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Abstract
Recently, many of the complexities associated with cardiovascular diseases (CVD) have been
unlocked. However, despite these breakthroughs, CVD and its related complications are the
leading contributors of morbidity and mortality worldwide, which indicates the shortcomings of
current treatment regimens and the need for continued research. Published data within the field
clearly indicates that CVD are built on inflammation and autoimmune platforms, though a strong,
fundamental understanding of the mechanisms remains elusive. Areas such as the mechanisms
underlying increased immunogenicity of self-proteins in the cardiovascular system, the roles of
immunogenic auto-antigens in eliciting inflammatory autoimmune responses, and the
immunosuppressive mechanisms involved in controlling inflammatory and autoimmune
cardiovascular diseases remain to be well-understood. We will delve into these topics and the
advancements made within the field in this review. Specifically, we will concentrate on the innate
and adaptive immune responses mediating immunogenicity; the mechanisms of inflammation and
autoimmunity in atherogenesis; the mechanisms of inflammation and autoimmunity in diabetic
atherosclerosis; immunogenicity and stem cell therapy; as well as immunogenicity and
immunosuppression. In depth examination and comprehension of these topics will provide insight
into the recent progress of the field and bring to the forefront potentially novel therapeutic
avenues.
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I. Introduction
A cardiovascular disease with an onset characterized by endothelial injury and lipid
dysregulation, atherosclerosis was recently discovered to be driven by an inflammatory
component [1,2]. Shortly thereafter, research demonstrated that both the innate and adaptive
immune systems contributed to the pathogenesis of atherosclerosis. Research pursuing this
breakthrough yielded fruitful results providing cellular mechanisms and new therapeutic
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targets. In particular, the adaptive immune system was found to contribute through a
complex autoimmune process [3,4]. This finding led to development in therapeutic avenues
such as vaccines [4–6]. When considering atherosclerosis as a disease it is vital to remember
that lipid dysregulation, inflammation, and autoimmunity are not contending viewpoints.
Rather, atherosclerosis should be thought of as a multi-faceted disease and its complexity
indicates a necessity to consider multiple aspects when designing therapeutics. In this
chapter, we will explore the immunogenicity of cardiovascular diseases (CVD) to better
elucidate the mechanisms behind these diseases. This could provide inroads for the
pioneering effort to target disease development instead of merely treating symptoms. This
paper will first review the mechanisms critical to modulating immunogenicity by the
adaptive and innate immune systems and then explore how these mechanisms contribute to
CVD development. Finally, therapeutic strategies involving stem cell therapy, common
suppressive drugs, and future therapeutic directions will be discussed to conclude this
review. The progress from a variety of scientific fields will be highlighted illustrating the
complexity of CVD and the requirement of multi-discipline collaboration to illuminate
disease pathology and development of therapeutic strategies.

II. Innate and Adaptive Immune Responses and Immunogenicity
A concise overview of relevant immunological effectors and their influence on the adaptive
and innate immune system will now be assessed to lay the foundation for further
immunogenicity discussions. Consisting of a network of cells, tissues, and organs, the
immune system protects its host against agents perceived as pathogens. In order to
accomplish this function, the immune system must be capable of differentiating between self
and non-self. Following the recognition of non-self agents, the system must also be
competent in the elimination of these agents. The immune responses required for recognition
and elimination can be categorized into two major classes, innate or adaptive. An innate
immune response can occur instantaneously or evolve over several hours, the duration often
dependent on the actions taken. The response could simply involve the recognition and
removal of a foreign agent, or it may entail the recruitment and activation of other immune
effectors. If a foreign agent endures the innate immune response, the adaptive immune
system will be activated. Unlike the timely action of the innate system, the adaptive immune
response requires several days to respond to the foreign agents [7]. The components of the
adaptive immune system vary in activity with antigen-specific lymphocytes targeting unique
pathogens for removal while memory cells safeguard from future infection by the same
pathogen. It is important to recognize that the differences in duration and longevity between
the two systems can be attributed to the unique mechanisms of each [7,8].

