marrow spaces and failure of tooth eruption [58]. Administration
of CSF-1 can correct these defects demonstrating the crucial importance of macro-
phages in bone development [59].

Brain Development Brain microglia are highly motile phagocytic cells that infil-
trate and take up residence in the developing brain, where they are thought to
provide surveillance and scavenging function [60]. They assist during embryonic
development by mediating induced cell death of neurons [61]. Both CSF-1 and its
receptor are expressed in the developing mouse brain, and CSF-1 deficiency
induces neurological abnormalities [62]. During postnatal brain development,
microglia actively engulf synaptic material and play a major role in synaptic prun-
ing [63]. They can remove entire dendritic structures after depletion of appropri-
ate inputs, a process termed synaptic stripping. They accumulate, through
signalling mediated by the chemokine receptor CXCR3, at the lesion site, and
dendritic structures are removed within a few days [64, 65]. Microglia cells may
also be a source of other brain cells, as isolated microglia cells in culture have the
potential to generate neurons, astrocytes and oligodendrocytes [66, 67]. Microglia
also release factors that influence adult neurogenesis and glial development [68,
69]. They secrete neurotrophins of the nerve growth factor (NGF) family, suggest-
ing that they promote development and normal function of neurons and glia [70]
and have autocrine function on microglial proliferation and phagocytic activity
in vitro [71].
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1.3.3 Angiogenesis

The formation of blood vessels is essential for tissue development and tissue homeo-
stasis in all vertebrates. Monocytes and macrophages are known to be involved in
the formation of new blood vessels and are involved in all phases of the angiogenic
process. They are capable of secreting a vast repertoire of angiogenic effector mol-
ecules, including matrix-remodelling proteases, pro-angiogenic growth factors
(VEGF/VPF, bFGF, GM-CSF, TGF-a, IGF-1, PDGF, TGF-p) and cytokines (IL-1,
IL-6, IL-8, TNF-a, substance P, prostaglandins, interferons, thrombospondin 1)
[72]. The expansion of the blood vessel network during angiogenesis starts with
sprouting and is followed by anastomosis. Vessel sprouting is induced by a chemo-
tactic gradient of the vascular endothelial growth factor (VEGF), which stimulates
tip cell protrusion to initiate vessel growth [73]. Macrophages are crucial for the
fusion of tip cells to add new circuits to the existing vessel network by physically
bridging and guiding neighbouring tip cells until they are fused [74].

1.3.4 Tissue Homeostasis, Regeneration and Repair

The immune system is crucial in wound healing and regeneration after tissue dam-
age. There is a wealth of information available about the involvement of immune
cells in the repair of all major organs including the skin [75, 76], skeletal and heart
muscle [77-82], kidney [83, 84], liver [85], brain [86, 87] and gut [88]. If damage to
blood vessels is involved, the activated coagulation system initiates the first stages of
healing with the release of chemical mediators that promote vascular permeability
and leucocyte adhesion and recruitment. Coagulation activates platelets which pro-
duce growth factors such as transforming growth factor-p (TGF-f) and platelet-
derived growth factor (PDGF), which activate fibroblasts and act as chemoattractants
for leucocytes [89]. However, even without activation of the coagulation cascade,
alarmins released from necrotic cells recruit leucocytes. Infiltrating neutrophils and
macrophages remove dead cells and secrete chemokines and cytokines, including
tumour necrosis factor (TNF) and interleukin-1 (IL-1), which further upregulate leu-
cocyte adhesion molecules to increase immune cell recruitment and induce the pro-
duction of additional growth factors and proteases such as matrix metalloproteases.
Matrix metalloproteases degrade the extracellular matrix which allows for tissue
remodelling. Fibroblast growth factor (FGF), PDGF, prostaglandins and thrombos-
pondin-1 promote new blood vessel growth, fibroblast proliferation and collagen
deposition. Tissue remodelling is accompanied by parenchymal regeneration or
regrowth of the epithelial cell layer with resolution of the healing process [90].
Recently, several innate-type lymphoid cell (iLC) subsets have been identified and
characterised that seem to play a particularly important role in sterile inflammatory
settings. These cell types include lymphoid tissue-inducer cells (LTi), innate type 2
helper cells and yd T Iymphocytes [91]. They rapidly express effector cytokines that
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are commonly associated with adaptive T-helper lymphocyte responses such as IL-17,
IL-13, IL-4 and IL-22 production [92, 93]. Their role in wound healing and regenera-
tion is strongly mediated by the cytokines they produce. LTi cells play a central role in
promoting appropriate thymic regeneration in sterile inflammatory settings, an effect
which is mediated largely through the cytokine IL-22 which promotes epithelial repair
and tissue regeneration [94]. Further, the endogenous alarmin IL-33 has profound
effects on innate type 2 helper cells and thereby plays a central role in driving type 2
immunity under sterile and infectious settings [95, 96]. Tissue repair processes follow-
ing injury are dominated by type 2 immune cells producing cytokines such as IL-4,
IL-5, IL-10 and IL-13. Many type 2 processes promote the ‘walling off” of large
invaders through granuloma formation and matrix deposition, which are the same
mechanisms employed to close open wounds [97]. Shifting the inflammatory type 1
response towards a type 2 response is beneficial for quick wound healing, which likely
was the evolutionary most cost-effective approach to deal with large parasites or insect
bites, although this may come at the cost of fibrotic repair and long-term loss of tissue
functionality [80, 98]. Intense research efforts in the field of regenerative medicine are
trying to find the right balance between pro-inflammatory and reparative immune
responses to prevent scarring and fibrotic repair and boost regenerative healing instead.

1.4 Concluding Remarks

Both evolutionary development and functional variety in current day organisms strongly
support a notion of the immune system as an all-encompassing machinery to ensure
system integrity. Protection from disease caused by invading pathogenic microorgan-
isms is, although the most easily observed, only one manifestation of the workings of
this machinery. Instead, the immune system is essential for development, surveillance,
protection and regulation to maintain or if necessary re-establish homeostasis.
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Chapter 2

Paying for the Tolls: The High Cost

of the Innate Immune System for the Cardiac
Myocyte

Anne A. Knowlton

The cardiac myocyte, which continuously contracts and relaxes to deliver blood
throughout the body, differs markedly from the specialized cells of the immune
system. The adaptive, or acquired, immune system with the production of distinct
antibodies in response to specific threats was long considered the mainstay of pro-
tection against infection; however, the production of antibodies and the full immune
response against a threat takes 4—7 days, a long period for an infectious agent to
propagate without response. Janeway hypothesized the existence of a simpler, less
specific, but more rapid immune response, which he termed innate immunity [1]. In
contrast to the specialized immune system found in advanced organisms, innate
immunity is widely expressed and found in both more primitive life forms and in
humans. Furthermore, the innate immune response and its receptors are found in
cell types and tissues that were long viewed as non-immunologic. The persistence
of innate immunity is essential for rapid protection against infections, given the long
time needed to produce antibodies, but the flip side is that inadvertent activation of
innate immunity by proteins, RNA, and other endogenous ligands can lead to cell
and tissue inflammation/damage. Unfortunately a number of essential and other-
wise innocuous molecules activate different TLRs leading to an inflammatory
response, which can be deleterious leading to myocyte death/injury and to organ
dysfunction. Predominantly TLR4 has been shown to have a significant role in car-
diac injury, with other TLRs including TLR2, having lesser roles [2-7]. In this
chapter we will focus on TLRs and the cardiac myocyte. Subsequent chapters will
address other aspects immunity and the heart.
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Innate Immunity and TLRs Innate immunity includes epithelial barriers to invad-
ing organisms; phagocytic cells, such as macrophages and dendritic cells; the com-
plement system; and the TLRs. The Toll receptor was first identified as an essential
receptor for dorsal ventral patterning in the embryonic Drosophila, but subsequent
work has demonstrated that it has a role in defending against fungal infections in the
adult Drosophila [8, 9]. Ten TLRs have been identified in humans and 13 in mice
(Table 2.1). TLRs 1-10 are expressed in humans and 1-13 in mice, but TLR10 is
inactive in the mouse. TLRs 1, 2, 4, 5, 6, 10, 11, 12, and 13 are expressed on the cell
surface, and TLRs 3, 7, 8, and 9 localize to the membranes of intracellular organelles,
including endosomes and the endoplasmic reticulum. TLRs recognize pathogen-
associated molecular patterns (PAMPs) and alarmins, which are endogenous mole-
cules that signal cell and tissue damage and lead to enhanced injury and self-damage.
Lipopolysaccharides (LPS) and flagellin are examples of PAMPS, while alarmins
include HMGB1 and heat shock proteins (HSPs), which are an endogenous, protec-
tive response. PAMPs and alarmins are both types of DAMPs (damage-associated
molecular patterns), which in cardiac myocytes includes proteins released after isch-
emia/reperfusion injury. Key ligands for the TLRs are summarized in Table 2.1.

Heat Shock Proteins (HSPs) Heat shock proteins are well known as protective
proteins that make cells resistant to stress-induced cell damage [35-38]. Among the
HSPs, HSP60 is highly conserved intracellular protein that is expressed both consti-
tutively and under stress conditions and that serves as a molecular chaperone to
facilitate mitochondrial protein folding [39—41]. Although the HSPs are protective
and the endogenous increase in HSPs in response to injury reduces cell damage,
they can lead to inflammation and even to apoptosis, in other words, a paradoxical
deleterious response [42, 43]. HSP70, which has four isoforms, including the

Table 2.1 TLRs in human and mouse

TLR Ligand

TLR1 Triacyl lipopeptides [10]

TLR2 Lipoprotein, lipopeptides, atypical LPS, HSP70 [11-13]

TLR3 Double-stranded RNA [14, 15]

TLR4 LPS, HMGBI1, HSP60, HSP70? [2, 11, 16-20]

TLRS Flagellin [21]

TLR6 Diacyl lipopeptides, lipoteichoic acid [22, 23]

TLR7 Single-stranded RNA [24-26]
Imidazoquinoline compounds imiquimod and R-848

TLR8 Single-stranded RNA [25]

TLR9 CpG DNA [27]

TLR10 | Negative regulator of MYD88-dependent and [28, 29]
MYDS88-independent signaling

TLR11 | Profilin, flagellin [30] Mouse, not humans

TLR12 | Profilin [31]

TLR13 | Bacterial 23 s ribosomal RNA [32]

Humans have TLR1-10. Mice have TLR1-9 plus TLR11-13. TLR10 in the mouse is nonfunc-
tional as it is disrupted by retroviral insertions, but the rat has been found to have the complete
TLR10 sequence [33, 34]
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constitutive (HSC)70, an inducible HSP70 (HSP72) and a mitochondrial HSP70, is
the most ubiquitous and protective of the HSPs having many cellular functions
including folding proteins, targeting irreversibly denatured proteins for degradation,
and binding newly synthesized peptides at the ribosome, so that they do not interact
with the abundant proteins in the surrounding cytosol [44]. HSP60 is primarily a
mitochondrial protein, where it is critical in combination with HSP10, with which it
forms a barrel, for folding of proteins imported into the mitochondria. HSPs have
been considered to be intracellular proteins; however, HSPs have been found in
blood samples at levels of 1-100 pg/ml, and this is a problem [45—-47].

Extracellular Heat Shock Proteins 60 and 72 as Mediators of Injury Intracellular
HSPs are protective proteins with many key functions that maintain cellular func-
tions, remove or refold denatured proteins, and protect the cell when exposed to a
wide range of injuries [38, 48-52]. However, when HSP60 and HSP72 are extracel-
lular, they can be injurious with one mechanism being activation of TLR4 and
TLR2, respectively (Fig. 2.1), resulting in the activation of NFkB and production of
cytokines, including TNFa [16, 53]. Antibodies to HSP60 can pull down TLR4
from isolated the membrane fraction of cardiac myocytes after 30 min of incubation

Cytokine production

Immune response
to cell resulting

in lysis
HSP release
resulting
in antibody
production Cornplf-:‘ment
activation &
cell lysis

Fig. 2.1 Endogenous ligands and the immune system. Heat shock proteins, although normally
protective, can produce injury through several pathways as shown. Both HSP60 and HSP72 have
been found in the plasma membrane with injury/stress. Both can be released from the cell, and both
have been found in human serum. HSP60 and HSP72 can bind to TLR4/2, respectively, and acti-
vate NFkB and cytokine production as shown. Both can elicit antibody response and activation of
complement, and both can potentially lead to cell destruction when expressed on cell membrane.
Both can also bind to TLRs on monocytes/macrophages leading to a greater inflammatory response
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Fig. 2.2 (a) Anti-HSP60 immunoprecipitates TLR4 from adult cardiac myocyte plasma membrane
fraction. Adult cardiac myocytes were treated with low-endotoxin HSP60 for 30 min at 4 °C, cross-
linked, and then fractionated. The plasma membrane fraction was immunoprecipitated with anti-HSP60
and processed for western blotting and developed with anti-TLR4 antibody. Two different immunopre-
cipitations are shown. (b) Monocytes/lymphocytes isolated from the blood were labeled with FITC and
added to adult rat cardiac myocytes, labeled with Texas Red, and treated with fibronectin. The right
pointing arrow at the bottom left points to a monocyte and the two arrows at the top identify two lym-
phocytes based on nuclei characteristics. The monocytes are far smaller than the cardiac myocyte, and
any attempt to ingest the larger myocyte can lead to the release of pro-inflammatory factors

with HSP60 at 4 °C (Fig. 2.2a). HSP72 has been reported to bind TLR4, but we have
not found this to be the case in cardiac myocytes [2, 54, 55]. Both HSP60 and
HSP72 are present in the serum and plasma of humans, even though both are intra-
cellular proteins, and neither are known to be secreted nor to have an extracellular
function [45]. HSP60 was present in the serum of diabetics at 6.9 = 1.9 ng/ml, and
similar levels were found in the serum of trauma patients [56, 57]. In contrast,
plasma levels of HSP60 werel pg/ml or more in 26% of diabetics and 10 pg/ml or
more in 7% of diabetics [58]. Similarly 20% of British civil servants had HSP60
plasma levels of 1 pg/ml or more [45]. Anti-HSP60 antibodies were present in the
serum of diabetics at titers of 1:100 and 1:250 in 76.5% and 58.8%, respectively
[56]. We have reported HSP60 and HSP72 are released in exosomes by cardiac
myocytes in the absence of necrosis, and these exosomes are quite stable, not releas-
ing HSP60 under pathophysiologic or physiologic conditions [59, 60]. Whether
HSP60 in serum and plasma samples is always present in exosomes is not clear.
Many studies of serum/plasma HSPs have used blood samples, which have been
stored at —80 °C before analyzing. Freeze/thaw will rupture lipid bilayers, and this
would be expected to occur with exosomes. If safely encased in exosomes, then
HSP60 and 70 would be unable to bind TLR4 and TLR2.

There are other mechanisms by which the HSPs can activate the immune system.
Antibodies to HSPs have been found in human serum, most often to HSP60, but
antibodies for HSP72, HSP90, and other HSPs have been reported [61, 62]. 34.4%
of patients with Helicobacter (H.) pylori had antibodies to HSP60 at a 1:1000 titer
compared to 0% in H. pylori-negative controls (p < 0.001), and the same difference
was seen for anti-HSP72 antibodies in these patients (p < 0.001) [61]. HSP72 alone
can activate complement, another component of the innate immune system
(Fig. 2.1), and HSP60 complexed with antibody can do the same [63, 64].
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Complement activating anti-HSP60 antibodies are associated with increased famil-
ial risk of coronary disease [63]. If HSPs are present of the surface of cardiac myo-
cytes, as we have found for HSP60 in ischemic heart failure, antibodies binding to
HSP60 will elicit an immune response potentially leading to cell lysis and/or release
of inflammatory mediators as macrophages attempt to engulf the much larger myo-
cytes. Adult rat cardiac myocytes were treated with fibronectin, a ligand of TLR4,
and monocytes and lymphocytes were added to the culture. As shown in Fig. 2.2b,
the monocytes (purified from the blood, they become macrophages when they enter
tissues), which are quite small compared to the cardiac myocyte, attempted to
engulf portions of the cardiac myocyte, labeled with Texas Red, with some success
as evidenced by the change in cell color. It is unknown how the intracellular HSP60
and HSP72 end up in the serum and plasma outside of exosomes, but the potential
downstream effects are not benign.

The etiology of the anti-HSP antibodies remains unresolved, although cross-
reactivity with bacterial HSPs is one possible mechanism [63, 65]. Overall, the sig-
nificance of these anti-HSP antibodies remains to be fully elucidated, but studies
indicate a role in disease progression including atherosclerosis and potentially heart
failure [62, 66]. The presence of both antibody and antigen in the plasma sets the
stage for activation of several different aspects of the immune system, as summa-
rized in Fig. 2.1.

Extracellular HSPs and Adaptive Immunity HSPs, particularly HSP60 and
HSP72, can present antigens to APCs (antigen-presenting cells, which activate immune
system) [46]. HSPs can promote an antibody response to tumors, and this can occur
through tumor peptides bound to HSP60 or 72, and can be recreated through fusion
proteins containing a combination of HSP72 and tumor antigen [67]. Furthermore T
cells reactive to HSPs have been found under certain settings [68—70]. Thus, both ele-
ments of innate immunity (TLR activation and complement) and adaptive immunity
(T cells, production of antibodies) can be activated by the HSPs, with HSP60 having
the most conspicuous effect. Significantly, HSP60 has been found in the plasma of
healthy individuals with 25% of them having levels similar or higher to the concentra-
tions used in the current study [45]. We have also found HSP60 in the plasma of rats,
although levels were much lower than those reported in British civil servants [71].
Thus, extracellular HSP60 and HSP72 have the potential to activate several different
facets of the immune system, and this can lead to inflammation and disease.

Endotoxin/LPS An important caveat for studying HSPs and other molecule effects
on the TLRs in culture is that endotoxin is a known ligand of TLR4. There was some
controversy as to whether observed effects with other proteins activating TLR-4
occur directly or represent contamination with LPS [72]. However, this issue has
been resolved and experimental controls have become more rigorous. Direct com-
parison of the effects of HSP60 vs. endotoxin in eliciting apoptosis of adult cardiac
myocytes demonstrated that endotoxin-free HSP60 induced far more apoptosis than
endotoxin [2]. HSPs produced by bacteria transfected with recombinant human
HSP can be contaminated with endotoxin, unless measures are taken to remove it
either by purchasing verified low-endotoxin HSP or by removing endotoxin with
polymyxin. As polymyxin can be toxic to cells, it is best to treat any preparation
with polymyxin bound to beads, which is commercially available and easily done.
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2.1 TLRs and Cardiac Myocytes

The presence of TLR2 and TLR4 in the membranes of adult cardiac myocytes was
first demonstrated in two papers and has been confirmed by others [73-75]. mRNA
for many of the TLRs has been shown to be present in mouse heart tissue and rat
cardiac myocytes [5, 73]. More recently neonatal rat cardiac myocytes have been
shown convincingly to have a functional TLR7, but no analysis of the protein by
western or flow cytometry was done [76]. mRNA for TLR2, TLR3, TLR4, TLRS,
TLR7, and TLR9Y has been shown to be present in mouse heart tissue and HL-1 cells
[4]. The investigators also transfected the HL-1 cells with an NFkB luciferase
reporter and observed NFkB activation in response to ligands for TLR2, TLR4, and
TLRS. Similarly, mRNA for all ten human TLRs has been found in heart tissue, but
it has not been shown definitively that all of the TLR proteins are present in human
cardiac myocytes. Thus, there is a gap with regard to how many functional TLR
receptors are actually expressed in the heart and in cardiac myocytes.

The TLRs are type 1 transmembrane proteins with a leucine-rich repeat (LRR)
ectodomain, which is key for ligand recognition, a single transmembrane domain,
and a cytoplasmic domain, which is similar to that of the IL-1 receptor. This domain
is referred to as the Toll/IL-1 receptor domain or TIR. With activation the TLRs
dimerize and mobilize specific adaptor proteins containing TLRs including MyDS88,
TRIF, and TRAM. These adaptor proteins selectively direct the two activation path-
ways of the different TLRs. The MyD88 pathway is activated by all TLRs, except for
TLR3, and results in NFkB activation and the expression and release of inflamma-
tory cytokines. TLR3 and TLR4 activate the Trif-dependent pathway, which induces
activation of interferon regulatory factor or IRF3 as well as NFkB. This leads to both
the production of inflammatory cytokines and also to activation of interferon I.

2.2 Heat Shock Proteins, Ischemic Heart Failure, and Innate
Immunity

HSP60 in Heart Failure The heat shock response is lost in ischemic heart failure (IHF),
likely in response to repetitive stimulation, except for an unexpected increase in HSP60
and HSP27 [77]. This increase in HSP60 is driven by NF«B, which is chronically acti-
vated in IHF [78-80]. The HSP60 gene in both rats and humans contains NF«kB binding
domains, which are not present in the HSP72 gene, and ChIP assay demonstrated that in
IHF, p65 was bound to these sites [80]. Cell fractionation studies demonstrated that in
IHF, HSP60 was present as expected in the mitochondria, but 20-25% was present in the
cardiac myocyte cytosol, and a small percent was found in the plasma membrane fraction
in both rats and humans, as well as in human nonischemic, dilated cardiomyopathy [71].
Flow cytometry studies of fixed cardiac myocytes isolated from the IHF heart demon-
strated that HSP60 was on the surface of cardiac myocytes in IHF, and this correlated
with apoptosis (Fig. 2.3) [71]. Analysis of plasma samples showed that at a 1:10,000
dilution, control rat plasma was negative for anti-HSP60 antibody, but 20% of 9-week
CHEF rats and 55% of 12-week CHF rats were positive (Fig. 2.4).
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Fig. 2.3 (a) Graph summarizes flow cytometry experiments showing that surface localization of
HSP60 by flow correlates with activation of caspase-8. In normal myocytes immediately after
isolation, 20-25% are positive for caspase-8 activation. For the failing heart cardiac myocytes,
overall 56.7 £ 5.6% were positive for caspase-8 activation (*p < 0.002). (b) Confocal image of
cardiac myocyte stained for activated caspase-8 (green, FITC, showing diffuse staining throughout
cell) and for HSP60 (red). Merged image is shown at the right. (¢) Graph summarizes flow cytom-
etry experiments showing increased activation of caspase-3/7 when HSP60 is present on the cell
surface (*p < 0.001). Overall, for the failing heart cardiac myocytes, 59.3 + 3.6% were positive for
caspase-3/7 activation. (d) Confocal image of cardiac myocyte stained for activated caspase-3/7
(green) and for HSP60 localization to cell surface (red). Caspase-3/7 localized throughout the cell.
HSP60 is shown as a fine red rim at the edge of the cell. Merged image is shown at right. In a—d,
n = 6 experiments/group. (e) The uptake of propidium iodide (PI) after isolation. No correlation
was present between HSP60 on the surface and PI uptake (n = 10/group). Reprinted from the
American Journal of Physiology [71]
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2.3 HSP60, TLR4, Cardiac Myocyte Apoptosis, and Necrosis

We hypothesized that surface HSP60 seen with IHF cardiac myocytes activated TLR4,
as it had been reported that HSP60 was a ligand for TLR4 [16, 81]. In a series of
experiments in isolated adult rat cardiac myocytes, we investigated whether low-endo-
toxin, extracellular (ex) recombinant human HSP60 activated TLR4 and what were the
downstream signaling events [2]. We found that treatment with exHSP60 led to activa-
tion of NFkB, caspase-3/7 activation, and DNA fragmentation (Fig. 2.5). NF«B activa-
tion resulted in increased TNFa and IL-1f expression by the cardiac myocytes. Both
heat inactivation and anti-HSP60 antibodies blocked this sequence of events, as did a
blocking antibody to TLR4, but not to TLR2. TNFa neutralizing antibodies prevented
the HSP60-induced apoptosis, while neutralizing antibodies to IL-1f had no effect [2].
Thus, HSP60 is a ligand for TLR4, and extracellular HSP60 causes cardiac myocyte
apoptosis in part through increased expression and release of TNFa [2]. Studies with
TLR4 mutant (Hej) mice cardiac myocytes provide further insight into the mecha-
nisms of TLR-mediated injury in response to extracellular HSP60 [75]. Investigation
of cardiac myocyte injury after treatment with HSP60 in Hej mouse cardiac myocytes
and their wild-type controls revealed that not only did exHSP60 increase apoptosis in
WT mouse cardiac myocytes, but it also increased necrosis, and anti-HSP60 antibody
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Fig. 2.5 Diagram summarizes key signaling pathways for TLR2 and TLR4. Both TLR2 and TLR4
signal through MD88 leading to inflammatory cytokine expression via both IRF5 and the activa-
tion of NFxB. TLR4 also activates the TRAM/TRIF pathway, which leads to further cytokine
production, but also to expression of interferon type 1. Figure based on Kim et al. [2]

treatment markedly decreased LDH release after hypoxia/reoxygenation [75]. In con-
trast the Hej mutant mouse cardiac myocytes had no change in media LDH levels after
hypoxia/reoxygenation. TLR2 and TLR4 blocking antibodies each significantly
reduced LDH release in WT mouse cardiac myocytes after hypoxia/reoxygenation, but
the effect was less than that seen with anti-HSP60 antibodies. Similarly, knockdown of
TLR4 with siRNA in mouse cardiac myocytes reduced markers of both necrosis and
apoptosis [6]. Sparstolonin B, which is derived from a Chinese herb used to treat
tumors, is a TLR2/TLR4 antagonist. Sparstolonin B treatment prevented increased
expression of TLR2/4 in HOC2 cells after hypoxia/reoxygenation as well as decreasing
the post H/R inflammatory response, including blocking the increase in MSP-1, as
well as inhibiting activation of ERK 1/2 and JNK [82]. However, sparstolonin B has
also been reported to inhibit angiogenesis and block cell cycle progression in endothe-
lial cells, which would be a drawback for treatment of cardiovascular disease [83].

TLR2/4, Protein Kinase C (PKC)a, Nox2, and Necrosis NADPH oxidase (Nox)2
is one of the seven known Nox family proteins. Nox2 and Nox4 are the most abun-
dant Nox proteins in the heart. Nox2 is associated with the plasma membrane, and
Nox4 is predominantly intracellular and associated with organelle membranes. Nox2
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and Nox4 have been shown to be important and equal contributors of ROS in myo-
cardial ischemia/reperfusion [84]. LPS is commonly used to model sepsis, and
researchers have found that TLR4 has a role in LPS-mediated increased ROS and
cell death [85, 86]. TLR4 has been reported to mediate activation of Nox2 and Nox4
in human umbilical vein endothelial cells (HUVECS) [85]. In HUVECS cell death
from necrosis after LPS treatment occurred prior to any increase in cytokine expres-
sion [85]. Similarly Nox1, which was expressed at low levels in the heart, and Nox2
expression increased in the heart after treatment with endotoxin [86]. Modeling this
in H9c2 cells demonstrated that siRNA to knockdown TLR4 prevented the LPS-
induced increase in Nox1 mRNA [86]. In macrophages, TLR4-mediated activation
of Nox2 by minimally oxidized (mm) LDL [87]. In isolated, adult mouse cardiac
myocytes, PKCa was rapidly activated by phosphorylation via TLR2 and TLR4 after
hypoxia/reoxygenation, and this activation was gone within an hour. PKCa activa-
tion was followed by an increase in Nox2 protein levels. Inhibiting this response
reduced necrosis [75]. Thus, with hypoxia/reoxygenation and with in vivo ischemia,
TLR2 and TLR4 activation will lead to both apoptosis and necrosis. Findings in vivo
by the Lin laboratory demonstrate that HSP60-released myocardial ischemia further
exacerbates cardiac injury [5]. A mutant, nonfunctional TLR-4 receptor was associ-
ated with smaller infarct size, but this reduced infarct size did not translate into
preservation of function [7, 88-90].

TLR2, TLR4, and Their Ligands There have been some conflicting results regard-
ing the ligands for TLR2 and TLR4 for cardiac myocytes, as well as other cell types.
The importance of HSP60 activation of TLR4, but not TLR2, as a mechanism of
cardiac injury in vivo has been demonstrated by Tian and colleagues [5]. In C9C2
cells, isolated adult rat cardiac myocytes, and in the studies of in vivo cardiac isch-
emia in a rat model, HSP60 was shown to activate TLR4 with MyD88, but not Trif,
leading to activation of p38 and JNK. Neither in vitro nor in vivo was TLR2 activated
by HSP60. Activation of TLR4 by HSP60 in the setting of ischemia led to increased
expression of both TLR2 and TLR4, via TLR4-mediated activation of JNK/NFkB, as
well as increased TNFa and IL-1f expression through HSP60 activation TLR4/
MyD88-p38/NF«kB. Li and colleagues reported both in vivo and in vitro with isolated
cardiac myocytes that ischemia/simulated ischemia-related injury was mediated in
part by HSP60 and TLR4 [17]. These findings are consistent with our own results
showing that exHSP60 activated TLR4, but not TLR2 in adult rat cardiac myocytes
[2]. In cardiac myocytes, HSP70 is a ligand for TLR2 [91]. However, studies in other
cell types differ with regard to HSPs as ligands for the TLRs. Vascular smooth mus-
cle cell (VSMC) proliferation was stimulated by treatment with HSP60 in a dose-
dependent manner, and blocking antibodies to TLR2 and TLR4 each inhibited the
response, with the greatest inhibition observed when the TLR2 and TLR4 blocking
antibodies were given in combination [92]. Work on the immune response demon-
strated that HSP60 acting via TLR2, but not TLR4, stimulated Tregs [93]. Both of
these studies support that in other cell types, HSP60 stimulates TLR2, and both stud-
ies used low-endotoxin HSP60. The cause of this difference in TLR2/4 ligand
between cardiac myocytes and other cell types is not readily apparent at this point.
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Other TLRs Cardiac myocytes also have been found to express TLR7, which is
activated by RNA [76]. Cardiac RNA when added to neonatal rat cardiac myocytes
in culture induced expression of MIP-2, and this response was stronger when the
RNA was complexed with Lipofectamine (Life Technologies). NFkB was activated
by treatment with RNA, and both IL1-p and MIP-2 were increased at the mRNA
level after the treatment with cardiac RNA. This inflammatory response was inhib-
ited by pretreatment with RNase or by the specific TLR7 inhibitor IRS661. TLR7
knockout, but not TLR9 knockout, markedly attenuated the inflammatory response
to RNA in bone-derived macrophages. These experiments provide convincing evi-
dence of TLR7 being present in cardiac myocytes and the importance of TLR7, but
not TLROY, for the inflammatory response to RNA. TLRO has been reported to medi-
ate protection of cardiac myocytes and neurons by modulating cell metabolism [94].

2.4 Beyond Toll-Like Receptors: Other Aspects of Innate
Immunity Impacting the Heart

The innate immune system and the Toll-like receptors have been studied extensively
in immune cells; however, work addressing the function of the Toll-like receptors
outside the immune system is nascent [46]. As discussed, HSP60 and HSP72 have
been found in the plasma of many individuals. Furthermore, many individuals make
antibodies to heat shock proteins, possibly secondary to conservation of sequence
during evolution or from exposure to HSPs during vaccinations. These circulating
HSPs and antibodies have the potential to activate the immune system. The role of
these chronic extracellular HSPs in disease processes has yet to be definitively iden-
tified, although there is work associating circulating HSPs with early atherosclero-
sis in young individuals [95]. The level of circulating HSP60 was highly consistent
over 5 years and correlated with circulating anti-HSP60 antibodies. Work in the
atherosclerotic ApoE3 mouse demonstrating that TLR-4 has a role in atherosclero-
sis and in outward arterial remodeling supports these findings [96, 97]. In older
individuals because of the many confounding factors contributing to atherosclerosis
and the high prevalence of atherosclerosis, the effect of HSP60 and anti-HSP60
antibodies would be difficult to discern. More work is needed to elucidate the role
of extracellular HSPs and their antibodies in human disease.

As our understanding of the Toll-like receptors increases, it has become apparent
that these receptors have pleiotropic effects, with both protective and destructive
events triggered by their activation. In the immune system, TLR-2 and TLR-4 have
been implicated in signaling leading to apoptosis. TLR-4, as well as TLR-2, has been
described in macrophages as causing apoptosis, as well as the induction of the innate
immune response [98]. In microglial cells, TLR-4-mediated activation induced cell
death, which is a mechanism by which activated immune cells are eliminated [98]. In
the immune system, this would have an advantage, as self-destruction of an activated
macrophage turns off the inflammatory response, preventing indefinite propagation.
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TLRs and Extracellular Proteins as Ligands: Experimental Caveats—The poten-
tial effects of extracellular HSP60 and other proteins have generated significant
interest, particularly with regard to inflammation and as a source of increased injury
after myocardial infarction, which results in the release of cellular contents into the
bloodstream as a result of necrotic cell death. Endotoxin contamination is an impor-
tant issue in working with purified proteins and other molecules. As endotoxin is a
ligand for TLR4, it is essential that work in this area be conducted with low-
endotoxin material and controls to avoid misinterpretation of results.

2.5 Conclusions

In the last 10-15 years, the role of endogenous proteins as potential ligands for
some of the Toll-like receptors has provided another mechanism for autoimmune-
mediated inflammation and tissue/cell damage. In particular heat shock proteins, as
well as other proteins, such as HMGB1, have been identified as binding TLR2 and
TLR4 when extracellular, and it has become clear that the intracellular HSPs are
extracellular. The immune system now must be recognized as a potential foe, not
just in established autoimmune diseases, such a lupus, but also in cardiovascular
disease where both the innate immune system and the adaptive immune system can
contribute to cardiac myocyte injury and death. Extension of our understanding of
the role of innate immunity activation has not led to application in the clinical set-
ting, even though numerous basic research studies have shown that inhibition of
TLR4 can limit infarct size. The availability of specific TLR inhibitors makes this
feasible, and for reducing infarct size, only temporary inhibition of TLR4 is neces-
sary. Ischemic heart failure with increased HSP60 and HSP60 on the cardiac myo-
cyte surface is another potential target, and we are currently writing a manuscript on
TLR4 inhibition and its effect on the progression of ventricular dysfunction in a rat
model.

In disease states the HSPs can be increased in response to cell and tissue injury,
and this can potentially contribute to disease progression, rather than to protection.
In particular, extracellular HSPs can be pro-inflammatory, activating innate and also
adaptive immunity, depending on the setting. In cardiac myocytes, extracellular
HSP60 appears to have a more damaging effect than HSP72, but both are clearly
injurious. Research from our laboratory and others supports a detrimental role for
extracellular HSP60 in heart failure and other cardiovascular diseases [99, 100].
Others have demonstrated a tripling of plasma HSP60 with menopause and that
exHSP60 induced apoptosis in human bone marrow stromal cells via TLR2 [101].
In contrast, HSP60 inhibited apoptosis via MyD88 in B cells [102]. Thus, the role
of exHSP60 in cell injury is complex and at times exHSP60 is clearly beneficial.
Further investigation will be needed to understand the role of extracellular HSPs,
their antibodies, and the TLRs in disease.
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Epidermal growth factor

Epithelial to mesenchymal transition

Extracellular signal-regulated kinase 1(serine threonine kinase) or MAPK3
Transcription factor forkhead box P3

Transcription factor GATA-binding protein

Granulocyte colony-stimulating factor

Green fluorescent protein

Granulocyte macrophage colony-stimulating factor
Growth-regulated protein

Histamine type 2 receptor

Transcription factor heart and neural crest derivatives expressed
Interferon gamma

Interleukin

Leukotriene B4

Mitogen-activated protein kinase 3

Major basic protein

Monocyte chemotactic protein 1 or Ccl2

Monocyte chemotactic protein 3

Anti-feeder antibody, clone mEF-SK4

Major histocompatibility complex

Macrophage inflammatory protein-2a

Matrix metalloproteinase

Myeloperoxidase

Nicotinamide adenine dinucleotide phosphate

Transcription factor nuclear factor of activated T cells, cytoplasmic,
calcineurin-dependent 1

Nuclear factor kappa B

Natural killer
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Pathogen-associated molecular pattern

Platelet-derived growth factor receptor a

Protein kinase C

Pattern recognition receptor

Receptor for advanced glycosylation end product-specific receptor
Regulated on activation, normal T cell expressed and secreted or CCL5
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Retinoic acid-inducible gene

Retinoic acid receptor-related orphan nuclear receptor
Stromal-derived factor lor Cxcl12

SH2 domain-containing inositol 5-phosphatase
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T-box transcription factor

Tissue factor

Transforming growth factor-f3
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Tyrosine kinase with Ig and EGF homology domains 2



3 Properties and Immune Function of Cardiac Fibroblasts 37

TIMP Tissue inhibitor of metalloproteinase
TLR Toll-like receptor

TNF-a Tumor necrosis factor alpha

Tnfr TNF receptor

Treg T regulatory lymphocyte

Wit-1 Transcription factor Wilms tumor factor 1

3.1 Introduction

It is estimated that fibrosis accounts for about 45% of all deaths in the developed
world [1], highlighting the importance of fibroblasts for overall organ pathology. In
the heart, fibrosis is a major contributor to heart failure, a chronic debilitating condi-
tion for which there is no cure to date. Once a heart reaches this stage, the only
solution to this disease is heart transplantation. Heart failure can have a number of
different etiologies (Fig. 3.1). The incidence of cardiovascular disease in developed
countries is about 30% of the population, therefore posing enormous burden to the

Tung disease

Heart intrinsic

Hypertension
Coronary artery disease ischemia/hypoxia
myocardial defects asthma
rhythm disorders % bronchitis
valve defects obstructed airways
others
Infections

&\ Heart High
— D - blood
failure re;)soure
Chagas disease p

rheumatic fever

Tife style Other medical conditions
Anaemia
Alcohol/drug abuse apnea ~
diet:excessive salt intake diabetes “
excessive fluid intake kidney disease
obesity side effect of medications
failure to take preventive thyroid disorders
medications

Fig. 3.1 Various etiologies of heart failure. Several heart intrinsic and extrinsic factors can con-
tribute to cardiac pathology, as shown in the diagram. In addition, poor lifestyle choices, such as
diet, alcohol, and drug abuse, can also trigger or aggravate heart conditions. Adapted from Cowie
et al. [196]
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health system [2]. Therefore, a critical understanding of the cardiac fibroblast and
how it influences heart function in homeostasis and disease is essential to unravel
novel therapeutic approaches to treat heart failure. Important aspects of fibroblast
biology will be briefly discussed below, after which immunological properties of
these cells will be examined in detail.

3.2 What Is a Cardiac Fibroblast?

The term fibroblast comes from the Latin fibr (fiber) and the Greek blast (germ, cell,
bud) and is reminiscent of the classic but outdated role assigned to this cell type as
the main extracellular matrix producer of the body. Modern interpretations of the
role of cardiac fibroblasts in the heart include electric isolation and/or conductance
in different compartments, cell-cell communication with cardiomyocytes and other
cell types, and chemokine/cytokine secretion [3]. In homeostasis, cardiac fibroblasts
maintain a symbiotic relationship with other cell types and promote a healthy extra-
cellular matrix balance necessary for proper heart function. In pathogenic circum-
stances, these cells over-proliferate and differentiate into a myofibroblast phenotype,
popularly defined as an “angry” fibroblast, due to its oversecretory and inflammatory-
sustaining role. They also express smooth muscle-related molecules, such as smooth
muscle actin (SMA) and are able to contract, hence the term myofibroblast [3].

Fibroblasts are seen as a heterogeneous population of cells. Heterogeneity may
be due to uncertainties about their embryological origin and the lack of unique pro-
tein and genetic markers to separate fibroblasts from other cell types within various
organs and body [4]. Particularly for the heart, currently used markers include Thy1
or CD90, vimentin, filamin A, and mEF-SK4 antigen (Miltenyi Biotec). Murine
genetic markers include Wr-1-cre and Thx18-cre (epicardial-derived fibroblasts),
Nfatcl-cre and Tie2-cre (endocardial-derived fibroblasts), Periostin-cre, Collal-
GFP, and Pdgfra-GFP [5-8]. However, whether these markers fully label the whole
fibroblast fraction and/or are specific to this fraction is arguable. For example, CD90
is expressed by fibroblasts and leukocytes in addition to other cell types; Collal-
GFP and Pdgfra-GFP populations fully overlap in flow analysis, but it is not clear
if they in fact label all cardiac fibroblasts. Therefore, the use of any of these markers
for cardiac fibroblasts should be exercised with caution.

3.3 The Uniqueness of Cardiac Fibroblasts: Origins
and Molecular Properties

While many immune cell types can reside in the heart tissue, they do not have their
embryological origin in the heart field and therefore are not considered cardiac cells.
The heart field is a demarcated area in the embryo from which cells that will contrib-
ute to heart formation are specified. The major cell types generated within the heart
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Fig. 3.2 Embryological origin of cardiac fibroblasts and corresponding compartments in the adult
heart. Left panel—right side view of a 9.5 days post-coitum mouse embryo drawing, depicting the
three compartments that contribute cardiac fibroblasts to the heart: pro-epicardial organ (blue), endo-
cardium (green), and migrating neural crest (dark gray). The muscle compartment (cardiomyocytes)
is shown in red. The middle panel shows major cell types contributed by each heart compartment,
color-coded to match the left panel. The right panel shows final contribution of cardiac fibroblasts
from various embryological origins to each heart compartment (muscle chambers and valves).
Neural crest cells contribute mostly to the outflow tract compartment (aortic root and semilunar
valves) and are therefore not depicted here. Reproduced with permission from Furtado et al. [4]

field include endothelial cells, smooth muscle, fibroblasts, and cardiomyocytes.
These cell types are produced early in embryonic development (Fig. 3.2) [4]. At
9.5 days post-coitum in murine embryonic development, the heart is composed of
only two tissue layers, the muscle (red) and the endocardium (green), which are
comprised of cardiomyocytes and endothelial cells, respectively. At this stage, a
third layer starts to delaminate from the pro-epicardial organ, which sits under the
proper heart. These delaminating cells will cover the heart surface, forming the car-
diac epicardium. Epicardial cells also undergo epithelial to mesenchymal transition
(EMT) and generate interstitial cells throughout the myocardial space. The two main
sources of cardiac fibroblasts are the endocardial and epicardial compartments, both
of which undergo EMT early in embryonic development. While the endocardium
contributes fibroblasts mostly to the cardiac skeleton, the epicardium will be the
major source of interstitial fibroblasts within the muscle compartment. A very small
proportion of cardiac fibroblasts are of neural crest cell contribution (Fig. 3.2—dark
gray). Many studies describe a fourth source of fibroblasts from the heart as myeloid-
derived, named fibrocytes. These cells are capable to produce collagen but retain
myeloid cell surface identity (CD45+; CD11b+), and, therefore, whether these cells
are actually fibroblasts or a subpopulation of collagen-producing myeloid cells is
debatable. Fibrocytes invade injured sites early after insults such as myocardial
infarction or pressure overload and seem to participate in injury resolution [4].
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Fig. 3.3 Cardiac fibroblasts cluster closer to cardiomyocytes than with the unrelated source tail
fibroblasts. Heat map represents pairwise square Euclidean distance between globally normalized
cardiac fibroblasts (CFs) versus cardiomyocytes (CMs) and cardiac fibroblasts versus tail fibro-
blasts (TFs). Colors on heat map show proximity among different cells, demonstrating that CFs
cluster closer to CMs than to TFs. Reproduced with permission from Furtado et al. [4]

High-throughput molecular profiling of cardiac fibroblasts demonstrated
the expression of a broad range of cardiogenic transcription factors, such as
T-box factors 2, 5, 20, Hand2, and Gata 4, 5, 6, among others [9, 10]. These
transcription factors are normally associated with cardiomyocyte ontogenesis
and thought to be specific solely to the muscle compartment. This combination
of factors (Gata4, Tbx5, and Hand2) has also been efficiently used to transdif-
ferentiate fibroblasts into cardiomyocytes in vitro and in vivo [11-13], which
suggests that cardiomyocytes and fibroblasts show a very similar transcrip-
tional signature. These observations are corroborated by their general tran-
scriptional profile, which shows that cardiac fibroblasts molecularly cluster
closer to cardiomyocytes than with an unrelated source of fibroblasts, for
example, ones isolated from the mouse tail (Fig. 3.3) [4]. These findings dem-
onstrate that the cardiac fibroblast is a unique cell type, as opposed to a generic
body-wide cell, that retains its embryological cardiac identity and is engi-
neered to make part of the cardiac microenvironment. This will be briefly dis-
cussed in the next session.

3.4 Cardiac Fibroblasts in Development, Homeostasis,
and Disease

Fibroblasts are an integral component of the heart and are commonly used in
bioengineering strategies to generate proper heart muscle in vitro [14-17]. In
addition, fibroblasts regulate cardiomyocyte proliferation (hyperplasia) or
growth in size (hypertrophy) [18] and are surprisingly electrically active, capa-
ble of coupling with cardiomyocytes and transmitting electrical impulses [19,
20]. The importance of this cell type for heart formation can be demonstrated
by developmental biology studies in the mouse, an important genetic model
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that allows dissection of mechanistic phenomena, not possible in human sub-
jects. Deletion of genes important for fibroblast biology causes significant mal-
formations in the heart [9, 21-23]. As for adult heart, deletion of
fibroblast-specific genes seems to be compatible with a healthy homeostatic
balance. However, challenges of heart function have revealed altered patho-
logical remodeling [9, 24]. Fibroblast-specific deletion of the transcription fac-
tor KIf5 using Periostin-cre led to reduced cardiac hypertrophy in response to
pressure overload but caused severe heart failure under high-overload condi-
tions [24]. Using the same Periostin-cre, the cardiogenic transcription factor
Thx20 has been deleted from murine hearts [9]. Following myocardial infarc-
tion, hearts lacking 7Hx20 in fibroblasts showed improved cardiac function and
reduced dilation. Combined, these data emphasize the importance of the car-
diac fibroblast for the modulation of pathological remodeling of the heart.

3.5 Innate and Adaptive Immune Systems as Modulators
of Fibroblast Activity

The adult mammalian heart has very low regenerative capacity, due to the lack of
significant cardiomyocyte proliferation after birth. Cardiac repair following an
insult requires removal and replacement of dead cells with connective tissue to
restore homeostatic balance. Both innate and adaptive immune systems play an
important role in this process, which leads to the development of collateral chronic
inflammation and fibrosis, normally observed in pathological settings, such as pres-
sure overload or myocardial infarction, and therefore will be discussed in detail in
this section.

3.5.1 Innate Inmune System, Inflammation, and Fibroblast
Activation

The innate immune system and cardiac fibroblasts are intimately associated, sens-
ing environmental cues and communicating with each other to promote adequate
response to eliminate insults and restore homeostatic balance. Cardiac injury can be
generated by various stimuli, including ischemic, volume, pressure, infection, or
allergic reactions. However, most of them converge on induction of fibrosis and
pathological remodeling of the heart, which ultimately leads to chronic conditions
and heart failure. The innate immune system plays a pivotal role on cardiac fibro-
blast activation, and sustained inflammation has been linked to the progression of
fibrosis (Fig. 3.4).
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Fig. 3.4 The innate and adaptive immune systems as modulators of fibroblast activity. Various
cells of the innate (/eft) or adaptive (right) immune system are known to secrete soluble factors that
activate (arrowhead) or suppress (bar) fibroblast activity. Fibroblasts in turn respond to these
chemical stimuli and differentiate into myofibroblasts (center), highly secretory cells that partici-
pate in the fibrotic response. Adapted from Van Linthout et al. [25]

3.5.1.1 Wound Healing Is the Initial Response to Ischemic Events

The coagulation cascade plays an important role in ischemic injuries [25], and
platelets are among the first to respond to the injury. Upon endothelial damage, the
extrinsic coagulation factor pathway is activated when platelets are exposed to com-
plement factor (CF) III or tissue factor (TF) in the damaged endothelial layer. TF
converts CF VII into VIla (activated VII), which subsequently activates CF
X. Activated CF X (Xa) converts prothrombin (CF II) into thrombin (CF Ila), which
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in turn amplifies the pathway by converting fibrinogen (CF I) into fibrin (CF Ia),
culminating in the formation of a fibrin clot or thrombus [26]. In addition to their
role in clot formation, CF VII and X exert pro-fibrotic effects in lung fibrosis. CF X
is a potent inducer of fibroblast proliferation and myofibroblast differentiation
through the activation of TGF-f platelet-derived growth factor (PDGF) signaling
using the thrombin PARI receptor [27, 28].

3.5.1.2 The Involvement of the Innate Immune System in Fibrosis

The innate response to a heart insult is highly dependent on pattern recognition
receptors or PRRs, present in cells of the innate immune system, including platelets.
Some of the well-recognized PRRs are the Toll-like receptors or TLRs, nucleotide-
binding oligomerization domain (NOD)-like receptors, retinoic acid-inducible gene
(RIG)-I-like receptors (also RLRs), absent in melanoma (AIM) 2 receptors, inter-
leukin-1 (IL-1) receptors, or the more atypical receptor for advanced glycation end
product (RAGE) [29, 30]. PRRs are supposed to recognize conserved pathogen-
associated molecular patterns or PAMPs. In the case of sterile inflammation
observed in many heart pathological settings, PRRs recognize antigens released
from necrotic muscle tissue, named damage-associated molecular patterns or
DAMPs [31, 32]. Irrespective of the type of injury, DAMPs released from dying
cells, mostly damaged endothelium and cardiomyocytes, are responsible for the
activation of inflammation and fibrosis.

Natural killer (NK) cells, neutrophils, dendritic cells, and inflammatory mono-
cytes are among the first cells to invade the damaged tissue. NK cells are cytotoxic
lymphocytes that are critical for the innate response, as they recognize dead cells
and debris in the absence of major histocompatibility complex (MHC) receptors or
antibodies, therefore promoting a fast response to clear injury sites of unwanted
necrotic tissue. The role of NK cells in cardiac fibroblast activation remains poorly
understood. A recent study demonstrated that NK cells exert a beneficial effect in
myocardial remodeling, through the c-Kit receptor: c-Kit-deficient mice show
impaired production and mobilization of NK cells [33] and have exacerbated patho-
logical remodeling following myocardial infarction, with increased dilation and
hypertrophy when compared with control hearts. Bone marrow-rescued animals
display increased mobilization of NK cells, improved ventricular function and neo-
vascularization, and decreased collagen deposition, suggesting an anti-fibrotic role
for NK cells [34].

Neutrophils are among the first cells that are chemoattracted to injured sites, due
to a cocktail of chemokines and growth factors released from injured cells. They
arrive at injured sites within minutes and initiate acute inflammatory response and
phagocytose dead cells and debris [25]. Following myocardial infarction, macro-
phage inflammatory protein-2a (MIP-2a, Cxcl2, or GROp), leukotriene B4 (Ltb4),
GROw (Cxcll), IL-8 (Cxcl8), and complement 5a are the main chemokine recruiters
of neutrophils [35]. Upon activation, neutrophils release reactive oxygen species,
which are mediators of fibrotic response in various disease models, such as
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pulmonary and hepatic fibrosis, as well as systemic sclerosis [36-38]. Neutrophils
have numerous roles in fibroblast recruitment: Reactive oxygen species, generated
via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymatic
complex, are directly involved in cardiac fibrosis [35, 39, 40]. NADPH oxidases are
expressed by various cardiovascular cells, including endothelial, vascular smooth
muscle, cardiomyocytes, and fibroblasts [41]. Contrary of the oxidase expressed by
neutrophils, enzymatic complex in cardiovascular cells constantly generates low
levels of intracellular reactive oxygen species in heart homeostasis. This process is
highly enhanced by injury stimuli. However, neutrophil infiltration seems to be a
major regulator of fibrosis following injury. Superoxide causes proliferation of
fibroblasts and differentiation into myofibroblasts [42, 43]. Although it is difficult to
disentangle the role played by neutrophil or resident cell release of reactive oxygen
species, it is clear that NADPH oxidases play a fundamental role in the development
of cardiovascular fibrosis. Nox2-deficient mice have abolished fibrotic response
under pressure overload/hypertrophy stimuli, also measured at the molecular level
through reduction of collagens I/IIl and MMP-2 [44, 45]. In addition, chemical
inhibition of NADPH oxidases diminishes myocardial fibrosis [39, 40]. Apart from
generating reactive oxygen species, neutrophils also release granules containing
about 300 enzymes or other proteins, including myeloperoxidase (MPO), matrix
metalloproteinases (MMPs), elastase, and cathepsins, among others. These granules
are capable of cleaving connective tissue released by fibroblasts during the fibrotic
response [35]. In addition to its secretory role, neutrophils also activate other cells
of the innate response, such as inflammatory macrophages, which depending on
activation state can be pro-fibrotic, and will be discussed below. Eosinophils are
another type of granulocyte implicated in the fibrotic response. Besides secreting
TGF-B, their granules contain major basic protein (MBP), peroxidase, and lyso-
somal hydrolytic enzymes, among others. These factors cause myofibroblast dif-
ferentiation and are also involved in the induction of EMT, although it is questionable
if this event plays a role in cardiac fibroblast-driven pathology in the adult organ
[46]. Although the role played by eosinophils in the development of heart failure has
not been fully explored, it is clear that hyper-eosinophilia can severely compromise
heart function, causing myocarditis and fibrosis, among other pathologies [47].
MBP-1 has been also linked to the development of fibrosis in muscular dystrophy,
corroborating a pro-fibrotic role for eosinophils in muscle pathologies [48].
Dendritic cells (DCs) are professional antigen-presenting cells. They express
both MHC class I and class II with the processed antigen peptide on their surface to
activate the adaptive immune system (B and T lymphocytes) response to inflamma-
tion. Similar to Langerhans cells of the skin, resident DCs have also been identified
in the vasculature and cardiac valves of healthy individuals and mice [49, 50].
Vascular resident DCs found in mice have an immature phenotype, characterized by
low expression of costimulatory molecules such as CD40, CD80, and CD86, which
are required to activate the adaptive immune system [51]. However, upon injury,
these DCs are promptly activated to present antigens to T lymphocytes [49, 50, 52,
53]. Moreover, DCs play a central role in the recruitment of inflammatory cells,
which in turn activate fibroblasts in injury sites, and mounting evidence supports a
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role for fibroblasts on the recruitment and activation of DCs, discussed in the next
section [54-57].

