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Abstract

Despite of a multitude of excellent studies, the regulatory role of natural killer (NK) cells in the
pathogenesis of inflammatory cardiac disease is greatly underappreciated. Clinical abnormalities
in the numbers and functions of NK cells are observed in myocarditis and inflammatory dilated
cardiomyopathy (DCMi) as well as in cardiac transplant rejection [1-6]. Because treatment of
these disorders remains largely symptomatic in nature, patients have little options for targeted
therapies [7, 8]. However, blockade of NK cells and their receptors can protect against
inflammation and damage in animal models of cardiac injury and inflammation. In these models,
NK cells suppress the maturation and trafficking of inflammatory cells, alter the local cytokine and
chemokine environments, and induce apoptosis in nearby resident and hematopoietic cells [1, 9,
10]. This review will dissect each protective mechanism employed by NK cells and explore how
their properties might be exploited for their therapeutic potential.

1. Introduction

Inflammatory heart disease comprises a spectrum of etiologies and symptoms, but are
grouped together for their major characteristic-the infiltration of activated hematopoietic
cells into the cardiac tissue. NK cells have been shown to be dysregulated in many of these
diseases including transplant rejection, myocarditis, and cardiac fibrosis. In this review, we
explore how cardiac inflammation is modulated by natural killer cells (Figure 1).

NK cells comprise the largest subset of the innate lymphoid cell (ILC) family. ILCs include
the IFNy-producing T-bet* Type 1 ILCs, the IL4-secreting Th2-associated GATA3" Type 2,
and the IL17A-producing Roryt* Type 3 ILCs [11, 12]. ILCs are morphologically
lymphocytic in nature, but lack the somatic rearrangement of antigen receptors found in the
more classical T-cells and B-cells of the adaptive immune system. ILCs are responsive to
multiple immune signals, are required for defense against pathogens, and are necessary for
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the formation of lymphoid organs [13, 14]. Additionally, ILCs play a major role in both
repairing damaged tissue and maintaining tissue homeostasis [15]. Type 1 ILCs, which
include both NK cells and non-classical NK ILC1 cells, are characterized by their ability to
produce IFN-y and express the transcription factor T-bet. However, recent fate mapping
research has indicated that NK cells and conventional ILCs have distinct developmental
lineages, a finding underscored by the cytotoxic abilities exclusive to NK cells [16, 17]. In
contrast, all other ILCs share a common committed progenitor [18].

Due to their convergent evolution, it can be difficult to draw direct comparisons between
specific mouse and human NK subsets [19]. However, both groups have inherited identical
functionality despite lacking sequence homology in surface molecules [20-22]. Differences
in mammalian origin notwithstanding, all NK cells contain pre-formed cytotoxic granules
that are released upon specific activation signals that do not require previous sensitization.
Thus, NK cells were originally classified as innate cytotoxic effector lymphocytes due to
their stochastically expressed activation and inhibitory receptors and lack of memory
formation [23-25]. Since then, they have been recognized for their ability to modulate the
immune system well-beyond the innate response, although they are still the first line of
defense against many intracellular pathogens [24, 26]. The absence of NK cells results in
increased viral titer and dissemination in multiple animal models, including
cytomegalovirus, hepatitis, and influenza [27, 28].

Additionally, there is accumulating evidence that NK cells possess some manner of memory
ability [29, 30]. Mice deficient in B and T cells have the ability to mount increasingly
elevated antigen-specific immune responses against certain haptens and viruses after
sensitization [31, 32]. This was recently shown to be true in SHIVgg1g2p3-infected and
SIVmacos1-infected rhesus macaques, whereby splenic and hepatic NK cells taken from
these animals were specifically able to lyse Gag- and Env-pulsed dendritic cells in an
NKG2-dependent fashion [33].

The earliest murine NK precursors are non-stromal bone marrow cells known as pre-NK
progenitors (pre-NKP) that express surface makers CD117 and CD244 and the transcription
factor 1d2 [15, 34-36]. From this stage, the cells acquire CD122, the B-receptor subunit of
both IL-2 and IL-15, and CD132, the common-y chain. IL-15 is required for the
development and maturation of fully functional NK cells [37, 38]. It is unknown what
signals control the shift from pre-NKPs to NKPs, though transcription factors EOMES and
T-bet are required [39]. NKPs are defined as cells that express CD122 and CD132, but lack
the functional capacities of mature NK cells and do not express other lineage markers such
as CD3, CD19, and CD14. Henceforth, these cells are committed and do not develop into
other cell types upon /n vitro stimulation [40, 41].