II.A. Activation of the Innate Immune Response
II.A.1. Innate Immune Receptors—The actions taken by the innate immune system are
dependent on the specific pathogen present and the cellular receptors activated. Despite
lacking the remarkable specificity of the adaptive immune system, the innate immune
system is able to recognize numerous cellular patterns common among microbes and toxins
through unique receptors referred to as pattern recognition receptors (PRRs) [7,8]. One such
receptor, Toll-like receptor 4 (TLR4), is capable of recognizing lipopolysaccharide, which is
found in the cell walls of gram negative bacteria. Similarly, TLR2 can recognize the
proteoglycans of gram positive bacteria [8]. In addition to PRRs, activated phagocytic
receptors can initiate the destruction of foreign agents while chemotatic receptors can
mediate cytokine release causing the recruitment of effectors capable of aiding in pathogen
removal. Importantly, the activation of any of these receptors not only stimulates an innate
immune response but also induces the adaptive immune system [7].
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II.A.2. Role of Inflammasomes in Innate Immunity—Cellular receptors, effectors,
and signaling molecules work in concert to facilitate innate immune responses.
Aforementioned, PRRs have the ability to identify and associate with unique pathogen-
associated molecular patterns (PAMPs), leading to distinct innate immune responses [9].
One particular element, the inflammasome, vitally participates in these responses by
secreting pro-inflammatory cytokines [8]. Once initiated, the assembly of this enzyme
complex is dependent on individual component expression that fluctuates in a tissue-
dependent fashion. To address this, a three-tier model was constructed to categorize the
“inflammation privilege” of various tissues. First tier tissues constitutively express all of the
inflammasome components, while the second tier expresses all but one component and the
third tier lacks more than one element. The lack in constitutive expression is significant
because upregulation of that particular component is required prior to inflammasome
assembly [10]. Therefore, the tiers can be used to delineate the ability of specific tissues to
mount acute inflammatory responses. The importance of inflammasomes in the innate
immune response is highlighted by the activity of adjuvants. An adjuvant will often be co-
administered with a drug or vaccine to generate a stronger immune response that enhances
the potency and longevity of the drug or vaccine [11,12]. The adjuvant alum was utilized for
nearly eighty years without complete understanding of its mechanism. It was eventually
determined that the enhanced immune response to alum was the result of the activation of
the NALP3 inflammasome [13].

II.A.3. Inflammation—The hallmarks of inflammation include swelling, redness, pain, and
fever, which are all symptoms of innate immune system activity [7,14]. Swelling is the
result of inflammation that occurs in response to the release of cytokines and other
mediators from activated macrophages (MΦs) and other resident effectors. Functionally,
swelling attracts additional effector molecules like neutrophils that are capable of
eliminating perceived pathogens, acts as a physical barrier against the spread of infection,
and promotes the repair of injured tissue [7]. The other hallmarks result from innate immune
effects on the vasculature. Corresponding with redness and fever, an increase in vessel
diameter results in augmented blood flow allowing for the rapid accumulation of
inflammatory mediators while swelling and pain can be attributed to increased vascular
permeability leading to exudate accumulation [7].

II.B. Innate Immune Response Effectors
II.B.1. Phagocytes—Phagocytosis is a mechanism by which an effector can eliminate a
pathogen. Cells like neutrophils, MΦs, and monocytes (MCs) engulf pathogens,
internalizing them within vesicles. These vesicles are then directed towards lysosomes or
other enzymes that degrade the pathogens. This process is based on receptor-mediated
endocytosis and can be triggered by PAMP-PRR or Fc-antibody binding [8]. Other cells,
termed natural killer (NK) cells, express Fc receptors and are activated by antibody-bound
pathogens. This activation leads to the subsequent destruction of the pathogen and is termed
antibody-dependent cellular cytotoxicity. The regulation of NK cells is critical for normal
immune functioning and is dependent on the presence of activating and inhibitory receptors.
Inhibitory NK cell receptors recognize major histocompatibility complex (MHC) class I
alleles presented on all nucleated cells. Following infection, a cell’s MHC class I expression
is diminished leading to destruction by NK cells. In particular, NK cells are potent
eliminators of tumor cells and virally-infected cells [8,15].