Macrophages occupy center stage in innate immune response, as they are central
effectors of both pro- and anti-inflammatory responses. Macrophages secrete a
broad range of matrix metalloproteinases (MMPs 1, 7, 8, 9, and 12), which degrade
ECM components, as well as tissue inhibitors of MMPs or TIMPs, which promote
a balance between degradation versus deposition of ECM in the tissue [58]. MMP-
9, in particular, has been associated with the development of fibrosis in various
models, including the lung [59], myocarditis and dilated cardiomyopathy [60],
myocardial infarction [61], and hypertrophic cardiomyopathy [62]. Despite its regu-
latory role on ECM homeostasis, MMP-2 has been also implicated in the cleavage
of monocyte chemotactic protein 3 (MCP-3), which in turn leads to a reduction of
the inflammatory response and consequent fibrosis [63].

Macrophages also secrete substantial amounts of TGF-f, which is among the
major pro-fibrotic factors in many organs, including the heart [64-66]. TGF-$
induces the expression of ECM components such as collagens, suppresses MMPs,
and activates myofibroblasts [65, 67-73]. Inhibition of the TGF-f pathway exerts
beneficial anti-fibrotic effects in the heart. Administration of a TGF-p-neutralizing
antibody in rats subjected to myocardial injury through pressure overload prevented
fibroblast activation, collagen induction, and myocardial fibrosis, as well as reversed
diastolic dysfunction [74]. In addition, mice subjected to myocardial infarction that
had the same pathway inhibited through gene therapy showed improved survival,
reduced fibrosis, reduced ventricular dilation, and improved heart function [75]. It
is important to note that TGF-f is a pleiotropic factor with manifold roles in embry-
ological development, homeostasis, and disease; therefore temporal and localized
modulation may be important to elicit the desired beneficial effects [76, 77].

Apart from secretion of TGF-f, macrophages are also the major cytokine pro-
ducers, including the pro-inflammatory IL-1, IL-6, IL-8, IL-12, and tumor necrosis
factor alpha (TNF-a). TNF-a seems to exert anti-fibrotic effects through suppres-
sion of ECM genes [78] but has an indirect pro-fibrotic effect in fibroblasts through
activation of TGF-p [79]. Interestingly, clinical trials in which TNF neutralization
was used in heart failure patients failed to show beneficial effects [80]. A possible
explanation for the observed effect is due to contrasting activities of TNF-a through
its receptors 1 (Tnfrl) and 2 (Tnfr2): Knockout mice lacking 7nfrl have attenuated
fibrosis and collagen deposition in response to angiotensin II infusion, as well as
fewer inflammatory cells [81]. These effects were not observed for Tnfr2. In a myo-
cardial infarction model, Tnfrl activation exacerbates remodeling, hypertrophy,
and inflammation, while Tnfr2 ameliorates the same parameters [80]. In summary,
macrophages are strongly implicated in the exacerbation of inflammatory cell infil-
tration through the production of cytokines, chemokines, and growth factors, but
they are also potent activators and recruiters of myofibroblasts and therefore play an
essential role in the development of fibrosis.

A substantial amount of literature indicates important roles for mast cells in vari-
ous pathological conditions leading to heart failure. Within a few minutes of reper-
fusion following ischemic events, resident mast cells are also seen in ischemic sites.
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Mast cells degranulate pro-inflammatory and pro-fibrotic mediators such as TNF,
TGF-p, histamine, cytokines, and proteases [29, 82], which also interact with the
complement cascade, exacerbating histamine release, enhancing edema, increasing
endothelium permeability, and further attracting inflammatory cells [83]. Inhibition
of histamine activity through blockage of type 2 receptor (H2) reduced pathological
hypertrophy in a clinical study, measured functionally and by reduced brain natri-
uretic peptide (BNP) plasma levels [84]. Another study using ischemia reperfusion
in dogs also showed a beneficial effect for H2 inhibition, where hearts had smaller
infarcts, although no functional improvement was observed [85].

In volume-overload rat models, proteases such as tryptase and chymase released
by mast cells activated MMPs with collagenase, gelatinase, and stromelysin proper-
ties, which are directly involved in ECM degradation [86]. However, drug-induced
inhibition of mast cell degranulation in the same model led to diminished ventricu-
lar hypertrophy and dilation, as well as attenuated pulmonary edema and mortality
[86, 87]. In agreement with this, mast cell-deficient rats showed attenuation of myo-
cardial remodeling following volume overload, in which ventricular dilation and
collagen degradation were both reduced [88]. In addition, mast cells also activated
MMPs through secretion of TNF-a [89-91]. These studies were consistent with
pro-fibrotic role for mast cells in cardiac volume overload.

Mast cells have also been implicated in pro-fibrotic remodeling in condi-
tions like myocardial infarction, ischemia reperfusion injury, hypertension,
myocarditis, and rejection posttransplantation, among others. In these cases,
apart from exacerbating inflammation through recruitment of other immune
cells, pathological remodeling has been linked to regulation of myofibroblast
activity. Following ischemia or pressure overload, mast cell-deficient mice
show hypertrophy, larger infarcts, and ventricular dilation, due to reduced
infarct thickness [34, 92-94]. Spontaneously hypertensive rats treated with
mast cell-stabilizing drugs showed diminished ventricular fibrosis, despite still
showing increased blood pressure and hypertrophy [95]. In addition, treatment
of cardiac fibroblasts isolated from hypertensive rats with tryptase, which is
normally released by activated mast cells, induced fibroblast proliferation and
synthesis of collagen [95]. Interestingly, human mast cells were also found to
directly regulate myofibroblast activity in vitro, by inducing expression of
SMA and causing collagen gel matrix contraction [96]. Moreover, mast cells
isolated from myocardial biopsies of patients with end-stage dilated cardiomy-
opathy caused a 92% increase in collagen production in fibroblasts upon
in vitro stimulation, measured as 3H-proline incorporation [97].

The presence of mast cells in transplanted hearts has been correlated with devel-
opment of fibrosis, anaphylaxis, and rejection [98—101]. Activated mast cells were
detected in myocardial biopsies of patients post-heart transplantations [100]. In
such tissues, the number of mast cells and granules were directly correlated with the
volume of fibrosis and severe rejection episodes. In a rat model of heart allograft
transplantation, the amount of mast cell infiltration was correlated with the intensity
of chronic inflammation but not with acute rejection, suggesting a secondary role
for these cells in acute rejection through recruitment of other inflammatory cells,
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such as macrophages [102]. A second study showed that mast cells in hearts with
acute rejection were not cardiac resident mast cells but ones recruited from the host
circulation, molecularly differed from resident cells, displaying a “mucosa-like phe-
notype” [101]. A later study using mast cell-deficient rats concluded that donor
heart survival was unexpectedly reduced in rats without mast cells, suggesting a
paradoxical protective role after cardiac transplantation [98]. Further studies will be
necessary to clarify discrepancies among models, but it is clear that increases in
mast cell population are found in transplanted hearts undergoing fibrosis and
rejection.

In summary, the many cell components of the innate immune system play an
integral role on the initial response to various types of heart insults, which in turn
stimulate myofibroblasts, the architects of the fibrotic response seen in adverse heart
remodeling.

3.5.2 Adaptive Inmune System and Fibrosis

The role of the adaptive immune system in the development of fibrosis is normally
underappreciated, but growing body of evidence suggests an important role for
acquired immunity in various cardiac pathological conditions, most of which result
in fibrosis. This section will review evidence implicating some of the main adaptive
immune cells in cardiovascular disease and fibrosis. The presence of T lymphocytes
seems to be essential for organ homeostasis; mice deficient in T lymphocytes (SHIP)
develop spontaneous intestinal inflammation and fibrosis [103]. T lymphocytes are
divided into seven categories: One major category is the T helper (T},) lymphocytes,
which can be further subdivided into Ty, Ta, Ths, Thizs The, and Ty, subtypes [104].
T, Tho, and Ty7 have been reported to have a part in the development of fibrosis and
will be further discussed below. The role, if any, of the other helper subtypes at pres-
ent is not understood in the context of cardiac fibrosis. Ty,; lymphocytes normally
exert anti-fibrotic but pro-inflammatory effects [105—107] and involve secretion of
cytokines IFN-y, TNF, and IL-2. Ty, lymphocytes are characterized by the secretion
profile of cytokines like IL-4, IL-5, and IL-13, which exert a pro-fibrotic phenotype
[108-111].

Although T, cytokines can be highly inflammatory, it has been demonstrated
that IFN-y and IL-12 substantially reduced collagen deposition in pulmonary [106]
and kidney fibrosis [107]. IFN-y, however, is a highly controversial cytokine,
shown to exert both pro- and anti-fibrotic phenotypes. Both IFN-a and IFN-y are
potent inhibitors of fibroblast-driven collagen synthesis in vitro [112]. In addition,
IFN-y has been found to protect against the development of myocarditis and dilated
cardiomyopathy in a mouse model, where pro-fibrotic cytokines TGF-f, IL-1,
and IL-4 were reduced, leading to reduced mast cell degranulation and fibrosis
[113]. Other studies have demonstrated pro-fibrotic effects for IFN-y, which seems
to be driven by production of cytokines such as TNF-« [114, 115] and recruitment
of macrophages, indirectly leading to further inflammation and fibrosis [116, 117].
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In a murine model that uses bleomycin to induce lung fibrosis, IFN-y-deficient
mice showed reduced lung inflammation and fibrosis [118]. Angiotensin II-driven
cardiac hypertrophy was also reduced in IFN-y-deficient mice, which showed
decreased infiltration of macrophages and T lymphocytes, as well as attenuated
fibrosis [119].

Cytokines produced by T, lymphocytes are clearly pro-fibrotic in various
experimental models, primarily through the induction of ECM remodeling and col-
lagen deposition [120, 121] and secondarily through the recruitment and modula-
tion of macrophage plasticity [122, 123]. IL-13 is among the major cytokines of
pro-fibrotic activity [124, 125] and when combined with IL-4 induces myofibro-
blast differentiation [126]. This cytokine has also been linked to regulation of
MMPs in Crohn’s disease [127]. In this instance, IL-13 downregulated MMP syn-
thesis, which caused collagen accumulation. Additionally, IL-13 has been found to
induce TGF-f secretion by macrophages through the IL-13Ra2, originally thought
to be a decoy receptor, in models of colitis and pulmonary fibrosis [122, 128]. The
same paradigm was confirmed in a murine model of cardiac transplantation, where
treatment of animals with siRNAs for IL-13Ra2 prevented allograft fibrosis [129].
Conversely, signaling through the IL-13Ral receptor exerted a protective role in
pulmonary injury, where mice deficient in IL-13Ra1 showed increased bleomycin-
induced lung fibrosis [130]. Collectively, these data demonstrate that modulation
of IL-13 signaling may be a suitable pathway for anti-fibrotic therapeutic
intervention.

T helper 17 lymphocytes (T,;) are another distinct subset of pro-inflamma-
tory cells that have been associated with fibrosis in various tissues, including
the lung, heart, and liver [131-133]. These cells are defined by the production
of IL-17 as their major interleukin, namely, Th17. Among the inflammatory
mediators released by Th17 are IL-17a, IL-17f, IL-21, and IL-22 [134]. IL-17a
stimulates the release of other pro-inflammatory cytokines, such as IL-1, IL-6,
TNF-a, and Cxcl8, granulocyte colony-stimulating factor (GCSF), and granulo-
cyte macrophage colony-stimulating factor (GMCSF). Activation of Ty;; lym-
phocytes has been strongly linked to myocarditis [135, 136] and
isoproterenol-induced heart failure [131], while the role of this lymphocyte sub-
type in myocardial infarction has been less explored. In experimental murine
autoimmune viral myocarditis, the Tj,;; lymphocytes and their transcription fac-
tor retinoic acid receptor-related orphan nuclear receptor (ROR yt) were upreg-
ulated 3 weeks after myocarditis induction. Furthermore, ROR 7yt knockout
mice showed resistance to myocarditis [136]. A second study further demon-
strated that IL-17 is responsible for the induction of heart fibrosis in this model,
through activation of the protein kinase C/extracellular signal-regulated kinase
I/nuclear factor kappa B (PKC/Erk1/NF-kB) pathway [135]. Further support
for Ty;7 involvement in heart failure comes from a rat model of isoproterenol-
induced heart failure, in which animals were also injected with anti-IL-17 anti-
bodies [131]. This work showed decreased expression of MMP-1 and collagen
fibers, counterbalanced by increased expression of TIMPs in IL-17 antibody-
injected animals. Blocking of IL-17 also improved myocardial fibrosis,
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measured by Masson trichrome staining. In a mouse model of myocardial
infarction, IL-17 was not upregulated 1 week post-infarct, suggesting that T,
response is not important in acute ischemic heart failure [137]. However, an
unpublished study showed IL-17 and Tj,; increased from 2 weeks after infarc-
tion, indicating a role for IL-17 in chronic but not acute infarction [138]. In this
case, anti-IL-17 antibodies failed to reduce the fibrotic response in infarcted
animals, although ROR yt knockout mice had in fact increased cardiac fibrosis.
As this study is yet to be published in a peer-reviewed journal, the jury is still
out on the role of Ty, in the fibrotic response to myocardial infarction. Taken
together, this body of current literature demonstrates a strong pro-fibrotic role
for Ty,;; lymphocytes in various pathologies leading to heart failure.

Another major category of T lymphocytes is the regulatory T cells, or Ty,
defined by the expression of the transcription factor forkhead box P3 (Foxp3).
T.es can exert dual roles on the fibrotic response, depending on stimulatory
stimuli. They play an important role in controlling inflammation and conse-
quent promotion [139] or suppression [140] of fibrosis. IL-10 released by T,
has been shown to be a potent anti-fibrotic agent in a mouse myocarditis model,
through the inhibition of collagen synthesis by cardiac fibroblasts [141].
Another study engineered monocytes/macrophages that overexpressed IL-10
and showed that this strategy also ameliorated myocarditis [142]. In addition,
transfer of T, to hypertensive mouse hearts also attenuated inflammation and
fibrosis, reducing TGF-f1 and the presence of myofibroblasts [140]. Following
myocardial infarction, T, infiltrate the cardiac tissue and participate in injury
resolution. Mice depleted of T, showed reduced heart function and survival,
as well as increased dilation after infarction [143, 144]. In agreement with this,
increasing the amount of T, in the heart tissue through cell transfer or agonis-
tic antibodies had beneficial effects on healing [143—149]. This healing activity
was probably mediated by IL-10, osteopontin and TGF-f, all found to be pro-
duced by infiltrating T, and caused a trifold impact on infarct repair through
activation of M2-like (anti-inflammatory) macrophages [144], rescue of car-
diomyocytes from death [146], and modulation of fibroblast activity [143]. In
vitro, T, directly downregulated myofibroblast marker SMA and MMP-3 in
cardiac fibroblasts, confirming that T, exert an anti-fibrotic activity.

Given the important role played by T, in many heart conditions, many experi-
mental models have successfully established pre-therapeutic assessments for the
use of IL-10 to treat various heart pathologies, including ischemia/infarct [150],
pressure overload [151], and myocarditis, as previously mentioned. IL-10 has also
been linked to cardiac protection in obese animals submitted to exercise [152].

In contradiction with an anti-fibrotic role for IL-10, a recent study showed a
detrimental role for targeted release of IL-10 to the posttransplantation heart
[153]. This study took advantage of fibronectin, normally overexpressed during
chronic heart rejection, to create a vehicle for injection of IL-10 to rats with het-
erotopic heart transplants undergoing chronic rejection. In this case, IL-10-
injected groups showed higher rejection and increased SMA expression, as well
as enrichment of inflammatory cells, against the odds. However, the authors
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suggested a caveat for the observed results, which was that the therapeutic time
point used in the study was still in the acute phase of rejection, and proposed a
further study to address this issue.

Last, but not least, the role for B lymphocytes in heart fibrosis has only
recently raised interest of the scientific community and is so far under-investi-
gated. B lymphocytes are professional antigen-presenting cells (APCs), produce
antibodies and secrete cytokines. Similar to T lymphocytes, there are various
subsets of B lymphocytes, including a regulatory B lymphocyte population (B,.,)
[104]. A pro-fibrotic role for B lymphocytes has been demonstrated in liver
fibrosis, where B lymphocyte secretion of IL-6-induced myofibroblast differen-
tiation from stellate cells, accompanied of fibroblast proliferation, increased col-
lagen and TIMP synthesis [154, 155]. In systemic sclerosis, autoantibodies
produced against fibrillin were shown to directly affect dermal fibroblasts
in vitro, causing fibrosis through increased ECM expression and induction of
TGF-B1 and consequent Smad3 phosphorylation [156]. Another study showed
that B lymphocyte-activating factor was a potent inducer of collagen, TIMP1,
MMP-9, and SMA in dermal fibroblasts, all pro-fibrotic molecules [157].
Expression of pro-fibrotic/pro-inflammatory cytokines IL-6, Ccl2, and TGF-3
was also found in this system.

In the heart, B lymphocytes are involved in the pathology of allograft rejection
and autoimmune myocarditis, both of which are intimately linked to fibrosis, as
previously mentioned throughout this section. Acute antibody-mediated rejection is
one of the main complications following heart transplantation, correlated with poor
survival, vasculopathy, and transplant failure [158]. In a mouse model of allograft
transplantation, B lymphocytes were found responsible for the generation of athero-
sclerosis in transplanted tissues [159]. B lymphocyte-deficient recipient mice
showed reduced collagen deposition. Furthermore, two other donor-recipient com-
binations, which had undetectable levels of anti-donor antibodies, presented
decreased intimal fibrosis. When these animals were given anti-donor antibodies
through passive transfer, the fibrotic lesions reappeared, demonstrating a strong role
for B cell-mediated response in allograft rejection. However, it has been recently
demonstrated that B lymphocytes exert regulatory roles in transplantation and can
mediate chronic allograft heart rejection independently of generation of autoanti-
bodies [160]. Mice deficient in antibody production still experienced vasculopathy,
while mice deficient in both antibodies and B lymphocytes were protected. Further
data suggested that vasculopathy was dependent on the APC properties of B lym-
phocytes, which in turn recruited cytotoxic T lymphocytes to transplanted tissue,
rather than antibody production. This phenomenon is similar to autoimmune dis-
eases such as Type I diabetes [161].

Myocarditis occurs in three phases; the initial phase involves cardiomyocyte
damage through viral/bacterial infections or other agents. The second phase con-
sists of activation of immune cells such as CD4* T lymphocytes, which leads to the
third phase of clonal expansion of B lymphocytes, causing further inflammation and
production of circulating autoantibodies directed against the heart tissue [162, 163].
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Dilated cardiomyopathy, a progression from persistent myocarditis, has been linked
to B lymphocyte epitope spreading in a C-protein-induced myocarditis rat model
[164]. Interestingly, patients showing dilated cardiomyopathy associated with myo-
carditis showed increased numbers of TNF-o secreting B lymphocytes [165].
Moreover, 59% of patient sera also showed increased serum procollagen type III,
suggesting this cytokine was involved in the fibrotic response in these patients. In
this model, epitope spreading was correlated with aggravation of inflammation and
fibrosis. It remains to be fully addressed if B lymphocytes, or subsets of B lympho-
cytes, play a role in ischemic or pressure overload events, but considering that
patients undergoing infarct release structural proteins such as troponin in the blood,
the possibility of a humoral response is intriguing and highly plausible. The partici-
pation of B lymphocytes in cardiac ischemic injury can be exemplified by a study
that showed that antibody mediated or genetic depletion of mature B lymphocytes
was beneficial to heart recovery in acute myocardial infarction, in this case through
modulation of monocyte mobilization [166].

3.6 Fibroblasts as the Imnmunomodulatory Hub of the Heart

Most studies place the cardiac fibroblast as a passive cell type in standby for receiv-
ing inputs from various immune cells to be activated and promote fibrosis. Indeed,
cardiac fibroblasts are receptive to multiple chemical and cellular stimuli, as
addressed in the previous section. However, it has become clear that this cell type
is highly active in the cardiac tissue milieu and is capable of directly sensing dis-
turbances in homeostatic conditions and reacting to such disturbances appropri-
ately. In a highly active tissue like the heart, which never rests, sustaining
homeostasis is no simple task. Besides chemical cues, cardiac fibroblasts are
directly connected with cardiomyocytes and other resident cells, through gap junc-
tions, and therefore sense and transmit electrical impulses [3]. Cardiac fibroblasts
also respond to mechanical stress and hormonal changes, such as angiotensin II
and adrenaline [3]. Although cardiac fibroblasts can sense various types of external
stimuli, the goal of this section is to solely focus on immune response cues trig-
gered by the cardiac fibroblast.

Fibroblasts modulate the inflammatory response at various levels, including
initial chemotaxis, infiltration, and migration of inflammatory cells, as well as
later steps of cell retention, apoptosis, and inflammation resolution or persistence
of a chronic condition (Fig. 3.5). Traditionally, endothelial cells have been
described as the initiators of vascular inflammation. While that still holds true, it
does not necessarily account for the full picture in cardiovascular conditions.
Inflammatory cells have been reported to exist within the interstitial myocardium
in high quantities, including myeloid and lymphoid cells [7, 167]. Therefore,
sensing damage and activating a repair response can also be achieved in a local
fashion by interstitial fibroblasts, which trigger endothelial inflammatory response
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Fig. 3.5 Fibroblasts as the immunomodulatory hub of the heart. Under homeostatic conditions,
immune cells and fibroblasts reside in the myocardial interstitium and sense microenvironmental
cues (left panel). Upon an injury stimulus, such as ischemic or pressure overload events, cardiac
fibroblasts cross-talk with various immune cells in the local interstitium and are capable of modulat-
ing the activity of both innate and adaptive immune systems. Adapted from Van Linthout et al. [25]

o

[168]. Indeed, a study using subcutaneous infusion of angiotensin II to induce
vascular inflammation in mice showed that inflammation happened predomi-
nantly in the tunica adventitia, the most external layer of the aorta closer to the
tissue interstitium, and not at the vessel lumen [169]. This was accompanied by
production of pro-inflammatory cytokines IL-6 and MCP-1, culminating in mac-
rophage infiltration and aortic dissections (tears). Furthermore, coculture of
adventitial fibroblasts with monocytes induced IL-6, MCP-1, and MMP-9 in vitro,
suggesting a major role for aortic adventitial fibroblasts in the development of
local vascular inflammation and dissection. Besides, fibroblasts participating in



3 Properties and Immune Function of Cardiac Fibroblasts 53

the fibrotic response in conditions such as pressure overload and myocardial
infarction are solely of a local, cardiac-resident origin [5, 6, 8].

The expression of pattern recognition receptors (PRRs) by cardiac fibroblasts is
novel concept [170]. PRRs confer these cells the capability to directly respond to
damage-associated molecular patterns (DAMPs) released by damaged myocardium
[171-173]. Some of the PRRs found in cardiac fibroblasts include TLRs, NLRs,
IL-1R1, and RAGE. Activation of PRRs in turn causes a feed-forward inflammatory
response via NF-kB, mitogen-activated protein kinase (MAPK) 8, and p38 stress
signaling pathways [174, 175]. Activation of these pathways commonly leads to
transcription of pro-inflammatory cytokines. Table 3.1 summarizes DAMPs and
PRRs associated with cardiac fibroblast response to damage, as well as the net out-
come of triggering their response.

Table 3.1 PRRs and DAMPs involved in regulating fibroblast activity

Receptor/signaling
Damp Species | Age pathway Response
S100A1 Rat Adult TLR4 |Collagen 1
MyDS88 |CTGF
ERK ISMA
P38 tMMP-9
JNK 1ICAM, IL-10
NF-xB 1SDF-1, TSP2
S100A8/9 Mouse | Adult RAGE 1Cell migration
NIH/3T3 NF-xB <«—Cell proliferation
<«——Mpyofibroblast
differentiation
1Cytokines
1Chemokines
1Cell proliferation
«——Collagens I, III
IL-la Human | Adult P38 1Cell migration
Mouse | Neonatal JNK | Myofibroblast differentiation
NIH/3T3 NF-xB ISMA
PI3K/AKT t1IL-1p, IL-6, TNFa
IL-1R1 1CXCLIL, 2,5, 8
TMMP-1, MMP-3, MMP-9,
MMP-10
1ICAM, VCAM
1E-selectin
|ADAMTSI1
1TNC
|CTGF
|Collagen 1
1Collagen III
11L-6, MCP-1
«—Cell proliferation
«—Collagens I, I1I

(continued)
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Damp Species

Age

Receptor/signaling
pathway

Response

HMGBI1 Human
Rat

Mouse

Adult
Adult
Neonatal
Adult
Neonatal
NIH/3T3

ERK
INK
PI3K/AKT
TLR4
TLR2
TLR4
PKC-p
ERK

1Cell migration
«——Cell proliferation
«——Myofibroblast
differentiation
1Cytokines
1Chemokines
1Growth factors
|Collagen 1

1Smad7

1Cell proliferation
1Cell migration
1Collagens I, III
1TGF-p
1MMP-2, MMP-9
1Collagen I
JTIMP3
1tmiR-206

1Cell proliferation
1Cell migration
tCollagens I, 11
1OPN

TMMP-1, MMP-2
1TIMP1

1Cell proliferation
1Collagens I, III

1Cell proliferation
1Cytokines

HSP70 Rat Neonatal TLR2

Reproduced from Turner [170]

Vascular endothelial cells are known to control leukocyte adhesion to vessels
during inflammation [176]. However, interstitial fibroblasts have been shown to also
regulate this process in inflamed tissues. Fibroblasts isolated from inflamed
synovium, but not normal one, were capable of causing flowing peripheral blood
leukocytes to adhere to the endothelial cell line HUVEC in vitro [177]. Adhesion
was promoted by interaction with integrin VCAM-1, Cxcr4, and its ligand stromal
cell-derived factor 1 (SDF-1 or Cxcl12).

Fibroblasts are capable of secreting high levels of MCP-1, MIP-1, RANTES,
IP-10, and chemokine receptors, which in turn recruit macrophages and stimulate
inflammatory response [25], as well as activate the fibrotic response through an
autocrine loop. Chemokine production by fibroblasts seems to be dependent on the
NF-kB pathway and the transcription factor RelB. Mice deficient in RelB dis-
played severe inflammatory syndrome, although the heart looked grossly normal
under homeostatic conditions [178]. In normal fibroblasts, incubation with
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lipopolysaccharide induced transient production of chemokines, and that was cor-
related with increased RelB expression. Fibroblasts deficient in RelB had exacer-
bated and persistent (chronic) induction of chemokines, including MIP and
RANTES, and this could be reversed using transient transfection of RelB back into
fibroblasts.

Murine fibroblasts recovered from kidneys undergoing inflammatory response
or cocultured with mononuclear cells were able to produce large quantities of MCP-
1, MCP-1 receptor (Ccr2), or MIP-1aw [179-181]. Another study showed that
MCP-1 induced collagen expression in lung fibroblasts, plausibly through the acti-
vation of TGF-f} signaling [182]. MCP-1 was also implicated in activating MMP-1 in
human fibroblasts [183]. Moreover, a third study found that MCP-1 and IL-6
induced mouse myofibroblast differentiation in an in vitro hypoxic model [184].
MCP-1 is a very important cytokine in response to myocardial infarction, control-
ling inflammatory infiltration and myofibroblast accumulation. While deficiency in
MCP-1 caused delayed macrophage recruitment and increased fibrosis in infarcted
hearts [185], overexpression of MCP-1 in transgenic hearts led to increased myofi-
broblast deposition in infarcts [184]; therefore the proposition of a direct role of
cardiac fibroblasts for the local regulation of inflammation and fibrosis is of high
importance.

In addition to helping the recruitment of leukocytes, cardiac fibroblasts par-
ticipate in the retention of leukocytes into damaged tissue. This seems to be
dependent of the presence of CD40 and costimulatory molecule programmed
cell death ligand 1 (B7-H1) on the fibroblast cell surface and the ligands CD40L
and CTLAA4, respectively, in immune cells [186, 187]. Expression of CD40 in
fibroblasts was found to be regulated by IFN-y and amplified by IL-la and
TNF-a in vitro [188]. Interaction with CD40 with its ligand (CD40L) induced
expression of intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) in fibroblasts. Activated fibroblasts also
increased proliferation and secretion of IL-6. A second way of retaining leuko-
cytes in the damaged interstitial space involved Cxcr4/SDF-1 signaling.
Fibroblasts produced increased quantities of SDF-1 and regulated Cxcr4 expres-
sion in immune cells through TGF-f signaling [189, 190]. Taken together, these
data demonstrate that fibroblasts can function as APCs and are capable of modu-
lating activity of the adaptive immune system through direct cell-cell contact, in
addition to their autocrine role.

Finally, fibroblasts have also been shown to regulate apoptosis of T lym-
phocytes in inflamed tissues in cell contact-dependent and contact-indepen-
dent manners [191-193]. Upon stimulation with IFN-y, fibroblasts express
MHC class II, which are normally expressed by hematopoietic cells and par-
ticipate in antigen presentation. It has been demonstrated that cultured syno-
vial fibroblasts stimulated with IFN-y not only expressed high levels of MHC
IT but were also capable of processing soluble protein for presentation to T
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lymphocytes [194]. This demonstrates that fibroblasts show proper APC func-
tion and can also modulate the adaptive immune system.

As for contact-independent regulation of T lymphocytes by fibroblasts,
addition of fibroblasts or fibroblast-conditioned media to T lymphocytes
in vitro resulted in prolonged survival of T lymphocytes in a resting state,
absent in proliferation, as opposed to reducing in number after removal of
mitogenic cytokine signals. This state was achieved through IFN-f secretion
and caused persistence of T lymphocytes in chronic inflammation settings.
Administration of IFN- to T lymphocytes in vitro fully mimicked the effect of
fibroblast-conditioned media to promote cell survival, while IFN-a did not
alter apoptosis [195]. Administration of antibodies against IFN-p reverted cell
survival to control levels, corroborating the role of IFN-f secreted by fibro-
blasts in controlling T lymphocyte survival and expansion. However, it remains
to be seen whether cardiac fibroblasts behave in the same manner, as most of
the data generated so far used synovial fibroblasts from patients with inflamed
joints [192, 195].

Nevertheless, substantial amount of evidence now points to the fibroblast as a
major regulator of the immune response or an immunomodulatory hub, as opposed
to a passive producer of extracellular matrix. Fibroblasts participate in major steps
of the inflammatory response, including induction of leukocyte activation, endothe-
lial adhesion, transendothelial migration, and tissue retention, in addition to their
pro-fibrotic role.

3.7 Immunomodulation Therapies that Reduce Fibrosis

Unfortunately, in many pathological scenarios, cardiac fibroblast hyper-activation
and myofibroblast differentiation lead to pathological dysfunction and adverse
remodeling of the heart, culminating in heart failure. Considering that cardiac fibro-
blasts are intimately interconnected with various cells and signaling pathways used
by the innate and adaptive immune systems, it is not surprising that drugs that affect
immunomodulation are also capable of regulating fibrosis. Table 3.2 summarizes
some of the validated treatments for fibrosis and shows novel therapeutic targets
currently under experimentation or clinical trial. It is important to note that most
anti-fibrotic treatments are systemic and not targeted to a particular organ; therefore
side effects are commonly seen. Moreover, current therapeutic agents are capable of
ameliorating or retarding the pathological process, but no cure has so far been
achieved for fibrotic diseases, reinforcing the need for improved therapeutic
approaches.
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Table 3.2 Current anti-fibrotic therapies used in the clinic and novel experimental drugs

Therapies currently used in the clinic

Compounds Targets Process
AMD3100 Inhibitor of Cxcr4 Immunosuppressant
Captopril, Inhibitors of angiotensin converting Anti-fibrotic, blood pressure

benazepril, enalapril,
ramipril, and others

enzyme (ACE)

control

Clopidogrel Inhibitor of platelet aggregation and Anti-fibrotic,
clot formation immunosuppressant
Dasatinib Inhibitor of BRC-Abl, c-Kit, Src Anti-fibrotic

Entresto (LCZ696)

Combination of valsartan with
sacubitril

See valsartan and sacubitril

Imatinib Inhibitor of BCR-ADbI, c¢-Kit, PDGFR Anti-fibrotic
Losartan, valsartan, Angiotensin I and II receptor blockers | Anti-fibrotic, blood pressure
irbesartan, control

amlodipine, and
others

Metelimumab
(CAT-192) and
others

Inhibitor of TGFbetal

Anti-fibrotic,
immunosuppressant

Macrolide antibiotics

Inhibitor of mTOR, Fli-1, IL-2

Anti-inflammatory;

(sirolimus and secretion immunosuppressant
others)
Nilotinib Inhibitor of c-Abl, c-Kit, PDGFR Anti-fibrotic
Nintedanib Inhibitor of PDGFR, VEGFR, FGFR Anti-fibrotic
Pirfenidone and Inhibitor of TGF-beta, TNF-alpha, and | Anti-fibrotic, anti-
others others inflammatory, anti-oxidative
stress
Sacubitril Inhibitor of neutral endopeptidases Blood pressure control
(NEPs) that degrades vasoactive
peptides like ANP and BNP
Simvastatin, Inhibitors of hydroxymethylglutaryl- Cholesterol lowering;
lovastatin, coenzyme A reductase anti-fibrotic

atorvastatin and
other statins

Sorafenib Inhibitor of PDGFR, VEGFR, and Raf | Anti-fibrotic
kinases
Tocilizumab Inhibitor of interleukin (IL)-6 receptor | Anti-fibrotic,

anti-inflammatory

Experimental drugs under clinical trial for various fibrotic diseases

Compounds Clinical trial Targets Process

Advair COPD Agonist for Anti-fibrotic,
beta-adrenergic immunosuppressant
receptor

(continued)
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Experimental drugs under clinical trial for various fibrotic diseases

Compounds Clinical trial Targets Process

Azaserine, IPF Inhibitor of Anti-fibrotic,

acivicin and gamma-glutamyl antioxidant,

others transpeptidase immunosuppressant
(GTT)

AZD9668 Cystic fibrosis Inhibitor of Anti-fibrotic,
neutrophil elastase anti-inflammatory

CC-930 IPF? Inhibitor of the c-Jun | Anti-fibrotic,

(Tanzisertib) N-terminal kinase anti-inflammatory
(JNK)

Clopidogrel Myocardial infarction | Inhibitor of platelet | Anti-fibrotic,
aggregation and clot | immunosuppressant
formation

CTX-4430 Cystic fibrosis Leukotriene A4 Anti-inflammatory
hydrolase (LTA4H)
inhibitor

CxCL12 Cystic fibrosis Inhibitor of Immunosuppressant

neutralizing chemokine (CXC

antibody motif) ligand 12
(CxCl112 or SDF-1)

Doxycycline Cystic fibrosis Inhibitor of matrix Anti-bacterial,

metalloproteinase Immunomodulator,
(MMP) 9 anti-fibrotic
E5564, TAK-242 Sepsis Inhibitors of Anti-inflammatory,
Toll-like receptor antioxidant
(TRL)
Eculizumab Glomerulonephritis, Inhibitor of Immunosuppressant
other kidney complement C5
pathologies, kidney
and heart
transplantation
EZ-2053 Lung rejection Inhibitor of T Immunosuppressant
lymphocytes
Fasudil Heart failure, Inhibitor of Rho Anti-fibrotic
atherosclerosis kinase (ROCK)
Fenretinide Cystic fibrosis Synthetic retinoic Anti-inflammatory
acid agonist
Fg-3019 and Liver/lung/kidney Inhibitor of Anti-fibrotic
others fibrosis, connective tissue
Duchenne muscular growth factor
dystrophy, (CTGF or CCN2)
glomerulosclerosis
Flovent COPD Steroid Immunosuppressant
INT-747 and Cirrhosis, hepatitis, Farnesoid X receptor | Regulation of glucose
others (obeticholic | cholangitis (FXR) agonist and lipid metabolism

acid)

(continued)



3 Properties and Immune Function of Cardiac Fibroblasts

Table 3.2 (continued)

Experimental drugs under clinical trial for various fibrotic diseases

Compounds Clinical trial Targets Process

Interferon IPF Recombinant Anti-fibrotic,

gamma cytokine immunomodulator

Lebrikizumab, IPF Inhibitor of Anti-fibrotic,

QAXS576, interleukin (IL)-13 anti-inflammatory

Tralokinumab

MabCampath Kidney transplantation | Inhibitor of CD52 Immunosuppressant

(alemtuzumab)

Prevascar Scar formation Inhibitor of Anti-fibrotic,
TGF-beta signaling | Immunosuppressant
(recombinant IL-10)

Pentoxifylline Cirrhosis Inhibitor of Immunosuppressant
phosphodiesterase

Remicade, Kidney transplantation, | Inhibitor tumor Immunosuppressant

adalimumab, glomerulosclerosis, necrosis factor

infliximab, and colitis (TNF) alpha

others

Rituximab IPF, rheumatoid Inhibitor of B cells Immunosuppressant

arthritis (CD20 antagonist)
Rosiglitazone, Glomerulosclerosis peroxisome Anti-fibrotic; regulation

fenofibrate, and
others

proliferator-activated
receptor gamma
(PPAR-gamma)
agonist

of glucose and lipid
metabolism

Rilonacept Systemic sclerosis Inhibitor of IL-1 Anti-fibrotic,
(IL-1 modified anti-inflammatory
humanized antibody)

SB656933 Cystic fibrosis Inhibitor of Anti-fibrotic,
neutrophil activation | immunosuppressant
(CXCR?2 antagonist)

Tacrolimus Liver and kidney Inhibitor of IL-2 and | Anti-fibrotic,

(Prograf, fibrosis T cell activity immunosuppressant

Advagraf,

Protopic, FK506,
and others)

Drugs highlighted in bold show both immune and fibrotic properties. Experimental drugs are either
under clinical trials for various fibrotic conditions or have only been described in basic research
experiments. Sourced at Clinical Trials.gov (May 2016)

COPD chronic obstructive pulmonary disease, /PF idiopathic pulmonary fibrosis

“Trial terminated due to safety concerns

3.8 Concluding Remarks

We hope the reader has gained a better insight on the cardiac fibroblast as an accep-
tor and donor of the immune system function. Information described here highlights
the complexity of the immune response in cardiovascular homeostasis and disease.
This reinforces the difficulty of generating proper anti-inflammatory and anti-fibrotic
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therapies that are not systemic but organ-specific. Addressing organ-specific proper-
ties of cardiac fibroblasts may be an interesting avenue to pursue more stringent
therapies. The field of cardiac fibrosis is now booming, as most stem cell therapies
have so far failed to reduce cardiovascular pathologies. A bright future is ahead for
exploration of the cardiac fibroblast and its immunological properties for the treat-
ment of cardiovascular conditions.
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Chapter 4
Endothelial Cells

Caterina Sturtzel

4.1 Introduction

The commonly accepted roles of endothelial cells (EC) in homeostasis of body
physiology are to safeguard transport logistics, control vascular permeability, and
regulate vascular tone. In the immunology of cardiovascular homeostasis and
pathology, EC can be regarded from two perspectives: on the one hand, they are a
constitutive and integral part of the cardiovascular system and therefore intrinsically
causing disease if dysfunctional, and on the other hand, they actively mediate
immune responses at places of injury or infection [1].

Cobblestone shape is a main histological characteristic of EC, but they constitute
more than static mechano-protective plates. EC that line the inner vessel wall are
not at all inert bystander cells but central and active parts of two major systems in
the body—the immune and the vascular system. As a consequence, damage, (hyper)
activation, and dysfunction of EC are frequently part of the etiology of cardiovascu-
lar diseases. These two systems often act in concert, for example, during wound
healing, but there are also conditions where EC engage in distinctive roles in each
of them, such as during development and tissue regeneration.

The vascular system is composed of EC lining the inside of vessels and of smooth
muscle cells or pericytes supporting the vessel structure. Strongly adapted to the vari-
ous tissues, the lymphatic and the blood vessel system pervade the entire body.
Lymphatic vessels are blind-ended tubes equipped with valves to fulfill efficiently
their major task of collecting and draining interstitial fluid leaking out of blood ves-
sels. Thereby, they are also a transport route for nutrients or mobile cells, such as white
blood cells, again interlinking function with the immune system [2]. Blood vessels
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exist as capillaries, veins, or arteries, covered by supporting cells, and their major tasks
are the transport of oxygen as well as nutrients and immune cells to the various tissues
of the body [3]. Therefore, genesis of the lymphatic system in the developing embryo
is triggered by rising fluid pressure, whereas blood vessel vasculogenesis and angio-
genesis are driven by hypoxia [4, 5]. During embryonic development, the first vascular
plexus is established by coalescing hemangioblasts from which eventually vessels are
built by sprouting of EC, the process defined as angiogenesis [3, 6].

EC isolated from different tissues will exhibit organ-specific adaptations and adjust-
ments in shape and function. For example, EC of the central nervous system form the
blood-brain barrier, uterine EC express estrogen receptors, EC of the high endothelial
venules allow for transcellular routes for leukocyte extravasation during homing, EC
of the endocardium fold up and adapt to the constant heartbeat, and EC committed for
either arterial or venous vessels show different sprouting capacities [7—10].

As active part of the immune system, EC not only function as a transport device
for mobile immune cells and form a mechanical barrier against intruders, but they
also (1) have essential paracrine function by secreting chemokines, interleukins,
interferons, and growth factors; (2) organize recruitment of immune cells and regu-
late leukocyte extravasation at places of inflammation by inducible expression of
adhesion molecules like E-selectin, P-selectin, ICAM, or VCAM [11]; as well as (3)
maintain appropriate hemostasis or coagulation.

The classical four signs of inflammation described by Celsus (30 BC-38 AD),
dolor (pain), calor (heat), rubor (reddishness), and tumor (swelling), already illus-
trated the significant role of EC during inflammation, since these reactions are all
mediated by EC through local changes of vessel barrier function. Although EC are
not immune cells in the classical sense, as they cannot kill, phagocytose, and pro-
duce antibodies or similar, they essentially coordinate the immune response.

4.2 Classical Functions of Endothelial Cells and Their
Immunological Relevance

4.2.1 Hemostasis

To maintain barrier function and to prevent intrusion of pathogens and their quick
systemic spread, junctions need to be kept tight and repaired quickly after vessels
rupture. During tissue trauma vessels are often damaged, and, in cooperation with
platelets, the endothelium initiates processes aiming to stop bleeding and close
holes. Coagulation results in the formation of solid blood clots to plug the opening
in the vessel. Thereby, hemostasis, the cessation of bleeding, is reached (Fig. 4.1).
However, as crucial as this activity of the endothelium and the platelets is in the cor-
rect situation, as dangerous can it be when activated aberrantly, for example, during
disseminated coagulation, which carries a high risk for fatal outcomes [12]. When
clots are formed uncontrollably, they can occlude vessels, especially narrowing cap-
illaries, and reach the state of thrombosis. Therefore, the endothelium in its basal
state is anticoagulant.
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Fig. 4.1 Hemostasis involves two principle components: platelets and the coagulation system
with its major product, fibrin. Both systems act in concert to generate a hemostatic clot that seals
the wound. The efficient recruitment of platelets involves specific surface receptors, such as the
platelet glycoprotein Ib (GPIb)-GPV-GPIX complex, GPVI, and several integrins (not shown).
These platelet receptors recognize distinct ligands that are normally concealed by the endothelial
barrier and become exposed only after vessel damage. These ligands include von Willebrand factor
(VWF) and collagens, as well as fibrinogen, vitronectin, and fibronectin (not shown). Platelet
recruitment does not induce hemostasis unless fibrin is also formed by the coagulation system.
Coagulation requires the sequential activation of blood-based serine proteases and their cofactors
(collectively known as blood clotting factors). The process is initiated by tissue factor, which is
expressed by subendothelial cells and is therefore hidden in the intact vessel wall. In response to
injury, however, tissue factor is exposed to blood and can interact with blood-based factor VIla to
trigger the coagulation cascade, which culminates in the formation of fibrin (Modified from [12])

To control and balance the homeostasis of hemostasis, the activation of coagula-
tion is tightly regulated and depends on a full cascade of progressive protease activi-
ties on proenzymes [13]. Activation of the coagulation cascade culminates in the
formation of fibrin from fibrinogen. Polymerized and cross-linked fibrinogen
becomes a sticky substance providing a mesh on activated platelets, which supports
formation of a clot. These thrombi can be degraded again by proteases, especially
plasmin, when healing progresses [12—14].

During hemostasis, the endothelium provides a crucial base whereupon activities
are organized and regulated. Procoagulant molecules, including von Willebrand fac-
tor (vWF) and tissue factor (TF), are expressed in subendothelial areas on collagen
and fibroblasts and become exposed to blood upon injury of the vessel wall. There,
platelet aggregation is induced by receptor binding of vWF, and TF binds circulating
coagulation factor VII, which initiates the proteolytic coagulation cascade. The pro-
teolysis of coagulation factor VII (fVII) generates fVIla, which further supports
cleavage of fX into fXa and forces thrombin generation from prothrombin. Other
circulating factors including factor V, VIII, and IX contribute as cofactors to
enhanced thrombin formation. Ultimately, thrombin releases fibrin from fibrinogen,
which further strengthens clot formation of the platelets.
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Weibel-Palade bodies (WPB) are preformed endothelial-specific first-aid kits,
perfectly equipped to rapidly and highly efficiently respond to an insult to the vas-
culature, without losing time of activating the translational machinery. These rod-
shaped subcellular organelles are filled with a whole battery of bioactive compounds
such as their major component VWF to recruit platelets to close the wound, by
concentrating them to the vessel wall by binding through their glycoprotein 1balpha
[15].

They further contain P-selectin to recruit leukocytes to guard the wound, IL-8
to boost inflammation, endothelin-1 for vasoconstriction to close off the affected
area, angiopoietin-2 to destabilize endothelial junctions and its barrier function
for flexibility during tissue repair, and tPA to prevent excessive fibrin formation
[16—18]. Relative allocation of the content of WPB is situation dependent, with
an increased amount of IL-8 during inflammatory situations, mutual exclusive
presence of P-selectin and angiopoietin-2 due to different transport sources, and
varying amounts of tPA [17, 19]. Activation and exocytosis of WPB can be trig-
gered by several stimuli including thrombin, vascular endothelial growth factor
(VEGF), or epinephrine either through Ca*/calmodulin-dependent pathways or
in response to cAMP-raising agonists distinctly influencing cytoskeletal func-
tion [20].

Tissue factor expression on EC increases upon pro-inflammatory stimulation
with, e.g., TNF-alpha, oxidized phospholipids, pro-angiogenic factors, or shear
stress [21-23]. During inflammation, clot formation can contribute to pathogen con-
tainment and regeneration of the vessel barrier function. However, this scenario also
substantially contributes to atherosclerotic plaque formation [12].

Several pathways control aberrant initiation of the sequentially amplifying coag-
ulation cascade. To prevent coagulation, it is necessary to interfere at the very top of
the cascade. Tissue factor pathway inhibitor (TFPI) is a serine protease inhibitor
that precludes complexing of TF to fVIIa and thus dampens coagulation. To form a
clot now, fVIII and fX need to override this blockage. There are two main splice
isoforms in humans; TFPIalpha is secreted by EC and present in the plasma but also
stored in platelets. TFPIbeta is EC specific and anchored by GPI into the plasma
membrane [14, 24]. Regulation of the coagulation cascade can thereby be spa-
ciously differently controlled in the fluid phase and at the vessel wall.

Disruption of this intricate balance can cause severe disorders, such as the con-
genital bleeding disease hemophilia A or B, when the function of fVIII or X is
impaired, respectively. Still, acute conditions such as thrombosis or disseminated
intravascular coagulation (DIC) are the result of uncontrolled activation. There is a
high risk for developing this pathologic state during systemic inflammation when
fibrin is over-consumed and clot formation is not effective [25].

To reconstitute unperturbed flow, removal of the thrombus is necessary once
healing has progressed sufficiently. Fibrinolysis of clots is crucial to prevent throm-
bosis and is accomplished by plasmin. Plasmin is cleaved off its liver-secreted
zymogen plasminogen by the serine proteases (serpins) tissue plasminogen activator
(tPA), mainly produced by EC, or urokinase (uPA), secreted by many different cell
types. The process of fibrin degradation needs to be as tightly controlled as its gen-
eration and includes several safety check points [26]. tPA requires fibrin as cofactor,
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and thus only cleaves clot associated plasminogen, and is irreversibly and rapidly
inhibited by its specific plasminogen activator inhibitor (PAI-1) when circulating.
Whereas tPA acts mostly in the bloodstream, uPA works mostly extravascularly.
Furthermore, nonfibrin-bound plasmin is bound by alpha2-antiplasmin rendering it
inactive through blocking its fibrin-binding site. Taking advantage of these specifici-
ties may allow for targeted therapy during clinical thrombotic events [27].

Acute occlusion of main vessels by thrombi is detrimental for the affected isch-
emic tissue, for example, during a myocardial infarct; however, rapid sealing of
injured vessels is necessary to keep up vital nutrient support and protection from
intruding pathogens. Therefore, depending on the specific situation, maintaining the
appropriate balance between pro- and anticoagulative action of the endothelium is
crucial for effective immunity of the human body.

4.2.2 Vascular Tone

Under homeostasis, the vascular tone is regulated in balance of vasodilative and
vasoconstrictive signals to adapt blood pressure and flow to current activity require-
ments. EC control vascular tone by sending paracrine signals to smooth muscle
cells surrounding the vessels, which can constrict vessels by contraction or dilate
them by relaxation.

The most potent vasoconstrictor is endothelin (ET), a 21aa peptide existing in
three isoforms mainly synthesized by EC [28]. Serum levels of ET-1, the predomi-
nant form of endothelin, are elevated by pro-inflammatory, EC-activating signaling,
with transcription factor binding sites for AP1, NF-kB, GATA2, SMAD, or
HIFlalpha detected in the endothelin gene [29]. However, ET-1 itself induces
expression of pro-inflammatory signals. Constriction of a vessel in an inflamed area
achieves a containment effect for pathogens and decelerates passing leukocytes for
transmigration. ET-1 signaling increases expression of adhesion molecules such as
VCAM (vascular cell adhesion molecule) on endothelial cells and supports the clus-
tering of neutrophils, which contributes to the massive neutrophil infiltration
observed in ischemic myocardium [28].

The main counter-player against vasodilation is nitric oxide (NO), a gasotransmit-
ter, produced by NO synthases (NOS) in a stepwise redox reaction from L-arginine.
There are three isoforms of NO synthase, nNOS (neuronal), eNOS (endothelial), and
iNOS (cytokine-inducible). Under healthy conditions, eNOS in the endothelium pro-
vides NO to keep the vascular tone to adjusted levels under altering blood pressure
and blood flow conditions [30, 31]. Endothelial dysfunction is a state of impaired NO
bioavailability and linked to development of atherosclerosis and cardiovascular dis-
ease [32]. Flow-mediated dilation (FMD) is typically measured to determine endo-
thelial dysfunction in patients, where a reduction can be used as prognostic marker
for heart failure and presents concomitantly with vascular remodeling of arterial ves-
sels [33]. Capacity overload of the system or depletion of L-arginine or the essential
cofactor tetrahydrobiopterin leads to eNOS uncoupling, a switch in the NO genera-
tion process that also produces reactive oxygen species (ROS). This oxidative stress
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in the long term causes subtle remodeling of the vasculature to a chronic pro-inflam-
matory state and contributes to atherosclerotic plaque formation [34].