NKEP cells develop into immature NK cells (iNK) upon IL-15 stimulation, a process that can
be amplified with the addition of other CD122 and CD132 ligands such as IL-3, IL-7, c-kit
ligand (KL), and flt-3 ligand (FL). The latter cytokines are not required for NK maturation,
but are actively expressed by bone marrow stromal cells [39, 42]. iNK cells express high
levels of CXCRA4, a receptor for the highly expressed stromal-factor 1 in the bone marrow,
and thus are retained until maturation [43]. They also begin to express other NK-associated
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markers such as NKp46, NK1.1 (in C57B/6 or C57BL/10 mice), CD94, and CD27 [35]. The
exact mechanisms of NK maturation have not yet been well-delineated, though licensing of
these cells through the ligation of MHCI with NK inhibitory receptors such as the Ly49 and
KIR families is required [44]. Without MHCI contact, immature NK cells remain anergic
and nonfunctional, explaining why MHCI-deficient mice do not undergo massive
inflammation despite having normal numbers of NK cells [44, 45].

Mature mouse NK cells acquire the expression of DX5 and CD11b, along with various
organ-specific chemokine receptors that may help egress from the bone marrow to specific
sites in the body. These mature NK cells present fluid organ-specific phenotypes through the
differential expression of chemokine receptors, cytokine secretions profiles, and inherent
cytotoxic abilities [46, 47]. Transferring of murine NK cells into another organ results in the
conversion of the transferred cells to the tissue-specific NK phenotype [48]. Mature mouse
NK cells also acquire their canonical cytotoxicity functions, such as preformed vesicles
containing granzyme-B and perforin and expression of the cytotoxicity mediators Fas ligand
(FasL) and TNF-related apoptosis-inducing ligand (TRAIL). Depending on the activation
signals received, mature NK cells may also secrete various cytokines and inflammatory
mediators, among which the type | interferons, tumor necrosis factor alpha (TNFa), IFNvy,
and IL-13 are the most well-known [49, 50].

Similar to positive selection of T cells in the thymus, an NK cell is “licensed” and
considered mature with the successful ligation of an MHCI molecule. Human NK cells
express a series of killer inhibitory receptors (KIRs) that recognize their host’s specific
MHCI HLA haplotype [51]. The triggering of KIRs with unrecognized HLA molecules
result in alloreactivity. In transplantation, this mismatch between donor and recipient HLA
haplotypes results in the expansion of activated alloreactive NK cells, thus instigating the
process of transplant rejection [52].

Similarly, both mouse and human NK cells recognize their targets by their abnormal
presentation of MHCI such as in tumor or virally infected cells. MHCI on healthy cells
results in the ligation of an inhibition receptor on the surface of NK cells, preventing the
release of perforin and granzyme-B. However, NK cells have hundreds of invariant receptors
that are stochastically expressed on each cell’s surface during development that recognize a
wide variety of self and foreign antigens [53, 54]. For example, the viral proteins influenza
hemagglutin (HA) and Sendai HA-neuraminadase (HN), directly ligate the mouse and
human NK activation receptors NKp44 and NKp46, respectively [28]. Altogether, NK cells
comprise an immunologically distinct niche that is not yet well characterized. They have the
ability to impact the immune system in a wide variety of ways—from direct cytotoxicity to
releasing soluble factors that can alter both innate and adaptive immune response.

2. Heart Disease Accompanied by Inflammation

Inflammation is a common thread underlying the pathogenesis of multiple cardiac
conditions including myocarditis, cardiac transplant rejection, and myocardial infarction.
Clinically, deficits in NK cell levels may contribute to low grade cardiac inflammation [55—
57]. In this review, we examine the ability of NK cells to modulate the inflammatory
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response accompanying several heart diseases and discuss how these cells may provide a
target for future biological therapies.