II.B.2. Cytokines—Cytokines play a major role in mediating the innate immune response.
Both resident cells and recruited effectors are capable of releasing cytokines, which signal a
myriad of effects. The diversity in roles, targets, and origins of cytokines has made sub-
categorization difficult and because of this there is some debate as to whether some
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cytokines should be labeled as hormones and vice versa. Nevertheless, functional
classifications prove useful when considering cytokines within specific contexts – e.g. pro-
inflammatory vs. anti-inflammatory or type 1 vs. type 2 (pro-Th1 vs. pro-Th2, see
discussion of adaptive immunity below). Cytokines act on transmembrane receptors located
on target cells that typically activate the JAK-STAT pathway. Thus it can be insinuated that
cytokines achieve their cellular effect via induction of new gene transcription and new
protein synthesis [8,16].

II.B.3. Complement Cascade—The complement system consists of more than twenty-
five proteins working in concert to form a biochemical cascade. Primarily consisting of
protease zymogens, the activation of these proteins is cleavage-dependent. Thus, activation
of one protein typically results in the successive cleavage of the next zymogen within the
cascade. The complement system is responsible for the recruitment of effectors by inducing
inflammation, identifying pathogens for removal, and eliminating certain foreign agents.
These functions are carried out through three distinct, activation-dependent pathways
utilizing different effectors. Capable of identifying and eliminating pathogens, the classical
and lectin pathways are distinctly initiated either by antigen-antibody complexes or bacterial
cell wall mannans, respectively. Meanwhile, the alternative pathway is activated
spontaneously by microbial components [8,17–19].

II.C. Overview of the Adaptive Immune Response
An adaptive immune response is the result of a pathogen eluding elimination by the innate
immune system. The expression of MHC/antigen complexes, T-/B-cell antigen receptors,
and co-stimulatory molecules on the surface of innate immune cells lead to the activation of
adaptive immune lymphocyte effectors. Consisting of dendritic cells, B-cells, and MΦs,
professional antigen presenting cells (APCs) activate lymphocyte effectors through antigen
epitope presentation (Figure 1). B-cells are activated similarly although the presence of
CD4+ T-helper (Th) cells is also required. These Th cells can be further classified into
several subsets based on their cytokine secretion. Two particular subsets, Th-1 and Th-2,
were the original two groups and are subsequent progenitors of CD4+ cells. Th-1 cells are
generated in the presence of interferon-γ (IFN-γ) and interleukin-12 (IL-12), while IL-4
induces Th-2 cells.

Additionally, Th-1 cells produce IFN-γ and IL-2, whereas Th-2 cells secrete IL-4, IL-5,
IL-10, and IL-13, which promote B-cell activation leading to humoral immunity [3,20].
Furthermore, these two Th subsets maintain the ability to regulate one another. Upon the
discovery of IL-9-producing and IL-17-producing cells, the Th9 and Th17 cell subsets were
created [21,22]. The Th9 subset promotes T-cell proliferation while the Th17 subset
mediates defense against bacteria as well as a variety of autoimmune responses [21,22].

Another subset, T follicular helper cells (Tfh), was observed to target B-cell follicles where
they induce B-cell antibody production [23]. All of the aforementioned effectors of the
adaptive immune response function with a high degree of specificity to eliminate foreign
pathogens and create immunological memory. The extent of B- and T-cell receptors, 1018

and 1014, respectively, gives rise to the adaptive immune system’s extraordinary specificity
[20]. Despite this, occasionally an adaptive immune response is inadvertently mounted
against self-antigens.