In contrast, iNOS, as reflected by the name, is steeply induced by cytokines under
inflammatory conditions, especially to generate ROS to combat pathogens. NO
itself has radical potential and exerts microbicidal function. iNOS is also expressed
in EC, but the main source are leukocytes, especially macrophages [35]. Under ster-
ile inflammatory conditions, iNOS activation constitutes a significant threat to the
cardiovascular system and may lead to the detrimental development of septic shock.

4.3 Endothelial Cells as Part of the Immune Response

4.3.1 Expression of Innate Inmune Receptors

Toll-Like Receptors EC express several innate immune receptors including the
toll-like receptor (TLR) family recognizing pathogen-associated molecular patterns
(PAMPs) [36, 37]. Expression of all TLRs is detectable in EC. TLR1, TLR2, TLR3,
TLR4, TLRS, TLR6, and TLRY are found in all different kinds of tissue-specific
EC. In resting EC, TLR7, TLRS, and TLR10 are absent, but they are inducible
under inflammatory activation [38]. Upon agonist binding, dimerization, and activa-
tion of TLRs, NF-kappaB and MAPK signaling are initiated via MyD88 and/or
TRIF. This leads to a pro-inflammatory cell response, which in EC means structural
changes of adhesion molecules in order to increase vascular permeability, produc-
tion of inflammatory cytokines, presentation of adhesion molecules to recruit leuko-
cytes, and the switch to a procoagulant state [36]. Specifically, direct activation of
TLR1/2, TLR3, and TLR4, by their respective agonists Pam3CSK4, Poly(I:C), or
LPS, elicits a strong pro-inflammatory response by stimulating the production of
cytokines such as IL-6, IL-8, TNF-alpha, and IL-1 beta, altering adhesion molecule
expression, including E-selectin, P-selectin, ICAM, and VCAM, elevating vascular
permeability through reduced junction protein claudin-5 as well as secretion of pro-
coagulant factors like tissue factor, PAI-1, uPa, and vWF [38—40].

Notably, there are crucial functional differences between TLR responses in
monocytes and EC. Some are mediated via different routes of NF-kB and MAPK
signaling, as ERKS seems to regulate endothelial TLR2-dependent transcriptional
response including its own upregulation, whereas MEK1 controls monocytic activa-
tion [41]. TLR2 in endothelial cells is expressed only at low level at baseline but is
strongly upregulated by initial contact with its ligand. In contrast, leukocytes show
a constitutively high TLR2 expression. This seems to be a functional adaptation to
prevent overshooting endothelial activation and in consequence harmful vascular
hyperpermeability, thrombosis, or septic shock [39].

Vascular TLR2 and TLR4 do not only sense pathogens but also tissue damage,
for example, by the presence of extracellular histones, and respond with elevated
tissue factor production, which may challenge the balance between beneficial local
microthrombus formation and the risk for sepsis [42]. In contrast to other reports,
this study also describes the TLR2 and TLR4 to be displayed on the endothelial
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surface as on leukocytes. However, in EC TLR2 and TLR4 are often found intracel-
lularly [43]. This discrepancy might be correlated with the activation state of the EC.

Hyperglycemia is another pro-inflammatory stimulus for the activation of EC. It
is also mediated via TLR2 and TLR4/MyD88/NF-kB/AP1, leading to shedding of
the repellent glycocalyx of the endothelium. This enables improved leukocyte adhe-
sion and increased ROS production. In a chronic state, this contributes to the vascu-
lar complications of diabetes patients [44].

Circulating endothelial progenitor cells also present certain levels of TLRs. They
are responsive to agonist stimulation, which, however, only induces cytokine pro-
duction, but not differentiation, excluding TLR activation as a trigger for endothe-
lial progenitor cell differentiation at sites of injury [45].

In addition to TLR, various other types of pattern recognition receptors exist in
EC. NOD1 and NOD2, containing a nucleotide-binding oligomerization domain
(NOD) and caspase recruitment domain (CARD), sense degraded bacterial compo-
nents released from endosomes in the endothelial cytosol and activate NF-kB sig-
naling [46]. The RNA helicase retinoic acid-inducible gene-I (RIG-I) recognizes
particular viral ssSRNA structures [47].

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) of EC mediates
uptake of the glycation end-product oxidized LDL, which is generated under oxida-
tive stress during inflammatory events. Its activation leads to exacerbation of the
inflammatory response, chronic inflammation, endothelial dysfunction, and athero-
sclerosis [48]. LOX-1 is a member of a lectin-like receptor family, encoded in the
natural killer (NK) gene complex together with dectin-1 and CLEC-1 [49]. C-type
lectin-like receptor 1 (CLEC-1), which is also expressed in EC, is not known to be
involved in leukopheresis, as other C-type lectins described later, but represents an
intracellular pattern recognition receptor. It is upregulated by immune regulation
TGF-beta and is involved in control of immune response to transplants [50, 51].

4.3.2 Endothelial Cells in Leukopheresis

One of the most crucial functions of EC during an inflammatory response is to organize
and coordinate controlled transition of leukocytes through the vessel wall for recruit-
ment into damaged/infected tissue. It is a major challenge for EC to keep up the balance
between tightly sealing vessel walls to prevent leakage of transported fluids on the one
hand and to facilitate extravasation of mobile immune cells on the other hand. However,
during inflammation, increased vascular permeability and transendothelial migration
(TEM), reflecting innate and adaptive immunity, are required at different time points.
Release of molecules such as antibodies or complement components to injured
tissue should constrain infections. As a second line of defense, leukocytes join in.
For this purpose, EC express adhesion molecules on their surface with various oper-
ative specializations to direct the leukocyte extravasation cascade. In general, TEM
can be pictured as leukocytes migrating through the vessel wall in sequential steps
of (1) tethering, (2) rolling, (3) firm adhesion, (4) crawling, and (5) eventually dia-
pedesis (Fig. 4.2) [52]. L-, P-, and E-selectin constitute one main group of adhesion
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Fig. 4.2 (a) A range of cell adhesion receptors on endothelial cells (as shown at the bottom of the
panel) mediates the capture, rolling, arrest, and crawling of leukocytes on the luminal endothelial
cell surface. This is the prelude for the actual transmigration through the endothelial barrier—the
diapedesis process. Leukocyte diapedesis is usually paracellular but can also occur in a minority of
cases through a transcellular route. Whereas transmigration through the endothelial barrier takes
about 2-3 min, leukocytes take up to 15-20 min to overcome the basement membrane, leading to
the transient accumulation of leukocytes between endothelial cells and the basement membrane.
Some of the adhesion receptors that participate in paracellular diapedesis are also relevant for
transcellular diapedesis. Vascular endothelial cadherin (VE-cadherin) is exclusively involved in the
paracellular route, functioning as a barrier to transmigration. The only candidate for a cell surface
protein that might be exclusively involved in transcellular diapedesis is plasmalemma vesicle pro-
tein 1 (PV1), which is an essential component of fenestral and stomatal diaphragms. Owing to
space limitations, the list of endothelial cell adhesion receptors shown here is not exhaustive but
represents the most well studied. (b) The diapedesis process requires many functions mediated by
leukocytes and endothelial cells: stopping intraluminal crawling at suitable exit sites, loosening of
endothelial cell contacts, preventing plasma leakage, extending the membrane surface area at
endothelial cell junctions through mobilization of the lateral border recycling compartment
(LBRC), active leukocyte migration through the junctional cleft, and sealing of the junction after
diapedesis. Finally, leukocytes dissociate from endothelial cells followed by transmigration
through the basement membrane. CD99L2 CD99 antigen-like protein 2, ESAM endothelial cell-
selective adhesion molecule, ICAM intercellular adhesion molecule, JAM junctional adhesion mol-
ecule, LFA-1 lymphocyte function-associated antigen 1, PECAMI platelet endothelial cell
adhesion molecule 1, VCAM1 vascular cell adhesion molecule 1 (Modified from [52])
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molecules. They are C-type (Ca’*-dependent) lectins binding to glycoconjugated
ligands. These three closely related selectins recruit leukocytes out of blood flow
toward an inflamed area by establishing first specific but dynamic contacts with EC
[53]. This initial step of leukocyte tethering to EC is preceded by local EC glycoca-
lyx shedding executed by heparinase, matrix metalloproteinases (MMPs), and ROS,
as this charged cell surface coating prevents adhesion molecule and carbohydrate
ligand presentation under normal conditions as a barrier for unintended extravasa-
tion [54].

E-selectin has to be synthesized de novo and is accordingly steeply induced by
pro-inflammatory signals such as TNF-alpha or IL-1, whereas P-selectin is stored
in Weibel-Palade bodies, which fuse upon stimulation with the cell membrane.
L-selectin in contrast is constitutively expressed on leukocytes, and its main pur-
pose is to guide them toward high endothelial venule structures during regular
homing processes, where expression of the ligands glycosylated cell adhesion
molecule-1 (GlyCAM1) and P-selectin glycoprotein ligand-1 (PSGL-1) captures
them. However, similar structures are also present in atherosclerotic-prone vascu-
lar walls [55]. PSGL-1 is a low-affinity ligand for all selectins, thereby decelerat-
ing leukocytes close to extravasation sites, but firm adhesion has still to be
established [56, 57].

PSGL-1 is resident in lipid rafts on the tips of microvilli, and simultaneous bind-
ing of several PSGL-1 molecules leads to formation of secondary structures to fur-
ther supporting adhesion, whereby transition of tethering to rolling is smoothly
proceeding [53].

CD44 is another versatile glycoprotein binding to L- or E-selectin when fitted
with the appropriate posttranslational modification of certain carbohydrate residues.
Furthermore, CD44 protein harbors docking sites for the interaction with compo-
nents of the extracellular matrix, contributing to fixation of leukocytes in damaged
areas. CD44 can regulate rolling velocity by cooperation with PSGL-1, thereby
especially recruiting T cells [53].

E-selectin ligand-1 (ESL-1) can further support binding of PSGL-1 to P-selectin
when ESL-1 is recognizing E-selectin in parallel [53].

All these molecules in their different combination and density can fine-tune the
tethering/rolling process and indeed regulate which subsets of leukocytes are even-
tually recruited. Chemokines were found to decisively influence the type of cap-
tured immune cells due to distinct spatiotemporal regulation of expression of
selectins and their ligands. The chemokine CCL2 elicits a rapid surface presence of
L-selectin, PGSL-1, and CD44, crucial for neutrophil recruitment, and subsequently
induces E-selectin expression to attach monocytes. This is in accordance with the
observed phenomenon of a first wave of infiltrating neutrophils and a second wave
of imigrating monocytes at sites of cardiovascular pathologies [58]. This study also
depicts that E-selectin is coexpressed with CD31/PECAM at cell-cell endothelial
junctions. Such junctions have to be opened in places where leukocytes should
squeeze through, and E-selectin seems to pull them directly toward the lateral cell-
cell borders.
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The processes of arrest and crawling are mediated by stronger anchoring through
interaction of adhesion molecules and their various integrin ligands, intercellular
adhesion molecule (ICAM-1) and lymphocyte function-associated antigen-1 (LFA-
1), vascular cell adhesion molecule-1 (VCAM-1) and VLA-4 (very late antigen-4),
and platelet endothelial cell adhesion molecule (PECAM), respectively [59].
Binding of these ligands to integrins, transmembrane receptors for cell-cell and cell-
ECM interactions, leads to conformational changes, inducing downstream intracel-
lular signaling to alter cytoskeleton structures [60]. Thereby fixation and crawling
of leukocytes even against of flow direction are supported. Inside-out signaling
induces transition from ICAM-1 binding to LFA-1 for an anchoring arrest toward
crawling mediating binding of macrophage antigen 1 (Mac-1).

ICAM-1/-2 and VCAM-1 are inducible by various inflammatory stimuli, such as
TNF-alpha, IL-1beta, oxLDL, or C-reactive protein. This is regulated by signaling
via the transcription factors NF-kB and AP1 for which several binding sites were
discovered, for example, in the VCAM promoter [61, 62]. Detection of ICAM-1 or
VCAM-1 on EC and on endothelial microparticles was shown to constitute a prog-
nostic marker for cardiovascular diseases with a severe outcome [63]. Highly
expressed ICAM-1 is an indication for activated EC as well as increased infiltration,
and thereby attracted leukocytes destabilize atherosclerotic plaques [64]. Further,
ICAM-1 is involved in the formation of unstable plaques through mineralocorticoid
aldosterone, which normally regulates blood volume by shifting electrolyte concen-
trations. Mineralocorticoid receptor-responsive elements were found in the ICAM-1
promoter, and increased leukocyte infiltration destabilizes atherosclerotic plaques
[65]. In addition, EC-derived ICAM-1 induced by IL-1b and IL-6 in circulation is
responsible for attracting T-cell and monocyte infiltration into the left ventricle sub-
sequent to heart failure [66].

PECAM-1 is an endothelial cell adhesion molecule that can be found at the lat-
eral borders of an EC monolayer but is also expressed on leukocytes. In a complex
with VEGFR2 and VE-cadherin, it functions as shear stress sensor and thereby acti-
vates signaling to further induce ICAM-1 expression [67].

The described adhesion molecules transiently attach leukocytes to endothelial
cells, whereas connections between EC are tight and adherent junctions. The
involved protein complexes regulate the barrier function of the endothelium under
noninflamed conditions. To cross this sealed cell wall for leukocytes during inflam-
mation, two routes are conceivable: either trans- or paracellular. Although data are
yet controversial due to limitations of live microscopy of this complex cellular pro-
cess, there is consent that transcellular passage of leukocytes through EC is happen-
ing, with an approximate proportion of 10% trans- and 90% paracellular TEM also
depending on blood vessel type and thickness as well as potentially the type of ini-
tial TEM stimulus [52].

For the paracellular route, adherent junctions have to loosen and open up in a
harmonized way as to not completely disband the vessel but just to decrease barrier
function. In EC adherent junctions are constituted by the single membrane protein
VE-cadherin (cadherin 5) which forms homodimers with molecules on neighboring
cells [68]. To anchor these junctions, VE-cadherins associate with beta- and
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alpha-catenin, and these further interconnect to the cytoskeleton. Experiments using
constitutively stabilized VE-cadherin-catenin proteins revealed that leukocyte trans-
migration is strongly prevented then [69]. It is suggested that phosphorylation of
VE-cadherin by tyrosine kinases and dissociation of vascular endothelial protein
tyrosine phosphatase (VE-PTP) are prerequisite for opening the junctions through
conformational changes and by internalization. There are tyrosine residues specific
for induction of vascular leakage, while others are responsible for destabilizing
junctions as preparation of diapedesis [70-72]. Leukocytes are required to unwrap
junctions before passing through. When ICAM-1 molecules ligate and cluster,
phosphorylation of VE-cadherin is induced, which also involves proteins of the Rho
family [73]. This system is also responsible for the actin stress fiber rearrangements
that pull apart the adherent junctions. Dissociation of VE-PTP can be triggered by
binding of leukocytes but also by VEGF. It is also necessary to loosen contacts dur-
ing vessel growth [74].

A whole system of counteracting proteins is required for successful TEM: the
molecules PECAM, CD155, and CD99 on the membrane system termed lateral
border recycling compartment (LBRC). Homophilic interactions between PECAM
and CD99 expressed on leukocytes and EC direct the leukocyte toward a junction
and then through it, respectively [75, 76]. The LBRC is moved with the help of
kinesins. Other junctional proteins such as junctional adhesion molecule (JAM-)A
and C also function as counter-receptors for passaging leukocytes. These molecules
seem to surround the leukocytes in circular structures, forming an orientation guide
to prevent hesitant or even backward migration. During ischemic reperfusion condi-
tions, JAM-C expression is reduced at EC junctions, and disrupted polarized TEM
of neutrophils but not of monocytes has been observed [77].

All these different proteins involved in TEM reflect the critical point of opening
up a normally tightly sealed tissue structure to enable transition of whole cells with-
out perturbing the entire vessel system [11, 78]. Furthermore the endothelium
preserves a crucial selective capacity by regulating the recruited leukocyte type by
differential expression of chemokines and adhesion molecules [79]. Knowing the
different molecules involved in recruitment of different leukocytes to atheroscle-
rotic plaques or damaged tissue after an ischemic event might offer more targeted
therapeutic strategies.

4.3.3 Angiogenesis

Angiogenesis, defined as the formation of new blood vessels from preexisting ves-
sels, is not only required during development and growth but is necessarily linked
to tissue repair and restoration of oxygen and metabolite supply as well as barrier
function in wounded, ischemic, or inflamed areas. During angiogenesis, EC are
activated, and single lines of cells start to migrate out of a preexisting vessel toward
a gradient of vascular endothelial growth factor (VEGF), a growth factor produced
under hypoxic conditions [80]. However, a lot of factors including chemokines are
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known to have pro-angiogenic capacity, reflecting the interlinked need for new ves-
sels during an immune response. For example, IL-8 is highly angiogenic, and its
expression is associated with poor prognosis in different cancers but induces EC
proliferation in ischemic myocardium [81, 82].

It is commonly accepted that new vessels are formed as outgrowing sprouts of
tip/stalk cells. The leading tip cell is highly migratory and protrudes many filopodia,
which express VEGF receptors to sense the VEGF gradient. So-called stalk cells
follow behind the tip cell. These are highly proliferative and will eventually form a
new, lumenized vessel. Delta-like 4 (D114), a Notch receptor ligand, expressed on tip
cells, induces Notch signaling in the neighboring cell, upon which surface expres-
sion of KDR/VEGEF receptor 2 is downregulated implementing the stalk cell pheno-
type [83, 84]. Several factors might select for a cell to become a tip cell, including
random local overexpression of KDR, metabolic advantages of some cells in terms
of elevated glycolysis conferring higher motility, or cell arrangements orientating
cells into certain directions to facilitate migration [85, 86]. When a sprout encoun-
ters another, they will anastomose and blood can flow through a newly formed ves-
sel [87, 88]. This process is often bridged by macrophages via conferring additional
sources of Notch receptors especially at branching points [89]. Monocytes can also
be an additional resource of VEGF, which is necessary for the process of arteriogen-
esis, the rapid maturation of collateral capillaries into arteries after an occlusion
event of the arterial circulation [90, 91]. This involves NF-kB signaling that can
stabilize hypoxia-inducible factor 1alpha under non-hypoxic conditions.

Stimulation and support of angiogenesis by macrophages is also a potential indi-
rect mechanism induced by the immune-suppressive cytokine IL-19. IL-19, a mem-
ber of the IL-10 family, is expressed by EC of inflamed coronary tissue. It boosts
bFGF-dependent angiogenesis in the absence of hypoxia by effects exerted on vas-
cular smooth muscle cells [92, 93].

Originally, VEGF was described as vascular permeabilization factor referring to
one of its obvious physiological effects [94]. To allow vessel growth, junctional
adhesion has to be destabilized, similar to inflammation-induced permeability, to
allow for restructuring of the EC layer. VEGF usually stands for VEGF-A, the clas-
sical pro-angiogenic factor, representing a whole structurally related family. VEGF
crucially sustains EC survival and promotes blood vessel angiogenesis. VEGF pro-
teins are the ligands for the receptor tyrosine kinase family of VEGF receptors.
There are three receptors, VEGFR1, VEGFR2, and VEGFR3, also known as Flt1,
Flk1, and Flt4, respectively. VEGFR1 binds VEGF-A with higher affinity than
VEGFR2, but VEGFR1 is hardly mitogenic and the intrinsic signaling kinase activ-
ity is very low. VEGFRI1 and its soluble splice form sFlt1 are therefore regarded as
decoy receptors, titrating out abundant VEGF at times of massive angiogenesis or to
maintain avascularity of corneas [95].

VEFGR?2 possesses high intrinsic tyrosine kinase activity upon ligand binding.
Proliferation of EC is stimulated by VEGF primarily via phospholipase gamma and
protein kinase C leading to RAF/ERK/MAPK pathway signaling. The pro-survival
effect of VEGF-A-VEGFR2 signaling is mediated through PI3K/PIP3/PKB/AKT-
dependent phosphorylation and blocking of proapoptotic caspases [96].
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Inflammatory signals induce a qualitatively, partly overlapping transcription pro-
file in EC compared to angiogenic stimuli, but quantitative differences reflect the
fine-tuning potential of the system. For example, VCAM-1 is steeply induced by
IL-1 as well as by VEGF, however, with a factor 100 difference in magnitude. This
reflects the significantly greater need for leukocyte recruitment into inflamed/dam-
aged tissue, than during sterile angiogenesis, where only a small number is needed
for surveillance. However, some endothelial genes are specifically activated only
under pro-angiogenic conditions, specifically required for the sprouting process
itself, while numerous others are activated under pro-inflammatory conditions only,
since hypoxic conditions are not always present when inflammation has to be trig-
gered [97, 98].

As mentioned above, many cytokines also exert pro-angiogenic, EC-activating
effects. Another prominent example, IL-33, especially exemplifies how entangled
the different functions of EC are. IL-33, member of the IL-1 superfamily, is released
during inflammatory tissue damage or trauma by necrotic or affected cells. IL-33
activates endothelial migration in a potentially pro-angiogenic way and increases
vascular permeability by elevated eNOS-dependent NO levels [99]. At the same
time, IL-33 upregulates TF expression in EC and downregulates TFPI, pushing
them to a procoagulant state [100]. IL-33 and TF can be co-detected in atheroscle-
rotic plaques, and levels of IL.-33 correlate to disease activity in CAD [101].

All processes of EC activation, inflammation, hemostasis, and angiogenesis have
one principle in common: the end is already part of the program. Therefore, VEGF
inducible transcription factors control targets, which will neutralize the pro-
angiogenic activation of EC if no restimulation occurs, as part of a negative-feedback
mechanism when normoxia is restored. VEGF-dependent MEF2C induced A2M,
which functions as a global serine protease inhibitor [102]. This likely prevents
excessive extracellular matrix (ECM) and tissue degradation or aberrant angiogenesis
[103]. Also the inflammatory response has to be brought back to a resting level to
prevent excessive inflammatory damage. Strong pro-inflammatory stimuli such as
IL-1 or TNF-alpha induce, during a second wave, inhibitors of the NF-kB, NFAT,
and MAPK pathway to resolve activation [104].

4.3.4 EC in Cardiovascular Disease

In contrast to smooth muscle cells, EC can tolerate hypoxia very well, in culture
even for weeks through different expression of HIF-1 and HIF-2, but, for example,
in a myocardial infarct after occlusion of a vessel after 20—40 min, the clinically
long observed wavefront phenomenon of necrotic areas sets in [105, 106]. However,
they are very sensitive to reperfusion injury when blood flow is restored. Necrotic
cardiomyocytes and hypoxia activate EC, rendering them targets for infiltrating leu-
kocytes. Notably, however, EC seem not to tolerate hypothermia very well. Cardiac
arrest patients treated with hypothermia to improve neurological prognosis show
aggravated endothelial dysfunction and elevated levels of sVCAM-1 [107].
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ROS are commonly considered detrimental to cells, and EC are also very vulner-
able for their destructive potential. However, there are conflicting reports regarding
this aspect, as antioxidant treatment by diet or drugs was not effective in
EC-dependent CVD risk factor prevention [108]. Elucidating this phenomenon on
molecular level revealed that coronary EC become proapoptotic upon long-term
ROS burden in the mitochondrial cell compartment but need short-term ROS stim-
uli for survival [109].

Further, EC are very sensitive to flow and adapt to different flow conditions.
Flow-mediated dilation and low-flow-mediated vasoconstriction are regulated by
healthy responsive EC to balance homeostasis, but loss of these functions is indica-
tive for endothelial dysfunction and correlates with an adverse prognosis for CVD
[110].

Pulsatile laminar flow is atheroprotective, especially at vessel branches, as it
induces eNOS and consequently elevates the level of NO and suppresses endothelin-
1 [111]. Shear stress is decisive for the balanced expression of these two counter-
players in the vascular system, but the potential of high wall shear stress to remodel
the endothelium is also considered as a driver of formation of non-stable atheroscle-
rotic plaques. However, imaging possibilities are not yet meaningful enough for cor-
relating shear stress, morphologic changes of plaque, and adverse events [112, 113].

As extensively reviewed by Heusch et al., after myocardial infarction, the area of
risk is the critical region that determines the outcome of adverse events [114].
Reperfusion injury manifests as increased vascular permeability along with edema
formation, which is not only caused by lost barrier function and glycocalyx loss
upon inflammation but also by electrolyte concentration shifts due to loss of energy-
dependent ion pumps. Edema impairs further microvascular perfusion by compres-
sion. Nitric oxide can attenuate deprivation of the barrier function; however,
vasomotion in infarcted areas is often shifted to hyperconstriction through endothe-
lin, leading to vascular remodeling. Microembolisms resulting from atherothrom-
botic debris or after percutaneous coronary intervention, or cell aggregates
assembled through the increased expression of adhesion molecules, can further
reduce circulation. If the swelling of the vessels is too severe, these might rupture,
and the resulting hemorrhage leads to severe myocardial necrosis. The area of risk
can be reduced by cardioprotective interventions like pre- or postischemic condi-
tioning but only if some collateral flow is preserved to transfer protective factors
[114]. Remote ischemic preconditioning can be cardioprotective in animal models
where several cycles of few minutes ischemia seem to be an effective schedule
[115]. Detailed definition of the involved molecular mediators sent and received by
EC poses a new therapeutic target to treat ischemic maladies.

4.4 Conclusion

EC are culprits and victims during myocardial infarction at the same time. Although
EC tolerate hypoxia better than other cardiac resident cell types, their pro-angiogenic
activation causes loss of barrier function and edema formation. Furthermore their
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pro-inflammatory activation increases expression of adhesion molecules and causes
leukocyte influx. Excessive immune cell infiltration can be detrimental to the
already damaged tissue. Loss of vasodilative NO synthesis by EC further aggravates
vessel occlusion in the heart. In addition, endothelial activation shifts them toward
a hazardous prothrombotic state.

In summary, disruption of the classical endothelial functions of vessel formation,
hemostasis, and regulation of vascular tone underlies most cardiovascular pathologies,
and their central role in immune response organization exacerbates damage. Therefore
it is necessary to also therapeutically target EC during cardiovascular diseases.
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Chapter 5
Immune Functions and Properties of Resident
Cells in the Heart and Cardiovascular System:
Pericytes

Teresa Kennedy-Lydon

5.1 Introduction

Pericytes were first described in the late nineteenth century, by two distinguished
anatomists of the time, Carl Eberth and Charles Rouget, who independently noted
distinct populations of adventitial cells adjacent to capillaries that were continuous
with vascular smooth muscle cells (VSMCs) of arteries and veins. Subsequently, the
Nobel laureate and physiologist August Krogh termed the cells Rouget cells and
suggested they functioned as contractile cells of capillaries. Since then, Rouget cells
have been renamed ‘pericytes’, and a myriad of research articles pertaining to peri-
cyte cell anatomy, localisation and function(s) have followed.

Pericytes are singular smooth muscle-like cells residing on the abluminal side of
the endothelium. As their name infers, pericytes are perivascular cells comprising of
a cell body with several claw-like processes that extend from the cell body and
‘wrap around’ microvessels, including arterioles, capillaries and venules [1-4].
Pericytes originate from mesenchymal stem cells (MSCs), which migrate to the
outer walls of capillaries. During development they have large, euchromatic nuclei
which later become heterochromatic and round. Subsequently, their morphology
has been described as a ‘bump on a log’ due to this distinctly round nucleus and
restricted perinuclear cytoplasm [5, 6]. Pericytes share many properties with vascu-
lar smooth muscle cells (VSMCs), including the expression of smooth muscle
a-actin and myosin [7-9]. They have cellular processes which extend from the cell
body and wrap around and envelope the vessel, in primary, secondary and tertiary
formations. Primary processes are aligned directly from cell bodies, secondary pro-
cesses branch off from the primary processes and encircle the vessel vertically and
tertiary processes branch off from secondary processes and grip the vessel (Fig. 5.1a)
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Capillary

Fig. 5.1 Pericyte morphology: Schematic diagram depicting basic structure of a pericyte. (a) The
‘bump-on-a-log” morphology is shown in a bright field image; (b) the pericytes are depicted by P,
arrowhead adjacent to a vasa recta capillary filled with red blood cells (RBC, arrow) (Images
adapted from [13])

[4]. These processes serve to increase the area of communication between pericytes
and the vessel wall and indeed other juxtaposed vessels of the microcirculation.

Pericyte cell identification is complicated by their dynamic nature; as pericytes
evolve continually throughout development, particularly during angiogenesis, they
express markers at different intervals, and once a pericyte is committed to a particu-
lar tissue type, they cease to express immature or developmental markers [10].
Nonetheless, there are a number of accepted markers, namely, neuron-glial 2 (NG2),
a-smooth muscle actin (a-SMA), desmin, regulator of G-protein signalling 5 (RGS-
5) and platelet-derived growth factor receptor § (PDGFR ) [1, 10].

5.1.1 Function and Distribution

Pericytes have been identified in all organs and tissues in a wide range of species,
and as such they have a variety of contrasting functional roles including vessel sta-
bilisation, endothelial cell regulation, angiogenesis, phagocytosis and regulation of
capillary blood flow [1-5].

Pericyte regulation of capillary blood flow was first described by Krogh as early
as 1929 and was later confirmed by other studies investigating the ultrastructure of
these ubiquitous cells. Furthermore, the concept of pericyte regulation of capillary
blood flow has gained momentum with many studies [6, 11-14].

Pericytes contain the contractile proteins a-SMA, tropomyosin and myosin. These
proteins are also found in smooth muscle cells, and it is suggested that they contribute
to pericyte contractile function [1, 15]. Furthermore, receptor sites for cholinergic (nico-
tinic and muscarinic)[ 14, 16, 17] and adrenergic (a-2) receptors are present on pericytes,
further enhancing their contractile ability. Studies have shown that cholinergic responses
in pericytes cause contraction, whilst adrenergic responses result in relaxation [14].

Similarly to vascular smooth muscle cells (VSMCs), pericyte constriction is
regulated by the intracellular calcium ([Ca®*];) concentration [18]. This was further
demonstrated by the removal of extracellular calcium from electrically stimulated
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pericytes in the central nervous system (CNS) which inhibited constriction [6]. It is
suggested that a rise of [Ca*"]; can depolarise the pericyte cell membrane from rest-
ing voltage (usually between —35 and —60) to a voltage that stimulates L-type
voltage-operated calcium channels (VOCCs) [18]. A rise of [Ca®*]; can activate
downstream signalling pathways (such as myosin light chain kinases (MLCK) and
mitogen-activated protein (MAP) kinases) via activation of intracellular calcium
stores that culminate in alignment of the actin filaments along pericyte foot pro-
cesses, resulting in constriction. Conversely, pericyte dilation is mediated by hyper-
polarisation brought about by a decrease in [Ca**],. Hyperpolarisation in VSMCs is
brought about by activation of potassium channels, which is also suggested as the
most likely cause for pericyte dilation. Pericytes express a number of potassium
channels including voltage-gated, inward-rectifying (Ky) [19] and calcium-
activated [20] channels. Activation of these channels reduces VOCC activity,
thereby hyperpolarising the cell and inducing relaxation.

As well as modulating vascular tone, pericytes also play an integral role in con-
structing vessels; during development they are involved in vasculogenesis and post-
development in angiogenesis [21]. Vasculogenesis is initiated by the clustering of
primitive vascular cells which give rise to tube-like formations, thus defining the
vasculature structure. When enveloped in the organ tissue, these tube-like struc-
tures, which contain endothelial cells, then recruit mural cells, i.e. pericytes, and
begin organising the vasculature tree for the specific tissue in which they reside.
Recruitment of pericytes by these primitive endothelial cells is not yet fully under-
stood; however, it is suggested that there is autocrine or paracrine signalling—pos-
sibly mediated by soluble factors—as is the case for recruitment of pericytes during
angiogenesis [2].

Angiogenesis describes the sprouting and extension of the existing vasculature to
form new vessels. This complex process involves the detachment of pericytes from
the vessel in order to allow the endothelium to form new tube-like structures. Once
the new structure is in place, pericytes reattach and envelope the vessel, thus provid-
ing the extended vessel with stability. Reattachment of pericytes also encourages
maturation of the vessel [1]. Throughout these processes there is constant dialogue
between endothelial cells and pericytes. Firstly, during the ‘sprouting’ phase, endo-
thelial cells secrete proteases which digest the basement membrane. This creates the
space required for the proliferating endothelial cells. Vascular endothelial growth
factor (VEGEF) is thought to stimulate endothelial cells into secreting these prote-
ases [22]. Incidentally, VEGF receptor activation will not occur if pericyte-
endothelial cell communication is disrupted [23]. Upon cessation of endothelial cell
proliferation, further soluble factors are secreted—this time to recruit pericytes to
the newly formed vessel. Factors proposed to be involved in this process are angio-
poietins (important for vessel maturation) and sphingosie-1-phosphate-1 (important
for vessel stability) [24]. However, the most crucial factor in this process is PDGFR
f. Indeed, mice with disrupted PDGF B—PDGFR f signalling have a distinct lack
of pericytes, and as result embryo lethality is often reported due to formation of
microhaemorrhages [25-27].
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Pericytes also have roles outside of the vasculature. For example, CNS pericytes
differentiate into macrophages and can also acquire phagocytic capabilities. These
properties imply a role for pericytes in maintaining immune defence, essentially for
protecting the blood-brain barrier (BBB), but in addition they also highlight the
plasticity of pericytes. Renal studies have implicated pericytes as a source of myo-
fibroblasts [28]. Furthermore, pericytes have been described as multipotent and
have been shown to differentiate into adipocytes and osteoblasts. In addition, skin
pericytes have been implicated in regeneration through modification of the extracel-
lular matrix (ECM) and promotion of epidermal tissue renewal [29].

The number of pericytes along a vessel wall is thought to be determined by the
functional demand of the tissue in which they reside [1, 3, 11]. Moreover, pericyte
density has been shown to differ between tissues, pericyte density being greater in
the kidney than in other tissues, such as the CNS and retina [1]. Interestingly, within
the kidney, pericyte density also varies, with a greater density reported in the outer
medulla compared with the inner medulla [3, 11]. In addition, it has previously been
reported that renal pericyte density increases to meet the metabolic demands
required for normal renal function [15].

5.1.2 Communication with Other Cells

Pericytes exist within close proximity of the underlying endothelium (approxi-
mately <20 nm apart), and their interaction is described as a ‘peg and socket’
arrangement (Fig. 1b). In addition, pericytes and endothelial cells also form gap
junctions, tight junctions and adhesion plaques [2, 10]. This arrangement allows
communication between pericytes and endothelial cells, other pericytes and other
surrounding cell types in the tissues that they inhabit. For example, pericytes in the
CNS have been shown to communicate with astrocytes, neurons, smooth muscle
cells and other pericytes [5, 6, 30]. Additionally, the transmission of contractile
forces from pericytes to the endothelium is considered to be attributed to gap junc-
tions and adhesion plaques, as they contain cell adhesion molecules, fibronectin,
connexins and N-cadherin [5, 22].

5.1.3 Pericytes and the Immune System

Pericytes can facilitate the trafficking of immune cells across the blood barrier into
neighbouring tissues and have even been described as providing the ‘highway’ for
immune cell migration [31]. In response to danger-associated molecular patterns
(DAMPs) (see Chaps. 1, 2 and 3 for more detailed description), pericytes release
chemokines and soluble mediators and express chemotactic receptors allowing
them to modulate the immune response. Advanced imaging techniques have
allowed pericyte-immune cell interactions to be deciphered [32]. Here, Proebstl
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et al. have shown how pericyte morphology adapts to facilitate neutrophil migra-
tion, a process that is closely controlled. Firstly, pericytes attract neutrophils via
secretion of interleukin-8 (IL-8). Although IL-8 secretion may not be so crucial,
neutrophils appear to be attracted specifically to pericyte gap junctions which lack
the basement membrane components and therefore provide a less complex path-
way for neutrophils to negate. These imaging studies have shown that the site at
which neutrophils migrate is highly selective, and once the neutrophils begin to
pass between pericytes, pericytes themselves undergo a conformational change to
enlarge the gap and allow passage of larger numbers of neutrophils [32]. Further
in vivo investigations have shown these morphological adaptations are in response
to inflammatory stimuli, namely, tumour necrosis factor (TNF) and interleukin-1p
(IL-1B) [32]. Equally, Stark et al. have shown that pericytes respond to a pro-
inflammatory environment by mediating the passage of neutrophils and macro-
phages [33]. Here, the response of skin pericytes to a sterile inflammatory stimulus
was evaluated. Skin pericytes were found to display a pro-inflammatory pheno-
type triggered by expression of adhesion molecules and specifically secretion of
macrophage migration-inhibitory factor (MIF). Using intravital two-photon
microscopy, pericytes were observed to elicit the chemotactic migration of inter-
stitial neutrophils and macrophages following extravasation from postcapillary
venules, evoking a pericyte-leukocyte cross talk facilitated by the intercellular
adhesion molecule ICAM-1 and MIF [33]. Effectively, this unique interaction
guides cells of the innate immune system to the site of injury allowing for assess-
ment of the damaged tissue and an immediate response. Moreover, stimulation of
pericytes with interferon-y (IFN-y) results in major histocompatibility complex II
(MHC 1II) expression which can lead to T-cell activation. Indeed, Stark et al. have
shown that pericytes upregulate ICAM-1 expression, which encourages T-cell
activation in damaged tissues. Pericytes, specifically CNS pericytes, have been
reported to behave in a phagocytic manner. A study by Balabanov et al. showed
that CNS pericytes can phagocytose polystyrene beads and can also express mac-
rophage antigens ED-2 and CD11b [30]. Activated pericytes also attract blood
monocytes to the site of injury [33]. However, it should be noted that pericytes
have a limited capacity as macrophages and it is more likely that they are respon-
sible for maintaining blood-brain barrier (BBB) homeostasis than eliciting a full
macrophage immune response. Also, to date, CNS pericytes are the only popula-
tion reported to take on macrophage functions, and it is likely that this is a tissue-
specific response as the CNS has a relatively low macrophage population to protect
it from immune-associated damage. Recently, brain pericytes have been shown to
respond to inflammatory cytokines by upregulating expression of inflammatory
proteins [34]. Stimulation with TNF-a, IL-1f, IFN-y or lipopolysaccharides (LPS)
results in increased expression of cyclooxygenase-2 (COX-2). IL-1p and LPS
stimulation result in increased expression of inducible nitric oxide (iNOS) and
reactive oxygen and nitrogen species, whilst stimulation with IFN-y was found to
evoke expression of major histocompatibility complex II (MHC II) molecules and
CD68 [34]. The pericyte response was found to be depended on the type of stimu-
lus, concentration and duration of exposure. Taken together, these data suggest a



98 T. Kennedy-Lydon

role for brain pericytes in modulating both the innate and adaptive immune
response [34], which again points to a pericyte-mediated protective mechanism in
the brain and CNS.

Similarly, lung pericyte-like cells have also been shown to modulate the
immune response in vitro [35]. Here, following exposure to lung bronchoalveolar
lavage fluid, pericyte-like cells expressed Toll-like receptors (TLR) in addition to
upregulating chemokine expression, including Cxcl2, CCI2 and IL-6. LPS-
induced lung inflammation in vivo caused an increase of pericyte-like cells
expressing IL-6, CXCL1, CCL2/MCP-1 and ICAM-1. Interestingly, depletion of
lung pericyte-like cells resulted in a muted immune response in comparison to
control following injury [35].

Taken together, these studies highlight a key role for pericytes in modulating the
immune response and also highlight the importance of their barrier function. Due to
their unique perivascular location, pericytes are aptly located to regulate cell migra-
tion, and their role as a barrier control unit appears to be crucial to the immune-led
response and could play a pivotal role in determining the extent of tissue damage
evoked by immune defences.

5.1.4 Pericytes and Pathologies

The role of pericytes in pathologies has been described in many organs, and pericyte
dysfunction has been implicated in pathological conditions such as tumour angio-
genesis, atherosclerosis and Alzheimer’s disease [36—38]. In addition, loss of retinal
pericyte function is an instrumental factor in the development of diabetic retinopa-
thy [18, 39, 40].

Pericytes have further been implicated in the pathogenesis of renal fibrosis and
progression of chronic kidney disease [41, 42]. The detachment and migration of
pericytes from renal microvessels and their subsequent differentiation to myofi-
broblasts (defined as fibroblasts with contractile capabilities) are suggested as the
mechanism by which pericytes contribute to renal fibrosis causing vessel destabili-
sation, rarefaction and loss of capillaries leading to an ischaemic and a pro-fibrotic
environment. It is reported that this enhanced myofibroblast population can increase
the production of extracellular matrix (ECM) components—a key factor in the
development of interstitial fibrosis [43, 44]. Moreover genetic fate-mapping studies
have implicated pericytes as the myofibroblast progenitor [28, 45]. Although, it is
worth mentioning that pericytes are not recognised as being the only source of the
enhanced myofibroblast population, other sources such as differentiation of resi-
dent fibroblasts [44, 46] and epithelial cells undergoing epithelial to mesenchymal
transition (EMT) have also been identified as potential sources [28, 44, 46, 47]. Due
to the lack of specific markers, identifying the exact source of the myofibroblast
population is difficult in vivo or ex vivo, but the development of more selective
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markers for these cells, or more sophisticated transgenic animal models, may help
to determine the role of pericytes in fibrosis.

5.1.5 Cardiac Pericytes

The cardiac pericyte (CP) population is rapidly gaining attention, particularly for
their potential as novel therapeutic targets. CPs have been identified in the epicardium
and myocardium in murine and human neonatal and adult hearts [48, 49]. Recently
CPs have been reported to occupy 5% of the total non-myocyte cell population of the
heart [50]. Similar to fibroblasts, CPs appear to be heterogeneous, with distinct popu-
lations isolated from microvessels and the adventitia [10, 51, 52]. Expansion studies
have demonstrated that CPs can give rise to cardiomyocytes and smooth muscle cells,
hence the current interest in determining their therapeutic value [48, 53].

To date pericytes have been shown to be beneficial to the repair processes follow-
ing ischaemic injury. Injection of saphenous vein pericytes (SVPs) to the peri-infarct
area resulted in improved cardiac function by reducing scar formation, cardiomyo-
cyte apoptosis and interstitial fibrosis and stimulating angiogenesis [54]. Further
investigation into the mechanism of SVP-mediated effects showed that these benefits
were due to their paracrine secretion of a microRNA-132, which suppresses the dif-
ferentiation of fibroblasts to myofibroblasts, thereby reducing the extent of fibrosis
following injury [54, 55]. Pericytes derived from human tissues, e.g. umbilical cord
and smooth muscle, have also been successfully transplanted to the murine myocar-
dium following ischaemic injury, and these populations have also improved cardiac
function [48, 55]. Transplantation of human umbilical cord pericytes to the myocar-
dium following myocardial infarction (MI) has been shown to reduce the inflamma-
tory response by inhibiting the migration of macrophages to the infarcted area. Further
in vitro investigations have demonstrated that pericyte-conditioned media suppress
the growth of macrophages under both normoxic and hypoxic conditions [55].

CPs also maintain the ability to repair cardiac function following MI. A study by
Chen et al. found that a subpopulation of CPs could generate Troponin I and T- and
connexin 43-positive CMs when injected into the left ventricle postischaemic injury,
thus demonstrating the cardiac-specific commitment of the CP population [48].
Interestingly, CPs are the most abundant stem cell population in the heart, and
unlike other stem cell populations, they do not form teratogenic tumours. This cou-
pled with their ability to improve cardiac function makes them an optimal pool for
autologous transplantation. Moreover, methods for CP isolation have been shown to
be reproducible and reliable. Taken together, CPs pose an exciting avenue for the
therapeutics industry to pursue.

However, it should be noted that the definition of pericytes as mesenchymal stem
cells (MSCs) has been challenged. An inducible cre Tbx 18 mouse model was used
to trace pericytes in different tissues (including cardiac, CNS, skin and lung) during



100 T. Kennedy-Lydon

different pathological settings (including high-fat diet and transverse aortic con-
striction). In each pathological environment, pericytes maintained their identity and
did not significantly contribute to other cell lineages [56]. However, in terms of
cardiac regeneration, the inability of resident stem cell populations to replenish cell
populations post injury is largely accepted, and as such therapeutic interventions
such as intra-myocardial injections of transplanted cells are routinely employed to
promote the regenerative capabilities of these cell niches. Nevertheless, this study
does highlight the need for caution when championing the potential in vivo benefit
of largely ex vivo/in vitro models.

Additionally, it has been suggested that CPs may also potentiate ischaemic injury
by preventing reflow to vessels that have been occluded [49]. The no-reflow phe-
nomenon is well established in cerebral tissue where vessels that suffer an isch-
aemic insult cannot re-establish flow despite receiving adequate perfusion. In this
scenario, the vessel diameter is narrowed due to swelling of endothelial cells and
attachment of leukocytes to the vessel wall in response to the initial loss of perfu-
sion. Pericytes residing on these vessels further reduce the diameter by constricting
the vessel. It is possible that CPs respond in a similar manner following MI, which
could potentially increase the degree of ischaemic damage [49]. Here again, CPs
offer an attractive therapeutic target—encouraging dilation of pericytes could help
with reperfusion of vessels and thereby limit the damage to the surrounding myo-
cardium. Indeed, establishing reperfusion following MI is a critical step towards the
repair/regeneration processes.

Pericytes have also been implicated in the progression of atherosclerosis. In
response to the pro-inflammatory environment and athero-altered LDL, they accu-
mulate lipids, and this can trigger proliferation resulting in thickening of the intima
and progression to fibrotic plaques [57-59]. Pericytes can also initiate neogenesis
around the developing plaques, thereby enhancing growth of the plaques [59].

5.2 Conclusion

Here we have discussed pericyte physiology from their first discovery to their latest
associations in cardiac- and immune-related research. Pericytes are a diverse cell type
capable of fulfilling many roles as determined by the tissue in which they reside.
Indeed, their functional demand also determines their density and distribution within a
tissue. Their role in angiogenesis is well established with the lack of pericyte coverage
proving detrimental to the tube formation process. In addition to their crucial partici-
pation in angiogenesis, it is rapidly becoming apparent that pericytes play a pivotal
role in the immune response. Largely responsible for attracting immune cells to the
site of injury, they are also responsible for regulating the rate at which immune cells
can migrate into the damaged tissue. Whilst investigations into the role of CPs in both
homeostasis and pathological states are in their infancy, the density and distribution of
CPs predispose them to having a defining role in cardiac disease. Indeed, we eagerly
await the defining studies on CPs and immune responses following cardiac injury.
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Chapter 6
The Role of Cardiac Tissue Macrophages
in Homeostasis and Disease
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CD Cluster of differentiation
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IGF-1 Insulin-like growth factor-1

IL Interleukin

IRF5 Interferon regulatory factor 5

Ly6C Lymphocyte antigen 6 complex, locus C

Ly6G Lymphocyte antigen 6 complex, locus G
Lyve-1  Lymphatic vessel endothelial hyaluronan receptor-1
MHCII  Major histocompatibility complex type class II
MI Myocardial infarction

MIF Migration inhibitory factor

Mrcl Mannose receptor, C type |

MSC Mesenchymal stem cell

NO Nitric oxide

PAMPs  Pathogen-associated molecular patterns

PDGF  Platelet-derived growth factor

Retnla  Resistin-like alpha

TGFp Transforming growth factor f§

TNFa Tumor necrosis factor o

VEGF  Vascular endothelial growth factor

WTI Wilms’ tumor 1

6.1 Identifying the Cardiac Tissue Macrophage

How cTMs are identified is an important starting point to understand cTM biology.
Broadly speaking, cTMs are cardiac resident leukocytes that specialize in phagocy-
tosis [1]. The principal tool for identifying and characterizing cTMs has been by
flow cytometry. Here, the cell isolation protocols, antibody panels, and gating strat-
egies have varied widely among studies characterizing ¢cTMs (summarized in
Table 6.1). The first systematic characterization of cTMs was conducted by analyz-
ing GFP-expressing cells in hearts of adult Cx;cr/%™* reporter mice [2]. These
mice have been widely utilized to identify macrophages and dendritic cells in a
number of tissues [7], and, accordingly, we and others have found that in the heart
Cxserl is exclusively expressed in myeloid cells [2, 3]. Furthermore, this early char-
acterization identified GFP* cells of Cx;cr/%"* mouse hearts as expressing canoni-
cal macrophage markers such as F4/80, MHCII, and CD14 [2]. In addition, gene
expression profiling by gene arrays identified these cells as resembling alternatively
activated macrophages with high expression of IL-10, IGF-1, Mrc1, and intermedi-
ate expression of Ly6C/G (GR-1).
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Table 6.1 Classification of cTMs by flow cytometry

Number of

Publication | subsets Phenotypes of macrophage subsets

Pintoetal. |1 (total cTM | CD45, CD11b, GFP (Cx;cri®f?)

[2] population)

Pintoetal. |3 CD45*CD11b*GFP"Mrcl- (Cxscrl®™)

[3] CD45*CD11b*GFP"MrclI*
CD45*CD11b*GFP"Mrcl*

Heidtetal. |1 (total cTM | CD45"CD11b*F4/80"Ly6C"

[4] population)

Epelman 3 CD45*CD11b*F4/80*Auto*Ly6¢c-MHCII"

et al. [5] CD45*CD11b*F4/80*Auto*Ly6c-MHCII"
CD45+*CD11b*F4/80*Auto*Ly6c*MHCIT*-
CD45+*CD11b*F4/80*AutoLy6c*MHCII(monocyte)

Molawi 4 CDI11b*Ly6c"CD11c"™CD64*CD14*GFP-MHCII (Cx;cr1™)

et al. [6] CDI11b*Ly6c°CDI11cmCD64*CD14*GFP-MHCIT*
CDI11b*Ly6c°CD11c"CD64*CD14*GFP*MHCII*
CDI11b*Ly6c"CD11c™CD64*CD14*GFP*MHCII-

Notes: (1) Populations identified as monocytes or granulocytes excluded

(2) All studies gated upon dye exclusion for viability and forward and side scatter for identifying
viable single cells

(3) Variable markers of subsets indicated by bolded text

It is likely that the paucity of genetic tools, such as the Cx;crlf* reporter, is
a major reason why detailed examination of cTM biology only began relatively
recently. However, after identifying cTMs as a major cardiac cell population [2,
8], many research groups have examined cTMs using a diverse range of markers.
A common strategy for flow cytometric analysis of cTMs is to first narrow analy-
ses on leukocyte and myeloid cell populations. This is easily achieved using the
common leukocyte marker CD45 and/or the common myeloid marker CD11b.
However, from this point onward, substantial differences in gating strategies exist
for classifying ¢cTM populations between research groups (Table 6.1). These
include the use of surface antigens such as F4/80, CD64, or GFP (in Cx;crl¢f+
mice) as identifiers of tissue macrophages within CD45* and/or CD11b* popula-
tions. These disparities have generated variation in identifying ¢cTM subsets and
interpretation of cTM phenotype, origins, turnover, and heterogeneity (discussed
further below).

In addition to flow cytometry, we and others have also utilized immunohisto-
chemical analyses to identify cTMs in adult and developing cardiac tissue [2, 3, 9,
10]. Transgenic mouse lines such as the Cx;crIf* and Csf1r°* reporters [11] and
Csflr inducible lineage tracers [9, 10, 12, 13] have been useful in these contexts in
addition to markers such as Mrc1 [3] (Fig. 6.1).
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Nuclei

Fig. 6.1 Cardiac tissue macrophages (cTMs) in the adult murine heart. Confocal micrograph
maximum projection view of a Cx;cr/%* mouse heart section stained for tissue macrophage
marker Mrc1, GFP (Cxscrl), and DAPI (nuclei)

6.2 ¢TM Origins and Population Maintenance

How cTMs colonize the heart and how their numbers are maintained vary depend-
ing on the developmental stage of the heart. Two major mechanisms have been
identified for macrophage colonization of the heart: (1) by non-hematopoietic stem
cell (HSC) precursors from the yolk sac and (2) by HSC-derived populations from
the fetal liver or bone marrow that colonize the heart via monocyte intermediates.
During development, cTMs are detectable within the embryonic heart at ~E10.5 [5,
9]. Fate mapping studies using CsflrMericeMer and Cx,erl “*ERT? mice, following
tamoxifen administration at E8.5 or E9.0, respectively, indicate that a fraction
(<10%) of cTMs at 6-10 weeks of age originate from yolk-sac macrophages or
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erythromyeloid progenitors (EMPs) [5, 6]. These findings are consistent with obser-
vations made in other tissues of early macrophage colonization by EMP-derived
cells [13, 14] and indicate that cTMs display extensive ontogenetic heterogeneity
with embryonic monocytes making a large contribution to this population of cells.
However, whether embryonic monocytes are derived via HSC-dependent or HSC-
independent means is a topic of controversy following the development of a
KitMerCreMer fate mapping strain, suggesting that the majority of tissue-resident mac-
rophages are derived from fetal HSCs [15]. The development of novel genetic lin-
eage tracers and clonal in vivo assays will help resolve the ongoing debate.