2.1. Coronary Artery and Ischemic Heart Disease

Coronary artery and ischemic heart diseases are leading causes of death in the developed
world [58]. A wide variety of risk factors can be cited as contributing to disease including
atherosclerosis, familial inheritance, and arterial hypertension [59]. Infections and pathogen
burdens such as cytomegalovirus (CMV) and Chlamydia pneumoniaeare are also major
factors in the determination of heart function [60-62]. Thus, coronary artery and ischemic
heart disease can be considered diseases that are a combination of etiological origin and a
prolonged inflammatory state.

Multiple clinical studies have shown that coronary artery and ischemic heart disease patients
have a decreased NK presence either through total numbers and/or phenotypic ability [63—
65]. One study reported lower percentages and total numbers of CD3"CD56Pr9ht and
CD3-CD564™ circulating NK cells with lower cytotoxic and IFNy production ability in
patients [64]. Another study reported decreased NK cells in patients at the time of diagnosis.
Furthermore, a 12-month follow-up showed that a continued deficient in NK cells was
correlated with low-grade cardiac inflammation, whereas patients that had restored
circulating NK cells had little to no cardiac inflammation [65, 66].

In conclusion, a deficit of NK cells has been well-established in coronary artery and
ischemic heart disease. What remains to be determined, however, is whether this absence is
causative or merely symptomatic remains to be seen.

2.2. Myocardial Infarction

The detrimental immunological cascade that takes place after the ischemic event has
resolved by thrombolytic therapy or primary percutaneous coronary intervention (PPCI)
often promotes scar formation and fibrosis [67]. The restoration of blood flow to previously
infarcted heart tissues, known as ischemia-reperfusion injury (IRI) results in greater damage
to the local cardiomyocytes than the initial infarction caused. The injured cardiomyocytes
release a combination of alarmins, chemokines, and cytokines that ultimately call for the
infiltration of inflammatory cell populations dominated largely by neutrophils and
monocytes [67]. Both these inflammatory populations and overload of reactive oxygen
species and calcium and magnesium ions cause tissue damage and begin a cascade of events
ultimately leading to tissue necrosis and collagen deposition [68]. This may help explain
why, despite successful reperfusion after an acute myocardial infarction, death rates range
from 7-15% post-procedure [69—71]. Much of myocardial infarction research is aimed at
controlling this inflammatory surge in order to improve long-term patient outcomes.

The role of NK cells in myocardial reperfusion injury has not been well-described. Most of
the research has been focused on NK-dependent monocytic maturation and activation.
Crosstalk between monocytes and NK cells infiltrating the infarcted tissue can drive a T-bet/
IFNy/IL-12 signaling loop that results in the activation of both cellular populations and the
increased recruitment of other inflammatory cells. Furthermore, this crosstalk was required
for angiotensin-11 induced vascular injury [10, 72].
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Other studies have demonstrated that the worsened cardiac outcomes seen in basophil and
mast cell-deficient c-kit™~ mice after M1 could be rescued by the transfer of hematopoietic
stem cells (HSC), which leads to increased neovascularization and recruitment of cardiac
progenitor cells. The effect of this transfer was limited in the absence of NK cells [1]. NK
cells have also been shown to interact with cardiac endothelial cells post-MI to increase
vascularization and angiogenesis [73, 74]. However, attempts by other groups to repeat these
findings were unsuccessful, with most groups finding that the majority of HSCs
differentiated into neutrophils with limited establishment in the heart as resident cells [75-
77]. Overall, the role of NK cells in the pathogenesis of Ml is yet to be determined.

2.3. Transplant Rejection

As NK cells are crucial in distinguishing foreign from self, they play an essential role in the
progression of transplant rejection and graft versus host disease (GVHD) through both
innate immunity and the establishment of a tissue-specific adaptive immune response. In
terms of the innate response, MHCI (HLAI) mismatch between donor and recipient tissues
results in transplant rejection due to cytotoxicity from failed ligation of Killer inhibitor
receptors (KIRSs) expressed on NK cells. On the adaptive side, the immune response
generated by NK cells results in a cascade of events leading to an antigen-specific response
against donor tissue. NK cells infiltrate cardiac grafts and transplants and accumulate in
lesions found in donor tissue, contributing to acute rejection in both animal and human
studies [78-80]. Clinically, cyclosporine A has been used to great success in suppressing
rejection by limiting both the expansion of T and NK cells. Human NK cells treated with
cyclosporine resulted in reduced proliferation in the CD56PM9 jnflammatory subsets in
response to IL-2 and IL-15 [81].