II.D. Pathological Consequences of Unregulated Immune Responses
The complexity of the innate and adaptive immune systems and the need for finely-tuned
modulation perpetuates the opportunity for harmful effects if a malfunction in regulation
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occurs. Despite the beneficial need for acute inflammation to remove foreign agents, chronic
inflammation is almost always detrimental [24].

Inadvertent self-targeting and tissue destruction can occur in response to overproduction of
inflammatory mediators, reactive oxygen species (ROS), and complement cascade proteins.
This scenario occurs in paroxysmal nocturnal hemoglobinuria where healthy red blood cells
are eliminated. This ailment is the result of complement cascade hyperactivity due to a
deficiency in decay-accelerating factor and CD59. Normally these factors function to protect
against complement system self-activation.

Similarly, hereditary angioneurotic edema occurs as a result of C1-inhibitor deficiency. This
defect leads to fluid accumulation in tissues as a result of excessive secretion of vasoactive
mediators. Both of these examples highlight the vital importance of self-recognition by the
immune system.

A malfunction or loss of self-recognition can have life-threatening consequences as self-
antigens are marked for destruction by the adaptive immune system. Atherosclerosis,
systemic lupus erythematosus (SLE), multiple sclerosis, rheumatoid arthritis, and type 1
diabetes mellitus (T1DM) all contain an autoimmune component where self-antibodies are
synthesized.

Examination of autoimmune diseases in twins reveals an underlying genetic connection to
disease progression. However, genetic factors do not solely affect autoimmunity;
environmental factors have also been shown to have an impact [25,26]. The detailed
mechanisms remain to be fully comprehended though, due to the complexity and difficulty
associated with studying environmentally-induced autoimmune diseases. Despite this, it is
known that environmental effectors such as drugs and medications can alter DNA
methylation patterns leading to SLE-like autoimmune disease. This finding along with other
similar results suggests a possible epigenetic contribution to autoimmunity.

III. Role of Inflammation and Autoimmunity in Atherogenesis
Atherosclerosis, characterized by the accumulation of plaques in large- and medium-sized
arteries, frequently progresses to more severe complications like myocardial infarction (MI)
or cerebrovascular accident. Atherosclerotic plaques are biologically complex consisting of
altered lipids, a necrotic core, calcified regions, inflamed smooth muscle cells (SMCs),
activated and dysfunctional endothelial cells (ECs), leukocytes, and foam cells [1]. The
majority of atherosclerosis instances can be attributed to traditional risk factors such as age,
hypertension, diabetes mellitus (DM), hyperlipidemia, sex, hyperglycemia, obesity, and
cigarette smoking [27,28]. However, nontraditional risk factors like hyperhomocysteinemia
and bacterial infection have also been characterized [29–32]. Whether traditional or
nontraditional, atherosclerosis risk factors sustain the ability to influence inflammatory and/
or autoimmune responses. These findings provide evidence of the link between immunity
and atherogenesis.

III.A. Innate Immune Response Effectors and Atherogenesis
III.A.1. Monocytes and Macrophages—Contained within the heterogeneous
atherosclerotic plaques are immune effectors such as MΦs, T-cells and a few B-cells [33].
Originating from MCs, MΦs partake in multiple functions such as pro-inflammatory
cytokine secretion, vascular cell wall remodeling, and lipid retention. Additionally, they
express immune modulating TLRs, PRRs, and scavenger receptors (SRs). The receptor
expression and cellular roles of MΦs serve to bridge the gap between innate and adaptive
immune interaction during atherosclerosis [34]. It is well-characterized that MΦs can
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become foam cells, an early indicator of atherosclerosis, as a result of lipid accumulation
[35]. Also there is evidence that suggests MΦ apoptosis can affect atherogenesis. In early
lesions, induction of MΦ apoptosis hinders atherogenesis, whereas impediment of MΦ
apoptosis in later stages may contribute to secondary necrosis. This leads to increased pro-
inflammatory responses and additional apoptotic signals for SMCs, ECs, and leukocytes
within the plaques [34]. MCs are also capable of developing into dendritic cells (DCs),
which may enhance naive lymphocyte recruitment into atherosclerotic vessels with the
production of CC chemokine ligand 19 (CCL19) and CCL21 [36].