In the adult, the major source of cTMs colonizing the heart is circulating HSC-
derived monocytes [4-6]. There are discordant findings regarding the extent to which
monocytes contribute to the cTM population and of their importance under homeo-
static conditions. A broadly utilized approach to address this question has been the
use of parabiotic mouse pairs. Here, genetically distinguishable mouse pairs (with
either GFP or genetically distinguishable alleles for surface markers such CD45.1 and
CD45.2) are surgically fused to establish a shared circulatory system [16]. Indeed,
mouse parabiosis has been instrumental for identifying monocyte-mediated turnover
of tissue macrophages in the brain, lungs, peritoneum, and heart [17, 18]. Using this
approach, estimations of monocyte contribution to the cTM pool have varied substan-
tially, ranging from 2.7% after 6 weeks of parabiotic pairing [4] to approximately
12%* after a 2-week pairing [5] (*estimation from published data). Accordingly,
bone marrow transplantation experiments have also shown that circulating monocytes
contribute to the cTM population of cells and this was subsequently corroborated by
analyzing Ccr2~~ mice, which have reduced circulating monocytes [6, 19]. However,
analyses of monocyte contribution after bone marrow transplantation have varied
greatly with estimations ranging from 10% to as high as 90%, 18 or 8 weeks (respec-
tively) after adoptive transfer [4, 6]. Further work is required to reconcile these sets of
data and to determine whether cTM subsets are able to maintain themselves without
monocyte input in the steady state. As aforementioned, a major explanation for the
disparate findings may be differences in experimental setup between the studies that
include classification of cTMs and timing of experimental endpoints.

Following embryo- or monocyte-derived cell engraftment, cTM proliferation
is a key mechanism of population maintenance. DNA labeling and immunohis-
tochemical experiments indicate that cTMs proliferate from embryogenesis
through to senescence [3-6] with estimated cTM turnover of 8—12 weeks [20].
Indeed, cTMs form the greatest proportion of all dividing cells in the adult mouse
heart, particularly in the juvenile (<10 weeks old) myocardium [3].
Bromodeoxyuridine (BrdU) labeling experiments within a short temporal win-
dow of 2—4 h indicate that ~0.5-8% of cTMs are in S-phase in the steady state
[4-6] with proliferation decreasing with age [3, 6] and increasing upon disrup-
tion of homeostasis [5]. Furthermore, it is apparent that the proliferative capacity
of ¢TM subsets differs. We have found that Mrc1*Cxscrlh subsets are the most
proliferative [3], while others have found (using different subset designations)
that MHCII'Ly6C- or Cx;crl "™MHCII™ subsets are the most proliferative [5, 6].
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While these populations are defined using different markers, it is likely that they
identify the same group of macrophages. Collectively, it is clear that cTM prolif-
eration is a major mechanism of population maintenance.

6.3 ¢TM Phenotype

In addition to their seemingly high proliferative capacity, cTMs are also phenotypi-
cally distinct to other tissue macrophages. Initial analyses of Cxscrl* cTM popula-
tions identified them as exhibiting an alternatively activated macrophage phenotype,
with potential anti-inflammatory, angiogenic, and tissue salutary roles [2]. These
findings were based on surface marker profiles (Cxserlh, Ly6C, Mrcl*, for
instance) and gene expression analyses which identified high expression of genes
such as Lyve-1, IGF-1, Retnla, Chi313, and others as a key component of the cTM
gene signature. While subsequent studies have confirmed that the majority of cTMs
conform to this phenotype, at least at the surface marker level, there is limited func-
tional evidence regarding their potential salutary roles in tissue homeostasis.
However, surface marker expression, gene expression analyses, and in vitro experi-
ments of cTM subsets suggest that phenotypically diverse cTMs may undertake
disparate functions in myocardial homeostasis, development, and aging.

cTMs, like their counterparts in other tissues, are able to protect the tissue from
invading pathogens and undertake tissue maintenance and sentinel roles such as mac-
ropinocytosis, phagocytosis, and activation of adaptive immunity [2-5]. Interestingly,
these functional properties differ between various ¢TM subsets. For example,
MHCIIMCer2- ¢cTMs were more efficient at stimulating T cell responses in vifro com-
pared to MHCII®Ccr2- ¢TMs [5]. Furthermore, we found that Mrcl* ¢TM subsets,
stained for MHCII, CD64, and CD14, undertake extensive macropinocytosis, whereas
Mrcl~ ¢cTMs do not [3]. Macropinocytosis is a major mechanism by which macro-
phages sample the local microenvironment to sense damage-associated molecular pat-
terns (DAMPs) and pathogen-associated molecular patterns (PAMPs); therefore, it is
important for the role of cTMs as sentinels of tissue damage and foreign pathogens [21].
In contrast, we have found that Mrc1~ ¢TMs undertake greater levels of phagocytosis
compared to Mrcl* ¢cTMs indicating divergent capacities for efferocytosis [3]. These
findings are in line with those of other studies [5] and suggest that cTM subsets differ in
their contribution to tissue maintenance and surveillance for pathogenic elements.

In addition to tissue maintenance and sentinel roles, cTMs are likely involved in
a range of other tissue processes [22]. These include the well-established roles of
macrophages in angiogenesis by paracrine mechanisms [22, 23] or by direct cell-to-
cell contact [24]. Accordingly, recent studies have demonstrated that perturbation of
macrophages affects the development of the nascent coronary vasculature [9]. The
absence of macrophages at E16.5 in CsfI op/op mice [25], which lack CSF-1, leads
to impairment of coronary vessel branching and development [9]. Moreover, in vitro
experiments using conditioned media from cultured embryonic cTMs indicate that



6 The Role of Cardiac Tissue Macrophages in Homeostasis and Disease 111

different cTM subsets (Ccr2~ versus Ccr2*) may secrete disparate factors that pro-
mote or inhibit endothelial cell mobilization and aggregation [9, 26].

These findings point to potentially diverse functions of cTMs during develop-
ment and injury response. However, it remains to be formerly examined whether
impairment of cardiac vasculature development or other parameters is due to loss of
macrophages in the heart or extra-cardiac tissues. Indeed, macrophages are involved
in the development and function of the majority of tissues in the body [22, 27].
Furthermore, while it is clear that cTM subsets behave distinctly in an in vitro con-
text [9, 26], whether the in vitro paracrine signaling effects are recapitulated in vivo
remains to be demonstrated. Finally, the interaction of cTMs with other cardiac cell
populations in development and in an injury context is unclear. Therefore, further
research is required to better understand the functional role of cTMs in development,
homeostasis, and injury responses, in an organ-specific manner. This demands,
however, the development of novel genetic tools to manipulate cTMs.

6.4 Cellular Localization

Heterogeneity of cTMs also extends to their spatial distribution. The adult mam-
malian heart wall is comprised of three layers: the epicardium, myocardium, and
endocardium. The epicardium is the outmost layer of the heart and is comprised of
a single-cell layer. The myocardium is the muscular portion of the heart comprising
cardiomyocytes and associated support cells (stroma). The endocardium is the
innermost layer of the heart, lining the ventricular chamber. In the adult mouse
heart, the cellular distribution of c¢TMs among these layers is distinct.
Immunohistochemical experiments conducted on Cx;crl®"™* mice show that in
juvenile mice (4 weeks old) ¢cTMs lining or in contact with the epicardium are
Cx;erl* [3]. However, in an age-dependent manner, the proportion of Cx;crl* cTMs
in contact with the epicardium decreases. In 30-week-old mice, cTMs in contact
with or lining the epicardium are exclusively Cx;crl™ [3]. These observations may
have implications for cardiac development and injury responses, especially given
that the epicardium is a putative progenitor niche of the mouse heart and modulation
of epicardial signaling can affect tissue repair [22].

Similarly, distinct cTM localization patterns have also been observed during
embryonic development. Here, the interaction of cTMs with the epicardium has
been identified as a point of cardiac colonization by cTMs as early as E12.5 [9, 10].
Ablation of the fetal epicardium by knockout of Wilms’ tumor 1 (WT1) gene, which
is important for epicardial development, or using a diphtheria toxin approach
(WT1CERT2; Rosa26P™), results in impaired yolk-sac macrophage recruitment and
loss of yolk-sac-derived ¢cTMs [10]. Furthermore, Ccr2* monocyte-derived embry-
onic macrophages do not seed the epicardium but rather accumulate exclusively
within the endocardial trabeculae from E14.5 [9]. Given that these two ontogeneti-
cally and transcriptionally distinct sources of embryonic macrophages colonize
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different areas of the heart, it would be fascinating to determine whether the same
cellular distribution of cells occurs in the adult myocardium and how it may affect
cellular function.

6.5 Factors Affecting cTM Phenotype

Some outstanding questions regarding cTMs include how their phenotypes are estab-
lished and maintained in the heart and what influence does cTM ontology have on
c¢TM phenotype. Observations from fate mapping experiments indicate that early
embryo-derived macrophages are not restricted to any one specific cTM phenotype
observed in adult hearts [5, 6]. Moreover, monocyte-derived cTMs can also comprise
an array of cTM subsets [6]. What cell-intrinsic or cell-extrinsic factors direct onto-
genetically distinct cells toward a specific cTM phenotype remains to be resolved.

No formal experiments have been conducted to identify factors regulating cTM
phenotype or its maintenance, although experiments conducted in other tissues indi-
cate that the local microenvironment may play an important role [28-30]. For exam-
ple, TGFB1 and retinoic acid are important for microglia and peritoneal macrophage
development and phenotype, respectively [31-33]. Indeed, the tissue milieu tunes
the activity of the transcription factors PU.1 and Gata6, both key determinants of
macrophage lineage and phenotype [29, 33, 34]. Accordingly, relocation of ontoge-
netically distinct macrophages derived from yolk sac, fetal liver, or bone marrow
(but not from other mature organ sources) into an empty alveolar niche alters the
gene expression signature of extraneous cells to match local macrophage phenotype
and function [30]. These observations point to the importance of the organ-specific
microenvironment for programming tissue macrophage phenotype and prompt fur-
ther research to identify environmental and cell-intrinsic factors governing the dis-
tinct cTM signature [2].

6.6 Role of ¢cTMs in Ischemic Disease

While macrophages are a major injury-sensing cell type, our understanding of the
role of ¢cTMs in ischemic injury or tissue damage is somewhat limited. Studies
examining macrophages in models of cardiac injury indicate that cTMs may have a
broad range of functions in injury response initiation and resolution.

From a cellular perspective, the cardiac injury response involves an orchestrated
mobilization of a broad range of cell types. Following cellular necrosis in the isch-
emic myocardium, the release of intracellular contents into the extracellular envi-
ronment as well as the degradation of the extracellular matrix leads to the production
of DAMPs which are recognized by cardiac cells including cTMs, fibroblasts, plate-
lets, and endothelial cells [35, 36]. These cells release cytokines that initiate an
inflammatory cascade and infiltration of circulating leukocytes into the injured
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tissue (reviewed in [37]). Within the first few hours after injury, the earliest major
population of leukocytes to enter the lesion are neutrophils which follow gradients
of chemokines and DAMPs [38, 39]. Neutrophils participate in multiple activities
including phagocytosis of cellular debris and signaling that promote further leuko-
cyte recruitment. However, some neutrophil functions may also exacerbate cardio-
myocyte death by release of reactive oxygen species, proteases, and inflammatory
cytokines [40, 41]. Within the first few days after injury, monocytes from the bone
marrow and spleen enter the lesion to form the next wave of infiltrating leukocytes
[42—44]. The earliest predominant monocyte-derived macrophage population (often
termed “classically activated” or “M1” for simplicity [1, 45, 46]) has a pro-
inflammatory phenotype, releasing inflammatory cytokines such as IL-1f, TNF«,
nitric oxide (NO), and IL-6 [26, 47-49]. Like neutrophils, these macrophages
undertake extensive phagocytosis and may also contribute to tissue damage by
secreting proteolytic enzymes and recruiting infiltrating immune cells into the heart
[50, 51]. Approximately 5 days after injury, pro-inflammatory macrophages are
replaced by those with an anti-inflammatory phenotype (commonly termed “alter-
natively activated” or “M2” macrophages [1, 45-47]). These macrophages release
anti-inflammatory (IL-10 [2, 49, 52]), pro-angiogenic (IGF-1 [2, 9], PDGFa/f [9],
VEGFA [9, 49, 52]), and pro-fibrotic (TGFf1 [49], fibronectin [2, 52]) factors that
help repair the necrotic lesion, re-establish vascular supply, and mechanically
strengthen the heart. Accordingly, targeted depletion of anti-inflammatory macro-
phages after cardiac injury impairs fibroblast activation, reduces collagen deposi-
tion, increases incidence of cardiac rupture [52], and is associated with increased
infarct area and inflammation [53].

While waves of monocytes and macrophages responding to injury have been
characterized, little is known regarding how resident cTMs influence these popula-
tions or other cell types responding to cardiac stress. Indeed, many cTMs die imme-
diately after cardiac injury, and approximately 1 day after MI, resident cTM levels
become negligible in comparison to the levels of infiltrating Ly6C" monocytes [4,
52]. Nevertheless, resident cTMs can proliferate upon disruption of homeostasis [4,
5]. Therefore, it remains a distinct possibility that resident cTMs play a role in car-
diac repair that is different to the role played by monocyte-derived macrophages
that infiltrate the injured cardiac tissue.

6.7 Targeting Macrophages for Treatment of Ischemic
Injury

It remains to be tested whether cTMs can be targeted after cardiac injury to promote
cardiac tissue repair in a clinical setting. Therapeutic depletion, amplification, or
modulation of macrophages, however, may not be trivial considering the integral
role of macrophages in the development and resolution of the injury response
(reviewed in [54]). For example, local and infiltrating macrophages are necessary to
efficiently clear infarct debris and to allow the reparative processes to begin. At the
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same time, elevated inflammation and monocyte infiltration in the initial phases
after cardiac injury may exacerbate the injury even further [47, 55]. Therefore,
novel therapeutic approaches to treat ischemic heart disease that target cTMs must
constrain the detrimental functions of macrophages while conserving those that are
beneficial. Targeting specific c.TM subsets and/or ontogenetically distinct sources of
c¢TMs may achieve this outcome in the future.

Indeed, reducing monocyte-derived cTM numbers at the onset of cardiac injury
can limit inflammation and ameliorate cardiac healing in animal models of cardiac
injury. For example, both antibody-mediated inhibition and genetic deletion of Ccr2
result in reduced expression of inflammatory cytokines, reduced infarct size, and
improved heart function [26, 56-58]. Genetic deletion of MCP-1 (the ligand of
Ccr2) attenuates left ventricle dysfunction after ischemia reperfusion injury [51,
59]. Disruption of other chemokine signaling pathways such as the Cxcl6-Cxcr6
axis [60], the Ccl2/Ccl3/Ccl4/Ccl5-Cer5 axis [61], and the macrophage migration
inhibitory factor (MIF)-Cxcr2/Cxcr4 [62] axis has also proved to be cardioprotec-
tive. Furthermore, targeted knockdown of interferon regulatory factor 5 (IRF5), a
transcription factor that induces pro-inflammatory gene expression [63] in macro-
phages, using siRNA-loaded nanoparticles alters the inflammatory milieu and tissue
repair [64].

Finally, administrating protein-based or cell-based therapeutics that alter the bal-
ance of cTM subsets from pro-inflammatory (e.g. Ccr2*Ly6C™) to anti-inflammatory
(e.g. Ly6C'®Mrc1*) or their gene expression profiles has shown promise in preclini-
cal animal models. For example, peritoneal administration of IL-4 prior to myocar-
dial infarction (MI) induction improves heart function and is associated with
increased numbers of anti-inflammatory macrophages as well as an improved prog-
nosis of survival [52]. Similarly, transgenic overexpression of insulin-like growth
factor-1 (IGF-1) in cardiomyocytes improves heart function [65, 66], reduces the
number of monocytes, and increases the number of anti-inflammatory macrophages
post MI [67]. Furthermore, intramyocardial injection of cardiosphere-derived cells
(CDCs) or mesenchymal stem cells (MSCs) after cardiac injury results in reduced
infarct mass and is associated with alteration of macrophage inflammatory gene
profiles [68, 69]. Here, the salutary effects of the cell therapy is reversed after mono-
cyte/macrophage depletion suggesting that macrophage signaling and function are
integral to the beneficial effects of these cellular strategies [68, 69].

6.8 Concluding Remarks

The development of novel reporter and lineage tracing tools in recent years has
roused interest toward cTM biology and provided novel insights into cTM pheno-
type, origin, and population maintenance. Our current understanding of cTM func-
tion both under homeostasis and in disease is rudimentary at best, and further
research is required before we can exploit these remarkable cells for therapeutic
purposes. Some of the fundamental questions regarding cTMs that remain to be
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answered include: (1) what factors govern cTM phenotype and turnover?, (2) how
do cTMs participate in cardiac injury responses?, and (3) how do cTMs interact
with other cells in the complex cellular ecosystem of the heart? Answering these
questions and others is bound to yield exciting new findings regarding cTM biology
and their potential roles in cardiac development, homeostasis, and disease.
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TLR Toll-like receptor
TNF Tumour necrosis factor
Treg Regulatory T cell

VCAM-1 Vascular adhesion molecule-1
VLDL Very low-density lipoprotein

7.1 Cardiovascular System

Cardiovascular disease (CVD) remains the leading cause of death worldwide [1, 2].
Atherosclerosis, the build-up of plaques within blood vessels resulting in restriction
of flow and potential risk of rupture, contributes to the development of heart attack
(myocardial infarction) and stroke. Angina pectoris, a diagnosis that correlates pain
in the chest with reduced blood flow to the heart muscle, is also predominantly
caused by atherosclerosis, a key burden of morbidity particularly in the developed
world, affecting 19 males and 14 women in every 100,000 of the population in
Western Europe [1]. The risk of developing ischaemic heart disease (IHD) and
stroke both increases with age [3], and there is a slightly higher risk of developing
heart attack, stroke or suffering from angina in men [2—4]. Another important con-
tribution to CVD is peripheral arterial disease (PAD), which, although a rare cause
of mortality, contributes significantly to the burden of morbidity globally [5]. Our
focus in this chapter however will be the role of immunity on atherosclerotic-
mediated heart attack and stroke as it is in these areas where much work has been
conducted.

So-called modifiable risk factors for CVD have been identified over many years,
resulting from analyses at both a populational and epidemiological level as well as
characterisation of risk factors from bench side analysis of genetic mutations to link
cause and effect.

Cigarette smoking has been identified as a key risk factor for CVD. This was
particularly noted during the twentieth century following a sharp rise in the inci-
dence of smoking followed, several years later, by a noticeable increase in the inci-
dence of both lung cancers and death from CVD. Smoking has consistently shown
to increase the risk of death from IHD and stroke in longitudinal follow-up studies
[6, 7]. The effects of tobacco smoke inhalation on the immune system have been
considered for some time [8]. Smoking is thought primarily to modulate immune
responses through the lung, where innate immune cells such as alveolar macro-
phages and monocytes respond to environmental pathogens in order to prevent for-
eign material and pathogens from reaching alveoli. Smoking increases macrophage
number and their production of lysozymes and secretion of elastase [9]. Although
macrophages isolated from smokers produce higher levels of oxygen-free radicals,
they are less able to deal with bacterial pathogens when compared with non-smokers
[10] suggesting functional impairment [11]. These immunomodulatory effects are
not limited to macrophages as alterations in effector function of natural killer (NK)
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cells [12] and lymphocytes [8]. Immunoglobulin levels are lower in smokers [12];
however autoantibodies are higher [13], perhaps providing an explanation as to the
higher incidence of some autoimmune conditions in smokers. The mechanisms of
this remain unclear due to the complex composition of cigarette smoke; however tar
and nicotine are implied as major contributors to this effect [14].

Essential hypertension is defined as an elevated systolic blood pressure (SBP)
above 120 mmHg and diastolic blood pressure above 70-80 mmHg which has been
linked to accelerated CVD [15, 16]. Elevations in SBP form a linear relationship
with an increasing incidence of ischaemic heart disease and stroke when adjusted
for age [17]. Certainly in the West, it is accepted that blood pressure increases with
age. Dietary salt intake is linked to a rise in blood pressure [18] as is body habitus
recorded as body mass index (BMI) [19]. Experimental animal models and observa-
tions in hypertensive humans have linked alterations in immunity and inflammation
with hypertension [20-24]; however, despite these data, no convincing pathophysi-
ological link has been accepted [25]. The focus of research has been concentrated
on the interaction of immunity with the renal, specifically renin-angiotensin, system
in animal work [26-28]. Nevertheless, data has certainly suggested an altered cel-
lular phenotype in hypertensive patients. Monocytes have been shown to be preac-
tivated when stimulated in vitro with toll-like receptor (TLR)-4 agonist
lipopolysaccharide (LPS) altering secretion of tumour necrosis factor-a (TNF-o)
and interleukin-1p (IL-1B) at both protein and transcription (mRNA) level [23].
Increased macrophage and T-cell infiltration into the kidneys is seen in a variety of
experimental animal models of renal disease [29-31]. Correlating these findings in
experimental models to human disease however requires further work and under-
standing. Excellent reviews and updates are available in the journal Hypertension
where the role and interplay between immunity, inflammation and hypertension are
reviewed [25, 32-34].

Cholesterol has been strongly implicated in the development of CVD. This asso-
ciation can be traced back to over 100 years ago, starting with the discovery that
human atherosclerotic plaques contain cholesterol. This was followed by discover-
ies that a high-cholesterol diet can cause atherosclerosis in rabbits and that a feed-
back inhibition loop for cholesterol synthesis exists leading to the discovery of a
mutation in humans resulting in defective cholesterol transport who were at a high
risk of premature death from CVD [35].

The terms ‘good’ and ‘bad’ cholesterol refer to different lipoproteins that trans-
port cholesterol in the blood. This is however an oversimplification of the complex-
ity and differences in attributable risk for these circulating transport proteins.
Apolipoproteins produced by enterocytes or hepatocytes with help from hydrophilic
phospholipids package hydrophobic lipids such as cholesterol, cholesterol esters
and triglycerides to make them available for transport, energy delivery or storage.

The link between total cholesterol levels and the incidence of cardiovascular dis-
ease was first suggested in the 1950s [36] followed by the discovery of low-density
lipoprotein (LDL) as a risk factor for CVD in 1955 [37]. The discovery of its recep-
tor in 1973 by Brown and Goldstein [38] leads to the award of the Nobel Prize. This
is further discussed in the section titled ‘Lipoproteins’ in more detail below.
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The presence of diabetes mellitus is associated with a twofold increased risk of
ischaemic heart disease and stroke as well as PAD [39-41]. Indeed, this risk extends
to those with elevated blood glucose levels, often termed ‘prediabetes’ when fasting
glucose levels greater than 6 mmol/L were considered [39]. Acute hyperglycaemia
correlates with morbidity and mortality in critically and non-critically ill patients
[42] prompting investigation into potential modulation of immune response. It has
been shown to increase monocyte expression of Mac-1 (CD11b) [43] as well as to
increase plasma levels of E-selectin, intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), implicated in leukocyte adhe-
sion to the vascular wall [44—47]. Hyperglycaemia has been shown to inhibit neu-
trophil migration and phagocytosis as well as their ability to produce superoxides
for microbe killing [48] and can modulate the cytokine system and complement
cascade [49].

Diabetes mellitus is a condition defined by chronically elevated blood glucose
levels [50] with type-2 diabetes mellitus (T2DM) associated with a number of meta-
bolic abnormalities. Diabetic patients are at an increased risk of infection [51], par-
ticularly susceptible to those of bacterial origin [52]. Studies have identified defects
in humoral and cellular innate immunity [53] with defects in monocyte chemotactic
and phagocytic profiles [54]. A link between T2DM and obesity has been observed
for some time [55-57], sharing the common trait of insulin resistance [58] though a
firm mechanism to support obesity as a cause of T2DM is yet to be established.

Obesity has been described as a global epidemic [59] and is associated with an
increase in mortality [60]. Low-grade inflammation is a feature of obesity, with
increased circulating levels of TNF-a, IL-6 and CRP [61-65]. Visceral adipose tis-
sue is thought to be a driver of inflammation as well as being a driver of insulin
resistance [66]. Accumulation of both innate and adaptive immune cells including
macrophages [67-69], T cells [70, 71], B cells [72], NK cells [73] and neutrophils
[74] with a ‘pro-inflammatory’ phenotype along with a reduction in ‘anti-
inflammatory’ immune cells (regulatory T cells, M2-like macrophages and eosino-
phils) has been shown [66].

Combining the evidence presented above, it is reasonable then to extrapolate that
the presence of hypertension, dyslipidaemia, dysglycaemia and obesity (specifically
centripetal), otherwise termed the ‘metabolic syndrome’, will exert effects on
immune cells. In the USA, nearly a quarter of all adults are suspected to suffer from
metabolic syndrome and are a predictor of CVD [75]. Activation of the innate
immune system is implicated in the development of metabolic syndrome character-
istics [76-79].

7.2 Cardiovascular Homeostasis

The cardiovascular system is subject to regulation, through an integrated network of
stimuli. Cardiac output is determined by heart rate and stroke volume, which in turn
are subject to autonomic, mechanoreceptor, renal, cerebral and endocrine input.
Cerebral influence on the cardiovascular system includes regulation via the
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hypothalamus, utilising the sympathetic and parasympathetic nervous system to
influence heart rate and blood pressure as well as regulation by humoral factors,
such as adrenaline (epinephrine) and noradrenaline effects on vasculature and cho-
linergic effects on skeletal and cardiac muscle. Neurological chemoreceptors can
detect changes in partial pressures of oxygen and carbon dioxide in the circulation
causing vasodilation or vasoconstriction to alter mean arterial pressure.

In this section, we discuss further mechanisms of cardiovascular regulation and
the susceptibility for disease when imbalance occurs.

7.2.1 Lipoproteins

As described above, much evidence from genetic and clinical trials (predominantly
trials where statins have been used to lower cholesterol) now points towards the link
between cholesterol and cardiovascular disease. In particular changes in low-density
lipoprotein (LDL) cholesterol successfully lowered with statin therapy have demon-
strated significant reductions in mortality from myocardial infarction and reduction
in ischaemic stroke [80-91]. Other lipoproteins involved in the regulation and trans-
port of cholesterol and dietary lipid and their relative contributions to the burden of
CVD are discussed here.

7.2.2 LDL Cholesterol

Mounting clinical evidence has implicated elevated total cholesterol levels in early
CVD [92], whilst a reduction in heart attack and the need for revascularisation thera-
pies and stroke have been shown when therapies successfully lowering LDL choles-
terol levels are employed [91, 93]. Twenty-one trials comparing statin therapy to
control in the meta-analysis by the Cholesterol Treatment Trialists’ (CTT)
Collaboration [91] showed a reduction of LDL-C by 1.0 mmol/L equated to a reduc-
tion in heart attacks by nearly 25% (RR 0.76, 95% CI 0.73-0.79). Interest in the oxi-
dised form of LDL in the context of atherosclerosis was developed following
observations that macrophages readily accumulated cholesterol esters in vitro [94,
95], and this led to the concept that modification of LDL is felt to play a key role in
atherogenesis [94, 96, 97]. The role of oxidised LDL in CVD has since gained consid-
erable momentum as has their interplay with macrophages and the formation of cho-
lesterol-loaded macrophage foam cells [98-103]. Oxidised LDL has been shown
in vitro to have a pro-inflammatory effect on monocytes [104—106], driving polarisa-
tion to macrophages [107] and enhancing anti-microbial response [108]. It has
recently been shown that circulating monocytes can, in certain conditions, such as
postprandial lipaemia or exposure to non-HDL lipoproteins, also accumulate intracel-
lular neutral lipid [109—111]. The biological relevance or fate of these so-called foamy
monocytes however remains unclear. Circulating levels of oxidised LDL may also be
increased in CVD [100, 112], the relevance of which remains to be fully explored.
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7.2.3 HDL Cholesterol

Other forms of cholesterol include high-density lipoprotein (HDL) which has been
negatively correlated with an increased risk of CVD [92, 113, 114]. The mechanism
by which HDL is thought to exert cardioprotective effects includes the ability to
remove cholesterol from cells, a process known as ‘reverse cholesterol transport’,
and therefore may do this from lipid-laden foam cells [115]. HDL promotes cellular
cholesterol efflux mediated by interaction through ATP-binding cassette transport-
ers (ABCA1, ABCGI) [116, 117].

Beyond this, HDL has also been shown to exert anti-inflammatory effects by
lowering expression of endothelial expression of VCAM-1, increased production of
endothelial nitric oxide synthase (eNOS), reduction in monocyte expression of
CDI11b and migration [118] and also by downregulating TLR-dependent pro-
inflammatory cytokine production in macrophages [119].

However the relationship has come under question recently, following the use of
Mendelian randomisation in patients who had loss of function single nucleotide
polymorphisms (SNP) associated with elevated plasma HDL levels, these patients
did not have a reduction of CV events [120, 121]. These findings have been further
supported by a failure of clinical trials to correlate raising HDL levels with reduced
CV events [122-124], suggesting that HDL function rather than simply plasma
level may be important.

7.2.4 Other Non-HDL Cholesterols

Chylomicrons represent the largest portion of dietary lipid under transport.
Packaged together in the enterocyte, they consist predominantly of fatty acids
esterified for transport as triglycerides, phospholipids, cholesterol and choles-
terol esters [125—127]. Following the transfer out of fatty acids to either muscle
or adipose tissue, these particles are now termed chylomicron remnants and are
cleared by the liver. Very low-density lipoprotein (VLDL) is responsible for the
transport of cholesterol and a significant proportion of triglyceride following
clearance of dietary lipid by the liver. Work performed in our group has demon-
strated that monocyte subsets differentially accumulate neutral lipid in response
to VLDL incubation and that this can impair normal cytoskeletal activity
and monocyte migration towards an inflammatory stimulus [111] and may
also increase endothelial adhesion, although this remains an inconsistent
finding [128].

Early hypotheses suggested these remnants and indeed the small cholesterol
component are in fact contributors to atherosclerotic CVD [129], and interest in this
hypothesis has recently been renewed, advocating measurement of non-fasting tri-
glycerides as an independent predictor of CV events [130, 131]. The role of the
dietary source of triglycerides, importantly whether from saturated fat-rich diets,
has recently been an issue of debate. Meta-analyses have called into question the
role of dietary guidelines that advocate ‘low-fat” diets suggesting in fact that the link
between saturated fat and CVD is not as clear as once thought [132-134], whilst
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support remains however for increased intake of polyunsaturated [132] and mono-
unsaturated fat-rich diets [135, 136].

Other lipid- and lipoprotein-associated CVD risk markers have not been further
discussed here due to the scope of the chapter, but mutations in the lipoprotein (a)
gene ought to also be considered.

7.2.5 Central Nervous System

Beyond the role of circulating mediators, it is now known that the cardiovascular system
is subject to regulation from the central nervous system (CNS) and mechanosensors.

Integrins, for instance, play a key role as mechanosensors in cardiac myocytes
[137] and may respond to mechanical load in inducing hypertrophy. B1 integrin has
been shown to play a role in combining mechanical stretch in activation of mitogen-
activated protein kinases (MAPK) and Rho GTPases [138-140]. 1 integrin is also
known to interact with angiotensin I, a peptide hormone that forms part of the renal-
angiotensin feedback loop and can stimulate myocardial contraction [141]. This com-
plex field of research is further elaborated in the excellent review by Dostal et al. [142].

CNS regulation of the cardiovascular system is primarily through autonomic
nervous system alterations of sympathetic and parasympathetic tone. Indeed, this
is particularly relevant in the context of heart failure [143, 144] and cardiac
arrhythmias [145] and was thought of as a potential therapeutic target for resistant
hypertension [146], though recent results have allayed early optimism in this [147].

The notion that psychological stress can influence the immune system has been
considered for some time [148] and evaluated in a variety of ways, where the type
of stress has differed (acute or chronic), sequence of stressful events and the differ-
ent evaluative markers used to identify an effect on immunity (cell number, cytokine
release or a functional assay) [149]. The impact of chronic stress and activation of
the sympathetic-adrenal-medullary axis on haematopoiesis has been studied in both
humans and mouse models of atherosclerosis demonstrating an increase in mono-
cyte and neutrophil count [150]. In these studies, monocytes increase in number in
the peripheral blood [151], and as further elaborated below, their subsets adopt a
specific response to acute myocardial infarction that are thought to play an impor-
tant role in inflammation following the ischaemic insult but may also play an impor-
tant role in tissue repair [152]. Mobilisation from the splenic reservoir [153, 154]
and bone marrow [155] contributes to recruitment into infarcted myocardium [156]
and may contribute to further risk of atherosclerosis and re-infarction [157].

7.3 Immunity in Cardiovascular Homeostasis

Here we will mainly discuss the role played by cells of the innate immune system
on cardiovascular homeostasis and atherosclerosis. We discuss monocytes and mac-
rophages and to a lesser extent dendritic cells and granulocytes. We will finish by
briefly discussing the role played by lymphocytes.
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7.3.1 Monocytes

Monocytes are effector cells of the innate immune system. Their involvement in
atherogenesis has been suggested for some time [158, 159]. Although previously
considered simply senescent cells destined to terminally differentiate into macro-
phages following activation and invasion of tissue in response to inflammatory cues,
it is now recognised that they may play a much wider role in the immune response.
For instance, it is now recognised that they exist in subsets in humans (with murine
homologs that have also been studied extensively) [160, 161]. They can be described
based upon their relative expression of antigenic markers such as LPS receptor
CD14 and Fcy-receptor CD16, further described below.

7.3.1.1 Monocytes as Heterogeneous Subsets

In mammals, monocytes can be differentiated into at least two subsets, which can be
described as ‘classical’ and ‘non-classical’ monocytes. Classical monocytes are the
most numerate, comprising approximately 80% of the circulating number, and are
CD 144 CD16"v, whilst non-classical monocytes, the converse, CD144mCD16Meh, A
third population of monocytes, termed ‘intermediate’ monocytes, is CD14MeiCD16Meb,
demonstrating a phenotype somewhere in between the other two, responding strongly
to bacterial signals whilst in some also potent viral responses [160]. For instance, clas-
sical monocytes demonstrate a rapid and potent cytokine response to bacterial stimuli
via TLR-4, whilst non-classical monocytes respond preferentially to viral stimuli via
TLR-7 and TLR-8. The relevance of defining and describing monocytes in terms of
these subsets is that they may play distinct roles in the context of atherogenesis [161].
Non-classical cells have been described as ‘patrolling’, with evidence they can crawl
against the microcirculatory stream, expressing differential levels of chemokine
receptors [162, 163] such as fractalkine receptor, CX3 chemokine receptor (CX3CR1)
expression [160], implicated in atherogenesis through murine knockout models [164].

In mouse models, murine homologs to human monocytes have been identified
[160]. Classical monocytes are closest to Grl/Ly6C"s" monocytes, whilst non-
classical cells align with Gr1/Ly6C"" cells. No discernible intermediate homologs
are identified, although human intermediate monocytes align functionally with
murine classical cells [160, 165] and transcriptionally with non-classical CD16heh
human monocytes [166].

Classical monocytes are preferentially recruited to early atherosclerotic plaques
[163, 167]. In the mouse, Grl/Ly6C™¢" populations may give rise to their Grl/
Ly6C" counterparts through interconversion in the blood; however this has not
been confirmed by human data [168]. Origins of monocyte heterogeneity remain to
be discovered. Heterogeneity may exist due to maturation over time and intercon-
version between subsets (Grl1/Ly6C™e" to Gr1/Ly6C'*) or NR4A 1-dependent matu-
ration of individual progenitor cells within the bone marrow subsequently giving
rise to heterogeneous subsets or in fact that differentiation is dependent on the local
microenvironment and that this promotes differential expression of surface markers
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and functional phenotype, as shown in macrophage populations [169]. Further dif-
ferences in subsets and their potential recruitment to areas of vascular endothelium
at risk of atherosclerosis in terms of expression of selectins [170-172], integrins
[109, 110, 173, 174] and other chemokine receptors are further elaborated in this
review [161]. Monocytes do not necessarily extravasate and terminally differentiate
into macrophages or dendritic cells and can in fact emigrate from tissue or apoptose
[175]. Finally, it should be noted that most of our understanding of monocyte subset
biology comes from murine work and that the human model is less well
understood.

7.3.2 Macrophages
7.3.2.1 Derived from Circulating Monocytes or Tissue-Resident Precursors?

Macrophages had for some time been considered solely as cells terminally differen-
tiated from activated circulating blood monocytes [155]; however this dogma has
recently been questioned. Indeed, it is now recognised that most tissues of the body
contain resident macrophages, some of which potentially predate the arrival of pro-
genitors from the blood in embryological development [168, 176—179]. It is now
accepted that most tissue contains resident macrophages that can self-renew inde-
pendent of blood monocytes [168]. However some tissue macrophages do require
continuous turnover from monocytes, the gut being a good example [180]. Resident
tissue macrophages are thought to arise from early yolk sac-derived progenitor
cells, bypassing monocytes, or from foetal liver monocytes that themselves have
derived from erythro-myeloid progenitors (c-Myb* cells) generated in the yolk sac
and dorsal aortic endothelial cells [181, 182]. Perhaps more relevant to CVD, tissue-
resident macrophages that reside in the adventitia of the arterial wall derive from
CX;CRI1* erythro-myeloid progenitors from the yolk sac and foetal liver mono-
cytes, with subsequent influx of circulating blood monocytes in the postnatal phase
accompanied by transient expression of surface receptors associated with adhesion
and recruitment of circulating leukocytes [183].

Regardless of origin, tissue specificity most likely dictates tissue macrophage func-
tionality and a spectrum of phenotypes may facilitate tissue-specific functions, includ-
ing atherosclerosis—although that has yet to be well established experimentally [169].

7.3.2.2 Role in Atherogenesis

The retention of apolipoprotein B-rich particles by within areas of the vascular net-
work susceptible to atherosclerosis and subsequent engulfment by macrophages can
be identified as an important early step in the development of atherosclerotic plaque
[184]. Much of the work in identifying these steps have been deduced from murine
work, where accelerated atherosclerotic models [185—187] are generated from Ldlr
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[185, 188] and Apoe [189, 190] knockout mice. Monocyte extravasation into the vas-
cular wall [191] as well as the response of tissue-resident macrophages to modified
lipoproteins can stimulate both a cytokine response contributing to further leukocyte
recruitment and the generation of lipid-laden foam cells, described as macrophages.
The role of inflammation and its regulation in atherogenesis and plaque progression,
however, is poorly understood [192], and the previous hypothesis of cholesterol
uptake by macrophage foam cells causing resultant inflammation has recently been
questioned [193]. It is suspected that lipid clearance, through scavenger receptor-
mediated endocytosis [194—196], begins as a physiological response of benefit that,
following continued exposure to cholesterol without a suitable negative feedback
loop, becomes dysregulated with resulting alteration of normal macrophage response
[165]. Macrophage foam cells have reduced capacity to emigrate from plaque, thereby
contributing to an ongoing inflammatory response, with resulting continued recruit-
ment of other immune cells into the plaque [197]. This hypothesis of atherogenesis
includes the role played by oxidation of pro-atherogenic lipoproteins [198] and inter-
action with proteoglycans [199, 200] in helping to retain them within plaque [200].
Dying macrophages deposit engulfed lipid into the plaque, resulting in a necrotic core
that creates an unstable atherosclerotic plaque, implicated in heart attack and stroke,
although the process of death may well be a far more complex and regulated sequence
of events [201].

Unlike in early atherosclerotic lesions, where mouse models suggest a reliance
on monocyte recruitment [202-205], mature plaque macrophage replenishment
within the vessel wall is primarily through self-renewal [206, 207]. A more recent
concept is the role of intraplaque haemorrhage [208] and the role played by macro-
phages that deal with iron overload. Macrophages have previously been referred to
as either ‘M1’ or ‘M2’ in an attempt to characterise their presumed responses to
inflammatory cues; however this bipolar concept, predominantly described through
in vitro and murine gene knockout data, may have oversimplified the true nature of
physiological differentiation in vivo where a more complex milieu contributes to
final macrophage phenotype [209, 210]. Intraplaque haemorrhage is described as an
important aspect of plaque progression and a possible driver of ongoing inflamma-
tory cell influx [211]. A Mhem macrophage phenotype is described as protective
and deactivated, countering the inflammatory drive of iron overload supporting a
MI-type response [211-214].

7.3.3 Dendritic Cells

Like macrophages, dendritic cells (DC) can be defined by their origin with some
originating from common precursors in the bone marrow, precursors in the blood or
circulating monocytes that differentiate into DCs in the peripheral tissue or athero-
sclerotic plaque [163]. Whilst recognised as antigen-presenting cells, they also play
an important role in promoting tolerance to self-antigens in part through their induc-
tion of regulatory T cells [215]. In mouse models, resident DCs that encounter free
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cholesterol in the arterial adventitia can accumulate lipid [216]. We will not be
elaborating on their role further in this chapter; however a more in-depth description
of their potential role in atherosclerosis can be found in the review by Cybulsky
etal. [217].

7.3.4 Neutrophils

The most abundant leukocyte in human peripheral blood, neutrophils, is a pro-
inflammatory phagocyte and one of the first responders to sites of inflammation,
particularly in response to bacterial infection. They rapidly release proteolytic
enzymes in order to traverse through extracellular matrix to these sites and further-
more degranulate, and this release plays a role in further recruitment and activation
of other innate immune cells [218]. The potential role played by neutrophils in both
early and late atherosclerotic plaque generation and destabilisation is from data
largely extrapolated from mouse models of CVD, and, thus, translation to human
mechanistic hypothesis remains to be elucidated.

Neutrophils are implicated in atherogenesis through their presence in plaque.
Staining for surface markers Ly6G and MPO in murine plaque [219] and for CD177
and CD66b in human carotid [220] and acute coronary lesions [221] helps identify
their presence here. Furthermore, identification of degranulation proteins in plaque
[222-225] and neutrophil accumulation in early lesions in knockout mice [219] in
addition to the role of neutrophil granule effects on vascular permeability [226,
227], their potential ability to recruit monocytes to atherosclerotic plaque [228, 229]
and possible activation and foam cell formation in macrophages [230] lends weight
to their role as important facets to the process of atherosclerosis. Their ability to
secrete proteases and transmigrate through extracellular matrix is proposed as a
possible model for alteration of atherosclerotic plaque caps [231], the fragility of
which is linked to acute arterial thrombosis seen in acute myocardial infarction
[232].

7.3.5 Lymphocytes

Whilst macrophages may well account for the majority of inflammatory cells within
human atherosclerotic plaques [233, 234], lymphocytes have been found in lesions
although less abundantly. T cells constitute approximately 10% of cells in human
atherosclerotic plaque with 70% of them CD4" and the remainder CD8* [235]. In
hypercholesterolaemic knockout mice lacking both B and T cells, the atheroscle-
rotic effect was reduced to a degree [236-238]. Conversely, a particular subset of T
cells known as regulatory T cells (Tregs) are positive for forkhead box P3 (Foxp3*)
and are immunosuppressive cells and may provide an anti-inflammatory role in ath-
erosclerotic plaque formation [239]. The role of B cells in atherosclerosis remains



132 M.S. Rahman and K. Woollard

elusive and poorly understood. Whilst some mouse work suggests that B cells play
a potentially protective role [240-243], some conflicting reports point perhaps to a
more subset-specific role as either pro- or anti-atherogenic [244, 245]. The review
by Hedrick (ATVB, 2015) [246] summarises in greater detail the potential role
played by lymphocytes and NK cells in atherosclerosis.

7.4 Summary and Conclusions

In summary we have discussed the pathophysiology of CVD, including established
risk factors increasing the risk of premature atherosclerosis; the homeostatic pro-
cesses involved in the regulation of the cardiovascular system, elaborating on cho-
lesterol transport; and the role of lipoproteins in atherogenesis and reverse
cholesterol transport. We have also briefly discussed the role of the CNS and the
influence this can exert on both cardiovascular homeostasis and on immunity. The
role of the innate immune system (monocytes and macrophages) has also been
explored in relation to atherosclerotic plaque as well as the role of DCs and neutro-
phils. Finally, for completeness, we have included a paragraph on the emerging role
seen for lymphocytes in atherosclerotic CVD.

In conclusion, the importance of delving further into the individual contributions
made by immune cells to atherosclerotic CVD is that they may provide therapeutic
targets for treatment of established disease and, perhaps, more pertinently the poten-
tial for prevention. Understanding in greater detail the role played by monocytes and
macrophages, for instance, in the propagation of atherosclerotic plaque, may provide
the ability to develop future therapies that target very specific processes in order to
remove or inhibit key steps leading to the establishment of the unstable plaque.
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Chapter 8
Immune-Mediated Heart Disease

Elena Generali, Marco Folci, Carlo Selmi, and Piersandro Riboldi

8.1 Introduction

Autoimmune diseases represent a broad range of related disorders affecting nearly
5% of the European population [1]. These conditions are cumulatively character-
ized by more or less defined clinical pictures sometimes overlapping within the
same patient. These include connective tissue diseases such as systemic lupus ery-
thematosus (SLE), systemic sclerosis (SSc), mixed connective tissue disease
(MCTD), Sjogren’s syndrome (SS), rheumatoid arthritis (RA), myositis, and
antiphospholipid syndrome (APS). The common pathogenic mark is the breakdown
of tolerance against self-peptide antigens which derives from a failure of peripheral
tolerance under genetic predisposing factors and environmental triggering agents
[2, 3]. One of the most threatening complications is the cardiovascular (CV) involve-
ment, which represents a significant cause of morbidity and mortality [4—10].
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8.1.1 Mechanisms of CV Damage

The hypothesized pathogenesis encompasses different mechanisms, but only
some of these have been clarified, especially in their cellular and biochemical
pathways, but ultimately remaining elusive. The heart can be primarily involved
by the localization of an autoimmune process or can be indirectly damaged by
chronic inflammation, by other injured organs, and by drugs used to manage the
primary disease. In the case of a primary involvement, the impairment of differ-
ent cardiac structures derives from the inflammatory infiltrate, the deposition of
immune complexes, leading to the activation of the complement cascade
(Fig. 8.1). Alternatively, the cardiac function is threatened by the general inflam-
matory status, strictly dependent on disease activity, or the heart can be severely
damaged in end stages of a systemic autoimmune process. This last condition is
principally determined by the impaired function of other organs, such as the
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Fig. 8.1 Pathogenic mechanisms of heart damages in autoimmune diseases. LDL light-density
lipoprotein, oxLDLs oxidized light-density lipoproteins
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kidneys or the lungs, which compromise hemodynamic. It is now well estab-
lished that atherosclerosis appears to be significantly accelerated in systemic
autoimmune diseases compared to general population. This condition is one of
the most powerful causes of CV diseases due to thromboembolic phenomena fol-
lowing plaque rupture; moreover, chronic inflammation activates the endothelial
cells which express different surface molecule patterns acquiring a prothrom-
botic phenotype.

The mechanisms of the accelerated atherosclerosis are not well defined, but
chronic inflammation has been suggested as a contributing factor with pro-
inflammatory cytokines (i.e., TNFa and IL-6) leading to endothelial dysfunction
and activation and subsequent rise of low-density lipoprotein (LDL) uptake and
deposition under endothelial surface. Specifically, TNFa can alter the endothelial
structure mediating the inflammatory vascular injury in both acute and chronic
conditions, ranging from the remodeling by smooth muscle cells to a direct role
in rupture of atherosclerotic plaques [11]. Similarly, IL-6 induces an overall
change of surface molecules of the endothelium that develops a pro-inflamma-
tory status. This enhances the migration of lipoproteins, especially LDLs, from
bloodstream to subendothelial space at higher concentrations than the cellular
metabolic needs and when in contact with high amount of free oxygen radicals
produced by activated inflammatory cells undergoing oxidation (oxLDLs). High
oxLDL levels stimulate macrophages through the interaction with scavenger
receptors and lead to massive phagocytosis which, after a gradual engulfment of
cytoplasm, generates the so-called foam cells. The reaction of the immune sys-
tem against oxLDLs is of paramount importance because it represents the first
pathological mechanism leading to the atheromatous plaque. OxLDLs stimulate
not only innate immunity but also the adaptive compartment. Studies have dem-
onstrated the production of antibodies against oxXLDLs which seem to be related
to cardiovascular events [12, 13], even though some authors have reported, con-
versely, a protective role [14].

Chronic inflammation stimulates the expression of adhesion molecules, such as
VCAM-1, by the endothelium and smooth muscle cells. This pathological activa-
tion promotes the recruitment of leukocytes into the subendothelial space which
ultimately lead to the perpetuation of inflammation [15]. T cell activation can also
be involved, and activated T cells are present in atherosclerotic plaques, especially
in unstable plaques accounting for the increased CV risk and higher mortality. The
clinical manifestations of heart involvement can be strikingly diverse because all the
anatomical heart structures can be affected simultaneously or not, with damages of
various seriousness [16] (Fig. 8.2). Recognized since the beginning of the twentieth
century, cardiac involvement related to autoimmunity conditions has been carefully
investigated in the last decades. The following findings led to recognize new clinical
entities but also to introduce different available treatments. We will focus on cardiac
manifestations operating in systemic autoimmune diseases, with particular interest
on pathogenic mechanisms.



148 E. Generali et al.

Valve disease
¢ Libman-Sacks disease: SLE,

Conduction tissue
abnormalities

APS * Congenital heart block:
e Valvular abnormalities: SLE, SS

IIM, MCTD, RA « Arthythmias: SSc, IIM, MCTD
Pericardiun
¢ Acute and chronic Myocardium

pericarditis: SLE, ¢ Myocarditis: SLE,

SSc, IIM, MCTD, SS, RA 1IM, SSc, MCTD

Effusion: SLE, SSc, ¢ |schemic damage:

IIM SLE, IIM, APS, RA

* Fibrosis: SSc * Fibrosis: SSc

e Tamponade: SLE, ¢ Dyastolic and
SSc, MCTD systolic

* Constrictive dysfunction: SSc,
pericarditis: SLE, 1IM, MCTD, APS,
SSc SS, RA

Fig. 8.2 Pathological involvement of the heart by different systemic autoimmune diseases. SLE
systemic lupus erythematosus, APS antiphospholipid syndrome, /IM idiopathic inflammatory
myositis, MCTD mixed connective tissue diseases, RA rheumatoid arthritis, SSc systemic sclerosis,
SS Sjogren’s syndrome

8.1.2 The Impact of Medical Treatments

Medications used to treat the autoimmune diseases can have, sometimes, a negative
impact on cardiac function by a direct toxicity (antimalarials, nonsteroidal anti-
inflammatory drugs (NSAIDs)) or worsening a pre-existing cardiac disease
(Fig. 8.1). On the other hand, several drugs used in chronic inflammatory diseases
represent paradigms of potential treatments for CV comorbidities, but effects are
poorly defined.

First, antimalarials, such as chloroquine and hydroxychloroquine, in chronic use
rarely cause conduction abnormalities, arrhythmias, and infiltrative cardiomyopathy
with heart failure (HF) due to impairment of diastolic, systolic, or both cardiac func-
tions [17, 18]. Second, biologics were ideal candidates as anti-TNNFa biologics are
used for RA treatment, but data from clinical trials reported no beneficial effects and
a possible worsening of heart function leading to a contraindication of anti-TNFo
use in patients with HF New York Heart Association (NYHA) classes III-IV (mod-
erate and severe) [19]. To further investigate the HF risk with anti-TNFa, longer
observational studies were conducted on almost all TNFa inhibitors, including etan-
ercept, which, due to its peculiar structure, has lower avidity for TNFa compared to
monoclonal antibodies, but results were inconsistent [20, 21]. Other biologics, with
different mechanisms of action, have also been investigated: rituximab (anti-CD20),
tocilizumab (anti-IL-6), and abatacept (anti-CTLA4) showed no overall increased
CV risk in the RA population; however, no reduction of the risk of developing HF
and other CV events was found in comparison with the RA population treated on
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standard therapy or anti-TNFa biologic agents [22]. Third, NSAIDs are frequently
used in rheumatic conditions and are associated with an increased CV risk, and a
recent meta-analysis of various clinical, preclinical, meta-analysis and observational
studies showed that coxibs and NSAIDs increase the risk of cardiotoxicity in a dose-
dependent manner. The cardiotoxicity associated with the use of NSAIDs might be
due to inhibition of prostacyclin synthesis, oxidative stress, increase in blood pres-
sure, and impaired endothelial function [23].