However, several non-cardiac transplant models have pointed to the ability of NK cells to
promote tolerance. The depletion of T cells prior to clinical bone marrow transplantation
results in a large expansion of the NK component and leads to graft establishment. Li et al
found that in a model of skin transplantation, NK cells can effectively kill antigen-presenting
cells (APCs) trafficking to donor tissue, helping to prevent the establishment of an adaptive
immune response [82]. Other studies have shown that perforin from NK cells is vital for
tolerance to allografts and that the transfer of perforin-competent NK cells is sufficient for
transplantation tolerance in perforin-deficient recipients [83]. In other models, the transfer of
alloreactive NK cells prior to HLA-mismatched tissue transplantation reduced the need for
high-intensity conditioning and limited GVHD.

In mouse models of cardiac transplantation, NK cells are not required for acute allographic
rejection in the presence of CD4+ cells. However, in the event of suboptimal T-cell
responses, NK cells are necessary for the establishment of graft rejection [84, 85]. In
Rag1l~/~yc™/~ mice, cold ischemic cardiac grafts resulted in chronic allography vasculopathy
(CAV) only after the transfer of NK cells. This rejection was IL-6-mediated, as IL-67/~
grafts did not result in CAV in the presence of NK cells in IL6 competent recipients.
Similarly, the combined use of anti-NKG2D and anti-CTLA-4 antibodies lead to increased
cardiac allograft survival through reducing CAV by limiting alloantibody- and IL-6-
production and increasing T-regulatory cell function [6, 86].
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NK cells play a major role in determining the short and long-term clinical outcomes of
cardiac transplant patients. They are the initiators in the immune response following the
recognition of foreign antigens and, therefore, represent a major therapeutic target for
improving patient outcomes after transplantation and engraftment. Their balancing effect of
the immune response following transplantation provides an ideal target for fine-tuning the
patient’s immune system in favor of tolerance.

2.4. Myocarditis and Inflammatory Dilated Cardiomyopathy

Both idiopathic and viral myocarditis patients have severely low levels of NK cells and NK
cytotoxicity, pointing towards defects in both their frequency and function [56, 57]. The
same was also found in DCM patients, though it remains unclear whether this is the result of
primary myocarditis [87]. Perforin-caused pores on the surface of virally-infected myocytes
have been found in both clinical myocarditis patients and in animal viral myocarditis models
[88]. In contrast, heart biopsies of 18 early myocarditis patients did not reveal any NK cell
infiltration, though this may be due to the sampling limitations [89].

NK cells play an essential role in the defense against acute viral pathogens associated with
clinical myocarditis. We and others have reported NK cells to be protective against both
coxsackievirus B (CBV) and murine cytomegalovirus (MCMV)-induced myocarditis, albeit
these studies depleted both NK and NKT populations simultaneously [90, 91]. The direct
mediators of viral recognition are unknown in CBV and MCMYV, though ligation of the
activating receptor Ly49H by the viral glycoprotein m157 and destabilization of inhibitory
receptor Ly49C by abnormal MHCI expression is necessary in limiting MCMV infection
[92, 93].

C57BL/6 and BALB.B6-CmA" mice, which express NK1.1 on their NK cells are
susceptible to acute viral myocarditis, but resistant to developing chronic inflammation and
DCM. NK1.1 antibody treatment in these strains, resulted in a disease that mirrored the
natural progression of susceptible BALB/c MCMV- and CBV-induced viral myocarditis
[90]. This indicates that NK cells play an important role in the determination of strain-
dependent resistance to experimental myocarditis. We have recently showed that NK cells
can protect against myocarditis even in the absence of virus, using a mouse model of
experimental autoimmune myocarditis (EAM) [9]. NK cells controlled eosinophil numbers
through the induction of eosinophil apoptosis, a mechanism also shown in other human and
mouse studies /n vitro[94, 95]. These data indicate that NK cells may be the missing
mediator needed to control myocarditis and, thus the ensuing DCMi, by limiting both viral
replication and the inflammatory response in this disease [96, 97].