III.A.2. Mast Cells and Neutrophils—Mast cells and neutrophils are effectors of the
innate immune system responsible for the degradation of foreign agents by lytic enzymes.
This enzymatic activity may also be relevant in atherosclerosis development. Mast cells are
believed to contribute to atherosclerotic plaque destabilization through the enzymatic
activity of proteases such as tryptase and chymase. Their contribution is further supported
by the concentrated presence of mast cells in locations of plaque rupture. Furthermore, the
activation of perivascular mast cells correlates with intraplaque hemorrhage, MΦ and EC
apoptosis, vascular leakage, and CXC chemokine receptor 2 (CXCR2)- and very late antigen
4 (VLA-4)-mediated recruitment of leukocytes to the plaque [37]. Mast cells also maintain
the capability to affect lipid metabolism through apolipoprotein E (ApoE)- and ApoA-II-
dependent cholesterol efflux [38]. Aside from mast cells, the short-lived phagocytic
neutrophils possess biologically active molecules like myeloperoxidase and proteinases.
When neutrophil concentration is increased in plaques it perpetuates a pro-inflammatory
phenotype and apoptosis. This behavior indicates a pro-inflammatory function for
neutrophils in atherosclerosis [39].

III.A.3. Platelets as Nontraditional Effectors—Platelets represent an interesting
regulatory nexus for various physiological and pathological responses. Despite canonically
performing protective roles, activated platelets expressing P-selectin are detected at different
stages of atherosclerosis and transiently interact with the endothelium of atherosclerotic
carotid arteries of ApoE−/− mice in vivo. This interaction results in the immobilization of
platelet-derived CCL5 and CXC chemokine ligand 4 (CXCL4) on atherosclerotic
endothelium [40,41]. Additionally, it is known that platelet glycoproteins GPIIb/IIIa, GPIb,
and endothelial von Willebrand factor are at least partially responsible for these platelet-
endothelial interactions. Immobilized platelets are also capable of interacting with
leukocytes through P-selectin/P-selectin glycoprotein ligand (PSGL)-1 interactions that
activate macrophage-1 antigen (Mac-1) and VLA-4 integrins and may facilitate firm MC
adhesion [40]. Another function of platelets is to initiate the rolling of DCs through PSGL-1-
dependent interactions between Mac-1 and junctional adhesion molecule C in injured carotid
arteries [42]. They are also required for CX3C chemokine ligand 1 (CX3CL1)-induced
leukocyte adhesion at high shear rates. Both soluble and membrane-bound CX3CL1 trigger
P-selectin expression on adherent platelets, which facilitates the local accumulation of
leukocytes under arterial shear stress [43]. Overall, platelets act as bridges between inflamed
endothelium and circulating blood cells as well as recruiters of leukocytes to inflamed
atherosclerotic endothelium.

III.B. Cytokines and Atherogenesis
With the ability to modulate immune responses, cytokines can predictably affect
atherogenesis through mediation of endothelial permeability, expression of adhesion
molecules, SR, lipid metabolism, as well as proliferation and migration of SMCs and ECs.
Atherosclerosis-influencing cytokines can be generated by ECs, MΦs, mast cells, and
platelets. ECs release IL-3, stem cell factor, granulocyte macrophage colony-stimulating
factor (GM-CSF), granulocyte colony-stimulating factor, and macrophage colony-
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stimulating factor, which all can affect hematopoietic cell proliferation [44]. Meanwhile,
MΦs can secrete both pro- and anti-inflammatory cytokines when present in a
hyperlipidemic state as seen in atherosclerosis. Mast cells, on the other hand, produce
cytokines IL-6 and IFN-γ, which are critical for mast cell-dependent acceleration of
atherosclerosis. Finally, platelets yield the pro-atherogenic mediators IL-1β, CD40L, and
CXCL4 when activated. It should be noted that cytokines can also influence extracellular
matrix composition by varying the expression of matrix metalloproteinases (MMP) −1, −3,
−8, −9, and −12 as well as tissue inhibitors of metalloproteinases (TIMP) −1, −2, and −3
[45].