8.2 Systemic Lupus Erythematosus

SLE is frequently associated with CV manifestations, and all three layers of the
heart (i.e., pericardium, myocardium, and endocardium) can be affected with the
parietal sheet of cardiac serous being the most frequently involved, as suggested by
its inclusion in the American College of Rheumatology (ACR) classification criteria
[24]. The valvular apparatus, the conducting system, and the coronary vessels may
be other noteworthy sites of pathological involvement in SLE.

8.2.1 Pericardium

Clinically, pericarditis manifests with variable symptoms ranging from precordial or
substernal positional chest pain to dyspnea. At physical examination, patients may
have fever, tachycardia, decreased heart sounds, and pericardial rubs, a specific sign
which, however, is rarely hearable. The diagnosis may be sustained by an electrocar-
diogram (ECG) showing elevated ST segments and peaked T waves (although slight
T-wave changes and transient elevation of ST segments are most characteristic) [25].
Transthoracic echocardiography and chest X-ray are the standard methods to investi-
gate pericarditis [26, 27]. One of the most fearsome complications is cardiac tampon-
ade, although constrictive and purulent processes are equally challenging. Pericarditis
may be either characterized by an acute or chronic process which leads to the appear-
ance of clinical symptoms in only 25% of the SLE population; however it is reported
in as many as >50% of patients undergoing echocardiography or up to 62% during
autoptic examination [28-39]. Pericardial involvement appears more frequently at
SLE onset or during disease relapses, although it can occur at any time [40]. Common
pathological findings include fibrinous or fibrous reactions, which, in chronic condi-
tions, can lead to adhesive processes both focal and diffuse. Microscopically, the
pericardium appears infiltrated by plasma cells and lymphocytes with fibroblastic
proliferation, findings that are not unique for SLE and which resemble tubercular
pericarditis [35]. The identification of hematoxylin bodies is a more specific finding,
but particles of denatured nuclei are rarely seen [41]. Immunofluorescence may be
helpful in characterizing SLE pericarditis; indeed it is possible to demonstrate a gran-
ular deposition of immunoglobulin, Clq, and C3, in the pericardial vessels, which
ultimately suggests a pathogenic role of immune complexes [42].
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8.2.2 Myocardium

Clinically, patients manifest with symptoms resembling ischemic heart disease such
as chest pain dyspnea, tachycardia, and arrhythmias [40]. Diagnosis may be chal-
lenging, with ECG not showing any typical findings and cardiac enzymes within
limits. Echocardiographic imaging cannot definitely diagnose myocarditis, but the
finding of global hypokinesis or pericardial effusion, in the absence of other known
causes, is strongly suggestive [43]. More recently, cardiac magnetic resonance
imaging (MRI), the gold standard for measuring ventricular volumes and ejection
fraction, can be used to detect acute myocarditis, myocardial fibrosis, and even sub-
tle tissue changes [43]. Endomyocardial biopsy is the gold standard for diagnosis;
however this challenging procedure can be aggravated by complications both during
and after execution, and for these reasons, it should be reserved only for selected
situations [6, 44]. One of the most threatening consequences of chronic myocarditis
is represented by dilated cardiomyopathy, which ultimately can evolve toward
HE. Myocarditis represents one of the most important manifestations of heart
involvement in SLE, even if myocardial disease may be determined or worsened by
other mechanisms, such as drug toxicity (i.e., antimalarials). The inflammation of
the myocardium, largely ignited by immune complex deposition and complement
activation, is the pathological condition determining tissue injuries. Myocarditis
prevalence is reported to be as high as 80% in SLE autoptic series [30]; however,
recent findings suggest a rate of 6%, probably due to the introduction of effective
treatments. From a clinical standpoint, this process can be detected only in 3—15%
of patients with SLE due to the paucity of symptoms [45]. Pathologically, the find-
ings are nonspecific, with a perivascular and interstitial infiltrate of mononuclear
cells, constituted by lymphocytes, plasma cells, macrophages, and myocardial
fibrosis. Immunohistochemistry is helpful to identify aggregates of lymphocytes
and macrophages. The presence of myocyte vacuolization at optical microscopy,
defined as a dilatation of sarcoplasmic reticulum that contains laminar amorphous
material, is a characteristic of antimalarial-induced cardiomyopathy, even if the
detection of myeloid bodies by electron microscope is the only pathognomonic sign
[35, 46].

8.2.3 Valvular Disease

From a clinical standpoint, most of the valvular findings are asymptomatic, but
extended lesions which cause hemodynamic dysfunctions become clinically evi-
dent and require, in about 3—-4% of cases, valve replacement [6]. Valvular involve-
ment in SLE is one of the most important and prevalent forms of carditis, and nearly
60% of patients who undergo echocardiography manifest abnormalities, with post-
mortem studies showing a prevalence between 11 and 74% [47]. The most common
pathological findings derive from regurgitation and stenosis even if milder defects
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such as thickening and vegetations can be found. Among valve alterations, the
Libman-Sacks endocarditis is a histopathological picture significantly associated
with SLE and APS, albeit currently is rare thanks to the better treatment of the
underlying disease. The persistent inflammation of endocardium generates sterile
verrucous lesions affecting all structures with a remarkable prevalence for the mitral
valve [48]. Histologically, Libman-Sacks vegetations consist of platelets, fibrin,
degenerating blood products, chronic fibrosis, active fibroblasts, and neovascular-
ization. These lesions may be active or healed [35].

8.2.4 Arrhythmias

Congenital heart block (CHB) is one the most representative cardiac rhythm dis-
turbances associated with autoimmune diseases. This condition, among endocar-
dial fibroelastosis and dilated cardiomyopathy, is a threatening manifestation of
neonatal lupus, characterized by cardiac and skin involvement in newborns from
mothers with SLE or Sjogren’s syndrome positive for anti-Ro/SSA and/or anti-
La/SSB antibodies [49]. CHB arises by definition during uterine life or in the
neonatal period (<28 days of life) [50, 51], but the entity of the problem remains
elusive. Two studies, performed, respectively, in Finland and the USA on large
case series, have estimated an incidence of ~1 case on 20,000 live births; but it
was impossible to evaluate what is the real impact of maternal autoimmunity,
given that no autoantibody status was reported [50, 51]. Nonetheless, CHB preva-
lence was recently determined to be less than 1% in anti-SSA-positive women
[52, 53], and recurrence rate is defined at 19% [53]. The pathogenic pathway is
represented by the transfer of maternal autoantibodies through the placenta into
fetal bloodstream, even though the mechanism by which anti-SSA/Ro and anti-
SSB/La act on the heart conduction system is not yet understood. Evidence of
complete atrioventricular (AV) block in mice pups passively injected with anti-
SSA/Ro 52 antibodies supports data from earlier reports [54]. Furthermore, stud-
ies in vitro demonstrate how anti-SSA/Ro IgG inhibits L-type CA2p channel in
rat and rabbit heart [55, 56]. Researches on humans have confirmed the potential
role of what previously described. The presence of maternal autoantibodies in
fetal circulation and the elution of anti-SSA/Ro antibodies from cardiac tissues of
affected fetuses support animal models, even if the rarity of CHB and discordance
rate in twins remain unsolved problems [57]. National database analyses reveal a
CHB-associated mortality rate of 20% with nearly 80% of deaths occurring in the
uterus [58]. The great majority of pregnancies results in live births (81%), with a
prematurity rate (birth <37 weeks) of 38% [58]. CHB can present with various
grades of rhythm alterations in live births, and challenge refers to therapeutic
strategies because most of the babies require pacing for the first 10 days of life
and about two thirds have to maintain this support for 1 year; in fact, a quarter of
total deaths related to autoimmune CHB are reported during this span of life [50].
Other rare rhythm disturbances have been described in association with anti-SSA/
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Ro antibodies, and the most significant include bradycardia, AV blocks of various
degrees, and prolongation of the QT interval that usually resolve within the first
year of life when maternal autoantibodies disappear [57].

Limited prevention strategies are available for women who are anti-SSA/SSB
positive and are considered at high risk for offspring CHB as those with a previous
history of neonatal lupus syndrome. Fetal monitoring with echocardiography is a
safe and noninvasive method for screening CHB that offers an accurate assessment
of the fetal heart rate, rhythm, and ventricular function. This procedure should be
performed weekly between 16th and 24th week of gestation. At birth neonates
should be observed during the first month of life [50]. If rhythm alterations are
detected prenatally, therapeutic options to reduce the risk of CHB are represented
by fluorinated steroids, which should diminish the inflammatory component in the
fetal heart reducing tissue injury. Other strategies to treat intrauterine heart blocks
include plasma exchange and/or intravenous immunoglobulin used in various com-
binations [59].

8.3 Systemic Sclerosis

SSc is a connective tissue disorder of unknown etiology characterized by the
damage and fibrosis of multiple organs. The main pathogenic treats are repre-
sented by microvascular damages but also dysregulation of innate and adaptive
immunity which lead to fibrosis in multiple organs. The prevalence ranges from
7 to 700 cases per million depending on geographic regions, ethnic differences,
and gender; in fact women are more frequently affected than men [60, 61]. SSc
can be classified into limited and diffuse variant, according to the extension of
skin fibrosis [62]. Patients can develop heterogeneous clinical manifestations on
the basis of variable involvement of different organs. Heart damage can derive
from indirect chronic injuries which are principally dependent on lung and kid-
ney pathology. Pulmonary arterial hypertension (PAH) and interstitial lung dis-
ease (ILD) are the main causes of right ventricular dysfunction. These conditions
determine a persistent increased outflow resistance which causes right ventricu-
lar remodeling. The myocardial response to this chronic excessive work brings
the heart to adopt counterproductive mechanisms, such as hypertrophy, generat-
ing various grades of HF. The kidney involvement is represented by scleroderma
renal crisis, a rare (4—6%) but life-threatening manifestation, defined by malig-
nant hypertension and acute renal failure which can be sometimes associated
with congestive HF [63].

Primary cardiac involvement represents a frequent cause of morbidity and
mortality in limited and diffuse SSc, as demonstrated by several studies [64, 65].
All heart structures can be affected, resulting in different impairments, which are
often subclinical [66]. The overall hazard of early disease is higher in diffuse pat-
tern, especially during the first year after the onset of the disease [67], and in
patients with anti-RNA polymerases (I-III) and anti-fibrillarin antibodies [68]
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Table 8.1 Systemic sclerosis clinical phenotype and specific autoantibodies

Autoantibody Frequency (1cSSc/dcSSc, %) Clinical association

ANA 95 (both) -

ACA 60-80/2-5 Pulmonary arterial hypertension,
digital ulceration

Anti-SCL70 10-15/20-40 Progressive skin thickening,
scleroderma renal crisis, pulmonary
fibrosis

Anti-U1-RNP 5-10/n.a. Severe GI involvement

Anti-U3-RNP n.a./5-15 Severe lung disease, severe GI

(anti-fibrillarin) involvement

Anti-PM/Scl 4/n.a. Severe GI involvement, pulmonary
fibrosis, inflammatory myopathy

Anti-RNA n.a./5-40 Rapidly progressive skin thickening,

polymerase scleroderma renal crisis, decreased
frequency of severe lung disease

[cSSc limited cutaneous systemic sclerosis, deSSc diffuse cutaneous systemic sclerosis, ANA anti-
nuclear antibodies, ACA anti-centromere antibodies, n.a. not available

(Table 8.1). The etiology of cardiac damages is likely dependent from microvas-
cular ischemic lesions and from fibrous tissue deposition. These events could
impair regional microcirculation causing areas of localized myocardial hypokine-
sis which could evolve toward global heart dysfunction in later stages of disease
[69, 70]. Interestingly, nailfold capillaroscopy could help in identifying patients
more prone to develop cardiac involvement through the identification of periph-
eral microangiopathy, which has been shown to correlate with internal organ
involvement [71].

8.3.1 Pericardium

The clinical picture of pericardial SSc manifestations may cover a wide range of
conditions, including acute or constrictive pericardial effusion and the most
threatening cardiac tamponade. The pericardial involvement is relatively common
in SSc, even though it is frequently asymptomatic. Autoptic studies reported path-
ological findings in about 78% of specimens, but only 5-16% of patients present
symptoms [72]. The cause of pericardial pathology in SSc is not well understood,
even if studies performed on pericardial biopsies have often found diffuse fibrosis
as in other tissues [73]. Clinically, the inflammation of pericardium is associated
with chest and substernal pain, dyspnea, pericardial effusion, and symptoms of
HF if tamponade is present. Echocardiography with Doppler imaging is demon-
strated to be a precious instrument in diagnostic process of pericardial disease;
indeed, it can precociously detect effusion. Treatment is usually unnecessary,
even if pericardiocentesis should be considered to discern diagnostic doubts and
for patients who develop hemodynamic impairment. Constrictive pericarditis may
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be difficult to identify; moreover its differentiation from restrictive cardiomyopa-
thy can be a hard challenge for the clinician, especially when both processes coex-
ist. Two echocardiographic signs favor a diagnosis of pericardium pathology; in
fact, abnormal interventricular motion and preserved mitral parameters focus the
attention on the serous sack. Cardiac MRI and computed tomography (CT) may
be of additional help [72]. Intrinsic myocardial disease in SSc manifests as myo-
cardial fibrosis due to microvascular ischemia and ultimately determines left ven-
tricular dysfunction.

8.3.2 Myocardium

Myocardial fibrosis has been reported to be an important manifestation of SSc,
being found in as many as 80% of autoptic cases, because symptomatic conditions
are less frequent. The pathogenic mechanisms are still matter of discussion even if
several factors have been identified as possible actors in myocardial injuries which
lead to fibrotic process. Some of these are strikingly dependent on recurrent vaso-
spasms and poor vasodilator reserve which determine, respectively, recurrent
ischemia-reperfusion damages and areas of focal ischemia. Histology of SSc myo-
cardium demonstrates focal myocardial fibrosis and necrosis of the contraction
bands, findings that are extremely similar to non-SSc-related ischemia-reperfusion
injury. From a clinical standpoint, myocardial fibrosis becomes manifest only in late
stages, when the heart stiffness is so important to produce a function deficit. The
tissue alterations can impair the systolic (reduced ejection fraction) or diastolic
(preserved ejection fraction) function, leading to various degrees of heart chamber
dysfunction. Right ventricular dysfunction has been frequently described in SSc,
independently of PAH. The main clinical sign is a reduced right ventricle ejection
fraction due to myocardial fibrosis as proved by a recent study which demonstrates
altered ejection fractions in about one fifth of SSc patients using cardiac MRI [74].
A clinical suspect of heart fibrosis can be solved performing cardiac MRI, even if
echocardiography and natriuretic peptide levels are a useful instrument to monitor
cardiac function [75].

8.3.3 Arrhythmias

Arrhythmias are common in SSc and may be considered a complication of the
fibrotic process of the conduction system and myocardium. Patients will develop
different symptoms such as palpitations, vertigo, dizziness, syncope, and even sud-
den death; for these reasons, a precocious recognition and an accurate identification
are essential. Atrial and ventricular tachyarrhythmias derive from myocardial fibro-
sis, whereas the conduction system involvement could give rise to brady-arrhythmias
[66, 76]. Supraventricular rhythm disturbances are more common and manifest in
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about two thirds of SSc patients, compared to other conditions which have a lower
prevalence [77]. ECG represents the first diagnostic tool even if up to 50% of
patients have not any alterations at rest [78]. Some studies demonstrate that ECG
abnormalities are predictive of survival, although it is unclear whether these changes
contribute directly to morbidity and mortality or reflect the overall disease burden
[77]. Symptomatic patients, who have a normal ECG, should undergo ECG Holter
monitoring to better characterize cardiac rhythm changes; moreover, treadmill exer-
cise can be performed to identify exertional arrhythmias. Echocardiography should
be performed as second-line test. Treatment of arrhythmias should be according to
general guidelines [76].

Early assessment of the overall CV involvement represents a mandatory step in
a proper management of SSc patients, since its development increases morbidity
and mortality. A good organ involvement screening should be sought in every
patient, with special attention to those who have complaints which refer to cardiac
involvement.

8.4 Inflammatory Muscle Disease

Idiopathic inflammatory myositis (IIM) includes a group of diseases character-
ized by proximal muscle weakness due to chronic inflammation of striated mus-
cles mirrored by elevation of serum muscle enzymes, particularly creatine kinase
[79]. Heart involvement is uncommon in IIM, especially in polymyositis (PM)
and dermatomyositis (DM), but represents a poor prognostic factor responsible
approximately of 10-20% of deaths [80]. Cardiac abnormality prevalence ranges
from 6 to 72% in PM/DM. These results are strongly dependent on selection
criteria; in fact, the broad interval suggests an underestimation of the problem, as
demonstrated by autoptic studies which report alterations in about 30% of cases
[81]. There is no clear relationship between IIM clinical patterns and specific
heart diseases [81], and most studies reveal the occurrence of several cardiac
pathologies during the course of both active and under remission myositis [2],
even if a recent study shows significant correlations with disease onset [82].
Clinically, about 3—6% of patients with PM/DM present with symptoms such as
dyspnea, chest pain, palpitations, or less common peripheral edema and syncope
[83]. All these manifestations are mainly due to end-stage heart disease which
ultimately evolves toward pump failure.

8.4.1 Pericardium

Pericardial disease is generally asymptomatic and sporadic, being reported in less
than 10% of patients. The most frequent finding is pericardial effusion which is
often revealed by investigations made for other clinical needs [81].
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8.4.2 Myocardium

Myocarditis has been linked to IIM and is found in approximately 8% of patients.
Cardiac MRI is a helpful tool to detect inflammatory infiltrates in the tissue [84—87],
making endomyocardial biopsy less necessary. The histopathology resembles the
picture found in skeletal muscles, with focal fibrosis, vasculitis, intimal prolifera-
tion, and medial sclerosis of blood vessels [88]. Clinically, it manifests with chest
pain and dyspnea [83], but it can produce advanced signs of heart failure in wide-
spread involvement of myocardial muscle. This group of patient is related with a
worse prognosis, and for this reason, it could benefit from immunosuppressant
therapies, but available data are lacking [83] in spite of some case reports which
show a benefit of steroid [89].

8.4.3 Conduction System

Arrhythmias are a common feature observed in IIM. The incidence of EKG alter-
ations is reported between 25 and 85% of patients with PM/DM. Branch block
and supraventricular arrhythmias are the most frequent findings which range
from 13.6% to 2.4%, in prospective and retrospective cohorts, respectively [83].
Other disturbances include atrial or ventricular premature beats, tachycardia,
atrial fibrillation, conduction blocks, and abnormal Q-waves as nonspecific ST-T
wave changes. Histopathologically, abnormalities in the conducting system
include lymphocytic infiltration, sinoatrial node fibrosis, and contraction band
necrosis [81].

8.4.4 Valves, Coronary, and Heart Function

Valvular abnormalities are relatively uncommon, as clinically significant valve dis-
eases may be observed in 7-23% of patients [90].

Coronary heart disease is reported with uncertain incidence; in fact a recent
study investigating CV risk factors in IIM suggests a prevalence of 26%.
Sporadic reports of inflammatory arteritis of coronaries without obstruction
have been described. Vasospastic angina (Prinzmetal’s angina) is occasionally
reported in DM with Raynaud’s phenomenon [91]. HF develops as a conse-
quence of left ventricular diastolic dysfunction that is observed in 12-42% of
cases. Traditional echocardiography associated with tissue Doppler imaging can
detect this pump defect in about 14-62% of circumstances [81] and should be
carefully performed in high-risk patients, such as female sex and late onset and
long course of disease [92].
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8.5 Mixed Connective Tissue Disease

Overlap autoimmune features of SLE, PM, SSc, and RA associated with antibodies
directed toward Ul nuclear ribonucleoprotein (RNP) configure MCTD [93]. CV
involvement is rather frequent in MCTD. It has been reported from 13 to 65%
depending on patient selection criteria and to diagnostic procedures performed; in
fact, in symptomatic patients, cardiac disease ranges from 24 to 63% [94].

8.5.1 Pericardium

Pericarditis is the most common cardiac manifestation with a prevalence of 10-40%
[95], when echocardiography is used. This condition can be related to the rheuma-
toid arthritis-like and/or the lupus-like spectra of MCTD [94]. The treatment is
based on NSAIDs or steroids (0.25-1.0 mg/kg). Rare cases of large effusion [96]
which evolve toward cardiac tamponade [97] may need percutaneous and surgical
drainage.

8.5.2 Myocardium

Myocarditis has been rarely reported, although it could be underestimated as dem-
onstrated in postmortem studies. This pathological entity might be responsible for
conduction abnormalities and diastolic dysfunction [94]. Symptoms include dys-
pnea, chest pain, arrhythmias, and elevated cardiac enzymes. When an endomyocar-
dial biopsy is performed, the most common findings include interstitial lymphocytic
infiltrate, myocardial fiber, and interstitial necrosis [98, 99].

8.5.3 Valve, Conduction System, and Heart Function

Valvular abnormalities are reported with high frequency, especially verrucous thick-
ening alterations or mitral valve prolapse (MVP), which is detectable by echocar-
diography in about 12-32% of patients [100, 101]. MVP might be due to focal
degeneration of the valve leaflets resulting in reduced capacity to support systolic
stress, as seen in SLE [8]. Conduction disorder prevalence rates are reported as high
as 20%, and the most common condition observed is a deviation of QRS axis, which
is related to anterior hemiblock [102]. The presence of ST-T abnormalities is
detected with prevalence around 29% on ECG [103, 104]. Diastolic dysfunction is
a common defect in MCTD, and echocardiography demonstrates abnormalities of
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the diastolic filling indexes due to atrial contraction, such as prolongation of iso-
volumetric relaxation time, reduction of peak early diastolic flow velocity, and an
increase of peak late diastolic flow velocity [105, 106]. Systolic function is usually
conserved. Histologically sections reveal inflammatory cell infiltrate and/or prolif-
erative vasculopathy of the epicardial and intramural arteries. Autoptic studies have
proven the presence of lymphocytic and polymorphonuclear infiltrates in the peri-
vascular space but also intimal proliferation with an increased number of acellular
elements [103].

8.6 Antiphospholipid Syndrome

APS is a rare autoimmune disease characterized by a high tendency of developing
thrombotic events. It is diagnosed on the basis of defined clinical criteria and spe-
cific laboratory findings [107]. The former are represented by vascular thrombosis
and/or pregnancy morbidity, while the latter are elevated levels of serum antiphos-
pholipid antibodies (aPL). These include lupus anticoagulant (LA), anticardiolipin
(aCL), and/or anti-beta2-glycoprotein I (anti-p2GPI) antibodies. The syndrome can
be a primary disorder or it can be secondary to an underlying condition, most com-
monly SLE. The heart involvement is a frequent finding that is supposed to be medi-
ated by direct aPL actions on cardiac structures or through vessel thrombosis which
lead to myocardial ischemia.

8.6.1 Valve Involvement

Valvular damage is the most frequent cardiac manifestation of APS, being detected
in one third of patients. The major alterations include vegetations or thickening of
valve leaflets as Libman-Sacks endocarditis which was first described in SLE [108—
110]. The pathogenic role of aPL seems to have a close link with the valvular dam-
age, as supported by the evidence of deformed heart valves in patients with aPL
positivity and no clinical signs or symptoms of disease [108, 111]. The prevalence of
valvular defects in primary APS is reported to be between 32 and 38%, based on
echocardiographic studies [112]. The most frequent altered valve is the mitral, fol-
lowed by aortic; on the contrary, Libman-Sacks endocarditis involves often the tri-
cuspid valve. These abnormalities are usually asymptomatic from a clinical
standpoint; in fact, only 4-6% of APS patients develop severe disease that requires
surgical treatment [40, 113]. The diagnosis can be made with traditional echocar-
diography, even if transesophageal approach is more sensitive [114, 115]. The
importance of this pathological consequence of the syndrome goes beyond heart
damage; indeed, some studies prove how it may be considered as a major risk factor
for cerebrovascular accidents, particularly in primary APS [116, 117]. The pathogen-
esis of the valvular damage is referred to micro-injuries of some hemodynamically
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vulnerable sites which undergo repetitive mechanical stress [118]. These conditions
should induce the exposition of negative phospholipids on both valve surface and
endothelial cells of intra-valve capillaries leading to the interaction with aPL [118].
Histologically, some studies prove the coexistence of new and old lesions character-
ized by the presence of superficial or intravalvular fibrin deposits. This pathological
feature triggers subsequent vascular proliferation, fibrosis, and calcification which
lead to valve thickening, fusion of commissures, and rigidity of valvular apparatus
[119]. Inflammation seems to be not a prominent feature, even in the presence of a
linear subendothelial deposition of immunoglobulins and complement components
[119]. The same pattern and location of staining were observed with anti-idiotypic
antibody to aCL; moreover, a significant amount of IgG immunoglobulins that bound
to cardiolipin was eluted from valves of patient with secondary APS [119]. Such
deposits may be probably involved in the pathogenesis of valvular lesions [119].

8.6.2 Atherosclerosis

Atherosclerosis is significantly accelerated and more prevalent in patients with APS
than in the general population, despite similar CV risk factors [120]. From a clinical
standpoint, this process manifests with syndromes of different severity, from angina
to sudden death, passing through myocardial infarction. Increasingly data demon-
strate how this process is driven by direct immunological effects of aPL, especially
anti-p2GPI [121], but also through autoantibodies cross-reactions and increased
oxidative stress [122]. Histological studies on atherosclerotic plaques prove the
contiguity of beta-2 glycoprotein I to T-CD* lymphocytes areas in the subendothe-
lial regions [123]; moreover, in vitro experiments demonstrate how aPL accelerate
plaque formation, enhance macrophage transformation in foam cells, and reduce the
activity of paraoxonase which increases oxLDLs [124]. The binding of beta-2 gly-
coprotein I to oxXLDLs generates a molecular complex that interacts with aPL lead-
ing to an increased uptake by macrophages via Fcy receptors [125]. The proof of an
increased rate of CV events in APS patients is represented by the prevalence of
myocardial infarction which is 5.5% [108], 2.8% as first manifestation of the dis-
ease, compared to 1.4-3.2% of general population [126]; moreover, some studies
correlate the levels of aPL with the incidence of severe CV events [127].

8.6.3 Myocardium

Chronic damages to heart tissue can manifest also with a less acute myocardial
dysfunction. The pathogenesis is hypothesized to be derived from both direct anti-
body effects and repeated micro-embolism phenomena which ultimately impair
pump function. Histologically, there is evidence of inflammation, immune deposits,
and thrombosis in intramyocardial arteriolar with microinfarction of surrounding
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areas [122]. Cardiac MRI is the most sensible test to detect microvascular damages;
in fact, a study shed on light that APS patients with low pretest probability of coro-
nary heart diseases (CHD) have ischemic lesions in 11% of cases, while only 3.7%
of the controls show the same alterations [128]. For all these reasons, the assess-
ment of patient atherosclerotic status is crucial to estimate the overall CV risk of
thromboembolic complications. Carotid intima-media thickness is considered an
early marker of generalized atherosclerosis [122] and can be easily explored with
echocardiography, allowing a noninvasive but accurate evaluation of the situation.

8.7 Sjogren’s Syndrome

Sjogren’s syndrome is an autoimmune condition characterized by a chronic inflam-
mation of exocrine glands which leads to their functional impairment and manifests
with sicca syndrome.

The extraglandular signs are represented mainly by arthritis, even though it is
described a wide range of organ involvement such as pulmonary and renal abnor-
malities but also vascular and gastrointestinal alterations. Heart injuries are rarely
reported, even though echocardiographic studies suggest that subclinical abnormal-
ities are relatively common [8].

8.7.1 Pericardium

Data demonstrate that approximately 33% of patients affected by SS present ultra-
sound signs of pericarditis, but only half of them complaint some symptoms [129].
Pericardium wall thickening or echodense signals may be consequences of subclini-
cal conditions which can be derived from either the underlying disease or other
causes. Some studies suggest that pericardial inflammation may be more frequent in
older patients or in those that present a shorter disease duration and ANA positivity
but also high levels of orosomucoid and haptoglobin [130].

8.7.2 Heart Function

Left ventricle diastolic dysfunction is an important cause of morbidity and may be
an early sign of myocardial damage in various diseases. It has been shown that it is
detectable in a significant number of patients. The pathogenesis underlying this
heart abnormality remains still unclear, even if it has been suggested that myocar-
dial Raynaud’s phenomenon may mediate the damage. Other mechanisms refer to
stable microcircle alterations such as small intramyocardial vessel vasculitis or vasa
vasorum impairment, but these conditions can be confirmed only by myocardial
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biopsy [130]. Only a limited number of HF cases have been reported and no histo-
logical diagnosis was made. The suspicion of autoimmune etiology was derived
from the exclusion of other possible causes and from the rapid response to immuno-
suppressive therapy [131, 132].

8.8 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic disease characterized by a chronic inflam-
matory condition affecting primarily the joints. Extra-articular manifestations
include frequently and can directly involve several organs such as the lungs, skin,
and eyes. Heart involvement is frequently found and substantially increases the risk
of mortality, accounting for about a 50% excess compared to the general population
[133, 134]. The pathogenesis is mainly related to the pro-inflammatory status of the
patients which drive augmented oxidative stress of lipoprotein leading to acceler-
ated atherosclerosis. For this reason, RA should be considered as a major CV risk
factor. European League Against Rheumatism (EULAR) guidelines for CV risk rec-
ommend an annual assessment [135]; however it is important to note that traditional
scores may underestimate the real hazard in RA patients [136].

8.8.1 Pericardium

Pericarditis is believed to be the most common cardiac manifestation of RA [137],
and clinical symptoms are present in less than 5% of patients, while asymptomatic
finding is seen in 20-50% by echocardiography. Pericarditis is more frequent in
men, especially if autoantibodies are positive and in case of severe or active disease
[138]. It can include both exudative and constrictive manifestations. Studies on peri-
cardial fluid have demonstrated the presence of high level of proteins and lactate
dehydrogenase but low levels of glucose [139]. Symptomatic patients usually mani-
fest chest pain and dyspnea, but some of these develop nonspecific clinical pictures;
therefore, echocardiography is being revealed an essential procedure to clarify unde-
fined clinical situations detecting pericardial effusion. It is important to point out that
sometimes pericarditis may develop after biologic initiation; in this case infections
and tumors should be excluded, as well as SLE after anti-TNFa treatment [140].

8.8.2 Valvular Disease

Valvular heart disease is not considered a major extra-articular manifestation of RA,
even if echocardiographic studies demonstrate the presence of different valve
defects which affect from 24 to 39% of patients. Mitral valve, the most frequent site
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of pathological involvement, can be aggravated by both stenosis and regurgitation
of various grades. This is the result of structure thickening generated by localized
fibrosis or nodules [138].

8.8.3 Atherosclerosis

Atherosclerosis is considered as a collateral but not secondary process related to
RA; in fact, chronic systemic inflammation is known to increase the CV burden
inducing endothelial dysfunction that leads to accelerated atherogenesis [141, 142].
Several studies prove how inflammatory molecules, such as CRP or cytokines, are
common key players in the pathogenesis of both diseases [11]. TNFa can alter the
endothelial metabolism, and similarly, IL-6 induce an overall change of surface
molecules of the endothelium that develops a pro-inflammatory status; moreover a
study demonstrates how IL-6 overproduction reduces lipid concentrations in RA
patient and enhances the expression of very low-density lipoprotein receptors in
mice [143]. The link between inflammation and atherosclerosis in RA patients is
further underlined by the evidence that the association between carotid plaques and
inflammatory markers is independent of classical CV risk factors [144]. The major
complex of histocompatibility DRBI1 is significantly associated with RA suscepti-
bility and also can potentially confer an increased risk of coronary heart disease
[145]. This finding adds evidence to the not completely clarified role of adaptive
immunity in the pathogenesis in atherosclerosis [145]. Nonetheless, additional fac-
tors (i.e., smoke habit, obesity, hypertension, dyslipidemia) alter the fibrinolytic
pathway and coagulation status, raising the rate of plaque rupture. For these rea-
sons, EULAR recommends using a modified Systematic Coronary Risk Evaluation
(SCORE) to determine the 10-year risk of fatal CVD in RA patients [146].

8.8.4 Heart Function

Ischemic heart disease is a frequent complication in RA. The risk of acute myocar-
dial infarction is about double compared to the general population, and the presence
of unrecognized coronary heart disease is not rare in RA. Sudden death prevalence
in RA patients is almost twofold than the general population [10]. HF has been
reported in about 4-11% of RA cases; however, some studies demonstrate how
prevalence can rise to 24% in selected RA populations which are characterized by
high disease activity, glucocorticoid treatments, and positivity of rheumatoid factor
[147]. HF derives from a progressively reduced organ reserve that ultimately leads
to HF resulting from a detrimental remodeling of myocardial tissue driven by acute
or chronic insults. The pathological injury can be the result of ischemic heart events
as well as valvular disease, cardiomyopathies, and rhythm abnormalities [138].
Echocardiography and MRI are helpful to recognize potential etiologies and also to
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establish cardiac function, which, in RA patient, is usually depressed in its diastolic
function. Studies on myocardial damage demonstrate how innate immunity cells are
critical players in HF remodeling. The production of pro-inflammatory cytokines by
injured tissue is the first step in the activation of acute inflammation [138] which
aggravates the damage. The amplification of inflammatory pathways determines
harmful effects on healthy cell metabolism by increased oxidative stress; moreover,
these redundant molecular circuits recall additional immune cells in situ which
worsen the process. The strong relation between inflammation and heart disease is
nowadays widely proved by several data; some of these demonstrate the active roles
played by TNFa and other pro-inflammatory cytokines (i.e., /L-6 and IL-1f) on the
progression of obstructive coronary artery disease [138] and left ventricle remodel-
ing [148-150]. Interestingly, Giles et al. have observed a robust association among
myocardial dysfunction and disease activity and age but also interstitial fibrosis in
RA compared to non-RA groups [151]; these findings are strengthened by histologi-
cal analysis of myocardial samples which manifest higher levels of interstitial
citrullination and fibrosis [151].

8.9 Conclusions

Cardiac involvement is a very common comorbidity of systemic autoimmune dis-
eases which greatly contributes to a general deterioration of patient health status and
to a higher mortality rate in comparison to general population. Traditional risk fac-
tors do not explain entirely a so significant CV risk, as reported in different case
series and national databases; in fact, increasingly evidences link the mediators
involved in chronic inflammation and in other immune mechanisms to the harmful
action on heart tissue, as previously described. The cornerstone for a comprehensive
management of autoimmune diseases lies thus in an aggressive control of disease
activity associated with an accurate modification of traditional CV risk factors.
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Chapter 9
Vasculitis in the Central Nervous System

Anastasia Bougea and Nikolaos Spantideas

9.1 Introduction

Traditionally, central nervous system (CNS) vasculitides are defined as a group of
clinical and pathological entities characterized by an inflammatory cell infiltration
and necrosis of blood vessel walls. Three main mechanisms of vascular injury are:

1. Cell-mediated inflammation mediated by cytotoxic CD8+ T cells which release
INF-gamma, recruiting and activating macrophages.

2. Immune complex (IC)-mediated inflammation or in situ formation of immune
complex within the vessel wall. Complement activation is responsible for che-
motactic attraction of neutrophils. Subsequent phagocytosis and secretion of
neutrophil granular products result in vascular damage.

3. Antineutrophil cytoplasmic antibody (ANCA)-mediated inflammation. ANCA-
associated vasculitides include Wegener granulomatosis, microscopic polyangi-
itis, Churg—Strauss syndrome, and renal-limited vasculitis (Fig. 9.1).

Vasculitides may be primary, involving large, medium and small vessels, or sec-
ondary, associated with infections, malignancies, drugs, and systemic vasculitides
(Table 9.1). The latter cover a wide range of multisystem inflammatory disorders
involving muscles, joints, and skin, such as rheumatoid arthritis (RA), systemic
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Fig. 9.1 Diagram of the cellular events of ANCA-associated small vessel vasculitis

Table 9.1 The most common classification of vasculitides adopted by the 2012 International
Chapel Hill Consensus Conference on the Nomenclature of Vasculitides (CHCC2012)

Large vessel vasculitis Takayasu arteritis, temporal arteritis
Medium vessel vasculitis Polyarteritis nodosa
Small vessel vasculitis Antineutrophil cytoplasmic antibody (ANCA)-associated

vasculitis (AAV), microscopic polyangiitis, granulomatosis
with polyangiitis (Wegener’s), eosinophilic granulomatosis with
polyangiitis (Churg—Strauss)

Variable vessel vasculitis Behcet disease (BD) Cogan’s syndrome

Single-organ vasculitis Primary central nervous system vasculitis

Vasculitis associated with Lupus vasculitis

systemic disease Rheumatoid vasculitis

Vasculitis associated with Hydralazine-associated microscopic polyangiitis, hepatitis B
probable etiology virus-associated vasculitis, hepatitis C virus-associated

cryoglobulinemic vasculitis

lupus erythematosus (SLE), primary Sjogren’s syndrome (SS), and systemic sclero-
sis [1, 2]. However, due to complex spectrum of overlapping clinical manifestations,
lack of efficient noninvasive diagnostic tests, and the relative rarity of their presenta-
tion, it is often difficult to recognize these disorders.

The CNS complications are likely to be fatal without judicious use of immuno-
suppression; thus, prompt diagnosis can avoid pervasive injury and disability. This
chapter aimed to update on recent information about CNS vasculitis-related immu-
nological mechanisms and their most common neurological complications, diagno-
sis, and management.
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9.1.1 Large Vessel Vasculitis
9.1.1.1 Temporal Arteritis

Temporal arteritis (TA), otherwise known as giant cell arteritis, affects the temporal
artery of middle-aged or elderly patients [3]. Notwithstanding its name, giant cells
are not a requirement for diagnosis; histopathological findings are consistent with
diffuse vascular involvement.

In TA, vasculitis is essentially a T-cell-driven process that is triggered by
infectious agents. Dendritic cells present in the adventitia of vessels play the
role of antigen-presenting cells (APCs) by activating CD4* T cells, such as T
helper 1 (Thl) and Th17. In the next step, Thl cells provoke vascular injury by
recruiting macrophages and monocytes into the vessel niche. There is also
release of cytokines —interleukin (IL)-1, IL-6, IL-17, and interferon-y. Sustained
inflammation mediated by these cells leads to extensive intimal thickening and
vessel occlusion [4]. Platelet-derived growth factor and vascular endothelial
growth factor take part in occlusion of the internal carotid artery lumen-occlu-
sive arteritis in TA.

Apart from the carotid artery, this occlusive arteritis commonly involves the tem-
poral arteries. The most common and serious complication of TA is that of unilateral
or bilateral loss of vision due to ischemic optic neuropathy with an overall incidence
between 6 and 70% [5]. Fundoscopic findings consist of slight pallor and edema of
the optic disc, with scattered cotton-wool patches and small hemorrhages. Both
visual loss and cerebral infarction have premonitory symptoms such as amaurosis
fugax, diplopia, eye pain, and jaw claudication. CNS events secondary to the verte-
brobasilar system involvement include ataxia, lateral medullary syndrome, hemi-
anopsia, and hearing loss [6].

Polymyalgia rheumatica coexists in 40% of patients with temporal arteritis.
Given the significant risk of vision loss, glucocorticoids should be started with no
delay. However, glucocorticoids diminish Ty 17 cells but cannot clear Ty1 cells from
the vascular lesions. Cyclophosphamide (CYC) may effectively target IFN-y-
positive T cells representing a useful option for patients requiring prolonged
medium- to high-dose GC therapy [7]. A randomized controlled trial of 44 patients
showed that maintenance therapy with infliximab failed to show more efficacy in
disease control than that of steroids, and it did not allow a reduction in the dose of
steroids required to prevent relapse [7]. A dramatic response to low-dose corticoste-
roids remains a valuable tool in patients with uncertain diagnosis. Blood tests reveal
lymphocytosis and an increased erythrocyte sedimentation rate, while temporal
artery biopsy confirms the presence of inflammation and giant cells. IL-1 and IL-6
stimulate acute-phase protein production by hepatocytes. However, the challenge
lies in recognizing atypical cases that lack the more specific manifestations. We
conclude that the diagnosis of giant cell arteritis should always be considered in
elderly patients with an unexplained elevation of inflammatory markers and other
neglected symptoms, such as trismus, facial edema, and chronic dry cough, to avoid
severe complications.
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9.1.1.2 Takayasu Disease

Takayasu disease is a granulomatous vasculitis causing stenosis and aneurysmal
dilatation of large arteries, such as the aorta and its major branches, in patients
<40 years [8]. The pathogenesis is still unknown, but there is evidence of genetical
predisposition (HLA-B52, B39). Cell-mediated immunity involves CD4+ (14% of
total cells) and CD8+ (15%) T lymphocytes displaying T-cell receptor af,, CD14+
macrophages (13%), CD16+ natural killer cells (20%), and CD4- and CD8- T lym-
phocytes displaying T-cell receptor yd (31%). Seko et al. showed an increased
expression of perforin in peripheral cytoplasmic granules of natural killer cells,
CD8+, and y6 T lymphocytes, infiltrating cells directly onto the surface of aortic
vascular cells [9]. These results suggest that perforin-mediated necrosis but not Fas/
Fas-L apoptosis may play a major role in immunopathology of vascular injury in
Takayasu’s arteritis.

Neurological dysfunction may be the initial manifestation, but more often, it
occurs later in the disease course. Headache and dizziness are the most prevalent
symptoms related to stealing phenomena due to steno-occlusive lesions. Ischemic
optic neuropathy, other isolated cranial nerve palsies, and stroke have been reported
due to involvement of the internal carotid artery or its branches. However, angio-
graphic findings confirming this hypothesis have not ever been reported. Therefore,
stroke might be related to carotid or vertebral arteries occlusion or to embolization
into intracranial vessels, rather than to direct involvement of intracranial vessels by
vasculitis. Also notable is the absence of large epidemiologic data for the incidence
of strokes.

Despite the fact that no prospective controlled study has been conducted to date,
antitumor necrosis factor alpha could be a good therapeutic option in Takayasu’s
arteritis, which was unable to achieve or maintain remission with steroids alone or
cyclophosphamide or low-dose methotrexate. Recently, in rheumatic patients on
TNF-a blocking agents, no response to this treatment was noted, which suggests the
presence of different pathogenic mechanisms [8].

9.1.2 Medium Vessel Vasculitis
9.1.2.1 Polyarteritis Nodosa (PAN)

PAN is a primary necrotizing systemic vasculitis of medium vessels. Unlike some
other vasculitides (e.g., microscopic polyarteritis, granulomatosis with polyangiitis
[Wegener’s]), polyarteritis nodosa is not associated with antineutrophil cytoplasmic
antibodies (ANCA). In idiopathic PAN, the role of immune complexes is unclear.
Vascular inflammation from HBV has been associated with immune-complex depo-
sition. However, the presence of CD4+ in vascular lesions suggests a T-cell-mediated
immunity. In addition, there is evidence of endothelial dysfunction resulting from
an increase in inflammatory cytokines and adhesion molecules (intercellular
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adhesion molecule 1, vascular cell adhesion molecule 1, and E-selectin) [10]. The
inflammatory lesions are often found at the bifurcation of vessels, as result of
increased adhesion molecules deposits. Neurological manifestations are very com-
mon in PAN due to systemic necrotizing vasculitis that causes ischemia, leading to
microaneurysms, thrombosis, or bleeding [1, 2, 9, 11, 12]. CNS involvement occurs
relatively late in the course of the disease that may be accompanied by systemic
symptoms and signs, e.g., fever, malaise, myalgias, and wasting syndrome. Patients
with PAN typically demonstrate CNS neurological signs, such as personality and
memory disorders, atypical persistent headaches, aphasia, hemiplegia, visual distur-
bance (blurred vision and hemianopia), seizures, transverse myelitis, and subarach-
noid hemorrhage. Elevations in the serum levels of INF-y and IL-2 and increased
serum levels of IL-8, a potent chemoattractant and activator of neutrophils, have
been found in these patients.

Corticosteroids (1 mg/kg/day) affect T-cell-mediated inflammation by the inhibi-
tion of cytokine production [10]. However, relapses are frequent in severe cases,
with neurological, renal, or cardiac manifestations. Cyclophosphamide plus corti-
costeroids (CYC) could change to a better outcome [10, 13]. Twelve CYC pulses
have been shown to be superior to six pulses in preventing relapses, although mor-
tality rates were similar in both of them. Other immunosuppressive agents of T-cell
responses such as azathioprine or methotrexate may also maintain remission.

9.1.3 Small Vessel Vasculitis
9.1.3.1 Allergic Granulomatosis (Churg-Strauss Syndrome (CSS))

CSS is an ANCA-associated systemic vasculitis occurring in patients with asthma
and eosinophilia, according to the 1990 criteria, from the American College of
Rheumatology [14].

CSS is a multifactorial, immune-mediated disorder triggered by exposure to
allergens, with strong genetic background (HLA-DRB4). Th2 responses are promi-
nent, with upregulation of IL-4, IL-13, and IL-5; tissue recruitment of Th2 cells is
mediated by specific chemokines CCL17, most likely produced by dendritic cells.
CCL17 serum levels strongly correlate with peripheral eosinophil counts. The
strong Th2 immune response precipitates a B-cell response resulting in IgG4, IgE,
and antineutrophil cytoplasmic antibody (ANCA) production. Increased secretion
of eotaxin-3 guides eosinophils to the endothelium. Eosinophils induce an activated
Th2 imbalance toward IL-25 production, thereby maintaining a vicious circle. Local
degranulation of activated eosinophils finally causes damage, necrosis, and fibrosis
to various tissues. In particular, myocardial injury is caused by eosinophilic cyto-
toxicity with marked endomyocardial fibrosis, lymphocytic infiltration, and eosino-
philia. However, clinical phenotype cannot be explained only by Th2 response. Th1
and Th17 cells secrete high amounts of IL-17A resulting in extravascular eosino-
philic granulomas, as the histopathological hallmark [15].
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The neurological findings in allergic granulomatosis are caused by systemic necro-
tizing vasculitis, with eosinophil infiltrate affecting small vessels. CNS events are rare
and resemble nodular polyarteritis [1, 16]. CNS involvement may include paralysis of
seventh cranial nerve and phrenic nerve palsy, seizures, psychosis, and coma, but
these events are much less typical. Cerebrovascular events have been reported in asso-
ciation with cerebral angiitis and infarcts in the subcortical white matter.

Given its ability to halt eosinophil degranulation, INF-a has been used alone or
in combination with plasma exchange, CYC. Because of the potential side effects of
CYC, other biologic agents such as the anti-IL-5 monoclonal antibody mepoli-
zumab and possibly rituximab are promising treatment options. Of note, rituximab
reduced eosinophil and IL-5 levels. This finding ,may suggest that B-cell depletion
strongly influences T-cell function [15].

9.1.3.2 Polyangiitis Granulomatosa (Wegener Granulomatosis (WG))

WG is a systemic multi-organ disease characterized by immune small-vessel vasculitis
and the presence of ANCAs. Both genetic and nongenetic factors are implicated in expos-
ing cytoplasmic proteins in the neutrophil (e.g., proteinase 3 and lysosome-associated
membrane protein 2), following likely interaction with T and B Iymphocytes.
Autoantibodies may also be generated to an epitope that is complementary to the autoan-
tigen, such as antisense proteinase 3, or by molecular mimicry, such as the bacterial adhe-
sion molecule FimH. ANCA-induced neutrophil activation also activates the alternative
complement pathway. In addition to complement-mediated microvascular injury, ANCA
also mediates endothelial damage by enhancing neutrophil-endothelial cell interactions
and increasing neutrophil degranulation of cytotoxic agents and chemoattractants [17].
Neutrophilic microabscesses dominate the early phase of the “granuloma,” a mixed infil-
trate of multinucleated giant cells, neutrophils, and dendritic cells (Fig. 9.1).

Based on the 1994 Chapel Hill Consensus, the diagnosis of vasculitis requires a
positive biopsy of granuloma of the involved organ [18]. Approximately 50% of
patients with WG has neurological complications caused by necrotizing granuloma-
tous lesions of small vessels [1, 2, 11, 12, 17]. CNS involvement depends on the
presence of vasculitis, contiguous extension, or remote granulomatous spread.
Granulomas cause basilar meningitis, temporal lobe dysfunction, and venous sinus
occlusion [19]. Of 324 ))patients with WG described by Nishino and colleagues in
1993, 90 (28%) had cranial neuropathy in 6%, external ophthalmoplegia in 5%,
cerebrovascular events in 4%, seizures in 3%, cerebritis in 2%, and miscellaneous
events in 8%. Of note, necrotizing vasculitis ,of the coronary vessels can result in
myocardial infarction or sudden death.

A rationale for B-cell-targeted therapy has emerged from the presence of B cells
at sites of inflammation. Thus, cyclophosphamide, as B-cell-specific immunosup-
pressant agent, could be an effective option. Given their ability for B-cell depletion,
rituximab and infliximab are effective in refractory disease [17, 20]. Thirty-three
patients with active disease were enrolled in an open prospective trial that reviewed
adding infliximab to standard therapy, aiming to achieve remission within a mean
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follow-up period of 12 months [21]. No benefit was demonstrated with the use of
antitumor necrosis factor alpha agents. Current treatment strategies have substantial
short-term and long-term adverse effects, and relapses are frequent; thus, less-toxic
and more-effective approaches are needed.

9.1.4 Variable Vessel Vasculitis
9.14.1 Behcet Syndrome

This multisystem disorder of unknown, etiology predominantly affects men with
oral and genital ulceration and uveitis, based on the International Criteria for Behcet
Disease [22]. The histology reveals vasculitis of small vessels and perivascular
deposition of inflammatory cells in the meninges of nervous system.

However, immunopathogenesis ,still remains enigmatic. There is robust evi-
dence of infectious agents in predisposed genetical people, but no concrete proof of
how these factors initiate the immunological response. IL-12 and IL-18 are pro-
duced by APCs toward an immune response Thl. Additionally, enhanced produc-
tion of IFN-c, TNF-a, IL-8, IL-17, and IL-18 either by APCs or hypersensitivity of
T cells might lead to neutrophil hyperactivity. Neutrophils secrete other cytokines
which contribute further to Thl polarization [23].

CNS involvement, so-called neuro-Behget syndrome (NB), includes parenchy-
mal forms, acute meningoencephalitis and nonparenchymal (dural sinus thrombosis
or vena cava syndrome with intracranial hypertension), venous (papilledema, head-
ache, focal neurological defects, seizures, nerve palsies, and altered consciousness),
and artery thrombosis (intracerebral or infarcts) [24]. By contrast, chronic progres-
sive NB is characterized by intractable slowly progressive dementia, ataxia, and
dysarthria, with persistent elevation of cerebrospinal fluid (CSF) interleukin 6 (IL-
6) activity (more than 20 pg/mL). CSF IL-1, IL-6, IL-8, TNF-a, and IFN-y may
reflect a nonspecific inflammatory pattern. Furthermore, the target for IL-33 in
NBD is another key, unanswered question that requires histological studies, as both
microglia and astrocytes express IL-33 receptors. Cerebellar symptoms at the onset
of the disease, a rapidly progressive course, and the presence of elevated protein
levels and pleocytosis in the CSF were negative prognostic factors, whereas initial
presentation with headache was associated with favorable outcome [24].

Chronic progressive NB is resistant to conventional treatment with steroids,
cyclophosphamide, or azathioprine. Recent studies have reported on the efficacy of
low-dose methotrexate in chronic progressive NB [25]. Nevertheless, symptomatic
management is limited to intravenous high-dose methylprednisolone, followed by a
prolonged oral taper. On the other hand, preventive treatment includes azathioprine,
cyclophosphamide, INF-alpha, and anti-TNF-a agents for long term, although there
is no evidence in multicenter studies ,about their efficacy [26, 27]. Both TNF-a
inhibitors and tocilizumab (humanized anti-IL-6R monoclonal antibody) were
effective in patients with active NB who fail glucocorticoids alone.
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9.1.5 Single-Organ Vasculitis
9.1.5.1 Primary Angiitis of the Central Nervous System

Primary angiitis of the CNS (PACNS) is a rare inflammatory disorder that may
involve both small- and medium-sized arteries and veins such as leptomeningeal,
cortical, and subcortical [28]. The pathogenesis of PACNS is unknown. Similar to
other autoimmune diseases, certain viruses (Epstein-Barr virus, varicella-zoster
virus, human immunodeficiency virus) have been reported as triggers for vasculitic
lesions.