3. Mechanisms of Protection

There are a variety of mechanisms by which NK cells are proposed to alter both the cardiac
environment and the extrinsic factors that play a role in cardiac disease progression, such as
viral pathogens. Additionally, many cardiac diseases can be broken into two general phases—
the first being the acute etiological origin and the second being an inflammatory resolution
or lack thereof. In both of these, NK cells can exert a varied number of effects from limiting
inflammation to responding to a hypoxic environment.
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3.1. Viral Replication

Perhaps one of the best studied aspects of NK biology is their relationship to viral infection
[28]. NK cells are critical in suppressing viral replication by recognizing and lysing infected
host cells. NK cells are responsible for the first burst of type | interferons that begins the
anti-viral inflammatory cascade by releasing IFN-a and IFN-B [24, 98]. NK cells also
release a multitude of pro-inflammatory cytokines that mediate the innate and adaptive
immune response such as I1L-12, IFNy, and IFNA [99-101]. Additionally, viral infection
often results in altered transcription and protein expression causing infected cells to
dysregulate the levels of MHCI molecules and/or express viral proteins on their cell
membranes [102]. The former results in inefficient ligation of inhibitory receptors on NK
cells with MHCI molecules on the infected cell, while the latter leads to the direct triggering
of NK activation through the activation receptors that recognize various viral proteins such
as NKp44 and NKp46 [103, 104].

The ability of NK cells to limit viral infections is important in cardiac biology [105-108].
NK cells are required for protection against mouse models of CBV and MCMV-mediated
myocarditis in an IFN-y-dependent manner [90, 109, 110]. Clinically, rare individuals with
NK cell deficiencies have an increased susceptibility to viral infections, though not
specifically cardiac infections [111-114].

3.2. Inflammation

NK cells have been shown to modulate the immune system in a wide variety of ways. From
monocyte maturation to T-cell anergy, NK cells can alter immune cell physiology either
directly through receptor-ligand interactions or indirectly through cytokine secretion.
Furthermore, the mechanisms by which NK cells alter disease are not limited to cytotoxicity.
Cytokine release resulting in the alteration of Th subtypes, direct contact-mediated lysis of
auto-aggressive T cells, and accelerated maturation of monocytes and dendritic cells are all
ways by which NK cells modulate the innate and adaptive immune system [96, 97, 115].

In terms of mechanisms related to autoimmune disease and their inflammatory cascades, NK
cells have been found to accumulate in the joints of rheumatoid arthritis (RA) patients, in the
skin lesions of psoriasis, and in the brain lesions of multiple sclerosis [116, 117]. RA patient
joints contained higher proportions of activated CD562"9" and IFN+y production compared
to periphery NK cells in the same individuals [117, 118]. When isolated and co-cultured
with patient monocytes, these activated NK cells were able to induce differentiation of
monocytes into dendritic cells, signifying an active role in the immune environment [119].
Furthermore, individuals with NK-lymphoproliferative disease of granular lymphocytes, a
genetic condition resulting in the chronic accumulation of circulating NK cells, have
increased risk of developing autoimmune manifestations [120, 121]. Thus, NK cells may
have the ability to directly control autoimmune inflammation of the heart, such as in
myocarditis or DCMi.

Recently, studies have shown that NK cells may directly limit the presence of eosinophils in
the cardiac environment [9, 94, 95]. We showed that NK cells can protect against the
pathogenesis of myocarditis in the mouse model by limiting eosinophilic accumulation in
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the cardiac environment. Awad et a/ showed that NK cells isolated from healthy human
PBMCs induced the activation and apoptosis of eosinophils as measured by CD62L and
CD69 when co-cultured together 7n vitro [95]. Apoptosis was initiated due to increases in
reactive oxygen species (ROS) in eosinophils and cell death could be mitigated through the
use of mitochondrial inhibitors rotenone and antimycin [95]. Furthermore, IFN~y from
activated NK cells could downregulate the release of Th2 cytokines from ILC2 populations.
ILC2 stimulate the production of eotaxins from cardiac fibroblasts, and NK-derived IFNy
could effectively limit the ability of eosinophils to traffic to the heart by indirectly
decreasing local eotaxin levels [122].