III.B.1. Pro-Inflammatory Cytokines—As a consequence of their immunological nature,
pro-inflammatory cytokines typically contribute to atherogenesis. An example is TNF-α,
which has been discovered to promote fatty streak formation, a characteristic of early
atherosclerosis [46,47]. It is also understood that the cytokine IL-1 promotes leukocyte
adhesion to ECs and leukocyte transmigration across the endothelium. Moreover, IL-1
functions as a local autocrine and paracrine stimulator of other cytokines [44]. IL-2 is known
to have pro-atherogenic effects as well, which can be inhibited with IL-2 specific antibodies
[48]. Similarly, IL-18 augments atherosclerosis progression via up-regulation of IFN-γ,
which participates in all phases of atherogenesis [49]. When secreted by aortic plasmacytoid
DCs, IFN-α has been demonstrated to enhance the expression of TNF-related apoptosis-
inducing ligand on CD4+ T-cells and increase their cytolytic capacity toward SMCs [50]. In
addition, IFN-α stimulates TLR4 expression on APCs thereby increasing pathogen
sensitivity. Furthermore, IFN-α intensifies TNF-α, IL-12, and MMP-9 production, thus
leading to further plaque destabilization [51]. Found within atherosclerotic plaques, TLR1,
TLR2, TLR4, and TLR5 can influence cytokine expression following activation. In fact, it
has been confirmed that atherosclerosis-associated oxidized low-density lipoprotein
(oxLDL) can modulate TLR4 expression and therefore affect cytokine expression.

III.B.2. Anti-Inflammatory Cytokines—As opposed to pro-inflammatory cytokines, it
can be generalized that anti-inflammatory cytokines typically have anti-atherogenic effects.
This idea has been supported by experimental conclusions. The anti-inflammatory cytokine
IL-10 is generated by MCs, Th2 cells, B-cells, and MΦs. Its presence reduces vascular
inflammation and inhibits lesion progression by inducing an anti-inflammatory MΦ
phenotype [52]. Additionally, IL-10 maintains the delicate balance between Th1 and Th2
responses. If IL-10 expression is knocked down in mice, a phenotype characterized by T-cell
accumulation, increased IFN-γ production and limited collagen in atherosclerotic vessels is
witnessed [44]. IL-33, another anti-inflammatory cytokine, also provides beneficial effects.
Experimentally, IL-33 has been demonstrated to significantly reduce atherosclerosis in
ApoE−/− mice. This physiological result can be attributed to increases in IL-4, IL-5, and
IL-13 production, reduction of pro-inflammatory cytokines, and diminished IFN-γ secretion.
These alterations lead to the alteration of the Th1 response to a Th2 response [53]. In
addition, it is hypothesized that IL-33 can counteract harmful oxLDL through IL-5-
dependent secretion of oxLDL antibodies [53]. In addition, there is supporting data for the
beneficial effects of TGF-β in atherosclerosis by modulating SMC and EC phenotypes, as
well as Th1 functions.