Thl cytokines contribute to granulomatous vascular lesions in humans.
Intracerebral injections of interferon-gamma have been shown to trigger inflamma-
tory lesions and vasculitis in rats. TNF and IL-6 proinflammatory functions may
also play a role in vascular inflammation in PACNS. TNF/TNF receptor p75 trans-
genic mice develop multifocal CNS ischemic injury secondary to vasculitis [29].

Diagnostic criteria include newly acquired neurological deficits, unexplained by
another CNS )or systemic process, in the presence of a highly suggestive angiogram
and/or biopsy. The histological findings of PACNS comprise granulomatous inflam-
mation, fibrinoid necrosis of vessel walls, or exclusively lymphocytic cell infiltrates.
CNS nonspecific symptoms include migraine seizures, ataxia, and cognitive dys-
function [28]. Reversible cerebral vasoconstriction syndrome is a main condition
that mimics PACNS, with recurrent thunderclap headache, with or without neuro-
logical deficit, and normal CSF analysis findings. Magnetic resonance angiography
shows reversible diffuse segmental vasospasm of intracranial vessels [28].

Since our understanding of the pathophysiology of PACNS is poor, little progress
has been made in management of affected patients. In the largest reported series (Mayo
Clinic cohort), combination of steroids and pulse cyclophosphamide has a favorable
effect than steroids alone (frequent relapses) [30]. In the French cohort study, 32 of 52
(61.5%) patients responded to treatment with improved modified Rankin scale scores
for disability [31]. Azathioprine was the most frequently used maintenance therapy;
the higher mortality observed in the Mayo Clinic cohort seems less likely related to the
type of therapy used and more likely because of case selection. A better outcome in
patients with lymphocytic vasculitis that represented the prevalent histopathologic pat-
tern in the French cohort may also partially explain this difference. )

9.1.6 Vasculitides Secondary to Connective Tissue Diseases
9.1.6.1 Rheumatoid Arthritis (RA)

RA is a chronic autoimmune inflammatory disorder with multisystemic complica-
tions. Antigen-presenting cells, including dendritic cells, macrophages, and acti-
vated B cells, present arthritis-associated antigens to T cells. CD4+ T cells secrete
proinflammatory (IL)-1p or TNF, which are able to excite or lower thresholds of
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afferent nociceptive and afferent vagal nerve fibers. In this way, these cytokines
seems to play a role in communication from immune system to central nervous
system. Release of TNF-a, IL-6, and IL-1 from synovial tissue alters the function of
distant tissues, including adipose tissue, skeletal muscle, and the vascular endothe-
lium [32]. Elevated IL-6 plasma concentrations are associated with potentially det-
rimental cardiovascular consequences.

CNS involvement is uncommon in RA and presents vasculitis-like symptoms,
such as stroke, seizures, and meningitis (probably due to vasculitis and damage
resulting from the pressure applied by rheumatoid nodules) [1, 3, 33, 34]. Cervical
spinal instability results in ligament laxity and bone erosion due to synovitis. Since
neurological deficits are observed in only 7-34% of cases, many patients with pain
and radiographic criteria for instability do not develop neurological sequelae.
However, 10% of patients die due to brainstem compression [35].

The concept of a TNF-dependent proinflammatory cytokine cascade resolved the
dilemma of which cytokine was a potential therapeutic target [32]. However, TNF
antagonists are accompanied with a risk of severe adverse effects (lymphoma, heart
failure, multiple sclerosis) [36]. Other therapies including IL-1 and IL-6, in addition
to T- and B-cell inhibitors or in combination with MTX, have been effective in
patients with RA. Nevertheless, it is unclear the mechanism by which inflammation
is actually reduced. On the other hand, morbidity and mortality rates remain high,
despite aggressive treatment with cyclophosphamide or biologic agents.

9.1.6.2 Systemic Lupus Erythematosus (SLE)

SLE is a heterogeneous autoimmune disease characterized by multisystemic micro-
vasculopathy that follows a remitting—relapsing course [37]. Neuropsychiatric
SLE (NPSLE) compromises a wide range of clinical manifestations affecting the
CNS (from 33 to 75%) such as psychoses, seizures, headaches, cognitive dysfunc-
tion, chorea, and stroke [38, 39]. So far, the pathogenic mechanisms underlying
these CNS symptoms are not well defined. Serum or CSF titers of aPL antibodies,
particularly lupus anticoagulant, anticardiolipin, and anti-B2GP1 antibodies, are by
far the most widely investigated autoantibodies in NPSLE. However, a meta-
analysis showed that their diagnostic value is not enough for differentiating various
disease phenotypes (such as psychosis, mood disorder, and other diffuse or focal
manifestations).

The hallmark of pathogenesis of SLE includes loss of immune tolerance and
production of autoantibodies and immune complexes leading to systemic inflamma-
tion and atherosclerosis. The pathogenic responses in NPSLE and cardiovascular
disease (CVD) share some characteristics, such as impaired clearance of apoptotic
cells, skewed T- and B-cell activation, and LDL oxidation. Vascular occlusion, tis-
sue, and neuronal damage mediated by autoantibodies and proinflammatory cyto-
kines (IL-1, IL-6, IL-8, IL-17, tumor necrosis factor [TNF], colony-stimulating and
macrophage-stimulating factors), as well as direct neuronal cell death, are impli-
cated in both SLE and related CVD. One other common feature among patients
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with SLE and CVD is a continuous activation of the type I interferon (IFN) system,
which manifests as increased serum levels of IFN-a and/or an increased expression
of type I IFN-induced genes has been defined as type I IFN signature. This type I
IFNs can be involved in the accelerated CVD observed in SLE, as these IFNs
enhance macrophage migration and foam cell formation [40].

Many studies have examined autoantibodies against phospholipids, ribosomal P
peptides, glial fibrillary acidic protein (GFAP), the NMDA receptor, microtubule-
associated protein 2 (MAP-2), and matrix metalloproteinase 9 (MMP-9) as poten-
tial biomarkers of endothelial dysfunction, thrombosis, and vascular damage [41].
Larger studies should further elucidate the pathogenic mechanisms underlying
NPSLE and correlate these mechanisms with specific NPSLE phenotypes.

To date, new drugs have not been studied in patients with severe active NPSLE
involving the CNS. Limited data for NPSLE include antibody therapies targeting
BAFF or other B-cell markers, such as CD22 (epratuzumab) and CD20 (rituximab);
IL-6, IFN-a, IFN-a receptor, and TWEAK; mediators of lymphocyte activation
(abatacept, a CTLA-4-Ig fusion protein that binds to CD80 and CD86); and non-
antibody agents, such as the T-cell-modulator peptide P140. There is also very low-
quality evidence that cyclophosphamide is more effective in reducing symptoms of
neuropsychiatric involvement in SLE compared with methylprednisolone [41].

9.1.6.3 Systemic Sclerosis (SSc)

SSc is characterized by widespread microvasculopathy and diffuse tissue fibrosis
affecting the skin and other systemic organs, particularly the heart, CNS, lungs, and
gastrointestinal tract.

The exact immunological mechanisms are still unexplained. Most data support a
role for pathogenic T cells from tissues undergoing fibrosis in SSc by outlining the
preferential production of IL-4, a Th2 cytokine [42]. Accordingly, increased levels
of the Th2-cell-derived cytokines IL-4, IL-10, IL-13, and IL-17 were observed in
SSc. IL-4 and TGF- are crucial fibrogenic cytokines in SSc. IL-4 increases collagen
production in fibroblasts in patients with SSc and induces the production of TGF-.
TGF- stimulates the synthesis of various collagens, proteoglycans, and fibronectin
and inhibits extracellular matrix degradation by decreasing the synthesis of matrix
metalloproteinases (MMP) and by increasing the synthesis of the tissue inhibitor of
MMP. IL-17, a T-cell cytokine that can be produced by both Th1 and Th2 cells, and
B cells are activated in SSc, as indicated by hypergammaglobulinemia, the presence
of autoantibodies, the overexpression of the B-cell transduction molecule CD19 in
peripheral blood, expanded naive B cells, and activated, but diminished, memory B
cells [42]. Furthermore, in animal models of fibrosis, deficiency of CD19 suggests
that B cells may also contribute to fibrosis. In particular, myocardial involvement
has been associated with repeated focal ischemia leading to myocardial fibrosis
with irreversible lesions [43]. Activated B cells are known to produce IL-6 and
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IL-10, and both these may promote a predominant Th2 immune response that
induces collagen synthesis. The production of IL-6, as well as TGF- by activated B
cells, may also induce directly tissue fibrosis in SSc.

Previously considered a rare event, neurological complications in systemic scle-
rosis have been increasingly recognized [1, 43]. In a recent review of 180 studies,
CNS involvement in systemic sclerosis was characterized by headache (23.73%),
seizures (13.56%), and cognitive impairment (8.47%). Depression and anxiety were
frequently observed (73.15 and 23.95%, respectively) [44].

As immunological activity in SSc is considered to be a key stimulus to vascular
abnormalities and fibrosis, novel therapies (i.e. autologous stem cell transplantation,
tolerance to type I collagen) may be promising agents. Corticosteroids and cyclo-
phosphamide may be effective [44].

9.1.6.4 Sjogren’s Syndrome

SS is a chronic inflammatory disorder characterized by both organ-specific and
multisystem organ involvement. An environmental trigger (e.g., coxsackieviruses)
leads to disturbed antigen clearance and/or neoantigen presentation based upon a
genetic background (HLA A1, B8, DR3, DQ2 haplotype). SS is characterized by
T-cell (CD4+) infiltration and destruction of salivary and lacrimal glands leading to
loss of tears (keratoconjunctivitis sicca) and saliva (xerostomia). Multiple proin-
flammatory cytokines, such as TNF-a, IL-1b, and IL-6, have been implicated.
B-cell-activating factor (BAF) is another trigger of B-cell hyperactivation and (auto)
antibody production. Activation or apoptosis of glandular epithelial cells in geneti-
cally predisposed individuals drives to activation of T-cell-dependent autoimmune
response [45].

Neurological manifestations may precede the sicca symptoms in 40-93% of the
cases. CNS complications observed in 15% of patients include trigeminal neuralgia,
stroke, hemorrhage, seizures, aseptic meningoencephalitis, and transverse myelitis;
[46] however, the spectrum of neurological complication is not well defined. The
vascular injury may be related to the presence of antineuronal antibodies and anti-
Ro antibodies [2]. Additionally, SS with CNS disease may mimic MS, suggesting
other mechanisms rather than vasculopathy [1, 2]. It was recently observed that
antibodies against the type III muscarinic receptor may eventually explain part of
the broader autonomic dysfunction found in patients with SS [47].

Clinical improvement has seen with intravenous immunoglobulin therapy and
anti- TNF alpha. Anti-CD20 treatment with rituximab exhibited benefit in both pSS
and its malignant complication, mucosa-associated lymphoid tissue type lym-
phoma, although two pSS patients developed severe serum sickness [45]. Because
BAFF/BIyS is significantly elevated, treatment with anti-BLyS monoclonal anti-
body could be a plausible strategy in pSS. Another choice such as organ-targeted
gene transfer is in progress.
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Chapter 10
Cardiac Autoimmunity: Myocarditis

William Bracamonte-Baran and Daniela Cihdkova

10.1 Myocarditis

Development of autoimmune diseases is a consequence of lack of self-tolerance,
which can arise due to defective function of any of the features contributing to the
unresponsive status of the immune system toward self-antigens, i.e., anergy, regula-
tion, and clonal deletion [1, 2]. Autoimmunity requires a self-specific response,
despite the fact that innate response might be involved. That is the main difference
with the rare autoinflammatory diseases, in which an uncontrolled but unspecific
response occurs, with minimal involvement of the adaptive response [3].
Myocarditis can be defined as the inflammatory process affecting the muscular tissues
of the heart (myocardium). Myocarditis is considered an important cause of sudden death
as has been shown by autopsy-based studies in the general population [4-7]. Regardless
of its etiology, the acute inflammation may progress to subacute and chronic stages and
finally to tissue remodeling, fibrosis, and loss of myocardium architecture and contractile
function [4, 6, 8]. The latter chronic damage corresponds to development of dilated car-
diomyopathy (DCM). Its overall incidence among myocarditis cases is not accurately
known, but retrospective studies report that 9-16% of unexplained nonischemic DCM
cases have histological evidence of myocarditis, thus suggesting a persistent/self-sus-
tained autoimmune inflammatory progression as a requirement [4, 7, 9, 10]. Other studies
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estimate a wider range of 10-50% of DCM cases having evidence of myocarditis as
could be determined by endomyocardial biopsy [11].

Thus, DCM is the most severe complication of myocarditis. DCM implies the
dilatation of heart chambers leading to impairment of systolic function [5, 12]. The
consequence of such systolic dysfunction is heart failure, for which the only defini-
tive treatment is transplantation, since the fiber damage and fibrosis are, so far,
irreversible processes [4, 5, 9]. Other complications might occur as consequence of
tissue damage, like valve insufficiency due to rupture of papillary muscles, arrhyth-
mias due to damage of conduction system, reentry phenomenon associated with
myocardial fibrosis, and adrenergic stimulation by autoantibodies [4, 5].

10.1.1 Epidemiology

Myocarditis is a disease with an extreme wide range of clinical presentations, from
asymptomatic to life-threatening, importantly including sudden death. This fact, in con-
junction to the lack of noninvasive highly specific diagnostic methods and its overlapping
symptoms with other more prevalent/incident cardiovascular diseases, makes it an under-
diagnosed entity [8]. Myocarditis is the cause of sudden death in around 10% of cases [7,
13]. Important efforts had been made to develop noninvasive imaging diagnostic meth-
ods. Cardiac magnetic resonance (CMR) has been proposed as a reliable approach based
on magnetic relaxation times suggesting regional myocardial edema and fluid leak. Lake
Louise criteria seem to be an accurate diagnostic method based on evidence of myocar-
dial edema on T2-weighted images plus capillary leak in T1 [4, 14-16].

Consequence of such diagnostic conundrum, retrospective studies based on autopsies
have reported an extremely wide range of association of myocarditis with sudden death,
from 2 to 42% [17, 18]. Importantly all of them are relatively small studies with lack of
multicentric approach, thus probably biased by environmental and genetic factors.

On the other hand, prospective studies analyzing progression of myocarditis
diagnosed by gold-standard biopsy parameters, an ideal clinical-epidemiologic
design, report a consistent progression of myocarditis to DCM of about 30% [5,
19-21]. Post-myocarditis DCM patients have a poor prognosis, and when American
Heart Association (AHA) heart failure functional classes III-IV are reached, only
heart transplantation provides a definitive resolution [5].

Viral myocarditis is thought to be the most frequent type, mostly affecting chil-
dren and young adults. Studies report that 60% of children diagnosed with acute
myocarditis have a transplant-free survival of 10 years [21]. Also, 25-40% of DCM
patients have viral genome detected in the endomyocardial biopsy [22].

10.1.2 Clinical Presentation

The presentation of acute myocarditis is extremely variable and frequently subclini-
cal. Acute myocarditis can either lead to acute complications or progress relatively
asymptomatically to chronic heart failure, then debuting clinically with chronic
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late-stage complications like heart failure due to DCM. As a consequence, a high
level of suspicion is required by the clinician for deciding to rule out myocarditis
with specific tests. The gold standard for myocarditis diagnosis is still a positive
endomyocardial biopsy, an invasive procedure which requires a high clinical pretest
likelihood and low risk/benefit ratio to be performed [10]. The main clinical presen-
tation features of myocarditis are:

10.1.2.1 Acute Coronary Syndrome-Like Symptoms

Considering the overwhelmingly higher incidence of “real” acute coronary syn-
drome (ACS, consequence of coronary artery disease or vasculopathy) as com-
pared with myocarditis, this is probably the presentation needing higher clinical
suspicion index. In that regard, consideration of classic risk factors for ACS like
age, sex, family history, and metabolic disturbances is of extreme importance in
clinical care. Angiographic studies lacking evidence of coronary atherosclerosis
or vasculopathy, the latter typical of transplant chronic allorejection, strongly sug-
gest myocarditis rather than ACS [10, 23]. Functional cardiac tests (echocardiog-
raphy and cardiac magnetic resonance (CMR)) or indexes of myocardial damage
(like cardiac troponin T or I, cTnT or ¢Tnl) may show results equivalent to ACS,
as unspecifically reflect cardiac tissue injury. Even more important is the fact that
electrocardiogram (EKG), the first-line diagnostic test for ACS in clinical prac-
tice, may show similar findings in myocarditis as compared with ACS, mainly ST
segment elevation/depression and T-wave inversion. Inflammation-associated
coronary vasospasm had been identified as one of the main mechanisms leading
to ACS-like symptoms in myocarditis, thus also involving transient ischemia [24].

10.1.2.2 New Onset or Worsening of Heart Failure Symptoms
in the Absence of Coronary Artery Disease (CAD) or Other
Typical Causes

In this regard, it must be considered that CAD, long-term high blood pressure and
metabolic disturbances (like Diabetes Mellitus, which turns out to be pathophysiolog-
ically related to CAD and high blood pressure) are epidemiologically the main factor
predisposing to heart failure. Acute decompensation of heart failure functional status
without paralleling changes in underlying disease or, even more, the unexplained new
onset of heart failure signs must lead to rule out myocarditis of any etiology [4-6].

10.1.2.3 Chronic and Persistent Symptoms Compatible with Heart Failure,
but Not Implying Acute Worsening nor Typical Risk Factors

Patients with stable symptoms of heart failure as the ones enounced above, but lack-
ing typical risk factors, must be considered potential myocarditis patients, despite
the absence of acute signs of worsening or previous history/symptoms of acute
myocarditis [4].
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10.1.2.4 Acute Life-Threatening Cardiac Conditions

This category includes arrhythmias, aborted sudden death, and cardiogenic shock
[6]. Evidently, in these cases, the priority is the resolution of the acute event, but
afterward proper studies are needed to rule out myocarditis.

10.1.3 Histopathology

Myocarditis can be classified based on several parameters, mainly histopathol-
ogy, time progression, and etiology. It is important to consider that once the
acute inflammatory phase is surpassed, the long-term fibrosis and loss of myo-
cardial architecture features are usually similar regardless of original type of
myocarditis. The Dallas classification was defined in order to standardize the
pathology reports and account for the technical issues associated with endo-
myocardial biopsy sampling process. It is based on conventional staining pro-
cedures (hematoxylin-eosin) and not immunohistochemistry. It categorizes
myocarditis in (a) myocarditis with/without fibrosis, (b) borderline myocardi-
tis, and (c) no myocarditis (subsequent biopsies should be classified in persis-
tent, healing, or healed myocarditis) [25, 26]. Nevertheless, it is not particularly
useful in pathophysiologic and immunologic grounds, and its usefulness has
decayed over time [25]. Based on the immunopathology findings, myocarditis
is classified in:

10.1.3.1 Acute Lymphocytic Myocarditis

Acute lymphocytic myocarditis is characterized by a predominant myocardial
patchy infiltration of T lymphocytes, typically identified in immunohistochemistry
[THC] by CD3 expression, with minimal fibrosis. As expected, areas of lymphocyte
infiltration co-localize with CD68+ macrophages. This is the most common patho-
logic type of myocarditis and is most frequently of viral etiology, mainly
Coxsackievirus B and adenoviruses [5, 8].

10.1.3.2 Chronic Lymphocytic Myocarditis (CLM)

CLM is thought to be a chronic stage of acute lymphocytic myocarditis; this entity
is pathologically characterized by existence of myocardial fibrosis but still accom-
panied by leukocyte infiltration. The timing for such progression from acute to
chronic inflammation is variable and currently unpredictable. In this case, the areas
of fibrosis are consequence of the persistent evolution of the inflammatory pro-
cesses [4].
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10.1.3.3 Giant Cell Myocarditis

Giant cell myocarditis is characterized by unique histological features and particular
aggressiveness and capacity to progress to chronic and subacute life-threatening com-
plications like DCM. The prevalence of progression to DCM is considered to be up to
80% [8]. In fact, despite immunosuppressive therapy, two studies have shown that only
around 10% of giant cell myocarditis patients survive 4 years without transplantation,
compared with 44% of lymphocytic myocarditis [10, 27]. Although other studies
reported improved transplant-free survival between 40 and over 70%, some of these
studies might have not included the most severe cases with early complications and
mortality [28, 29]. Giant cell myocarditis is thought to be a consequence of autoimmu-
nity. That autoimmune origin is also supported by association of giant cell myocarditis
with numerous autoimmune diseases and post-transplantation appearance of giant cells
in heart grafts [30-35]. Histologically, giant cell myocarditis is characterized also by a
prominent leukocyte infiltration. In this case, the inflammatory areas are more exten-
sive, but with myeloid cell (mainly CD68+ macrophages) predominance as compared
with T cell infiltration. Interestingly, eosinophils are also often present in the cardiac
infiltrate; however, eosinophils are not an independent predictor of mortality [9]. It is
important to notice that the murine model of autoimmune myocarditis, experimental
autoimmune myocarditis (EAM), resembles the features of this pathologic subtype [8].

10.1.3.4 Sarcoidosis

This is a systemic “idiopathic” disease in the frontier between autoimmunity and
autoinflammatory disease, characterized by an antigen presenting cells (APC) dys-
function, generating chronic tissue inflammation and granulomatous lesions in organs
like the lung, kidney, and heart. Sarcoidotic myocarditis display extensive infiltration
by activated macrophages, leading to chronic inflammation and tissue damage [4, 23].

10.1.3.5 Eosinophilic Myocarditis

This form of myocarditis is observed in entities associated with peripheral eosino-
philia (like primary idiopathic hypereosinophilia or chronic eosinophilia due to
infectious causes). Eosinophilic myocarditis may also appear as a primary disease,
most likely of autoimmune origin. Its landmark is the presence of eosinophils in
significant proportions in myocardial infiltrates. This entity, like the giant cell myo-
carditis, shows also a poor long-term prognosis despite broad immunosuppressive
treatment [4, 8, 10]. A murine model of this human type of myocarditis has been
developed by our laboratory and will be described later in this chapter [36].
Different etiologic agents might lead to similar histological characteristics. Toxic
(drug-induced), viral, radiation-associated, and autoimmune myocarditis might
generate acute lymphocytic myocarditis with similar pathologic findings. Similarly,
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most cases of myocarditis associated with systemic autoimmune diseases (Sjogren’s
disease, systemic lupus erythematous, vasculitis) also have lymphocytic or giant
cells as features [37, 38].

10.1.4 Etiology

Myocarditis is a very broad pathologic definition, as it does not account for the trig-
ger or specific immunologic features involved in the disease. As a consequence,
myocarditis can also be classified based on its etiology. Several factors might lead
to development of myocarditis, including viral (believed to have the higher inci-
dence and prevalence, being Coxsackievirus B and adenovirus the main causes),
physical noxa (radiation), pharmacologic (like anthracyclines, 5-fluorouracil, alco-
hol, tricyclic antidepressants), hematologic (essentially the eosinophilic myocardi-
tis, either associated with hypereosinophilic conditions or as primary Th2-skewed
autoimmune response), and autoimmune, existing mechanistic overlap between
those categories as will be described below. Other significantly less frequent infec-
tious causes have been identified: Mycobacterium species, Mycoplasma pneu-
moniae, Cryptococcus species, and Trypanosoma cruzi [6]. It is controversial if
HIV itself can trigger the myocardial inflammation or if the myocarditis occurs
secondarily to AIDS-related complications like autoimmunity and/or opportunistic
infections [39, 40]. Interestingly, the Smallpox Vaccination Program of the
Department of Defense (targeting adults) was stopped for significant increase of
myocarditis cases close to the vaccination time [41].

Autoimmune myocarditis may occur as an isolated entity, in which the primary
(and usually only) targeted organ is the heart. Typically, that is the case of giant cell
myocarditis and certain cases of eosinophilic myocarditis not associated with
peripheral hypereosinophilia. Also, several systemic autoimmune diseases may
affect heart tissues, generating myocarditis in the context of a broader autoimmune
phenomenon. The disease most strongly associated with development of myocarditis
is systemic lupus erythematosus (SLE), but it might also occur in association with
Sjogren’s syndrome (SS), vasculitis, and polymyositis [8, 37, 38].

In the enounced cases, autoimmune diseases lead mainly to lymphocytic acute/
chronic myocarditis, strongly suggesting a T cell-mediated process. Accessory
diagnostic tests are needed to determine the actual etiology/trigger of myocarditis
and differentiate viral vs primary autoimmune causes. As myocarditis-associated
viruses are epidemiologically common, a positive serology (IgG or IgM) should not
be considered enough evidence to establish a viral etiology. Simultaneous evidence
of active infection in myocardial tissues along with endomyocardial biopsy proof of
myocarditis is the most accurate etiologic diagnosis [5, 6].

It is important to notice that the progression rate of myocarditis to irreversible tis-
sue damage varies depending on the etiology. On the other hand, despite the causes,
triggers, and initial immunologic driving forces may be different, the clinical and
histological characteristics of DCM stage are similar for all the types and causes of
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myocarditis [42]. In that regard, it is possible that at certain point of the progression
of the myocarditis, several etiologic types confluence in a common autoimmune
pathogenic process leading to chronic inflammation, tissue remodeling, fibrosis,
muscle fiber damage, systolic dysfunction, and finally DCM [43].

10.2 Murine Models of Myocarditis

Significant efforts have been made to study mechanistically the immunologic fea-
tures associated with the trigger/initiation, acute phase, and progression of myocar-
ditis to DCM. As with other several pathologies, animal models are extremely
important to carry out those types of studies.

10.2.1 EAM and Eosinophilic EAM Models

Experimental autoimmune myocarditis (EAM) murine model was developed allow-
ing to address the immunobiology of acute and chronic myocarditis. EAM has
immunologic features paralleling and resembling the human entity, making it suit-
able to pursue pathophysiologic insights on myocarditis. Importantly, EAM mimics
the most severe clinical course of giant cell myocarditis, allowing to study the entire
temporal spectrum and progression of the disease to DCM. Another important fea-
ture of EAM models is a gender bias resembling the atypical pattern of human
autoimmune myocarditis, in such a way that male mice are more susceptible to the
induction of heart-specific autoimmunity [44].

EAM can be induced by immunization with cardiac myosin or with a myocardi-
togenic peptide derived from the a-cardiac myosin heavy chain emulsified in com-
plete Freund’s adjuvant (CFA) injected twice in the first 8 days to susceptible mice
strains [45, 46]. The mice strain susceptibility to EAM seems to be partially related
to MHC haplotypes. The main susceptible strains are cogenic A/J background (A/J
H2%, A.BY H2° A.CA H2', and A.SW H2*) and Balb/c (H2%). Susceptibility of cer-
tain C57BL/10J background strain had also been described (B10.A H2*, B10.S H2,
and B10.PL H2") [47]. In the section dedicated to viral etiology and influence of
HLA haplotypes, further discussion will be made regarding the influence of MHC
and non-MHC genes.

In susceptible strains, the self-peptide presentation is mainly IA restricted, alto-
gether pointing out the importance of that specific class II chain, equivalent to
human HLA-DQ. Furthermore, as will be described below, transgenic nonobese
diabetic mice expressing human HLA-DQS instead of IA® spontaneously develop
autoimmune myocarditis.

As mightbe expected according to the MHC molecular biology, the H2-restricted
self-peptides associated with optimal autoimmunization are strain and haplotype-
specific, also demonstrating a MHC bias with potential translational implication.
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Thus, Balb/c mice are susceptible to immunization with a-myosin heavy chain pep-
tide MyHCot14-6209, SWXJ to MyHCotyg6_425, and MyHCa63,_1650, Whereas A/Js are
susceptible to MyHCua34 35, as well as ¢Tnl 512, [48].

The rationale of the induction process is to elicit a cellular immune response
simultaneously with an antigenic challenge with a cardiac-specific self-peptide in
order to generate an adaptive self- and myocardium-specific immune response
capable to overcome the regulatory mechanisms, thought to be suppressed in human
autoimmune diseases. Myocardium-specific inflammatory process occurs peaking
at day 21 after first immunization and progressing to late-stage DCM between day
40 and 60 [44, 48]. Cardiac inflammation at the peak of EAM on day 21 is charac-
terized by a significant leukocyte infiltration in the myocardium, including innate
cells like neutrophils, eosinophils, monocytes/macrophages, as well as lympho-
cytes, representing adaptive cellularity. The adaptive T cell-mediated response is the
driving force in the development of this inflammatory process [48].

EAM models also employ the use of adjuvants and Toll-like receptor ligands. In
the case of the widely studied Balb/c EAM, the protocol includes subcutaneous
injection of MyHCa peptide emulsified in complete Freund’s adjuvant (CFA) and
supplemented with heat-inactivated Mycobacterium tuberculosis strain H37Ra to
5 mg/mL on day 0 and 7 of the induction protocol, plus 500 ng of intraperitoneal
Pertussis toxin on day 0 [44]. The requirement of coadjuvants underlines the impor-
tance of innate immunity activation, presumably via TLRs, in the generation of a
robust adaptive autoimmune response [49].

We have developed recently a murine model of eosinophilic experimental auto-
immune myocarditis (EOEAM) using mice deficient in IL-17A and IFny and
IL17A—/=IFNy—/— double knockout (DKO) mice, immunized similarly to the gen-
eral EAM model [36]. EAM in IL17A—/—IFNy—/— DKO results in a condition in
which the immune response is preferentially Th2, leading to a lethal eosinophilic
myocarditis.

10.2.2 Other Murine Models of Autoimmune Myocarditis

In addition to EAM, troponin-induced myocarditis was developed, in which also
susceptible mice are immunized in a similar manner than described above, but using
a troponin-derived peptide instead of myosin peptides. It is unclear how closely this
model resembles the real pathogenic events occurring in humans. It seems that in
human myocarditis the main target of autoimmunity is the myosin heavy chain.
Nevertheless, the rationale of the troponin-induced model is to have the possibility
to use troponin levels and anti-troponin antibodies as an alternative readout [50].
Nonobese diabetic (NOD) mice which lack expression of the murine MHC-II
molecule IA (IA°—/—) but express the human class II haplotype HLA-DQS8 develop
spontaneous myocarditis. It is important to clarify that those mice are not a human-
ized murine model but rather a transgenic strain expressing one human HLA haplo-
type in substitution of the murine one [51]. Despite the xenogenic differences,
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the mouse antigen-presenting cells can effectively present peptides in an HLA-
restricted manner to mouse T cells, then allowing certain mechanistic studies
regarding HLA-biased presentation during autoimmunity. Those studies are poten-
tially translatable to human physiology, mainly in the case of presentation of pep-
tides derived from phylogenetically preserved self-antigens.

Murine models have also focused on the involvement of deficient PD-1 signal on
T cells in the development of myocarditis [52, 53]. PD-1 is a member of the CD28
family. Its ligation with PDL1/PDL2 expressed on antigen-presenting cells during
the formation of the immune synapse generates a downregulation of effector T cell
activation, via anergy, apoptosis, and/or induction of regulatory properties [54].
PD-1-deficient mice (Pd1—/—) develop more severe EAM [52]. That enhanced sus-
ceptibility is associated with increased CD4 and CD8 myocardial infiltration.
Similar findings were observed using the MRL-Fas""", a murine model of autoim-
munity with lupus-like features as consequence of a loss-of-function mutation in the
Fas gene. If a PD-1 KO condition is introduced in the MLR-Fas""*" strain, then a
severe lethal myocarditis occurs spontaneously at 4-8 weeks after birth. The inci-
dence of myocarditis was up to 96% in this murine model. The features were an
increased T cell infiltration, characteristically with a Th1 bias. The latter has been
proposed as a useful murine model of PD-1 influence in myocarditis development/
progression [53]. This is of clinical relevance since cases of acute myocarditis have
been reported in human patients as side effect of anti-PD-1 checkpoint treatment for
cancer (melanoma and non-small cell carcinoma) [55-57].

10.2.3 Experimental Viral Myocarditis

The most widely used viral models imply the infection of the mouse strain with
Coxsackievirus B3 (CVB3), an enterovirus of the Picornaviridae family which is
one of the primary pathogens associated with human viral myocarditis [43, 58—
60]. Two main models of CVB3-induced myocarditis have been described. First
one induces severe acute myocarditis with significant tissue damage and sudden
death occurring within the first week of direct intraperitoneal infection [59, 60].
In the second CVB3 myocarditis model, heart-passaged CVB3 viruses are used to
induce milder acute myocarditis, which progresses to chronicity and DCM [43].
In this CVB3 model, myocarditis is induced by intraperitoneal injection of heart-
passaged Coxsackievirus B3 in a susceptible mice strain. Inflammatory phase is
developed 7-14 days postinfection, and progression to DCM occurs 28—56 postin-
fection [43]. Thus, the model using heart-passaged CVB3 viruses allows to study
the whole spectrum of immune processes involved in the progression to DCM,
including the post-viral autoimmune phenomena [43]. A similar gender bias than
EAM and human viral myocarditis exists in this model, with greater male suscep-
tibility [61]. The fact that CVB is also the main myocarditis-associated virus in
human disease, as well as the immunopathogenic similarities between the model
and the patients, makes it a powerful research tool.
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It has been shown that mice with an A/J background and C57BL/10 J back-
ground can develop the inflammatory phase of CVB3-induced myocarditis but only
A/J mice progress to a chronic stage and DCM [43, 62]. These facts strongly sug-
gest that progression to sustained inflammation and chronic complications of viral
myocarditis might follow a common immunopathogenic pathway with autoimmune
myocarditis [8, 61, 63]. Cardiac-tropic viruses might act as initial triggers and “nat-
ural adjuvants” of autoimmune processes [61].

10.3 Specific Factors Triggering/Predisposing Myocarditis
Development

As most of the autoimmune diseases, myocarditis is considered a multifactorial entity,
in which several immunologic mechanisms are involved on its development and pro-
gression. Regarding the trigger and initiation of its pathogenesis, so far, no unique
sufficient factor has been identified but rather multiple endogenous and environmental
confluent factors, in such a way that the myocardium-specific autoimmune process is
triggered and sustained (Fig. 10.1). The balance and relative influence of those factors
is still unclear but seems to be variable and host-dependent.

10.3.1 Gender

In the case of myocarditis, the gender bias is unusual as myocarditis is more likely
to occur in males, as compared with females, a feature which is mirrored in the
murine models [4, 5, 8, 44, 64]. The reason for that bias is still a conundrum, but
certain factors have been found as a possible explanation, importantly differences in
TLR4 activation susceptibilities between sexes [4, 5, 8, 64, 65].

Using the CVB3 myocarditis murine model, it was found that myocarditis sever-
ity is significantly stronger in males, as well as the likelihood of progression to
DCM [43, 66]. This occurs despite a similar viral load and replication rate among
genders, suggesting the existence of sex-specific immunologic features not related
to virus clearance. Males produce higher amounts of pro-inflammatory cytokines
IL1p, IL18, and IFNy during myocarditis. TLR4, an important inducer of IL1f and
IL18 by monocytes/macrophages and mast cells upon ligation, is more strongly
expressed in male APCs than in female hosts, in a IFNy-independent manner.
Furthermore, Tim-3, a key peripheral inducer of T regulatory cells (Tregs), is cross
regulated in an inverse manner by TLR4 with estrogens as cofactor [49]. Finally,
Treg development, which is proportional to Tim-3 expression/functionality, is stron-
ger in females, even during viral myocarditis, in an estrogen-dependent manner.
This fact provides not only a plausible explanation for the myocarditis gender bias
but also a link between innate and adaptive immunity and the requirement for coad-
juvants in EAMs, which typically involves TLR ligands [49].
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Fig. 10.1 Proposed model for myocarditis development. Coexistence of predisposing factors along
with specific triggers of myocardium damage leads to exposure of cryptic self-antigens and a conse-
quent inflammatory process. At this point, both the innate and the myocardium-specific adaptive
response generate a self-sustained autoimmune phenomenon independent of the original trigger fac-
tor. That autoimmune process is responsible for development of myocarditis and progression to DCM

10.3.2 Environment

An important factor that observationally and mechanistically has been associated
with development of human autoimmunity, with some successful animal model cor-
relates, is the environmental influence [67].

Drugs such as digoxin, cephalosporins, diuretics (like furosemide), and tricyclic
antidepressants are relatively weakly associated with myocarditis, as the incidence
among patient taking those drugs is low. On the other hand, anthracyclines (like
doxorubicin) are strongly associated with myocardial inflammation, even in a dose-
dependent manner [64, 68, 69]. The mechanisms of drug-induced myocarditis are
considered consequence of pleiotropic pharmacologic properties [64, 69]. There are
also case reports of myocarditis associated with drug-induced eosinophilia. Despite
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the fact that no extensive mechanistic studies had been performed in those cases and
most of the data is based on clinical reports, it is believed that in the latter cases
myocardial inflammation is a consequence of eosinophilic infiltration rather than
direct drug-induced damage [70].

Physical factors like radiation are also strongly associated with myocarditis in a
dose-dependent manner. The risk of actinic myocarditis increases exponentially above
2Gy [71]. Radiation induces an acute immune response mediated by TNFo and IL1p,
which seems to be the initiation mechanism if radiation noxa affects heart tissues [71].

The current concept is that pleiotropic properties of those pharmacologic and
physical agents induce a direct myocardial damage. Nevertheless, this direct effect
is not the only cause of myocarditis but rather its trigger. After that initial damage,
an innate immune response occurs associated with exposure of intracellular self-
antigens and eventually modification of those proteins in the inflammatory milieu
generating neo-epitopes, altogether priming a myocardial-specific autoimmune
adaptive response [64, 68].

10.3.3 Viruses

Viral myocarditis is considered sometimes an independent entity. Nevertheless, it
seems that once the trigger infectious noxa exerts its effect, the final effector mecha-
nisms are similar to the ones leading to autoimmune myocarditis progression and
chronic complications. Myocardium-tropic viral infection acts as a trigger and “coad-
juvant” generating a sustained myocardium-specific autoimmune response. The
main viruses associated with myocarditis are the CVB3, adenovirus, influenza (A,
B), parvovirus B19, cytomegalovirus, and Epstein-Barr virus. All these viruses cause
myocarditis with similar inflammatory features, and all could lead to DCM. The real
prevalence of progression to DCM for each specific virus is not known [6, 64, 72].
The current consensus is that both immune-mediated and viral cytotoxic mecha-
nisms play an important role. /n vitro experiments have demonstrated that low-level/
low-rate enterovirus replication in myocytes generates viral proteins able to produce
filament disruption of myocyte structure changes resembling the features observed
in vivo. This filament disruption is induced by enteroviral protease [73—75]. Thus,
beyond virus cytotoxicity, a low-level viral replication can induce cardiac cell dam-
age even in the absence of production of fully mature and infectious viral particles.
During acute infection, one of the first infiltrating leukocytes to the myocardium are
Natural Killer (NK) cells, which seem to play a short-term protective role by limiting
the viral infection [76]. In support of that, NK-deficient mice develop a more severe
inflammatory viral myocarditis (CVB3 model) [77]. Similar to CVB3 myocarditis, NK
cells are protective in EAM model since NK cell depletion led to exacerbated inflam-
mation, fibrosis, and loss of cardiac function [78]. We have shown that the mechanism
of NK cell protection is mediated by antagonizing eosinophils trafficking to the heart
[78]. Eosinophils, classically considered to exert an innate response, play a final effector
role in myocarditis even in parallel to a robust adaptive T cell-mediated response [36].
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A “second wave” of infiltrating leukocytes during viral myocarditis is mainly
comprised of T cells, peaking 7-14 days after viral infection in murine models. T
cells play an important role in the clearance of viruses. Specific T cell clones have
the capacity to destroy and lysate infected cardiomyocytes, according to in vitro
data [72, 76]. Overall, this antiviral response has a dual effect: (a) it controls viral
infection and limits its cytotoxic effects, and (b) the tissue damage associated
with the T cell response leads to exposure of cryptic antigens like myosin-derived
peptides, which could eventually generate an autoimmune cardiac-specific
response [79].

Several facts support the involvement of autoimmunity in the progression of viral
myocarditis to a chronic stage. Mice develop cardiac-specific autoantibodies in both
CVB3 myocarditis and in EAM. Furthermore, the mice susceptible or resistant to
chronic CVB3 myocarditis are also susceptible or resistant to EAM, respectively
(see above). C57BL/10 J mice expressing H2" haplotype can develop acute inflam-
matory viral myocarditis, equivalent to A/J background strains, but are protected
from chronic disease and progression to DCM [62]. A similar phenomenon has been
described in mice sharing MHC haplotypes but no other non-MHC antigens (A/J
B10.A H2* vs. B10.A H2? resistant and susceptible to virus-associated DCM,
respectively) [47]. Thus, both MHC and non-MHC genes are involved in the sus-
ceptibility to autoimmune myocarditis.

10.3.4 Mimicry

Recognition of antigens by T cell receptors (TCR), B cell receptors (BCR), and anti-
bodies relies on the existence of specific complementarity of molecular regions of pro-
teins, called epitopes, and the antigen-binding regions of the enounced receptors and
antibodies (in a MHC-restricted manner in the case of TCR). Mimicry implies molecu-
lar similarity between non-self (microbial or alloepitopes) and self-epitopes, and the
consequent cross-reactivity with T cell clones and/or antibodies (BCR are antibody-
like surface receptors) [80, 81]. A paradigmatic example is the association of infections
of Campylobacter jejuni with the development of Guillain-Barré syndrome [82].

It is still unclear if the molecular mimicry phenomenon is critical in the patho-
genic process of myocarditis, but some studies suggest at least a partial contribu-
tion. The main proposed target of autoimmune response in myocarditis is the heavy
chain of the myosin, specifically the isoform expressed in myocytes aMyHC [83,
84]. Multiple myosin isotypes had been identified, but myosin sequence is relatively
phylogenetically preserved [85]. Using an A/J background murine model (H2* hap-
lotype), it was found that autoreactive T cell clones recognizing aMyHC peptides
(specifically 334-352) in an IA*-restricted manner have cross-reactivity with micro-
bial epitopes derived from Bacillus spp., Magnetospirillum gryphiswaldense, Zea
mays, and, even more important for its human clinical implications, Cryptococcus
neoformans [84]. The latter fungi had shown a breakout within the last decades
in association with the AIDS pandemic. That might have implication on the
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pathogenesis of myocarditis, mostly in patients susceptible to C. neoformans infec-
tions under chemotherapy or carrying clinical HIV infection.

Another particular kind of molecular mimicry was described in the context of myo-
carditis as similarity between self-antigens, myosin epitopes, and 3-adrenergic receptors.
Therefore, the autoantibodies generated during myocarditis against myosin peptides may
cross-react with adrenergic receptors and exert an activating adrenergic effect upon liga-
tion, thus potentially contributing to chronic sympathetic-mediated cardiac damage [86].

10.3.5 Exposure of Encrypted Self-Antigens

Another concept demonstrated to play a role in the development of autoimmunity is
the exposure of self-antigens which are encrypted and unavailable to the immune
system under physiologic conditions [87, 88]. Cardiac myosin (specifically aMyHC)
is one of the most important self-targets in myocarditis. Importantly, myosin, which
belongs to the contractile apparatus of the myocytes, is not significantly exported to
the extracellular matrix.

Myh6, the gene encoding aMyHC, has been shown to not be expressed in medul-
lary thymic epithelial cells (mTECs), which are the main responsible for T cell thymic
negative selection, via promiscuous self-antigen presentation. xMyHC is not expressed
neither in peripheral lymphoid stromal cells. As consequence, in physiologic condi-
tions, specific self-reactive anti-aMyHC T cell clones escape from negative selection,
reaching periphery as autoreactive cardiac-specific clones. That is an important feature
predisposing development of myocarditis in mice and humans as long as other events
or risk factors take place leading to release of aMyHC, a cryptic self-antigen. In fact,
it was shown that transgenic mice, expressing Myh6 in mTECs, are protected from
EAM induction in association with clonal deletion of those autoreactive clones [89].

Either myocardial infection, toxins, ischemia or other insults can lead to myocar-
dial damage and subsequent exposure of intracellular proteins (cryptic epitopes).
That exposure, in the context of a proper pro-inflammatory microenvironment, trig-
gers the adaptive immune response leading to myocarditis in genetically susceptible
individuals [6, 72, 76]. Thus, different triggers could lead to myocarditis and even-
tually chronic autoimmune myocarditis.

10.3.6 MHC and Non-MHC Bias

Human Leukocyte Antigen (HLA) genes (human form of Major Histocompatibility
Complex, MHC) are one of the most polymorphic genes in humans, as well as the core-
sponding MHC genes are in most mammals. This genetic variability has functional con-
sequences in terms of the affinity of MHC molecules for specific peptides. Despite
MHC molecules being promiscuous in terms of peptide presentation, certain biases exist
as consequence of the avidity and affinity of MHC molecules for specific peptides [2].
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The association of certain autoimmune diseases with specific HLA haplotypes is
considered to be consequence of a higher affinity of certain haplotypes for pre-
served protein self-products.

HLA haplotypes are not sufficient, and may not be main determinants, in myo-
carditis initiation and progression. Nevertheless, certain associations between DCM
of any cause and HLA haplotypes had been found. Specifically, HLA-DR4 is statis-
tically associated with DCM based on retrospective studies [90-92]. Other DCM-
HLA-positive associations had been reported, mainly HLA-DR12, DRIS5, and
DRB*0601, as well as negative associations (HLA-DR11, DQB1*0301) [93-95].

Experimental facts observed in murine models of EAM and CVB3 myocarditis
also support the influence of MHC haplotypes in the development of myocarditis
and its progression to DCM. Mice with b haplotypes in A/J background are less
susceptible than other non-H2" A/J strains to EAM and CVB3 myocarditis includ-
ing the acute inflammatory phase and DCM [96]. Furthermore, that b-associated
protection on A/J background parallels development of lower titers of cardiac-spe-
cific autoantibodies [62, 96].

Similarly, transgenic nonobese diabetic mouse strain expressing human
HLA-DQS instead of IA® develops spontaneous myocarditis which progresses to
DCM even with electrophysiologic disturbances like heart block (see Sect. 10.2)
[51, 97]. Nevertheless, it is of notice that HLA-DQS8 is not within the haplotypes
associated with DCM in human studies, which might limit the translational findings
of this murine model and/or underscore the importance of other non-MHC genes.

There is a lack of myocarditis-specific association of MHC haplotypes in cer-
tain murine models of myocarditis as was shown by using specific strains sharing
MHC haplotypes (MHC-full matched), but differing in non-MHC background-
associated genes has been performed. A.SW (A/J background) and B10.S (B10
background), both H2*, have differences in myosin-induced EAM susceptibility,
being B10.S protected as compared with susceptible A.SW [98]. Similarly, mice
with b haplotypes differ in susceptibility to EAM. C57BL/10 J are resistant, while
A/J are very susceptible to EAM. That strongly suggests the influence of other
non-MHC features in the development of myocardial-specific autoimmunity.
Using simple sequence length polymorphism (SSLP) markers in the murine
genome, two non-MHC loci were found to be associated with the development of
EAM in H2® equivalent strains. Those genes, named in mice Eaml and Eam?2
(located in proximal chromosome 1 and distal chromosome 6, respectively), are
linked to myocarditis development. Interestingly, those loci and their human equiv-
alents had been associated with SLE and diabetes, as well as autoimmune experi-
mental encephalitis and orchitis in mouse [98]. Other studies using the CVB3
murine model and also SSLP tracking system found other non-MHC loci associ-
ated with viral myocarditis: VmsI (chromosome 1), Vms2 (chromosome 4), and
Vms3 (chromosome 3) [99].

Finally, a specific 14 bp deletion in a region of the HLA-G gene (a human non-
classical MHC I molecule) was reported to be associated with DCM. Nevertheless,
as linkage disequilibrium exists between HLA-G and HLA-DR and DQ and consid-
ering that the reported HLA-G 14 bp deletion occurs in the 3’-untranslated region of
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the gene, it remains unclear if the HLA-G bias corresponds to a real mechanistic
association, or just a correlation whose mechanism relies on class II-linked haplo-
types [100, 101].

Other polymorphisms have been identified in association with autoimmunity,
mainly on the CTLA-4, PD-1, and ICOS genes. All these genes encode for func-
tional proteins involved in the regulation of T cell activation mainly via induction
of apoptosis and/or anergy. Specifically, mutations in PD-1 and ICOS are associ-
ated with the development of myocarditis in murine models but in the context of
broader systemic autoimmune features [52, 53, 102, 103]. The case of PD-1
deserves particular attention considering the outbreak of the checkpoint blockade
in cancer therapy. PD-1 blockade has been shown to provide benefit in certain
cancers like non-small cell lung carcinoma and melanoma [55, 56]. Myocarditis
has been found to be an infrequent side effect of PD-1 blockade. The histological
features were that of acute lymphocytic myocarditis [57]. This validates the
importance of the disruption of the PD1/PDL1 axis in the development of myo-
carditis observed in mice.

10.3.7 Autoimmune Regulator (AIRE)

Autoimmune regulator (AIRE) allows a promiscuous expression of self-antigens by
medullary thymic epithelial cells (mTECs) [104, 105]. AIRE is involved in central
deletion of effector T cells (Teff) and thymic Treg (tTreg) induction but also in
peripheral Teff anergization and pTreg differentiation [104—106].

The absence of AIRE expression in murine models (AIRE—/— mice) leads to an
increase of autoreactive effector T cells in the periphery [107]. AIRE also influence
self-tolerance by directing autoreactive bone marrow-derived T cell clones into
regulatory functions [107].

Taking these concepts to the field of myocardial autoimmunity, some experimen-
tal data have demonstrated that defective central (thymicdependent) tolerance and
increase of autoreactive Teff (specific for myosin-derived epitopes) as well as
decreased thymic Tregs (tTregs, formerly nTregs) with the same specificity are
involved in the inflammatory phase of EAM [106, 108]. HLA-DQ8+ IA*—/— NOD
mice develop spontaneous myocarditis with cellular and humoral autoimmune
responses directed toward epitopes of the o isoform of myosin heavy chain (aMyHC).
The same model showed that EAM is dependent on the T cell-mediated anti-MyHC
response [109]. Anti-myosin-specific T cells represent the majority of the myocar-
dium-infiltrating Teff [89]. The development of myocarditis mediated by MyHC-
specific Teff was associated with lack of expression of aMyHC by mTECs. With
more complex genetic manipulations of that murine strain, it was shown that suscep-
tibility to EAM was abrogated by expression of MyHC by mTECs, paralleling a
decrease in that specific Teff autoreactive clones in the periphery. Further studies
about the functional impact of AIRE in the expression of myosin by human mTECs
as a factor determining development of autoimmune myocarditis are needed [89].



10 Cardiac Autoimmunity: Myocarditis 203
10.3.8 Fefz2

It was discovered recently that nuclear factor Fezf2, similarly to AIRE, directs
tissue-restricted antigen expression in thymic medulla stromal cells. [110]. Fefz2-
deficient mice (Fefz2—/—) develop systemic disease distinct from AIRE—/— mice
[110]. Discovery of the importance of Fezf2 in the development of central tolerance
is relatively recent. So far, no evidence exists associating autoimmune myocarditis
with functional or genetic modifications of Fezf2. Nevertheless, it is a topic that
probably will be under scrutiny in the near future.

10.4 Immunopathogenesis of Myocarditis

Studies performed in murine models and observational data from humans have
demonstrated that CD4 T cell response is the main driving force of autoimmune
myocarditis.

Autoimmunity is characterized by a highly antigen-specific immune response,
yet the activation of innate response is required to prime the adaptive response [1].
Its importance in the context of autoimmune myocarditis has been demonstrated by
the fact that EAM murine models require the use of coadjuvants (like complete
Freund’s adjuvant (CFA)) and unspecific stimulation by pathogen-associated
molecular patterns (PAMPs) provided by Mycobacterium antigens. Importantly, the
coadjuvant challenge must be provided simultaneously to the exposure of cardiac
self-antigens in order to generate the cardiac-specific sustained autoimmunity. If
timing is not properly set, then the self-specific immune response is not mounted,
even if the innate response is successfully stimulated by the adjuvants [8]. Innate
cellular response is required not only for initiation of autoimmunity but also for the
maintenance of the adaptive T cell-mediated response and progression to chronicity.
Myocardial infection by specific microbes, beyond a direct virus-dependent cyto-
Iytic effect, seems to play the role of “coadjuvant” to the autoimmune adaptive
response (Fig. 10.1) [61, 81]. In this section, the specific features of this complex
cross talk will be described.