Barnig et al demonstrated that asthmatic patients have a higher number NK cells that are
highly activated in the blood than those from healthy donors. These NK cells also expressed
increased levels of CD69, NKG2D, and ALX/FPR2, a receptor for lipoxin A4 (LXA4),
which is known to be elevated in the lungs of asthmatics and administration limits
bronchoconstriction [94, 123]. Furthermore, LXA4 decreased eosinophilic trafficking and
also limits NK cytotoxicity. The addition of LXA4 to co-cultures of NK cells and
eosinophils isolated from the blood of both healthy and asthmatic donors limited the level of
eosinophilic apoptosis [94]. Depletion of NK cells from animals of atherosclerosis resulted
in the attenuation of lesion size independent of lipid levels. Transfer of NK cells back into
NK-deficient mice resulted in increased disease in a perforin and granzyme-B dependent
mechanism.

3.3. Hypoxia

The effects of oxidative stress on NK cells has been an active field of study due to interest in
NK cells as a cancer therapy and the hypoxic nature of tumor microenvironments. While NK
cells are effective at lysing tumor cells in vitro, in vivo conditions have significantly less
available oxygen due to the overwhelming nutrient and oxygen demands of the rapidly
dividing cancer cells [124]. In humans, NK cells adapt to these hypoxic conditions through
the upregulation of hypoxia inducible factor 1a (HIF1a) [125]. However, this comes at the
cost of downregulating multiple activation markers, leaving the cells hypo-responsive to
external stimuli. NK-mediated lysis of tumor cells is impaired in response to granzyme-B
deficiency due to increased autophagy [126]. Much of NK-based tumor research has been to
reverse this NK-inactivation that occurs upon migration into the tumor tissue.

With regards to hypoxia as it relates to cardiac inflammatory disease, much of the damage
due to myocardial infarction is attributable to the inflammatory response seen in hypoxic
cardiac tissue following the initial event. NK cells traffic to the tissue after an ischemic
injury in multiple animal models in response to chemotactic signals from local resident cells
[127-129]. In rats, NK cell infiltration reaches a peak 7 days after a cardiac ischemic injury
[129]. Their activation in neuronal ischemic tissue appears to be contact-mediated by the
ligation of activation markers such as NKG2D and their accumulation in brain infarction
models are shown to the detrimental to disease outcomes [127]. Conversely, NK cells are
protective in hepatic ischemia-reperfusion injury models through ligation of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) [130].
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3.4. Fibrosis

In terms of fibrosis, NK cells are well-studied in both mice and humans for their ability to
resolve and prevent liver damage and fibrosis [131]. Clinically, it has been observed that
levels of NK cells are negatively correlated with liver damage in patients with chronic
hepatitis C infection [132, 133]. The transfer of NK cells into mice undergoing carbon
tetrachloride-induced fibrosis limited the severity of disease and the production and
deposition of collagen [134-136]. NK cells are known to directly lyse activated fibroblasts
in multiple murine liver fibrosis models, including schistosomiasis, 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) and carbon tetrachloride [132, 134, 137, 138].
Overall, strong evidence exists for a protective and possibly therapeutic role for NK cells in
liver fibrosis. However, it is likely that the mechanism of liver fibrosis is not true in the
cardiac environment.

Our group has shown that NK cells are protective against the development of cardiac fibrosis
by both directly limiting collagen formation in cardiac fibroblasts and by preventing the
accumulation of certain inflammatory populations in the heart [9]. Unlike the co-culture of
NK cells and liver fibroblasts, the addition of NK cells to activated primary cardiac
fibroblasts did not induce fibroblast cell death. Instead, IFN-y and other mediators, produced
by the NK cells, induced an anti-inflammatory chemokine environment, protecting against
fibrosis in the heart through negative regulation of pro-fibrotic cell types such as eosinophils
[9]. Other groups have shown in mice that the expansion of NK cells from c-kit* bone
marrow cell transfers to the heart after M1 was responsible for a reduction in cardiac
myocyte apoptosis and collagen formation, along with an increase in neovascularization [1,
139]. Given these studies, in addition to the ability of NK cells to limit the mechanism of
collagen deposition in liver fibrosis models and the protective effects of NK cells post-Ml, it
is highly likely that NK cells are protective against the development of cardiac fibrosis.