III.B.3. Chemokines—Chemokines are a subdivision of cytokines possessing the ability to
influence chemotaxis. In correlation to atherosclerosis they play an important function in
directing leukocytes into atherosclerosis-prone vessels. The first chemokine to be associated
with atherosclerosis, CCL2 and its receptor CC chemokine receptor 2 (CCR2), integrally
participate in MC recruitment from the bone marrow into the arterial wall [54 55].
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Likewise, platelets facilitate MC and T-cell recruitment into the endothelium through the
secretion of pro-inflammatory chemokines CCL5 and CXCL4 [40]. The expression of
CXCL4 can perpetuate atherosclerosis by potentially activating ECs through NF-κB
activation, inducing E-selectin expression, and advocating oxLDL binding to ECs [56].
Another chemokine with implications in atherosclerosis development is CXCL8. It can
promote both migration and proliferation of SMCs and ECs as well as affect
neovascularization. Oppositely, the chemokine CXCL1 initiates MC arrest by increasing
production of VLA-4 integrin [57]. In low stress regions, CCL2, CXCL10, CXCL1 and
CX3CL1 are present with CX3CL1 being solely observed in areas with thinner fibrous caps
and larger necrotic cores [58].

In atherosclerotic plaques, CX3CL1 adopts a transmembrane form that can attract CX3C
chemokine receptor 1 (CX3CR1) positive NK cells, subsets of T-cells, and MCs [59]. A
different chemokine, CXCL10, can regulate the balance between the effector and regulatory
arms of the immune system in aortas by reducing regulatory T-cell (Treg) expression.
Chemokines also act as potent mitogenic and chemotactic factors for SMCs [60]. In research
conducted with migration inhibitory factor (MIF−/−) and low-density liproprotein receptor
(Ldlr−/−), dual knockouts indicate a correlation of MIF with atherosclerosis.

This link is found in the regulation of lipid deposition, protease expression, and intimal
thickening [61]. Additionally, when MIF binds to the CXCR2 and CD74 receptor complex,
elevated MC targeting of atherosclerotic endothelium was observed [62].

III.C. Atherogenesis and Inflammatory Mediators
Once an innate immune response has been mounted and inflammation has been induced, a
number of pro-inflammatory mediators are expressed that can impact the development of
atherosclerosis. Leukotrienes, inflammatory lipid mediators, are a component of the 5-
lipoxygenase (5-LO) pathway with pro-atherogenic aptitude [63]. Furthermore, plaque
instability is augmented with the up-regulation of 5-LO and leukotriene A4. In response to
LDL oxidation another inflammatory mediator, heme oxygenase (HO)-1, is induced leading
to a reduction in MC chemotaxis [64]. Therapeutically, HO-1 has demonstrated protection
from atherosclerosis in an antioxidant-dependent manner [65].

This result is substantiated by the fact that excessive generation of ROS can induce
atherosclerosis through the activation of the vascular endothelium and components of the
immune system. One of the ways a superoxide can affect atherogenesis is through the
activation of SMC mitogenic signaling pathways [66]. Furthermore, NADPH-induced
superoxide has been shown to enhance platelet recruitment [67]. oxLDL is tightly linked to
atherosclerosis and can influence the migration of MCs to the aortic wall by alternating from
CCR2 to CX3CR1 expression through a peroxisome proliferator-activated receptor-γ
(PPAR-γ)-dependent pathway [68].