10.4.1 Adaptive Cellular Response

The adaptive cellular immune response is characterized by its antigen specificity
and high inflammatory efficiency. Its major mediators are the T cells, which speci-
ficity relies in the molecular structure of clonal TCRs, able to “recognize” charac-
teristic peptide/MHC complexes.

The classic dichotomist Th1/Th2 model does not provide an accurate representa-
tion of the normal immune response [111, 112]. That became evident in the last
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decades after discovery of other important pro-inflammatory Teff subsets, like Th17
(but also including Th9 and Th22), as well as anti-inflammatory subpopulations,
mainly Tregs and Trl. Furthermore, a high plasticity of T cell subsets has been
described, involving not only central (thymic) but also peripheral T cell fate
induction [112]. Dysfunction of Th17 and Treg has been widely found to be a
key factor in autoimmunity, including myocarditis. Importantly Treg and Th17
activation/differentiation shares certain cytokine requirements, remarkably
TGFp, needed for both subsets but in a concentration-dependent manner. In the
presence of TGFf, IL6/IL-1p vs IL10 balance is responsible for the Th17 vs Treg
differentiation [112].

10.4.1.1 Th1 Response

As in other autoimmune diseases, the overall activity of self-specific Thl response
is one of the main mediators of the inflammatory phase of myocarditis [111].
Supporting the importance of Thl response in myocarditis, several studies had
focused on IL12 as primary mediator. It was shown that mice lacking IL12Rp1 and
STAT4 signal (thus unresponsive to IL12) are resistant to myocarditis, whereas
exogenous IL12 exacerbates EAM [113]. Notwithstanding, the same study demon-
strated that blockade of IFNy worsen the disease, starting to draw the picture of a
counterbalance of IFNy-IL12 axis and a potential dual role of IFNy [113].

IL12 family main members and its subunits are IL12 (p35 p40), IL23 (p19 p40),
IL27(p28 EBI3), and IL35 (p35 EBI3) [114]. The existence of shared subunits
between the cytokines makes difficult the determination of the specific role of each
member. Furthermore, IL12Rp is a receptor chain shared by IL12 and IL23 [114].
Several attempts have been made to elucidate the differential role of IL12 family
cytokines. The first studies analyzed the differential EAM phenotype between
IL12p40 —/— and IL12p35—/— [115]. It was found that IL23 and IL-12 dual-
deficient mice (IL12p40 —/—) were protected from EAM in contrast to IL12-
deficient mice (IL12p35—/—), suggesting predominant pathogenic role of IL23 over
IL12 [115]. Importantly, IL23 is key in the development and stabilization of the
Th17 response [112]. Also, it must be considered that IL12p35 is a subunit shared
with the recently discovered IL35, a potent anti-inflammatory cytokine [116].
Furthermore, that study was not able to induce specific knockout of IL23, and the
conclusions are rather inferred from the differences between IL12p40 —/— and
IL12p35—/—.

In later studies, our laboratory was able to determine the specific role of IL23 in
myocarditis using an IL12p19—/— strain (IL23 KO), which is deficient only in IL23,
because as far as is known, IL12p19 subunit is not shared with other members of the
family [117]. We found that IL23 is transiently required during the early stages to
induce CD4 T cell pathogenicity. That process was dependent on GM-CFS. IL23
was required in the early stages but dispensable once the GM-CSF-dependent T
cell-mediated autoimmunity is established; thus, IL23 is a required “switch” for the
initiation process of EAM [117].
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In congruence with the complex regulatory network of the immune system,
results observed in IFNy-deficient models showed paradoxical effects as compared
with IL12 family-deficient studies. IFNy KO (I/fng—/-), IFNy receptor KO
(Ifngr—/-), and mice receiving anti-IFNy antibody treatment developed more
severe inflammatory myocarditis than WT strains [113, 118, 119]. In addition,
mice deficient in Tbet (7hx21-/-), nuclear factor required for Th1 T cell differen-
tiation/development, develop more severe EAM than WT [120]. Similar findings
regarding the effect of depletion of IFNy were observed in CVB3 myocarditis
model [121]. The severe CVB3 myocarditis in the absence of IFNy was not associ-
ated with lack of antiviral response but with an enhanced IL1f, IL4, and TGFp
production [121].

An important feature observed in DCM on IFNy-deficient mice is the severity of
the fibrosis and even the development of constrictive hemodynamic complications
[122]. The latter might be associated with the regulatory influence of IFNy on the
mediators of tissue remodeling and fibrosis, including monocytes and fibroblasts.
IFNy has multiple potential sources in the context of myocarditis, including T cells,
monocytes, macrophages, dendritic cells, and innate lymphoid cells.

As final consequence, Th1 response occurs during the development of myocardi-
tis, with IL12 and TNF« playing essentially a pro-inflammatory role but with IFNy
being dual, thus modulating and homeostatically dampening the immune response
and limiting sustained inflammation and fibrosis.

10.4.1.2 Th2 Response

In the murine model of Th2-mediated eosinophilic myocarditis, EOEAM, a massive
and severe inflammatory eosinophilic myocarditis progressing to DCM, is observed
in a transgenic strain lacking the main Th1l and Th17 final effector cytokines, i.e.,
IL17A—/—IFNy—/—, after EAM induction. The lack of Th1 and Th17 responses gen-
erates a Th2-biased inflammation leading to eosinophilic myocarditis, resembling
the features and severity of the eosinophilic human disease. The main final effectors
of the myocardial damage are eosinophils, despite the T cell requirement [36].

Pointing out the complexity of the regulatory process, IL4 and IL13, both classic
pro-inflammatory Th2 cytokines, seem to have an opposite effect in the develop-
ment of EAM- and CVB3-induced myocarditis. Those Th2 cytokines are under the
same promoter and are typically dependent on the activation of the nuclear factor
GATA3 in T cells [48]. Mice lacking IL4 expression (Il4—/—) develop a milder
inflammatory myocarditis and a less severe systolic dysfunction and progression to
chronic stages when EAM is induced in an A/J background. However, Balb/c IL4
KO mice develop a disease similar to WTs [123, 124]. This unveils strain-specific
immunologic differences but, on the other hand, shows that IL4 pro-inflammatory
capacity is variable during EAM but certainly is not a protective mediator.
Oppositely, we described that IL13—/— mice on Balb/c background develop more
severe EAM- and CVB3-induced myocarditis and progress to severe DCM and the
associated heart failure [123].
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The latter observation in IL13—/— mice takes us back to the cross talk
between adaptive T cell response and the innate cellular response. In fact, 1L 13
exert a protective role in the development and progression of myocarditis by
regulating the macrophage differentiation. Aggressive acute inflammatory fea-
tures and the important chronic impairment in systolic function during DCM
phase were associated with a typical upregulation of a macrophage-derived
cytokine cluster: IL1f, IL18, IFNy, and TGFp [123]. Aside from an increase in
macrophage-derived cytokines, a specific upregulation of CD204+ CD206+
pro-inflammatory/activated macrophages was observed in IL13 KO mice,
strongly suggesting a suppressive effect of IL13 in the macrophage side of the
innate-adaptive cross talk.

10.4.1.3 Th17 Response

IL17A, the main pro-inflammatory Th17-derived mediator, unexpectedly is not nec-
essary for development of acute inflammatory stages of myocarditis in EAM model
[125]. On the other hand, we have found that IL-17A is strictly required for progres-
sion to DCM, cardiac fibrosis, and loss of cardiac function. In other words, the acute
inflammation can take place in the absence of IL17A; however without IL17A,
myocarditis does not progress to DCM [125].

Importantly, the Th17 response required for progression from myocarditis to
DCM is not only dependent on leukocytes. We demonstrated that beyond inflamma-
tory Ly6Che" monocytes, also cardiac fibroblasts play an important role in the
inflammatory process. IL17A—/— mice, protected from DCM but not acute EAM,
have a diminished myocardial infiltration of neutrophils and Ly6C"¢" inflammatory
monocytes [126]. Interestingly, a conversion of Ly6Che" monocytes to Ly6Cr
monocytes protects WT host from DCM, strongly suggesting that Ly6C"¢" mono-
cytes are associated with the pro-fibrotic IL17A effect. We have found that
granulocyte-monocyte colony-stimulating factor (GM-CSF) is required, in conjunc-
tion with IL17A, for Ly6C"¢" monocyte infiltration in myocardium during EAM. We
showed that IL-17A is able to induce high amount of GM-CSF and other myeloid
cytokines and chemokines from cardiac fibroblasts. Thus, we have discovered an
active Th17-fibroblast-monocyte cross talk in the pathogenesis of myocarditis. To
summarize, T cell-derived IL17A plus fibroblast-derived GM-CSF contributes to
Ly6Chieh monocyte chemotaxis/activation, which plays an active role in fibrosis and
sustains inflammatory process (Fig. 10.2) [126].

As described above, a very specific milieu of cytokines is needed for Th17 cell
differentiation and establishment of the so-called Th17 environment. That milieu
includes IL6, IL23, and TGFp. Importantly, IL23 is needed for Th17 terminal dif-
ferentiation and Th17 “stabilization” [111, 112]. We demonstrated the requirement
of IL23 (p19) during EAM development [117]. Specifically, CD4 T cell stimulation
by IL23 is required during the acute phase of autoimmunity for an effective myocar-
ditis (EAM) and consequent DCM development. The key effect of such 1L23
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Fig. 10.2 Schematic immunopathogenesis of
post-myocarditis DCM development. CD4 T
cell autoimmune response induces a
Th17-dependent pro-inflammatory process
associated with DCM development. T
cell-derived IL17A induces cardiac fibroblasts
to produce GM-CSF, which in turns activates
monocytes toward a highly inflammatory
function. Those activated monocytes are
required final effectors in the progression to
chronic tissue damage and DCM

stimulation was proven to be the GM-CSF production by T cells. Furthermore, 1L.23
effect is only transiently required during the acute phase (early after EAM induc-
tion), as later influence cannot restore the EAM development [117].

An important translational study supporting the latter concepts was published
recently [127]. That study supports the influence of Th17 in human myocarditis and
its progression to DCM. Th17 CD4 T cells were found to be associated with myo-
carditis, influencing inflammation via IL6, TGFp, and IL23. Also, an association
exists with GM-CSF producing monocytes (CD14+). This interaction was related
with TLR2 expression on those inflammatory monocytes, an interestingly finding
unveiling the role of this particular TLR type in human myocarditis. Consistently, a
decreased classic Treg population (Foxp3+) was observed in association with the
enounced features [127].
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Those seminal studies made evident potential Th17 response-focused therapeu-
tic targets, not only to treat acute inflammatory myocarditis but also its late-stage
complications.

10.4.1.4 T Regulatory Cells

Treg deficiency is associated with autoimmune severity, including in myocardi-
tis models. A mechanism, already described above, is associated with the cross
regulation of TLR4-Tim3, which is preferentially associated with Treg develop-
ment in females. It is a mechanism explaining the constitutive protection of
females to myocarditis, both autoimmune and viral associated, as compared with
male hosts [49].

In the same way, a possible explanation for the preferential susceptibility of A.SW
H2* to EAM as compared with B10.S H2*, despite an identical H2 genotype, is a
constitutive strain-specific lower frequency of classic Tregs (CD4 + CD25 + Foxp3+)
in A.SW. Interestingly, this Treg profile seems to be really constitutive and not asso-
ciated with specific myosin-targeted responses, as demonstrated by ovalbumin
immunization. Importantly, Tregs showed an opposite trend in terms of frequency
with respect to Th17 cells in those strains in the context of EAM [128].

Interestingly, Tregs also provide protection to viral myocarditis, as demonstrated
in the CVB3 myocarditis model. Importantly, Tregs not only diminished tissue
damage but also were associated with improved viral clearance. Those phenomena
were associated with secretion of TGFp, again demonstrating the multiple roles of
that cytokine-like factor [129].

Recently, the severity of EAM was found to be attenuated by cannabidiol (a non-
psychoactive constituent of marijuana), in relation with a decrease of CD4 T cells.
The mechanism was not entirely elucidated, but the possibility of a change in the
Treg/Teff balance is a plausible hypothesis [130]. Overall, the current concept is
that a defective Treg function is associated with development of autoimmune dis-
eases, including autoimmune myocarditis, providing a potential therapeutic target,
which so far had been elusive.

10.4.2 Adaptive Humoral Response

Despite the existence of clearly humoral-mediated autoimmune diseases (like post-
streptococcal glomerulonephritis, Berger disease, and Goodpasture disease), the
influence of those autoantibodies on the pathogenesis of most autoimmune diseases
is still controversial, at least on its initiation phase. Myocarditis is a cellular-
mediated process, and several myocarditis-associated autoantibodies are specific to
encrypted antigens that are not available to antibody ligation without tissue damage
and cell disruption [87]. As consequence, the generation of autoantibodies by clonal
selection of self-reactive B cell clones is secondary to T cell activation, T-B cross
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talk, and release of intracellular or matrix-encrypted proteins after tissue damage
[131, 132].

In myocarditis, this lack of pivotal role during initiation is supported by the fact
that up to two-thirds of acute myocarditis patients have no detectable cardiac-
specific antibodies at the moment of diagnosis or clinical onset [83, 132]. On the
other hand, its correlation with disease progression and detection in symptom-free
relatives of DCM patients suggest that they occasionally may be early markers par-
alleling myocardial damage after its initiation, with minimal to null causative influ-
ence in the initial phase [132].

Eighty percent of patients with DCM-related myocarditis develop cardiac-
specific antibodies, but also up to 60% of patients with heart failure of any cause
have circulating antibodies targeting heart-specific epitopes. The latter supports the
idea of the necessity of tissue damage of any cause for development of humoral
autoimmunity, as well as the paucity of its inflammatory influence [83, 132-134].

A plethora of autoantibodies has been described in myocarditis, including anti-
aMyHC, troponin I and T, and B1-adrenergic receptor. Also, non-cardiac-specific
autoantibodies are frequently found in myocarditis patients, including anti-actin,
tropomyosin, laminin, and anti-muscarinic receptor [4]. Of those, the ones receiving
most attention are the anti-aMyHC and the anti-adrenergic receptor. Anti-aMyHC
antibodies have been described to correlate with disease progression (including
diminished titers after adequate clinical response) and are also found in murine
models [132]. Anti-adrenergic receptor antibodies are also correlated with disease
progression, and interestingly a significant proportion of the clones are activating
antibodies, so those antibodies might contribute to hemodynamic alterations via
autonomic modulation [4, 83, 132, 133, 135, 137].

Antibodies targeting specific receptors might induce persistent activation of such
receptors, i.e., induce a sustained positive intracellular signaling, similar to the one
generated by physiologic ligands, but abnormally sustained over time. This is not
the case of all receptor-specific antibodies but seems to be the case of several clones
involved in myocarditis targeting adrenergic receptors [133]. The case of cross-
reaction of anti-myosin antibodies with adrenergic receptors was already described
above in the section dedicated to mimicry [84].

In the case of activating f1-adrenergic antibodies (with a prevalence of 70-80%
among patients with dilated cardiomyopathy of any cause and 60% on patients
with myocarditis), they seem to exert their persistent adrenergic effect by stabiliz-
ing an activated molecular conformation of the receptor upon ligation. Also, the
cross-link of two receptors, generating a stable dimerization, contributes to that
effect [132, 133].

A pathogenic sustained -adrenergic activation has been demonstrated to be able
to induce cardiomyocyte apoptosis [137, 138]. Furthermore, once systolic dysfunc-
tion begins, the increased adrenergic tone (sympathetic) has deleterious hemody-
namic effects [139, 140]. It is believed that beneficial effect of f blocker drugs in
patients with heart failure of any cause is related both with the improvement of
hemodynamic status and the decrease of the proapoptotic effect. Nevertheless, theo-
retically, such drugs cannot reverse per se the stabilization of the receptors induced
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by the activating autoantibodies. In that regard, the turnover rate and upregulation
of those receptors must be considered [140].

Therapeutic approaches are focused on the depletion or neutralization of anti-
adrenergic activating autoantibodies. Plasmapheresis and immunoadsorption of
those antibodies were tested in case-control clinical studies in patients with dilated
cardiomyopathy [141]. Interestingly, also benefit from the removal of cardio-depres-
sant autoantibodies by immunoadsorption was also found [142]. Patients receiving
immunoadsorption have improved cardiac function. After a 12-month follow-up,
anti-f-adrenergic receptor autoantibodies did not return to the original titers [143].

Another treatment strategy with a similar goal is the neutralization of those anti-
bodies using aptamers in the apheresis technology. As aptamers are synthetic oligo-
nucleotide ligands with high specificity to targets like the Fab region of antibodies,
its use is proposed as a mean to optimize the removal of autoantibodies by apheresis
and decrease toxic and immunogenic complications described for immunoadsorp-
tion [144, 145]. The overall utility of this approach has not been fully elucidated.

10.4.3 Innate Immune Response

Innate leukocytes are those ones defined for lacking an antigen-specific receptors,
thus responding in an unspecific manner via cytokine chemoattraction and/or non-
specific receptors such as Toll-like receptors (TLRs) and responding with phagocy-
tosis and nonspecific cytotoxic chemical species. The main innate immune cells
involved in myocarditis are natural killers (NKs), neutrophils, eosinophils, and
monocyte/macrophages [8]. It is important to notice that innate lymphoid cells
(ILCs), a specific subset of leukocytes having lymphoid properties but lacking
antigen-specific receptor, were described recently. ILCs are involved in mucosae
patrol and in several immune responses, including antihelminthic responses and
immune-mediated diseases like Crohn disease, psoriasis, dermatitis, and airway
hyperreactivity [146]. Little is known about its biology in the heart. Nevertheless,
NK cells, a particular TCR-lacking subset of lymphocytes with cytolytic capacity,
are currently considered ILCs type 1 [147]. Regarding NK cells, its role in the
immune response during autoimmune myocarditis (EAM model) and viral myocar-
ditis (CVB3 models) has been described above.

Eosinophils are not only involved in the development of the severely Th2-skewed
EoEAM but also in the classic EAM [36]. Eosinophils behave as final effectors and
infiltrate and produce myocardial inflammation even once the adaptive T cell
response is established.

Neutrophils also infiltrate myocardium during EAM, exerting an inflammatory
role, with long-term impact even in the impairment of the cardiac function [48].
Neutrophil activation and recruitment are dependent on the Thl7 response via
IL17A and GM-CSF [125]. Also, in an OVA-TCR transgenic system of heart
inflammation, it was found that neutrophil cross talk with heart-infiltrating CD8 T
cells sustains its T cytotoxic response [148].
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Finally, one of the most important heart-infiltrating innate cells during myocar-
ditis are the macrophages [48, 149]. Some of its interactions with specific cytokines
and T cell responses were described above.

Several attempts have been made to classify macrophages. For instance,
depending on its pattern of activation and inflammatory capacities, they are
divided into M1 and M2. M1 macrophages (or “classic”) are activated by IFNy
in association with the Thl response and have strong antigen-presenting and
pro-inflammatory capacities. On the other hand, M2 “alternative” differentia-
tion occurs in anti-inflammatory environments and is induced by IL10 and
TGE. It is proposed that M2 macrophages have a significantly weaker antigen
presentation capacity [149]. However, M1-M2 dichotomy is difficult to repro-
duce and detect in vivo. Also, based on its monocyte precursors and final
inflammatory capacities, mouse macrophages are classified in vivo as Ly6Che
inflammatory and Ly6C'*™ regulatory subsets. Human CD14"¢" monocyte/mac-
rophages correspond to mouse Ly6C™e" whereas CD14™ are equivalent to
Ly6C". M1/M2 and Ly6Chigvov classifications do not completely overlap. A
significant plasticity exists in the monocyte/macrophage populations [149]. As
consequence, it is considered that such a rigid categorization does not corre-
spond to the real immunobiology of these cells.

Specifically in EAM, monocytes and macrophages are early myocardial-
infiltrating cells. Not all myocardial macrophages are strictly “infiltrating cells” but
rather derived from resident monocyte differentiation [149]. Even before that mas-
sive infiltration, the TLR ligation (mainly 2 and 4) in monocytes/macrophages is
crucial in the initiation process of myocarditis and also the targets of coadjuvants in
the EAM model [8, 61, 149].

The pro-inflammatory molecule called high-mobility group box 1 (HMGBI1) has
been found to be important during the initiation process of EAM in studies per-
formed with TnT-EAM model [150]. This is a ligand of a macrophage receptor
called receptor for advanced glycation end products (RAGE). This interaction
induces a M 1-like phenotype/functionality of macrophages, boosting its inflamma-
tory impact on myocarditis. Importantly, TLRs are redundant receptors of HMGBI1,
which activation is independent of RAGE [150, 151].

It has been found that once in an inflammatory Ly6Chie" status, macrophages
express IL17 receptor. Heart-infiltrating macrophages during EAM have these
characteristics. In that way, macrophages, along with neutrophils, belong to the
innate cells associated with Th17 responses during myocarditis. After IL17A
stimulation, Ly6C"e" macrophages produce a particular cluster of cytokines,
GM-CSF, already described as an important mediator of EAM, IL3, IL9, CCLA4,
and CCL5 [152].

Overall, macrophages are potent inflammatory cells during myocarditis and
potentially the most abundant in endomyocardial biopsies. These cells are critical in
the initiation process. Nevertheless, they are also responsible for the progression of
the disease. Macrophages are orchestrated with the T cell response, in such a way
that several compensatory and regulatory mechanisms which dampen the severity
of EAM (like IFNy) can target macrophages, as described above.
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10.5 Therapeutics

Unfortunately, this is one of the less developed areas in the myocarditis field. To
begin with, some clinical studies lack a clear diagnostic and etiologic definition, and
several times, the term ‘“‘virus-positive” or “virus-negative” myocarditis is based
only on peripheral blood serology [153, 154].

That generates a huge conundrum on how to analyze the results of the therapeu-
tic trials. The trigger is unclear in most of the cases of the “virus-negative” patients.
Even more important is the fact that it is unknown at which point of the temporal
evolution of the autoimmune process is the patients when enrolled in the therapeutic
trials. That makes us hypothesize that case and control groups had been heteroge-
neous in immunopathogenic terms, in such a way that it is hard to analyze the data
from a strict evidence-based medicine perspective.

Notwithstanding, it is understandable that the potential severity and the relatively
low incidence of myocarditis, along with the immunologic and diagnostic
complexities/limitations enounced above, make almost impossible to carry out opti-
mally designed clinical trials as the ones performed for other high prevalent /incident
entities as high blood pressure and diabetes.

Fortunately, there is a growing body of therapeutic knowledge which, despite
frequently based on case reports and uncontrolled trials, suggests that immune mod-
ulation/suppression is a useful approach in myocarditis, even in viral-triggered
cases if it is used together with proper antiviral treatment [72, 153].

10.5.1 Immunosuppression

The rationale of this therapeutic approach is to target the pro-inflammatory media-
tors of the disease. Immunosuppression is used in treatment of myocarditis types
considered to be autoimmune such as giant cell myocarditis. So far, broad immuno-
suppressive drugs rather than targeted treatments have been used. The main drugs
tested for myocarditis are steroids (prednisone, prednisolone), cyclosporine, and
azathioprine [9, 30]. These drugs are mostly used in combination; however, the
benefits for individual subtypes of myocarditis need to be evaluated in proper clini-
cal comparative studies. Some studies showed significant or at least some improve-
ment in terms of ejection fraction [155], but another study reported no benefit on
ejection fraction or survival as compared with placebo [156]. Notwithstanding, dif-
ferences in the study design exist, and importantly the study reporting benefit was
made on nonviral myocarditis cases, whereas in the one reporting no benefit no viral
status discrimination was made.

Another interesting study analyzed the effect of muromonab-CD3 (a monoclonal
antibody targeting CD3) plus cyclosporine and steroids in a prospective cohort of 12
patients. This study included specifically patients with giant cell myocarditis. Despite
there was no control group (which is understandable due to the high severity and
lethality of this type of myocarditis), an improved survival was reported [28-30, 157].
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10.5.2 Immunomodulation

As described in the section of humoral response, plasmapheresis/immunoadsorp-
tion has been studied by several groups. A consistent benefit was observed in hemo-
dynamic terms, mainly improvement of ejection fraction. Those protocols include
the coadministration of immunoglobulin. Interestingly, those studies enrolled
patients with DCM, which supports the hemodynamic deleterious effect of cardiac
autoantibodies. Importantly, DCM patients of any cause were included, which
expands the usefulness of this approach to non-myocarditis cases [141, 159-161].

High doses of immunoglobulin exert a beneficial effect (improved survival and
ejection fraction) in acute myocarditis patients. Several data come from small case
studies [153], but a randomized controlled study on acute myocarditis patients sup-
ports the observation [161]. It is of notice that one controlled study reports conflict-
ing data by not finding improvements of the ejection fraction [162]. Also, in those
studies, no clear etiologic definition was made.

10.5.3 Antiviral

The main antiviral drugs studied in myocarditis have been acyclovir, peramivir,
ganciclovir, ribavirin, and artesunate, in well-defined viral myocarditis patients (eti-
ology was specifically determined: parvovirus B19, influenza, cytomegalovirus,
parainfluenza, herpesvirus, respectively) [6, 72, 153]. All of them have been either
small studies or case reports, but overall the benefit of antiviral treatment seems to
be consistent in terms of ejection fraction, survival, and decreased viral load. All
protocols had included immunosuppressive and/or immunomodulatory treatment,
as steroids and/or immunoglobulin [153]. The latter is consistent with the described
importance of the immune-mediated damage in conjunction with viral cytotoxic
effects in the development of viral myocarditis.

Also, interferon o and  were analyzed in viral myocarditis. Interferon o was
found beneficial in enterovirus-confirmed DCM, based on hemodynamic parame-
ters and viral clearance. Interferon f significantly improved ejection fraction and
viral load in a cohort of acute viral myocarditis [163], whereas no benefit was
observed in a cohort of patients treated at DCM stage [164].

10.5.4 Future Therapeutic Challenges

In general, the future directions should focus on a proper diagnostic, not only on the
etiologic aspect but also on the specific stage of evolution of the immune/inflammatory
process. That would allow to determine specific treatments depending on the underly-
ing cause and also on the predominant immune process taking place in the patient at
the moment of the intervention. Targeted treatments should be generated in the near
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future, addressing the specific immunopathogenic process predominating in the patient,
i.e., more effective antiviral treatments, induction of self-tolerance, boost of Treg
response, dampening Teff response, and blockade of innate response-associated recep-
tors, among others, including modulation of the immunologic role of stromal cells like
fibroblast and endothelial cells. The positive side of the story is the exponentially grow-
ing knowledge about the immunopathogenesis of myocarditis, which certainly will end
up in development of effective diagnostic, prognostic, and therapeutic strategies.

10.6 Concluding Remarks

Myocarditis is an extremely complex immune-mediated process. Several risk factors
and biologic issues predisposing its trigger and progression have been identified.
Those include gender-associated immunologic properties, HLA and non-HLA
genetic characteristics, exposure of cryptic antigens, mimicry, systemic autoimmune
diseases, drugs, and viral infections. Also, the current concept is that once the initial
myocardial inflammation is established, then a T cell-dependent autoimmune process
takes place despite differences in the specific etiologic factor (Fig. 10.1). That auto-
immune process is responsible for the self-sustained inflammation and progression to
tissue damage leading to DCM. In general, it has been found that IFNy play a para-
doxical protective role, in opposition to other Th1 cytokines like IL12. Similar coun-
terbalancing system exists between Th2 cytokines like IL4 and IL 13. Notwithstanding,
the Th17 response, and importantly its timing, is key in the progression of the acute
disease to chronic damage and DCM, clinically the most severe complication of
myocarditis. IL17A is not required during the acute phase, but IL23 is required to
induce a pathogenic priming of self-reactive T cell clones in a GM-CSF-dependent
manner. Importantly, the Th17 system is strictly required for the progression to DCM
(Fig. 10.2). Despite the growing body of knowledge about the immunopathogenesis
of myocarditis, the specific triggers and factors leading to progression in patients are
still a conundrum. Also, since no risk or etiologic factor seems to be sufficient for the
initiation and progression processes, post-myocarditis progression to DCM is still
unpredictable in clinical practice. Advances exist in therapeutics, but still relying in
global immunosuppression and unspecific immunomodulation, with is still subopti-
mal results. The expectation is that future basic and translational studies might pro-
vide even deeper insights in the pathogenesis of myocarditis. That would lead to
development of better diagnostic tools allowing characterization and stratification of
stages of myocarditis progression in each patient. Finally, that translational knowl-
edge would make possible the development of individualized targeted treatments.
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Chapter 11
Lymphocytes at the Heart of Wound Healing

Vania Nunes-Silva, Stefan Frantz, and Gustavo Campos Ramos

11.1 Introduction

It has always been a crucial challenge to understand and foster wound healing -
from the injuries suffered by our hunter-gather ancestors to the rise of modern
pathology under the lenses of Virchow’s microscope [1]. And if nowadays bows and
arrows are no longer a relevant cause of wounds in modern society, it could be
argued that the shifts in our ways of living over the past few millennia have also
brought us unprecedented sources of tissue injury.

Emerging concepts in cardiology now suggest that the infarcted myocardium
could be also perceived as a “wounded” tissue under frank repair process [2]. Thus,
besides the classical concerns with the haemodynamic conditions, now the immune-
inflammatory phenomena underlying myocardial healing process have started
receiving attention. Such repair-oriented perspective of MI has expanded our con-
cerns beyond the borders of cardiology and has raised new interesting possibilities
to cope with infarcted patients. In the present chapter, we picture the infarcted heart
from a “wound healing” perspective and focus on how lymphocyte-mediated phe-
nomena contribute to myocardial repair.
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11.1.1 Mpyocardial Injury and Repair

Myocardial infarction (MI) is defined as myocardial cell death triggered by pro-
longed ischemia. Cardiomyocytes cannot endure persistent anoxic conditions, as
their metabolism heavily relies on oxygen supply. Thus, obstructions in the coro-
nary circulation (e.g. the rupture of an atherosclerotic plaque in human patients)
normally cause myocardial necrosis and inflammation and impose a life-threatening
acute functional impairment [3]. The prevalence of MI is extremely high in Western
countries, being the single most frequent cause of death worldwide. It is estimated
that every sixth man and every seventh woman in Europe will die from MI [3].
Although recent advances in medical attention have helped reducing the MI-induced
mortality rates, the surviving patients often develop long-term complications such
as adverse remodelling and heart failure [4]. This occurs because the adult mam-
malian myocardium normally repairs injuries via replacing the contractile cells by
a fibrotic scar, as cardiomyocytes exhibit negligible mitotic activity [5, 6]. Thus, in
order to improve post-MI conditions, we need to understand in details the immuno-
logical mechanisms underlying myocardial healing.

A schematic representation depicting the major events following a MI is pre-
sented in Fig. 11.1. In brief, neutrophils and pro-inflammatory monocytes readily
accumulate into the injured tissue, promoting the clearance of cell debris, digestion
of extracellular matrix (ECM), and eventually causing secondary cardiomyocyte

Steady-state Post-Myocardial infarction
Necrosis/ Inflammation Healing Remodelling
Hours Days Weeks
\_{ |

L

TRENTNG

‘ a‘l ' [ l
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. Lymphocytes - To timely resolve inflammation
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Fig. 11.1 Healing after myocardial infarction is studied in three major overlapping phases termed
inflammatory, healing and remodelling (see text for details). Therapeutic approaches aimed at
reducing infarct size (in acute term) or at holding the progression to HF (at late term) are widely
available. However, until now, no approach aiming at improving the myocardial repair conditions
is available for clinical applications
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cell death [7]. Excessive myocardial inflammation can promote collateral damage
and contribute to infarct expansion. However, it should be stressed that in situ
inflammation is not necessarily harmful, as it is a necessary step towards tissue
repair. It has been reported that insufficient removal of necrotic cell debris can also
lead to thrombi formation and increased mortality rates [8].

Within a few days post-MI, T-cells are primed against cardiac antigens and
expand at the heart-draining lymph nodes [9]. At the end of the first week, the early
inflammatory reaction gives way to a healing phase in which a new ECM and new
blood vessels are rebuild. The infiltration of T- and B-cells peaks at this stage [10].
Dying neutrophils are cleared by local macrophages that switch their phenotypic
polarization to support healing rather than inflammation [11]. This switch occurs, at
least in part, in a mechanism dependent on Foxp3+*CD4* T-cells/macrophage signal-
ling cross talk [12]. Because cardiomyocytes cannot be generated at reasonable
amount in the mammalian adult myocardium, the tissue repair follows a fibrotic
path. The effective construction of a fibrous scar tissue in the heart is important to
avoid cardiac rupture. However, excessive fibrosis and remodelling may result in
gross alterations in the cardiac geometry and impact the overall contractile function,
often leading to HF [6]. Despite the preponderant role played by the immune system
in mediating myocardial repair, all the therapeutic approaches currently available to
treat MI patients have been designed to modulate cardiovascular rather than immu-
nological mechanisms. In acute term, the therapeutic rationale is primarily designed
to preserve the myocardium at risk and minimise the damage (e.g. anticoagulants,
reperfusion). In later (chronic) stages, the therapeutic strategies focus in controlling
the haemodynamic conditions that contribute to the HF progression (e.g. beta-
blockers, diuretics, Angiotensin-II Receptor antagonists). To address this therapeu-
tical gap and provide new tools to foster myocardial repair is therefore a major task
of the raising field of immunocardiology (Fig. 11.1).

The contribution of monocytes, macrophages, neutrophils and other innate mech-
anisms to the post-MI inflammation and repair has been a subject of intensive research
over the last decades [7, 8, 13]. In sharp contrast, the role played by lymphocytes in
these conditions has only recently started to be uncovered [14]. From a lymphocyte
perspective, MI is an odd situation. It is a sterile injury coupled to massive necrosis
of a unique tissue. It is not rare to observe human patients showing MI area compris-
ing >30% of the left ventricle, and in the murine LAD ligation model, the injured area
can easily surpass 50%. Thus, upon MI, there is an enormous amount of tissue-
restricted cytosolic proteins (e.g. cardiac myosin heavy chain and troponin-I) that are
abruptly released in the circulation and lymph and that become available to interact
with lymphocytes in an inflamed context. Furthermore, it has been demonstrated that
the cardiac-specific myosin heavy chain isoform is not expressed in the thymus of
mice and humans, indicating that immunological central tolerance to this heart-
restricted protein might be impaired, as compared to other auto-antigens [15].

Beyond causing the release of a considerable amount of heart-specific antigens,
the MI situation also imposes a unique context for lymphocyte activation. Because
the cardiac function is so central to body maintenance, the acute post-infarction
cardiac impairment triggers important autonomic reflexes (e.g. sympathetic over-
drive) that can also impact lymphocytes’ physiology in nonclassical fashion.
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Thus, on the one hand, the MI situation pushes the limits of cardiology, by bring-
ing the “inflammation/repair” problem into the centre of a cardiovascular-oriented
field. On the other hand, by framing lymphocyte activity in an unusual cardiovascular
context, the MI condition also expands the borders of immunology towards a more
physiological perspective.

11.2 B-Cells and Autoantibodies in Myocardial Injury
and Repair

Back in 1890, von Behring and Kitasato created the term antikorper (antibodies) to
describe antitoxins present in the serum of immunized animals. It took nearly
50 years until serum gamma globulins could be identified as structural counterpart
of antibodies and another 15 years until the plasma cells were discovered as antibody-
producing cells. It was not before 1965 that the lymphocyte division of labour was
considered, so that B (from bursa of Fabricius/bone marrow)- and T (thymus)-cells
were described as distinct lymphocyte subsets. This means that our knowledge on
antibodies is about 75 years older than on B-cells [16, 17], a historical fact that still
echoes in our current knowledge. It is therefore not surprising to observe that the
literature on heart-specific autoantibodies highly outnumbers the few studies
addressing the cellular aspects of post-MI B-lymphocyte activity [18-21].

11.2.1 Autoantibodies

Antibodies reactive to cardiac antigens have been found in the sera of rodents and
patients in several conditions such as ischemia/reperfusion injury [22, 23], myocar-
dial infarction [21], chronic heart failure [20], Chagas disease [24] and autoimmune
myocarditis [25]. The immunoglobulin reactivity profile described in all those dif-
ferent pathological conditions exhibits a high degree of similarity, and most speci-
ficities fall into three major categories: (1) antibodies recognizing contractile
elements, including myosins, actins and troponins [19, 21]; (2) anti-receptor anti-
bodies, often exhibiting agonistic effects [26]; and (3) natural autoantibodies recog-
nizing conserved epitopes presented on the surface of altered/dying cells [23]. Yet,
it remains under dispute whether autoantibodies targeting cardiac antigens should
be perceived as disease-modifying agents or simply as biomarkers for cardiac injury.

Besides specificity, other factors such as immunoglobulin isotype and timing
might also be considered, as they can critically influence the outcome of immune
responses. For instance, whereas IgM and the murine IgG3 can activate the comple-
ment system and start a local inflammatory reaction, other IgG isotypes and IgAs
primarily act via signalling through Fc-receptors [27, 28].

The timing of antibody response to the injured myocardium is also of major impor-
tance, although it is often a neglected issue. For the sake of clarification, we herein
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Fig. 11.2 The role of autoantibodies at different stages of myocardial ischemic injury and repair.
Natural autoantibodies reactive to ischemia-related antigens and to apoptotic cells can be
detected in the sera of healthy subjects, under physiological conditions (a). Thus, with the onset
of myocardial infarction, such pre-existing natural autoantibodies can readily accumulate at the
ischemic heart and trigger in situ inflammation by means of activating the complement system
(b). In addition, the massive myocardial necrosis results in a leakage of several heart-associated
proteins into the lymph and circulation, bringing about neoreactivities against heart components
at later stages (c¢). Thus, whereas the pre-existing natural [gMs may engage in early inflamma-
tory/healing processes, the MI-induced IgGs have been implicated in the long-term heart failure
progression

approach this subject in two different topics: (1) the role of natural (i.e. pre-existing)
autoantibodies in the early onset of myocardial ischemic diseases and (2) the role of
injury-triggered neoreactivities in modulating the late cardiac remodelling (Fig. 11.2).

11.2.1.1 Natural Autoantibodies in Acute Myocardial Injury

Most of the literature on antibody production has focused on ill patients or on ani-
mals challenged with specific antigens. In such situations, immunoglobulin produc-
tion peaks within a few days upon injury/challenge, as it relies on the activation,
expansion and differentiation of antigen-specific B-cells. In the context of MI, this
would indicate that neoreactivities directed to heart antigens released by dying cells
are most likely to influence the late post-MI remodelling, but not the early in situ
inflammatory and healing processes. Indeed, the vast majority of the literature on
autoantibodies and MI has focused on late remodelling/HF events. However, it
should be stressed that healthy subjects (and mice which haven’t been through the
hands of immunologists) contain an enormous and diverse pool of circulating
immunoglobulins (circa 5-10 mg/ml) that can potentially recognize antigens
exposed in the ischemic myocardium [22, 23, 29-33]. Such antibodies that sponta-
neously arise under physiological conditions and in the absence of overt specific
antigenic stimulation are referred to as “natural antibodies” [29]. Of particular rel-
evance to the myocardial infarction context (which is a sterile injury), it should be
stressed that the vast majority of natural antibodies primarily recognize
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self-antigens [29, 30, 33-36]. In fact, the production of natural IgMs is largely inde-
pendent on external antigenic contacts, as germ-free mice produce a normal IgM
repertoire [31]. This reinforces the idea that natural autoantibodies are not mere side
products of previous immunizations and might rather have physiological roles.

In the context of tissue injury and repair, it has been shown that natural immuno-
globulins can readily accumulate (within 6-24 h) in the wounded skin [37], isch-
emic intestine [38], muscle [39] and heart [22, 23]. Some of these immunoglobulins
have been reported to recognize antigens presented on altered/damaged cells, trig-
gering subsequent local inflammatory reaction [23] and facilitating the clearance of
apoptotic corpses in injured tissue [40].

Experimental evidences raised back at the 1990s first indicated that some natural
IgMs can recognize ischemia-associated antigens and subsequently elicit complement-
mediated local inflammatory responses [39, 41]. In this context, Zhang et al. [38] iso-
lated an IgM-producing B-cell clone (CM22) that recognizes a specific neoantigen
expressed on the surface of ischemic cells [38]. Of note, this B-cell clone was isolated
from resident peritoneal cells harvested from healthy (non-immunized) mice, i.e. it was
by definition a natural autoantibody-producing B-cell clone. Further analysis identified
the cognate antigen as being the non-muscle myosin heavy chain type II (NMHC-II)
[42]. This myosin isoform shares 40% homology with the cardiac myosin heavy chain
and can be constitutively found in the cytoplasm of most cell types where it modulates
cytokinesis, cell motility and shape. According to these authors, the non-motor myosin
isoform is translocated to the outer cytoplasmic membrane under hypoxic conditions,
getting therefore accessible to natural IgMs. A schematic representation of the major
epitopes described in different myosin molecules is presented in Fig. 11.3.

Carroll’s group have convincingly demonstrated that the “NMHC-II - natural
IgM - complement system” axis work in tandem to start inflammation in different
tissues submitted to ischemia/reperfusion injury, including the myocardium [23, 42,
44]. Furthermore, these authors reported that blocking such anti-NMHC-II natural
autoantibodies using a mimicking peptide resulted in attenuated ischemia-induced
myocardial injury [23]. Additional evidences coming from other independent
groups give further support to the idea that natural IgMs can contribute to the myo-
cardial ischemia-reperfusion injury [22, 45].

Taken together, the above-mentioned studies indicate that natural IgMs can fuel
the inflammatory response that occurs in the early stages of ischemia/reperfusion
injury and therefore contribute to tissue damage. Still, one might be careful not to
assume that myocardial inflammation is only detrimental. Although destructive,
inflammation paves the way for tissue repair [46]. Thus, it should be pondered that
natural autoantibodies could also mediate salutary events. This has been proven to
be the case in the context of atherosclerosis [47] and cutaneous wound healing [37],
situations in which natural IgMs facilitated the clearance of necrotic cell debris and
accelerated the tissue repair process.

It is therefore plausible to consider that, beyond driving myocardial inflammation,
natural IgMs could also influence other myocardial healing processes, such as angio-
genesis, phenotypic polarization of infiltrating cells and extracellular matrix remodel-
ling. These points should be further addressed in future investigations.
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11.2.1.2 Injury-Induced Autoantibodies and Heart Failure

Besides the natural autoantibodies that are readily available to react to the infarcted
myocardium, heart-directed neoreactivities have also been reported in MI patients
and rodents [21]. In this case, it is assumed that myocardial necrosis will cause a
leakage of several cardiac proteins to the mediastinal lymph nodes and the circula-
tion. These antigens can then be accessed by B- and T-cells in an inflammatory
context, propitious to raise specific immune responses. The injury-induced autoan-
tibodies (mainly IgGs) have been linked to rather chronic/late events such as post-
MI myocardial remodelling and heart failure (Fig. 11.2) [20]. In the next few lines,
we will review the major cardiac antigenic sources triggering autoantibody-mediated
responses in the context of myocardial infarction and heart failure progression.

Cardiac Myosin

The myosin heavy chain alpha (myhca, a product of the Myh6 gene) is the major
isoform expressed in the cardiac muscle, in contrast to the isoform beta (myhcb)
that is expressed in skeletal muscle cells and in embryonic cardiomyocytes. The two
myosin isoforms share circa 93% similarity, but this apparently slight difference is
enough to trigger specific immune responses that are able to discriminate between
cardiac and skeletal muscle tissues [43]. The NMHC-II (above-discussed) is also a
member of the same protein family. The cardiac isoform of the myosin heavy chain
converges several unique features that make them a particularly relevant source of
cardiac antigens in the MI context. It is a tissue-restricted protein, expressed at high
levels in cardiomyocytes, and it is not expressed in the thymus, meaning that central
tolerance to this protein is not operational [15]. Several independent studies have
reported presence of anti-myosin, anti-actin and anti-troponin autoantibodies in the
sera of patients with MI, ischemic HF and even under physiological conditions [21,
33, 48, 49]. Furthermore, in some clinical studies, it has been observed that the anti-
myosin antibody titres correlate with poorer prognosis, indicating that anti-myosin
antibodies could be of clinical relevance [50]. Still, the question whether such auto-
antibodies targeting contractile elements that are normally confined to the intracel-
lular space could contribute to post-MI remodelling is a highly debatable issue.

On the one hand, a plausible interpretation of these clinical findings could be that
elevated anti-myosin antibody titres are simply a readout for myocardial damage,
with no direct implication to disease progression. Supporting this line of reasoning,
Dangas et al. [48] observed that higher anti-myosin and anti-actin antibody titres
correlated with higher circulating levels of troponin-I, which is a biomarker for
cardiomyocyte necrosis.

On the other hand, experimental evidence suggesting an active role of anti-
myosin antibodies in mediating post-MI remodelling and heart failure have also
been reported. Warraich et al. [51] demonstrated that specific anti-myosin IgGs
purified from patients with ischemic heart disease can directly impair the contractility
of cardiomyocytes in culture. Furthermore, it has been demonstrated that the admin-
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istration of myhca adsorbed in adjuvants can induce autoimmune myocarditis and
the deposition of heart-reactive autoantibodies in some susceptible mouse strains
[52]. In the same line of arguments, Caforio et al. [53] observed that affinity-purified
IgGs isolated from myocarditis patients can induce heart failure when transferred
into BALB/c recipient mice. Last but not least, experimental evidence coming from
Cunningham’s lab indicates that some anti-myosin autoantibodies produced in rats
can cross-react to epitopes on beta-1-adrenergic receptors and stimulate down-
stream signalling pathway [54]. Taken together, these findings suggest that myosin-
like antigenic determinants can be expressed on the surface of cardiomyocytes even
under steady-state conditions and thus that myosin-specific antibodies could medi-
ate disease progression.

Antibodies Targeting Adrenergic Receptors

During the past decades, independent groups have also reported the presence of
autoantibodies targeting beta-1-adrenergic receptors (Adrbl) in patients with
myocardial infarction and heart failure [26, 55-57]. Further analysis identified that
autoantibodies targeting epitopes on the second extracellular loop of the Adrbl
(ECL2) can stimulate downstream signalling and directly influence cardiomyo-
cytes’ activity [55, 58-60]. A clinical study reported the presence of agonistic
anti-Adrb1 antibodies in 26% and 13% of patients with dilated cardiomyopathy
(DCM) and ischemic cardiomyopathy patients (ICM), respectively [61].
Furthermore, the presence of such adrenergic-stimulating autoantibodies corre-
lated with increased mortality (49% versus 80% all-cause mortality in ICM
patients negative or positive for anti-Adbrl, respectively) [61]. Supporting the
notion that such autoantibodies can actively promote myocardial disease, Jahns
et al. [62] demonstrated that rats immunized with a peptide derived from the
adrenergic receptor’s ECL2 develop progressive left ventricular dilation and dys-
function [55, 62]. In this context, a cyclic peptide (COR-1) able to neutralize the
anti-Adrb1 pathogenic antibodies is currently being tested in a phase I clinical trial
[63]. A schematic representation of the major epitopes described in different myo-
sin molecules is presented in Fig. 11.3.

11.2.2 Beyond Autoantibodies: The Roles of B-Cells
in Myocardial Diseases

B-cells are not mere precursors of antibody-secreting cells. They can influence tis-
sue repair via several other mechanisms, including the production of cytokines, che-
mokines and growth factors, or via direct cell-cell contact. Furthermore,
B-lymphocytes also express high levels of innate pattern recognition receptors
(including TLR4) that can also trigger strong polyclonal B-cell activation that is
independent of their specificity [64—67].
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Previous studies revealed that B-cells are readily recruited to the murine infarcted
heart, peaking at around 57 days post-MI [10, 68]. The infiltrating B-cells were
characterized as being mainly mature cells expressing CD19* IgD*IgM™". A similar
kinetics of B-cell infiltration has also been observed in experimental models for
cutaneous wound healing [69]. Whether infiltrating B-cells receive antigenic stimu-
lation (via BCRs) or simply respond to rather unspecific inflammatory signals (via
TLRs) remains an open question.

Regarding to the role played by such acutely infiltrating B-cells in post-MI in
situ inflammation, Zouggari et al. [68] found that the myocardial B-cells express
Ccl7, a chemokine that mediates monocyte recruitment via the CCR2 receptor.
Furthermore, after performing B-cell depletion with an anti-CD20 monoclonal anti-
body, authors observed reduced monocyte recruitment and infarct size.

In a different experimental setup, Goodchild et al. [70] reported that intramyo-
cardial injection of bone marrow-derived B-lymphocytes into infarcted Sprague
Dawley rats had rather beneficial effects, as it reduced in situ apoptosis and helped
in preserving ejection fraction. An important difference between those studies is
that Goodchild et al. [70] might have transferred immature bone marrow B-cells,
which are believed to be resistant to CD20mAB-mediated B-cell depletion used by
Zouggari et al. [68].

These conflicting results indicate that, although promising, the emerging field of
immunocardiology has so far accumulated more questions than answers. Yet, target-
ing B-cells in the MI context might hold interesting therapeutical perspectives, for
several reasons. B-cells can readily respond to unspecific inflammatory stimulation
and accumulate in the injured myocardium where they can fine-tune the local
molecular milieu [71]. In addition, B-cells can also mediate long-lasting effects via
bridging innate and adaptive immune mechanisms, especially via interacting with
T-cells [72]. Further experimental studies addressing those questions shall shed
some light in this incipient field.

11.3 T-Cell Biology and Overall Role in Tissue Repair

T-cells can be distinguished from other cell lineages by the presence of a T-cell
receptor (TCR) on their surface, which is constructed after somatic recombination
of V (variable), D (diversity) and J (joining) gene segments, in addition to a constant
(C) region [73]. The TCR is a heterodimer composed by two protein chains that are
complexed on the membrane with different CD3 chains. The most frequent subset
of T-cells rearranges the TCR alpha and beta chains (hence, termed as ap-T-cells),
while only a minority subset rearranges the TCR gamma and delta chains (y5-T-
cells) [73].

Different to B-cells that can directly interact with soluble antigens, af-T-cells
can only recognize peptides presented by other cells on the major histocompatibility
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complex (MHC), a phenomenon termed as MHC restriction. In this context, af-T-
cells can be subdivided into cytotoxic (CD8* T-cells) and helper (CD4* T-cells).
CDS8*T-cells interact with peptides presented on MHC-I complexes, expressed on
all nucleated cells, whereas CD4*T-cells interact with antigens presented on MHC-II
molecules, known to be most commonly expressed in antigen presenting cells
(APC) such as macrophages, dendritic cells and B-cells. Peptides loaded on MHC-I
molecules are typically composed of eight to nine amino acid residues, whereas
antigens presented on MHC-II context can be longer, reaching 14-20 residues in
length [74-76].

Besides TCR interaction with its cognate antigen via MHC interaction, other
co-stimulatory and inhibitory molecules presented on the surface of APCs also
influence the outcome of T-cell activation (e.g. via interacting with CD28 and
PD-1 receptors on T-cells). It is generally assumed that these co-stimulatory sig-
nals received by T-cells during priming will shape their cytokine and chemokine
expression profile upon activation, hence defining their function and migratory
patterns [74-76]. For instance, it was recently proposed that T-cell priming in the
presence of hepatocyte growth factor (HGF) confers cardiotropism to T-cells by
inducing a specialized homing signature c-Met* CCR4* CXCR3". Of note, HGF
is expressed by cardiomyocytes and can accumulate in the heart-draining lymph
nodes [77].

T-cells are often classified into different functional categories, according to their
phenotypic polarization. The first subdivision of CD4* T-cell subsets based on the
cytokine expression profile was made in the 1980s, after comparing the response
patterns of different mouse strains. Accordingly, it was observed that CD4" T-cells
obtained from C57BL/6 mice typically responded to in vitro stimulation by produc-
ing IFNy, TNF and IL12, whereas CD4* T-cells obtained from Balb/C mice primar-
ily produced IL4, IL-5 and IL-13. These observations lead to the creation of a
dichotomy ceasing T-helper cells into two subsets: the Thl and Th2 [78]. Most
recently further subsets were identified expressing other unique cytokine profiles
(e.g. Th3, Th17, Th9), considerably expanding the list of T-helper subsets.
Nevertheless, it should be stressed that T-cell phenotypes not always fall into com-
pletely discrete categories (especially human T-cells) and that interchange between
classical phenotypes can occur under some circumstances [79].

Additional CD4* and CD8* T-cell subsets have also been characterized based on
their ability to counterbalance classical immune responses. In this context, the most
well-characterized T-cell subset exhibiting “homeostatic” functions is the so-called
“regulatory CD4* T-cells” (Tregs) expressing the transcription factor Forkhead box
P3 (Foxp3) [80-83].