4. NK-Based Immunotherapies

NK-based immunotherapies are heavily investigated in both academic and commercial
settings not for their possibilities for cardiac disease therapy, but for their anti-cancer
potential [140-143]. Tumors evade the immune response by specifically inducing defects in
NK activation and the transfer of ex vivo activated autologous NK cells into metastatic renal
cell carcinoma (RCC), malignant glioma, and breast cancer patients limited tumor
progression [141, 144-148]. Other NK-based therapies employ cytokines to stimulate
endogenous NK populations or transgenic primary or cell-line derived NK cells that highly
express certain cytokines or receptors. Thus, this pre-existing infrastructure could be
redirected and adapted to improving cardiac transplantation outcomes and other cardiac
inflammatory diseases.

The use of IL-2 and other cytokines to activate endogenous NK populations for anti-tumor
therapies has met with limited success. IL-2 alone or in combination with I1L-12, IL-15,
I3L-18, IL-21 and type | interferons induced NK activation and tumor lysis /n vitro, but
failed to provide patients with positive outcomes, due to IL-2-dependent expansion of Treg
populations [149-153]. Other studies have looked to bolstering NK transfers with low doses
of IL-2. While this increased numbers of circulating NK cells in the bloodstream, the effect
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was short-lived and failed to maximize cytotoxicity as determined by /n vitro assays [153,
154]. Furthermore, clinical trials have shown that while ex-vivo IL-2 stimulated NK cell
transfer therapy can be safely performed without the toxicity seen in direct cytokine
infusion, patients showed no improvement in clinical outcomes when compared to matched
controls [155]. However, in terms of cardiac biology, the use of IL-2 to stimulate NK cell
populations show promise. Systemic injections of IL-2 post-MI improved left ventricular
fractional shortening, improved neovascularization, and reduced collagen deposition via
NK-dependent mechanisms [73].

Whole NK cells can be isolated from peripheral or cord blood or generated en mass from
CD34* hematopoietic cells from autologous or allogeneic human donors [156]. NK cell
lines may also be utilized, with a particularly cytotoxic line NK-92 having recently been
safely used in patients with advanced cancers with some anti-tumor success [157]. Thus,
there is a large, readily available, and easily characterized source of NK cells unique to each
patient that can be exploited.

Furthermore, these NK cells may be genetically manipulated to express both homing
chemokine receptors and/or chimeric antigen receptors (CARS) to increase their chances of
achieving their immunological aims though the latter will have limited obvious applicability
outside the fields of cancer and autoimmunity [158-161]. The transfer of NK cells in animal
models of cardiac transplantation has shown the most promise in certain tolerogenic
conditions and would be a promising avenue of transplant rejection therapy [162].
Furthermore, as NK cells can control both viral load and inflammation in myocarditis and
subsequent dilated cardiomyopathy, they could be an excellent candidate for targeted
biologic therapy. Patients would no longer have to be stratified by the presence of virus in
the heart as they are currently for immunosuppressive or IFN therapy, in order to determine
their course of treatment as NK cells would be able to target both mechanisms, viral and
autoimmune, simultaneously.

5. Conclusions

In conclusion, NK cells are distinct controllers of disease and dysregulation as their biology
can dramatically shift clinical outcomes. More clinical research is needed to determine
exactly how these cells and their mechanisms might be exploited for therapeutic gains. It
would be greatly advantageous to turn already commercially available cancer-based NK
therapies towards the many holes in current inflammatory cardiac disease treatments.
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Highlights

Blockade of NK cells and their receptors protect against disease severity and
pathogenesis in animal models of inflammatory cardiac disease.

NK cells suppress immune cell maturation and activation, alter local
inflammatory environments, and induce apoptosis in both resident and
hematopoietic cells.

As NK cells control both viral load and inflammation in myocarditis and
subsequent dilated cardiomyopathy, they are an excellent candidate for
targeted biologic therapy.

Clinical NK therapies employ cytokine therapy to stimulate endogenous NK
cells, NK transfers, and transgenic modification of NK cells that highly
express certain cytokines or cell surface receptors.

This pre-existing infrastructure could be redirected and adapted to include
therapies for improving cardiac transplantation outcomes and other cardiac
inflammatory diseases.
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Figure 1.
Schematic of the mechanisms by which NK cells regulate the inflammatory cardiac

environment
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