Tregs are important components maintaining immune system homeostasis
and are mostly known for their ability to suppress pro-inflammatory and “clas-
sic” immune responses. However, apart from their classical role in suppressing
immune responses, Tregs have also been implicated in other physiological con-
texts, such as the regulation of metabolic indices in visceral adipose tissue and in
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tissue repair. For instance, Mathis’ group has recently described a novel-specific
Treg population that readily accumulates in the injured skeletal muscle and pro-
motes tissue regeneration by signalling to local stem cells [84]. These muscle
Tregs presented a skewed TCR repertoire diversity (suggestive of clonal expan-
sion) and express high levels of IL-10 and amphiregulin. Interleukin-10 is a
potent anti-inflammatory mediator with clear anti-fibrotic effects, whereas
amphiregulin is a growth factor that induces differentiation of the muscle-resi-
dent progenitor cells [84].

Foxp3* and Foxp3~ CD4" T-cell subsets display different (though overlap-
ping) TCR repertoires. Foxp3* Tregs exhibit enriched reactivity to self-antigens
and lower activation threshold, making them more likely than conventional
T-cells to become rapidly activated in the presence of auto-antigens [85, 86].
These features might have relevant implications to sterile inflammatory condi-
tions such as MI. Of note, Arpaia et al. [8§7] recently demonstrated that different
Treg functions imply distinct activation clues. Using an influenza infection
model, they propose that whereas TCR stimulation is required for Tregs to
mediate immune suppression, the amphiregulin production (leading to tissue
repair) was reported to rely on cytokine signalling, rather than on antigenic
stimulation.

11.3.1 T-Cell Dynamics In Myocardial Injury

It takes days to mount specific T-cell responses, as it relies on antigen processing/
presentation and subsequent proliferation of antigen-specific cells. This would
indicate that T-cells would not be relevant in the early events following a
MI. However, recent experimental evidences challenge this common sense as they
indicate that T-lymphocytes can readily infiltrate the infarcted myocardium
(Fig. 11.4) and influence local inflammation and healing processes.

Using an experimental model of ischemia/reperfusion (I/R), Yang et al. [88]
reported a decrease in peripheral blood lymphocytes 60 min after reperfusion. In
parallel, the number of CD3* T-lymphocytes was significantly increased in the myo-
cardium (most likely in the coronary circulation) within 2 min after the initiation of
reperfusion. No further increase was observed during the first hour of reperfusion.
In the permanent coronary occlusion model, infiltrating CD4*T-cells, CD8*T-cells
and ydT-cells started to increase gradually and peak on day 7 after MI [10]. IFNy-
producing T-cells (Th1) as well as Foxp3*Tregs were the predominant subsets of
CD4*T cells seen after MI, whereas other cytokine-producing T-cell responses were
barely detected [9].

Beyond the recruitment of T-cells from the circulation to the infarcted myocar-
dium, another possibility to be considered is the putative contribution of tissue-
resident cells to post-MI inflammation and healing. Emerging evidences have
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Fig. 11.4 B- and T-lymphocytes infiltrating the infarcted myocardium. In the upper micrograph,
it is possible to distinguish the viable cardiomyocytes (green, Factin*) and the necrotic area, with
a massive cellular infiltrate (nuclei stained with DAPI, blue). Sparse B-cells are seen in red (CD19*
cells) amongst other non-identified infiltrating cells. In the lower micrograph, it is possible to
observe an infiltrating T-cell (TCRP*) in a necrotic area, characterized by the presence of disar-
ranged F-actin filaments (Own unpublished data)

reported the presence of tissue-resident T-cells in several organs at steady state [89,
90], including the heart [91]. In tissues other than the myocardium, such tissue-
resident T-cells have been reported to exhibit a differentiated phenotype and to read-
ily respond to tissue injury. It remains therefore to be established whether resident
lymphocytes can contribute to reactions to MI.



238 V. Nunes-Silva et al.

The roles of T-cells in myocardial repair seem to vary according to the injury
model studied (transient vs permanent coronary artery ligation) and also depend-
ing on time (acute vs chronic) [92]. CD4* T-cells seem to have detrimental effects
in the early set of I/R injury (transient LAD ligation), as they can contribute to
exacerbate inflammation and trigger further myocardial damage. However, the
same T-cell compartment has been shown to later facilitate the resolution of
inflammation and to foster the healing phase of myocardial repair in a model of
permanent LAD ligation [92].

Early evidences indicating that T-cells can influence myocardial I/R injury
came from Yang et al. [88]. By measuring the extent of myocardial injury 60 min
after I/R, they showed that lymphocyte-deficient RAG1KO animals had smaller
lesions after LAD ligation as compared to WT animals. By using antibody deple-
tion prior to I/R injury in WT animals, they were able to show that CD4* T-cells,
but not CD8*, were involved in enhancing disease severity. Reconstitution of
RaglKO animals with WT CD4* T-cells was sufficient to revert the protective
effect of lymphocyte deficiency. Although several reports show that Treg activa-
tion protects against experimental I/R injury in other organs, such as the liver and
kidney, little is known about the role of this subset in myocardial I/R [93]. On the
one hand, Fang et al. reported that Tregs contribute to the rosuvastatin-induced
cardioprotection against myocardial I/R injury [94]. On the other hand, Mathes et al.
recently reported that specific ablation of Foxp3* Tregs resulted in decreased
infarct size, uncovering a potentially detrimental effect of Tregs in the myocardial
I/R injury model [95].

The involvement of T-cells in MI was further dissected in a model with perma-
nent LAD-ligation. Hofmann et al. [9] showed that at day 7 after MI, both conven-
tional and Treg subsets became activated in the mediastinal heart-draining lymph
node. An accumulation of CD4* T-cells in the injured myocardium was also reported.
By inducing MI on CD4 KO, MHC class II KO and OT-II mice (bearing a trans-
genic TCR for an irrelevant antigen), it was shown that impairment of CD4 activa-
tion through TCR resulted in healing defects.

Treg ablation studies performed in the MI context by our own group [12] and by
others [96—-100] revealed that the Foxp3* CD4* cells critically mediate myocardial
repair and foster the formation of a stable scar. Accordingly, Treg-depleted mice
presented reduced survival rates, reduced fractional shortening and accentuated
myocardial dilation upon MI [12, 97]. In addition, it has also been reported that
increasing the frequency activity of Foxp3* CD4* cells, either by adoptive cell
transfer or by with a CD28 superagonist antibody, positively impacts the post-MI
healing outcome [96, 97, 99, 100].

Data from our group has shown that macrophages co-cultured with Tregs upreg-
ulated the expression level of genes associated with the healing process like
Osteopontin, arginase-1 and CD206 [12]. Furthermore, the same genes were found
to be upregulated in the scar of mice treated with the anti-CD28 superagonist, an
antibody known to promote the preferencial expansion of Tregs over Tconvs [101].
Saxena et al. [99] observed that cardiac fibroblasts cultured in the presence of Tregs
presented reduced alpha-SMA and MMP-3 mRNA expression, indicating that Tregs
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may attenuate the pro-remodelling activity of cardiac fibroblasts. In addition, Tang
et al. [100] observed that Tregs can also exert direct effects on cardiomyocytes. By
using a co-culture experimental setup, these authors observed that Tregs protected
rat neonatal cardiomyocytes from the LPS-induced cell death. Taken together, these
studies indicate that modulating the activity or frequency of Foxp3*CD4* T-cells in
the MI context could be of clinical value [102].

Because the MI situation sufficiently differs from other classical immunological
diseases and models, it is plausible to assume that other unconventional lymphocyte
subsets might also influence post-MI responses in unprecedented fashions. For
instance, Curato et al. [103] described a subset of CD8* T-cells expressing the
angiotensin II receptor 2 (ATR2) that expanded in response to myocardial ischemic
injury and produced IL-10 in response to angiotensin II stimulation. More recently,
Skorska et al. [104] reported a similar anti-inflammatory ATR2* CD4* T-cell subset.
These findings are particularly interesting and relevant because they frame T-cell
activation in the cardiovascular context. A schematic presentation on the roles
played by T-cells in post-MI inflammation and healing is presented in Fig. 11.5.

Last but not least, it is important to stress that even though pro-inflammatory fac-
tors are usually described as enhancers of tissue damage, evidences showing they
can positively influence cardiac disease progression also exist. In experimental auto-
immune myocarditis model (e.g. mice injected with myosin adsorbed in adjuvants),
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Fig. 11.5 Activation of T-cells following MI. Ischemia-induced cardiomyocyte necrosis promotes
the release of several intracellular cardiac proteins that could eventually be presented to T-cells in
an inflammatory context. In principle, other danger-associated molecular patterns and cytokines
can also influence T-cells, which modulate the healing outcome by mainly interacting with macro-
phages and fibroblasts
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INFy was first shown to be a central player in promoting disease progression [105].
However, contrary to expected, injected IFNy-deficient mice exhibit worsened myo-
carditis because this inflammatory arm of the immune system is also critical to trig-
ger subsequent anti-inflammatory compensatory responses [ 106, 107]. Furthermore,
in a model of spinal cord injury, it has been shown that autoreactive effector T-cells
can foster tissue repair. Of note, these are the same autoreactive clones that, in other
different context, can promote experimental autoimmune encephalomyelitis [108—
110]. In conclusion, autoimmunity is not necessarily harmful and depending on the
circumstances it can also benefit self-maintenance.

11.4 Therapeutic Approaches Targeting Lymphocytes
and Autoantibodies in the MI and HF Context

Several approaches targeting either B-cells or autoantibodies have been tested in
preclinical and clinical contexts. Yet, whether any of them will be proved effective
remains an open question. Regarding to autoantibodies, different preclinical studies
reported the successful use of specific peptides mimicking the cardiac epitopes as
an efficient approach to block some specific autoantibodies [23, 55]. Despite the
success of such approaches in rodent models of MI and HF, it is plausible to assume
that blocking a single antibody reactivity may not be sufficient to counteract rather
polyclonal B-cell responses. Thus, other nonspecific approaches designed to modu-
late the pathological effects of heart-reactive autoantibodies in myocardial diseases
have also been proposed. In some clinical studies, it has been observed that the use
of immunoadsorption to remove pathogenic autoantibodies from circulation may be
beneficial to HF patients [111, 112]. The intravenous infusion of immunoglobulins
purified from healthy donors (a strategy believed to neutralize the pathogenic auto-
antibodies amongst several other unclear effects) has been also tested, showing con-
tradicting results [113, 114]. Last but not least, the anti-CD20mAb (Rituximab)
used by Zouggari et al. [68] to deplete mature B-cells has been already approved by
the FDA for human studies in other autoimmune contexts.

Emerging immunomodulatory approaches tested in experimental models of MI
also suggest that interfering with the CD4+ T-cell phenotypic plasticity may improve
myocardial repair. For instance, it has been reported that promoting Treg expansion
using an anti-CD28 superagonist or performing Treg adoptive cell transfer benefits
myocardial repair [102]. Targeting the post-MI adaptive immune responses in an
antigen-specific fashion may also be an interesting approach. It has been shown that
the induction of immunological tolerance to cardiac antigens (including troponin
and myosin) by means of oral immunization can attenuate myocardial damage in
different models of cardiac disease [115—119]. Similarily, Choo et al. recently dem-
onstrated that adoptive transfer of tolerogenic dendritic cells loaded with cardiac
antigens also improved myocardial healing and attenuated adverse remodelling
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Box 11.1: Take-Home Messages
What Triggers T- and B-Cell Activation After MI?

The questions whether lymphocytes receive antigenic stimulation or sim-
ply respond to unspecific inflammatory signals (i.e., Toll-Like and cytokine
Receptors) remain unsolved. Evidences suggesting that specific antigenic
stimulation may occur have been reported. However, it is also plausible to
assume that TCR- and BCR-independent activation mechanisms may
co-exist.

What Fine-Tunes Post-MI Lymphocyte Responses?

The MI situation imposes a unique context for lymphocyte activation.
Besides classical DAMPS that can be released by dying cardiomyocytes (e.g.
HSPs), several other nonclassical mediators might also play a role. MI trig-
gers sympathetic overdrive with prominent secretion of catecholamines, and
changes in volumetric conditions trigger a renal reflex with consequent over-
production of angiotensin-II. In principle, both systems can modulate lym-
phocyte responses to cardiac antigens, as T- and B-cells express high levels of
beta-2-adrenergic receptors and angiotensin receptors type 1.

What Brings Lymphocytes to the Injured Myocardium?

The infarcted myocardium expresses chemokines able to attract activated
T-cells (CCL5) and B-cells (CXCL13). Furthermore, it has been recently
reported that T-cells receiving antigenic stimulation at the heart-draining LNs
develop cardiotropism in a mechanism dependent on HGF-c-met signalling.

How Do Lymphocytes Influence the Local Molecular Milieu?

Myocardial B-cells boost monocyte recruitment via secretion of CCL7.
CD4*Foxp3* T-cells shape the monocyte/macrophages’ polarization towards
a pro-healing phenotype. T-cells can also cross talk to fibroblasts at later
stages.

The therapeutical gap.

Most of therapeutical strategies currently available to treat MI/HF patients
focus in modulating cardiovascular rather than immuno-inflammatory mecha-
nisms. Will novel immunotherapeutic strategies succeed in improving cardiac
repair and help preventing the development of ischemic HF?

[120]. Yet, it should be pondered that this field is still in its infancy and such novel
therapeutic approaches are still in a premature stage.



242 V. Nunes-Silva et al.

11.5 Conclusions

The capacity to maintain and restore the integrity of tissues is crucial for the sur-
vival of all organisms. Yet, the pathways leading to tissue repair can largely vary
depending on the organism, tissue and developmental stage [121]. Salamanders,
zebra fishes and newborn mice are capable of completely reconstructing a new
functional myocardium, upon injury [122], whereas most other vertebrates nor-
mally replace the injured myocardium with a fibrous tissue [123]. Still, as
Metchnikoff put forward more than a hundred years ago, it should be emphasized
that inflammation is the common unifying mechanism underlying all those situa-
tions involving tissue injury and repair [121, 124].

Although potentially destructive, inflammation is a sine qua non condition
towards tissue reconstruction, no matter whether it works as re-establishing the sta-
tus quo ante or in promoting a fibrotic repair [46, 125-127]. It is widely accepted
that MI patients receiving immunosuppressive therapies with corticosteroids exhibit
a worse outcome due to impaired healing response [128]. Similarly, the myocardial
regenerative capacity seen in zebra fishes and neonatal mice is lost when the inflam-
mation is blocked [129—-131]. This might implicate that novel therapeutic approaches
aimed at improving myocardial repair should focus on fostering the pro-healing
arms of the immune system rather than simply silencing it.
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Chapter 12
The Innate Immune Response in Myocardial
Infarction, Repair, and Regeneration

Rebecca Gentek and Guillaume Hoeffel

12.1 Introduction

Accumulating evidence identifies the immune system as a key player in injury
responses affecting practically all organs, including the heart. Not surprisingly, per-
haps, the focus of regenerative medicine in recent years seems to have shifted from
being stem cell oriented to investigating the role of “stromal cell types,” including
resident immune cells, and the innate immune system in particular [1]. The primary
response to injuries in most adult mammalian organs is tissue repair by fibrotic scar-
ring, which can cause differing degrees of functional impairment and is thus distinct
from true regeneration.

The adult mammalian heart is non-regenerative: During ischemic heart disease,
necrotic cardiomyocytes are replaced with noncontractile scars, ultimately inducing
heart failure, the leading cause of death in developed countries [2, 3]. Although the
distinction of repair and true regeneration is critical, especially for the heart, it is
important to note that even non-regenerative repair processes are essential to ensure
organ functionality. Similarly, although often considered “harmful” in an oversim-
plified manner, inflammation is an essential feature required for the initiation of
successful healing, and even true regenerative responses to injury, and without an
initial inflammatory phase, severe left ventricular dysfunction is the consequence of
myocardial infarction.

Indeed, as suggested by Elie Metchnikoff, who also first described phagocytes,
the immune system might have originally evolved to regulate developmental
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processes and tissue homeostasis [4], while inflammation could be regarded as an
animal developmental process [5]. Metchnikoff focused on macrophages (M®) that
indeed are involved in injury responses in virtually all organs, including the heart
[6-8]. However, his concept might also apply to other members of the innate
immune system, as discussed here.

Paradoxically, immune cells can mediate both bona fide regeneration and fibrotic
scarring following injury, raising the question of what determines their exact func-
tion in the context of injury and repair or regeneration. Although classically consid-
ered non-regenerative, the mammalian heart retains the capacity to fully regenerate
during embryonic development [9] and a short period of neonatal life [10-12].
Despite some initial controversies regarding the reproducibility and extent of “true”
regeneration in such experimental models, the consensus now appears to be that
indeed the neonatal mouse heart does regenerate following ligation of the left ante-
rior descending coronary artery (LAD) and apical resection with minimal (residual)
scar formation and full functional restoration as judged by left ventricular systolic
function [10, 13, 14].

Innate Immune Players in Cardiovascular Repair and Regeneration Excitingly,
neonatal heart regeneration has been shown to require M®, as demonstrated through
systemic depletion using clodronate liposomes [7]. Other members of the innate
immune system for which a role in cardiovascular repair and/or regeneration fol-
lowing myocardial infarction has been firmly established are monocytes and neutro-
phils as well as mast cells (MC).

In this chapter, the involvement of these cell types in myocardial repair and
regeneration is summarized as far as known, with a particular focus on heart-resident
populations such as M® and mast cells. Lineages recruited from the circulation will
primarily be discussed insofar as they might contribute to the pool of resident innate
cells and/or modulate their functional immunophenotype. We consider the role of
the various lineages and their heterogeneity on the background of recent advances
in our understanding of their fundamental biology, particularly their developmental
dynamics. The data discussed here are largely derived from experimental animal
studies, and, where applicable, we will pinpoint technical limitations of current
approaches to studying innate immune lineages.

In addition to the subsets that have already been identified as key players, this
chapter also explores the potential involvement of additional lineages, namely
innate lymphoid cells, a recently identified family of lymphocytes with innate func-
tions. Finally, emerging themes regarding the role of innate immunity in cardiovas-
cular repair and regeneration are discussed, specifically the relevance of immune
cell cross talk and the question as to what extent the specific functional outcome of
the activation of the innate immune system is primarily defined by their develop-
mental origin or their (micro)environment under non-homeostatic conditions such
as acute myocardial infarction. We propose a model whereby immune cell functions
are critically influenced by the balance between local adaptation and recruitment of
additional mature or precursors cells.
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The Sequential Events of the Innate Immune Response to Myocardial
Infarction Following acute myocardial infarction, a dynamic, tightly orchestrated
healing process is initiated which involves the innate immune system at multiple
levels, and, importantly, relies on resident immune cells as well as additional popu-
lations recruited upon injury.

Strikingly, the overall mobilization of the immune system in tissues follows a
consistent pattern, regardless of the specific cause of injury: Immediately following
trauma, activated resident immune cells such as macrophages (M®), innate lym-
phoid cells (ILC), and mast cells (MC) coordinate the removal of damaged cells, the
remodeling of the tissue stroma, and the recruitment of additional immune cells
from the blood. While M® capture and phagocytose myocardial tissue debris, ILC
can sustain M® activity through the production of IL-13 and IL-4 [15] promoting
M® self-renewal and their anti-inflammatory phenotype. In damaged organs such
as the ischemic heart, the release of TNFa, IL-1f by M®, and histamine by MC
triggers vascular permeability and the transmigration of circulating innate cells [16,
17]. The quasi-immediate (minutes to hours) influx of neutrophils favorizes myo-
cardial tissue debris elimination and reduces the expansion of the tissue lesion
through the release of neutrophil extracellular traps (NETs) [18]. Subsequently,
infiltrating monocytes differentiate locally to give rise either to scavenging M® or
TNFa/iNOS-producing dendritic cells (TipDC, [19]), able to coordinate an adaptive
immune response. This sequence of cellular events is crucial for tissue recovery.
However, excessive activation and local expansion of M® can also be detrimental to
the process of tissue healing and the initiation of a true regenerative program in
particular.

12.2 Mononuclear Phagocytes: Monocytes
and Macrophages (M®)

In recent years, M® have gained considerable scientific interest for fundamental
immunology and cardiovascular biology owing to two seminal findings: [i] Unlike
previously thought, embryonic M® can persist postnatally under homoeostatic con-
ditions, and tissue-resident M® can maintain themselves in situ with minimal input
from the circulation [20-28]. [ii] M® are required for bona fide heart regeneration
in neonatal mice [7], identifying them as critical mediators of true regenerative pro-
grams and, hence, attractive therapeutic targets.

Recent Advances in Mononuclear Phagocyte System (MPS) Biology M® are
long-lived myeloid cell members of the mononuclear phagocyte system (MPS) that
are now known to derive from sequential waves of embryonic precursors [29]. M®
reside in virtually all tissues, which they seed concomitantly with their development
during embryonic or (early) postnatal life [30]. During organogenesis, they partici-
pate in tissue growth and remodeling, primarily through the clearance of senescent
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cells. Their absence leads to developmental abnormalities and, most notably, impairs
the ability of tissues to regenerate, highlighting their importance in tissue homeosta-
sis and healing after injury [31].

Until recently, the prevailing concept about the ontogeny of the MPS postulated
that monocytes and M® derive from hematopoietic stem cells (HSC) through
sequential commitment to M® and dendritic cell progenitors (MDP) [32]. MDP
present in the bone marrow (BM) further differentiate through a newly described
common monocyte precursor (cMoP) [33] that gives rise to the two main subsets of
circulating monocytes, which can be distinguished by differential expression of
Ly6C [34]. Ly6C* monocytes patrol the body through the blood circulation and are
actively and rapidly recruited to the heart after MI. They subsequently differentiate
in Ly6C" monocytes through the NR4A1-dependent transcriptional program [35]
and finally mature into M® at the site of injury.

This vision of the MPS has changed drastically in recent years, causing immunolo-
gists to revise the facultative monocytic origin of tissue-resident M® originally pro-
posed and put forward by Van Furth [36]. The use of parabiotic mice and genetic
fate-mapping models revealed that resident M® receive minimal input from HSC-
derived circulating cells under homeostatic conditions, but rather, originate from
embryonic precursors initially emerging in the yolk sac [20-27], seeding the fetal
liver and eventually giving rise to fetal monocytes [23, 28]. These fetal monocytes
circulate throughout the embryo and, with the notable exception of the brain [28],
constantly infiltrate peripheral tissues including the heart [37], where they differenti-
ate into resident M®. This continues to be the major developmental pathway until (at
least) the onset of definitive hematopoiesis in the BM after birth. More recent work
has further refined our understanding of M® biology, demonstrating that the capacity
to self-maintain is not restricted to embryonic M® [38]. Extreme cases such as
microglia exclusively depend on primitive yolk sac macrophages [20, 26, 39], while
dermal and intestinal M® [40—42] continually recruit HSC-derived adult monocytes
after birth. The majority of tissue-resident M® populations, however, appears to be of
mixed origin. This is also the case for the highly heterogeneous M® population of the
heart [37, 43]. Together, these observations support the concept of layered immunity,
whereby each tissue-resident M® population originates from the sequential seeding
of multiple waves of precursors over the lifespan of an animal [29]. As distinction of
“embryonic” versus “adult” M® solely based on surface marker phenotype is not
possible, the tissue-specific functions of each of these waves remain to be investigated
through the use of refined fate-mapping systems. This will be key in uncovering the
exact mechanisms by which M® affect cardiac healing and regeneration after MI and
the question whether their developmental origin influences these functions.

12.2.1 The MPS in Myocardial Infarction, Repair
and Regeneration

Cardiac M® In the heart, resident M® are localized in the interstitial space from
where they constantly sample the environment by phagocytosis and the expression of
a large panel of pattern recognition receptors (PRR, for review [44]). In doing so,
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cardiac M® can identify and process pathogen- and danger-associated molecular
patterns (PAMPS and DAMPS, respectively) released, for example, by dying or
injured myocardial cells after MI. As these mechanisms rely on close cellular inter-
actions, heart-resident M® limit the spread of inflammatory molecules to neighbor-
ing myocardial cells in proximity to the ischemic site and, thus, maintain local
homeostasis. The adult murine heart is inhabited by relatively abundant, phenotypi-
cally, and developmentally heterogeneous M® [45, 46]. Based on their relative
expression of MHCII and CCR2, three subsets have been described [37]. The CCR2~
cardiac M® can be further separated into MHCII* and MHCII~ populations, which
mainly derive from embryonic precursors [37, 43]. In steady-state mice, these resi-
dent cardiac M® have been proposed to largely maintain themselves through local
self-renewal [37]; however, partial dilution of the resident embryonic-derived M® by
bone marrow-derived M® is observed over time [43]. While the CCR2* M® popula-
tion has been considered part of the resident macrophage pool, they are likely more
related to circulating [47] monocytes. These are functionally distinct from true resi-
dent cardiac M® in that they could provide more efficient protection against invading
pathogens but could also be detrimental for tissue integrity under inappropriate acti-
vation situations. This emerging ontogenic disparity raises the question to what
extent the cellular identity and function of M® is influenced by their origin. Albeit
seemingly of academic nature, this question has significant direct implications for
the role of M® in cardiovascular repair and regeneration: According to the current
consensus, which is largely based on state-of-the-art genomics and epigenomics
approaches [48], M® identity appears to be primarily shaped by the microenviron-
ment and not their developmental origin [49, 50]. However, functional differences
might only be apparent under non-homeostatic conditions. Indeed, monocyte-derived
cells recruited during acute injury differ substantially from resident M® in that they
remain more pro-inflammatory and pro-fibrotic [51]. Hence, in the context of myo-
cardial infarction, it is tempting to speculate that the balance between self-mainte-
nance of fully locally adapted cells and recruitment of circulating progenitors
critically influences the regenerative potential of heart-resident M®. Seemingly in
agreement with this hypothesis, the cardiac M® population changes over time, which
appears to be at least partially due to a decline in the local self-renewal capacity and
compensation by increased monocyte recruitment [43]. Strikingly, these changes
coincide with loss of the regenerative potential in postnatal life, suggesting a causal
link. Accordingly, it has been proposed that the capacity of cardiac M® to self-renew
and/or their balance with recruitment from circulating progenitors might represent a
critical determining factor for cardiac regeneration as opposed to tissue repair.
Interestingly, embryonic cardiac M® have been ascribed a critical role in coronary
plexus remodeling [52] and thereby a developmental function, which is often
regarded as the physiological counterpart to regenerative programs. Using a combi-
nation of a novel inducible cardiomyocyte ablation model and genetic lineage trac-
ing, a recent study pioneered in addressing the question whether cardiac M® origin
matters in the context of heart injury and repair [8]. This work relied on Rosa26-DTR
mice crossed to a line in which Cre is expressed under control of the myosin light
chain 2v (Mlc2v©™: Rosa26-DTR). In the resulting compound mice, cardiomyocytes
are depleted upon administration of diphtheria toxin. Unlike adult mice, neonatal
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mice showed minimal mortality upon cardiomyocyte depletion. In neonatal, but not
adult mice, embryo-derived M® supported healing through promoting angiogenesis
and cardiomyocyte proliferation. Although some embryonic M® were found to per-
sist in adult hearts, confirming earlier work [37], pro-inflammatory monocytes
instead dominated the response to injury in the adult, resulting in impaired cardiac
healing, a situation which, in turn, was improved when monocyte recruitment was
dampened using CCR2-deficient mice. While cardiomyocyte ablation in this model
[8] is rather strong and these results do not formally prove a strict dependence on
either origin or environmental imprinting, they are in line with a model in which the
fine-tuned balance between local adaptation and self-maintenance of resident M®,
including those of embryonic origin, and recruitment of cells from additional sources
(see below) determines the outcome of the regenerative or reparative program initi-
ated and orchestrated by tissue-resident M® following sterile injury (see Fig. 12.1).
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Fig. 12.1 The innate immune system in myocardial repair and regeneration following myocardial
infarction. Scheme depicting the network of resident and circulating innate immune cells impli-
cated in the response to myocardial infarction. Local interactions between resident macrophages,
innate lymphoid cells and mast cells orchestrate cardiac tissue homeostasis at the site of injury. If
the local immune response does not contain tissue injury expansion, excessive DAMPs and inflam-
matory signals from activated immune cells can trigger extramedullary hematopoiesis in the
spleen. The newly generated monocytes and neutrophils then reach the site of injury and partici-
pate in controlling tissue damage. This finely tuned balance between local adaptation and expan-
sion of resident and recruited cells determines the outcome of cardiac tissue regeneration or repair
(scar formation). BM bone marrow, HSC hematopoietic stem cells, Mo monocytes, Neutro neutro-
phils, MC mast cells, ILC innate lymphoid cells, M® macrophages, DAMPs danger-associated
molecular patterns
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Extramedullary (‘“Emergency”’) Hematopoiesis Complementing local processes,
tissue damage is sensed and the healing response coordinated also at the systemic level.
As outlined above, this involves mechanisms of selective immune cell recruitment from
circulating progenitors derived from the BM. In addition, recruitment of myeloid cells,
like granulocytes and monocytes, can also occur from extramedullary “reservoirs” such
as the spleen in a process referred to as “emergency hematopoiesis” [53]. Excessive
amounts of DAMPs released from the injured tissue can reach the hematopoietic stem
cell niche in the BM. Recent reports suggest that committed progenitors and HSCs are
mobilized from the BM to seed the spleen in response to external threat or repetitive
exposure to stress through the 3-adrenergic receptor [54]. Emergency hematopoiesis
can be initiated by circulating pathogen-derived factors [55], but other pro-inflamma-
tory factors derived from injured tissues such as DAMPs and pro-inflammatory cyto-
kines can also be triggers. Additional endogenous signals, such as those derived from
the nervous system, start to be explored in this context. For example, the perception of
stress or pain itself is suspected to contribute to cardiac conditions through induction of
extramedullary hematopoiesis [56]. To better control the number of infiltrating mono-
cytes and M®, splenic hematopoiesis could be stimulated or regulated after MI [57],
for example through activation or inhibition of the sympathetic nervous system via
adrenoreceptor agonists or antagonists to promote or reduce the mobilization to the
splenic monocyte reservoir, respectively [56]. Thus, this strategy might be relevant in
regulating inflammatory monopoiesis, splenic release, and influx to the myocardium.
This mechanism generally results in the generation of myeloid cells more adapted
against invaders but also seems to have an overall protective role after MI, as splenec-
tomy impairs the cardiac healing process [57]. Moreover, approaches to deplete mono-
cytes and M® highlighted their importance in local collagen production, which is
necessary for tissue repair and remodeling after MI. Other studies using CCR2 knock-
out mice, however, have also shown that Ly6C* monocyte recruitment promotes car-
diac tissue fibrosis, local inflammation, and scar formation [51]. Hence, excessive
inflammatory monocyte recruitment seems to increase cardiac pathology and further
promote myocardial fragility. This discrepancy in monocyte functions could be
explained by the existence of discrete monocytic subsets within the circulating mono-
cyte pool, which is only being fully appreciated in more recent times [58].

12.3 Neutrophils

Neutrophil Biology Neutrophils are polymorphonuclear myeloid cells specialized
in bacterial killing through multiple intra- and extracellular means. They are
equipped with three types of granules [59]. These are azurophilic (primary) gran-
ules, which contain myeloperoxidase (MPO); specific (secondary) granules con-
taining lactoferrin; and gelatinase (tertiary) granules that contain matrix
metalloproteinase 9 (MMP9; also known as gelatinase B). Neutrophils can phago-
cytose invading pathogens very efficiently and kill them through the production of
reactive oxygen species (ROS) generated in an NADPH-oxygenase-dependent
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manner. They also release antibacterial proteins (cathepsins, defensins, lactoferrin,
and lysozyme) [60]. Highly activated neutrophils can also eliminate extracellular
pathogens by releasing NETs. NETs are composed of a core DNA element to which
histones, proteins, and enzymes from their granules are attached. Neutrophils are
extremely motile and are the first leukocytes mobilized regardless of the cause of
the injury [61]. This arsenal of biological “weapons” makes them true “killing
machines” that prevent pathogen dissemination. Beyond these well-known func-
tions, more recent reports also suggest functional plasticity within neutrophils. For
example, neutrophils activated upon Trypanosoma cruzi infection produce IL-10,
thereby inhibiting T-cell proliferation and interferon-y (IFNy) production [62].
Another report suggests that specific subsets of neutrophils respond to specific sig-
nals: CXCR4"" pro-inflammatory neutrophils respond to CXCL2 to reach the site
of injury, whereas CXCR4"e" MMP9"ie" pro-angiogenic neutrophils respond to vas-
cular endothelial growth factor A (VEGFA) [63]. Such pathways could be targeted
to control the recruitment of specific neutrophil subsets following MI.

Role of Neutrophils in Myocardial Repair Following Infarction Neutrophils
attracted to the myocardium after MI release large amounts of reactive oxygen spe-
cies (ROS), a phenomenon known as respiratory burst [64]. These can directly react
with myocardial membrane lipids, proteins, and DNA, causing cell injury in the
early phase of MI [65]. However, antioxidant treatment 7 days post-MI reduces
microvascular density, suggesting that ROS production can also promote angiogen-
esis and thus be beneficial for cardiac tissue repair [66]. Granule components of
neutrophils such as MPO, known as a diagnostic plasma marker of MI patients, are
also harmful as they are associated with increased long-term mortality in acute MI
patients [67] and predict adverse long-term prognosis and heart failure after
MI. Furthermore, the generation of NETs can also be detrimental during the recov-
ery phase after MI. Experimental cleaving and clearance of NETs’ chromatin
through DNase administration has cardioprotective effects, resulting in subsequent
improvement of cardiac contractile function in ischemia/reperfusion models [68].
Therefore, inhibition of NET formation or its degradation could be a new therapeu-
tic strategy to reduce ischemic cardiac injury. In the opposite situation, phagocytosis
of apoptotic neutrophils leads M® to produce anti-inflammatory cytokines such as
transforming growth factor beta (TGF-f§) and IL-10, as well as lipoxins and resolvins
[69]. Thus, the clearance of apoptotic neutrophils appears to reprogram M® towards
an anti-inflammatory phenotype crucial for the resolution of inflammation after MI.

12.4 Mast Cells (MC)

MC Biology Bestknown as effector cells mediating anaphylactic reactions in allergy,
mast cells (MC) are characterized by cytosolic secretory granules equipped with
effector molecules that can be released instantly upon MC activation. These effectors
are either preformed or synthesized de novo. They encompass chemokines and cyto-
kines, proteases, heparin, histamine and various other classes of molecules, including
growth factors, fatty acid metabolites, as well as vaso- and neuroactive substances.
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As is the case for their effectors, the stimuli activating MC range widely. MC express
pattern recognition receptors (PRRs) that respond to pathogen- and damage-associ-
ated molecular patterns (PAMPs and DAMPs, respectively), both of which are
released by the damaged, infarcted myocardium. MC also express ST2, the receptor
for IL-33, an IL-1 family member that functions as a so-called alarmin in that it is
constitutively expressed and intracellularly stored primarily by epithelial cells, which
release it upon damage [70]. Thus, MC are rapid responders providing a “first line of
defense” to pathogens as well as tissue damage. MC have long been known to be
capable of re-granulating [71, 72], (Kobayasi 1969), [73]), and the exact composition
of MC mediators released is defined by the nature of the activating stimulus. Perhaps
counterintuitively, therefore, MC degranulation appears to be a specific process.

Similar to M®, MC are long-lived [73, 74] tissue-resident innate immune cells
of the myeloid lineage. They originate from BM-derived progenitors downstream of
HSC and commonly thought to be contained within the common granulocyte-
monocyte progenitor (GMP) population. Using state-of-the-art single-cell RNA
sequencing, a recent study resolved a long-standing controversy and found that the
bipotent progenitors for mast cells and basophil and eosinophil progenitors segre-
gate from those for monocytes and neutrophils earlier than previously thought [75].
Precursors with restricted MC potential are also transiently present in the fetal cir-
culation during late gestation [76]; however, their relevance for and relation to adult
MC development are currently unknown.

MC reside in a variety of organs, but, with the exception of the skin, their abundance
inunchallenged conditions is rather low. In contrast, MC numbers are known to increase
sometimes drastically in pathology both in animal models [71, 77, 78] and humans
[79-82]. Paralleling the situation for M®, three main, non-mutually exclusive mecha-
nisms can be envisioned by which MC increase in an organ affected by disease: While
thought to be uncommon at steady state, local proliferation of mature MC could con-
tribute to (rapid) local increases in MC numbers. Similarly, circulating MC progenitors
continuously home to peripheral tissues at low frequency, which could be enhanced, for
example, in response to sterile injury. Alternatively, or in addition, precursors already
present in the affected tissue could divide and mature locally. In this context, it is note-
worthy that indeed MC progenitors have been identified in various peripheral organs
including the skin, gut, white adipose tissue (WAT), and lung [83-86].

As with M® and recruited monocytes, it is tempting to speculate that the balance
between freshly recruited MC progenitors and their locally adapted resident or resi-
dent precursor-derived counterpart influences the functional phenotype of the com-
posite resident population. This would be particularly relevant for the transition
from the early inflammatory to the anti-inflammatory, reparative phase after myo-
cardial infarction, a possibility that will be further explored below.

Support for the notion that the (micro)environment determines MC phenotypes
comes from data collected by the Immunological Genome Consortium, which
recently determined the core transcriptomic signature of tissue-resident MC through
genome-wide expression [87]. In addition to the shared core signature defining MC
lineage identity, MC populations also express genes dependent on the organ they
reside in, reminiscent of what the consortium had previously shown for M® using
the same approach [88].
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Cardiac MC and Their Functions in Myocardial Remodeling After
Infarction The adult mammalian heart contains low numbers of mature c-Kit*
FceR1* MC [77, 89, 90]. In stark contrast to M® (see above and chapter “The Role
of Cardiac Tissue Macrophages in Homeostasis and Disease”), very little is known
about this population in the resting state.

Pathophysiologically, MC have been initially implicated in cardiovascular dis-
ease owing to the seminal observation that they are found (more) abundantly in
atherosclerotic lesions of human patients [91], followed by the finding that they can
directly convert M® into plaque-forming foam cells through modulating their lipo-
protein metabolism [92, 93]. Thus, MC are generally thought to be pro-atherogenic
both during initiation, but also progression of atherosclerosis. Indeed, clinically, the
numbers of mature MC in atherosclerotic lesions correlate with disease stage and
the microvessel density within the plaques [94].

Our knowledge about the involvement of MC in the immediate response to and
remodeling following myocardial infarction is comparably sparse, although MI can,
in its extremity, even represent a cardiovascular manifestation of anaphylaxis, and,
reversely, cardiovascular disease increases the risk of severe and especially of fatal
allergic complications [95], as does obesity [96]. Evidence for an involvement of
MC in human MI largely derived from traditional approaches like the assessment of
circulating levels of MC mediators and activators such as tryptase and IgE, respec-
tively. Similarly, classical immunohistochemistry is used to detect MC in situ in
pathological samples, often by means of their metachromatic granules.

Together, experimental and clinical data have identified multiple roles for MC
in myocardial healing after acute infarction. By means of their activating receptors,
MC rapidly sense cardiac damage and release histamine and TNF-a, thereby
participating in the initiation of sterile inflammation [97]. As outlined above, this
inflammatory response is further enhanced through activation of resident M® and
infiltrating neutrophils. MC effectors, particularly pro-inflammatory cytokines, also
directly partake in the recruitment of immune cells, such as T cells and monocytes,
as reduced numbers of inflammatory monocytes and M® are found in mice treated
with MC stabilizers or MC-deficient mice [98]. Finally, accumulating evidence sug-
gests MC might be involved in the reparative phase, primarily through their effects
on ECM remodeling [90, 99]. Thus, MC appear to be involved throughout the dis-
tinct stages of myocardial healing. Unlike their disease-promoting role in athero-
sclerosis, however, they appear to have both detrimental and beneficial effects in the
context of MI. For example, MC can promote fibrosis through stimulation of col-
lagen synthesis, while collagen degradation through MC-mediated activation of
matrix metalloproteinases (MMP) has also been reported [100].

Some of this controversy might be attributable to the widespread use of c-Kit
mutant mice as MC-deficient mouse models. In addition to its role in MC develop-
ment, proliferation, and survival, signaling of stem cell factor (SCF) through its
receptor c-Kit has many nonredundant functions in other cell types both within and
outside the hematopoietic system [101]. Therefore, data solely derived from c-Kit
mutant mice need to be interpreted with caution. In the light of these issues, several
teams have recently developed novel genetic tools to study MC function more spe-



12 The Innate Immune Response in Myocardial Infarction, Repair, and Regeneration 261

cifically [101]. Using one such mouse model, the so-called Cre-Master mice,
in which MC are selectively depleted owing to Cre-induced genotoxicity when
expressed under control of the MC protease carboxypeptidase A3 (Cpa3) [102], a
recent study revealed a somewhat unexpected function for MC in the repair phase
following acute myocardial infarction [77]. In these mice, MC deficiency results in
calcium desensitization of the cardiac myofilaments in a mechanism dependent on
MC tryptase, causing impaired contractility [77].

As discussed above, cardiac MC significantly increase in numbers in various dis-
eases and disease models, yet the mechanisms responsible for this increase have barely
been deciphered. Interestingly, these might differ depending on the conditions: In a
model for chronic volume overload, for instance, MC numbers increase within
12 hours, which has been attributed to the fast maturation of immature resident cells or
local precursors in the absence of (increased) proliferation [100, 103]. Contrary to this
rapid increase from a pool of immature, resident cells, MC numbers show a marked
increase and peak only 7 days after myocardial infarction, succeeding an increase
in local progenitors after 3 days [77]. Interestingly, not only do these data suggest a
different mechanism underlying the increase in MC numbers following MI, namely,
recruitment of a progenitor, the study also convincingly demonstrated that these pro-
genitors do not originate from the BM, but instead, derive from the WAT [77].

As summarized here, MC are involved in various stages of the cardiac remodel-
ing process following acute infarction. Taking into account the diversity of the
reported functions and the controversy of some findings, however, much remains to
be learned about their roles in acute myocardial infarction and return to homeosta-
sis. The advent of alternative, c-Kit-independent MC mouse models [101] will
allow a better dissection of their diverse functions at distinct stages of cardiac
remodeling. Such models allow for the identification of previously unknown func-
tions, as illustrated by the example of the modulation of myofilament contractility
by MC [77]. Such models will also enable addressing some as of yet unresolved
questions, for instance, whether MC are also required for the bona fide regenerative
capacity of newborn mouse hearts, a possibility that seems likely considering the
need for removal of the initially formed fibrotic scar and the equipment of MC with
potent mediators of ECM remodeling.

12.5 Innate Lymphoid Cells (ILC)

ILC Biology Innate lymphoid cells (ILC) are a recently described family of tissue-
resident immune cells that derive from the common lymphoid progenitor in an IL-7-
dependent manner and, hence, developmentally belong to the lymphoid lineage
[104]. Unlike classical T- and B-lymphocytes, however, ILC display characteristics
of innate immune cells as they lack rearranged antigen receptors and, instead, read-
ily produce cytokines in response to activation. In doing so, ILC contribute to the
“first line of defense” against pathogens but also partake in the rapid response to
non-immunological challenges such as tissue damage, functions classically assigned
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to the myeloid lineage. Indeed, ILC are now well recognized for their involvement
in tissue homeostasis as they mediate organogenesis [105—-107] as well as repair and
regeneration following injury [108—-113].

The different members of the ILC family can be distinguished according to their
upstream activators and corresponding surface receptors, the signature cytokines they
produce, as well as the transcriptomic circuits required for their development and lin-
eage specification. As these features mirror the different T helper cell lineages, ILC are
commonly regarded as their innate counterparts. Paying tribute to this striking resem-
blance, three main ILC lineages are now distinguished: Group 1 ILC produce IFNy
and TNF and depend on the transcription factor T-bet; group 2 ILC require RORa and
GATA3 expression and produce the type 2 cytokines IL-4, IL-5, and IL-13, while
group 3 ILC resemble Th17 cells in that they depend on the transcription factor RORyt
and secrete IL-17A and/or IL-22 [15]. Adding further complexity to this classification,
the ILC family also encompasses conventional natural killer (NK) cells and the proto-
typical ILC, lymphoid tissue inducer (LT1) cells [105], that are now classed as group 1
and 3 ILC, respectively. Taking their broad functions into account, a refined nomen-
clature has been put forward that further distinguishes “helper-like” ILC (members of
ILC1, ILC2, ILC3) from “killer-like” ILC (NK cells, some ILC1) [114].

Not unlike myeloid cells, ILC display remarkable phenotypic plasticity in
response to environmental stimuli. While much of the current knowledge about ILC
is derived from mouse studies, many aspects of their biology have been explored
and confirmed in human (recently reviewed in [115, 116]). Moreover, ILC have
been directly implicated in a variety of human pathologies, ranging from infectious
diseases [117] to autoimmunity such as allergy, asthma, and inflammatory bowel
disease [115] to the development of graft-versus-host disease following hematopoi-
etic stem cell transplantation [118, 119]. Not surprisingly, therefore, ILC have been
in the focus of immunological research ever since their recent identification.

Developmentally, fetal liver and adult bone marrow progenitors [120—123] have
been identified for ILC. Strikingly, in naive mice, helper-like ILC resident in non-
lymphoid organs are relatively long-lived and self-maintain through local prolifera-
tion largely independently from hematopoietic input [124]. Thus, ILC development
and maintenance mechanisms appear in many ways reminiscent of what has recently
become known for M® (see above and chapter “The Role of Cardiac Tissue
Macrophages in Homeostasis and Disease”). Although it is currently unclear which
exact hematopoietic stage(s) ILC originate from in the embryo and whether embry-
onic ILC persist postnatally, it is tempting to speculate that more similarities exist
between the different arms of the innate immune system, which, as outlined above
and discussed in more detail below, might have direct functional implications for
their roles in heart repair and bona fide regeneration.

Thus, our fundamental understanding of ILC biology and their involvement in
pathophysiology has grown exponentially, yet, comparably, little is known about the
involvement of ILC in cardiovascular disease. Of note, however, several recent stud-
ies identified critical roles for ILC, and group 2 ILC in particular, in adipose tissue
function and metabolic diseases such as diabetes, obesity, and atherosclerosis [125—
128], all of which are inherently linked with (the risk for) myocardial infarction.
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Under homeostatic conditions, murine and human ILC appear to be enriched at
border surfaces such as the skin and mucosal epithelia of the lung and gastrointestinal
systems, while their numbers in other organs are comparably low in the adult, cir-
cumstances which have likely contributed to their late discovery [104]. Interestingly,
ILC seem to be generally more abundant during embryonic and early postnatal life
[129], further underlining their (potential) involvement in developmental processes
that, in turn, are often regarded as the developmental “blueprints” to regeneration.
Such developmental functions have been formally demonstrated, for example for LTi
cells, which are required for the establishment of lymph nodes [105].

Cardiac ILC NK cells, founding members of the ILC family, rapidly appear in the
myocardium upon infarction, along with adaptive T, B cells and monocytes [130].
An early study reported reduced function of circulating NK cells following myocar-
dial infarction in patients [131]. Mechanistically, NK cells and monocytes are
known to engage in reciprocal functional modulation through interferon-y (IFNy)
and IL-12 and IL-18, respectively [132]. Although this appears to be important in
the acute inflammatory phase, the question whether NK cells can integrate in the
pool of resident immune cells as well as their exact contribution to cardiac remodel-
ing following infarction remains largely enigmatic.

Until recently, NK cells were the only ILC family members whose presence was
documented in the murine heart. This changed with a seminal study that identified
tissue-resident cardiac ILC2, notably in the resting heart of naive adult IL-5 reporter
mice [133]. Numbers of cardiac ILC2 are low at steady state. However, it can be
envisioned that these increase in response to myocardial infarction. As is the case
for other innate immune cells such as MC, low abundance at steady state does not
preclude critical functions following an insult such as myocardial infarction.
Moreover, not only has a resident cardiac ILC2 population been identified; their
upstream-activating cytokines IL-25 and IL-33 have been shown to be contributing
factors to atherosclerosis [134, 135], and critically, IL-13, a signature cytokine pro-
duced by ILC2, might be cardioprotective following MI [136].

(Potential) Involvement of ILC in Myocardial Infarction, Repair, and
Regeneration ILC are increasingly recognized for their critical functions in tissue
remodeling in various infectious but also chronic and acute inflammatory condi-
tions, including sterile injuries [108, 137, 138]. Regeneration of the gastrointestinal
tract, for instance, depends on ILC, which, intriguingly, appear to directly act on
intestinal stem cells [113, 139].

As prototypical type 2 immune cells, ILC2 express receptors that respond to
epithelial-derived cytokines known to be involved in fibrosis in both animal models
and human disease, namely, IL-25, IL-33, and TSLP, some of which are regarded as
“emergency” signals or so-called alarmins. Therefore, ILC, and (cardiac) ILC2
especially, represent prime candidates for partaking in the regenerative and repara-
tive response following myocardial infarction: Unlike their adaptive counterparts,
they are equipped with cytokines to readily respond to tissue damage, many of
which are produced constitutively and secreted upon activation, the virtue by which
cardiac ILC2 have been identified in the first place [133].
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Although formal proof of their involvement in cardiac remodeling following
acute infarction is currently lacking, several lines of evidence support this notion:
Elevated levels of circulating IL-13, a signature cytokine produced by ILC2, have
been found in patients suffering from chronic heart failure, where they were found
to inversely correlative with left ventricular ejection fraction [140]. Moreover, IL-13
might be a critical parameter also for acute infarction, as its genetic deficiency wors-
ened the outcome following MI in a rodent model [136]. While this effect has been
attributed to Th2 cells, these data were obtained from a non-conditional knockout
for IL-13 and, hence, would be consistent with an involvement of ILC [2]. Not only
do ILC2 produce IL-13 themselves in both mice and humans [141, 142], they can
also initiate and further potentiate Th2 responses [143]. Mechanistically, IL-13 defi-
ciency caused an increase in overall leukocytes, especially myeloid cells, which
displayed a more pro-inflammatory and pro-fibrotic phenotype. This suggests that
type 2 immune cells phenotypically modulate recruited monocytes and resident M®
by means of IL-13 secretion in response to MI. Such modulatory cross talk is emerg-
ing as a cardinal feature of immune cell networks, including ILC (see Fig. 12.1).

Indeed, ILC are known to engage in extensive cross talk, particularly with
myeloid lineages, resulting in reciprocal modulation of immune cell phenotype and
activation status. ILC2, for example, intimately interact with MC in the dermis and
modulate their IgE-dependent cytokine release through IL-13 [144]. Notably, evi-
dence for functional ILC-M® cross talk has also been obtained in the context of
injury, as systemically administered IL-33 improves skin wound healing by
promoting alternative M® activation [111], whereas deletion of the IL-33 receptor
ST2 favors inflammatory M® and results in impaired healing [145]. Conversely,
ILC function is also subject to modulation by other lineages, as alveolar M® con-
tribute to airway hyperreactivity by potentiating IL-13 secretion of ILC2 [146],
while intestinal M® regulate IL-22 expression by ILC [147-149]. Thus, ILC cross
talk with other (innate) immune cells, such as M® and MC, occurs in various organs
both at steady state and following infection or injury, suggesting it represents a more
general mechanism that might also apply to the heart upon acute infarction.

In conclusion, studying the role of ILC in the context of heart repair and regen-
eration bears great potential. Unfortunately, however, it faces technical challenges.
These are largely attributable to the inherent limitation of functional studies using
human material and the paucity of specific mouse models. Common ILC-deficient
mouse models such as Id2~~ and Rag2~~ I12rg~~ mice can be difficult to interpret:
1d27~ mice appear grossly normal at birth, but display gradual growth retardation
[150]. Another commonly used model, Rag2™~ I12rg™~ mice, additionally lack
adaptive lymphocytes, which also play critical roles in the response to MI [136,
151, 152] (see chapter “Lymphocytes”). Thus, better distinction of ILC from T
cells will be critical. A suitable approach is to compare mice in which expression
of a floxed diphtheria toxin receptor (DTR) transgene affects either both ILC and
T cells, or T cells only [153]. Subjecting such mice to microsurgical models of
myocardial infarction would allow researchers to directly and specifically assess
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the role of and requirement for ILC2 in cardiac repair (adult mice) and regenera-
tion (neonatal mice). Supplemented with clinical data, such studies will likely
yield critical insight regarding the involvement of ILC in myocardial infarction
and, ultimately, repair and regeneration.
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