III.D. Atherogenesis and the Adaptive Immune Response
III.D.1. T-Cells—Experimentation in T- and B-cell deficient hypercholesterolemic mice
has been conducted to confirm the role of adaptive immunity in atherogenesis. It was
observed in these mice that disease progression was significantly attenuated [69–72].
Furthermore, lesion formation was resurrected when CD4+ T-cells were transferred into
these deficient mice [73]. Aforementioned, atherosclerotic plaques are comprised of
numerous cells that secrete IFN-γ, IL-12, IL-15, IL-18, and TNF with only a few cells that
produce IL-4 [74–76]. This finding implies a role for Th1 cells and not Th2 cells in
promoting atherosclerosis. This notion was confirmed in studies where lesion reduction was
witnessed when mediators contributing to T-cell differentiation into Th1 cells were
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suppressed [77–82]. Moreover, administration of Th1 differentiating IFN-γ expectantly
induces atherosclerosis in mice whereas a reduction in atherosclerosis incidence was
observed when Th1 cells were pharmacologically inhibited [83,84]. Contrary to Th1 cells,
Th2 cells reveal anti-atherosclerotic effects in animal studies. Mice genetically altered to
yield Th2 immune responses (as opposed to Th1 immune responses) showed reduced fatty
streak formation. This finding could be reversed by inhibiting T-cell differentiation into Th2
cells [85,86]. Additionally, over-expression in hypercholesterolemic mice of the Th2
cytokine IL-10 led to reduced lesion size by 50% [87]. Conversely, a deficiency in the IL-5,
another Th2 cytokine, resulted in an increase in atherosclerosis [88]. Moreover, studies
involving over-expression of the Th2-inducing cytokine IL-4 show inconsistent results
[89,90]. Thus, it can be concluded that Th1 cells have a clear pro-atherogenic role, whereas
Th2 cells have a more complex role in atherosclerosis that is yet to be fully elucidated.

Th1 cytokines primarily encourage atherosclerosis by perpetuating the inflammatory
mechanisms discussed previously (Figure 1). Located within atherosclerotic plaques, the
pro-inflammatory cytokines IL-12, IL-18, IFN-γ, and TNF, induce Th1 differentiation
resulting in further cytokine production and activate both MΦs and vascular cells.
Individually, IFN-γ is capable of activating MΦs while simultaneously inhibiting EC and
SMC [91,92]. These actions result in the secretion of pro-inflammatory cytokines, pro-
thrombotic factors, and vasoactive mediators. Meanwhile, TNF can stimulate the NF-κB
pathway in vascular cells furthering inflammation and causing the production of ROS,
proteolytic enzymes, and pro-thrombotic factors [93–95]. The activation of these two
pathways provides strong evidence that Th1 adaptive immune responses participate in
atherosclerosis. It should be noted that a correlation between atherosclerosis and other pro-
atherosclerotic pathways associated with Th2, Th9, Th17, Tfh, and CD8+ T-cells, has yet to
be established [4,96]. However, it is believed that these cells participate in modulating pro-
and anti-atherosclerotic pathways as a result of their common lineage. This implies that the
nuances governing their differentiation ultimately affect pro- or anti-atherosclerotic
responses. Tfh cells maintain the ability to regulate B-cell response and antibody production
while Th2 cells modulate Th1 cell differentiation and activity. In addition, Th17 cells can
modulate immunosuppressive Tregs [22,96] and secrete IL-17, which has been indicated in
affecting autoimmune responses in atherosclerosis (Figure 1) [52,97,98].

III.D.2. Tregs—CD4+CD25high Tregs are capable of suppressing both the innate and
adaptive immune systems [99]. Expectedly, the loss of Treg function has been found to
perpetuate autoimmune responses (Figure 1) [100,101]. The identification of a Treg-specific
apoptotic pathway that relies on IL-2 participation provides evidence that Treg apoptotic/
survival pathways can serve as therapeutic targets in Treg-based immunotherapy. It has also
been demonstrated that inhibition of Treg results in accelerated vascular inflammation. This
heightened inflammation can understandably contribute to atherosclerosis exacerbation
[102–104]. For activation, Tregs depend on T-cell receptor activity and co-stimulation
similar to effector T-cells. Tregs and effector T-cells differ however, in the fact that a
distinguished pathway that exclusively regulates Tregs has yet to be identified [105].
Superagonistic CD28 antibody was attributed with preferentially-activating Tregs in animal
models but phase I clinical trials identified a lack of specificity that triggered a cytokine
storm [106–108]. Despite this, direct Treg transplant has generated positive results [109].

This line of therapy could prove useful in treating atherosclerosis where plaques contain a
depleted number of Tregs (1%–5% of all T-cells versus normally 25% of all T-cells) as well
as other T-cell dysfunction ailments [110]. It is important to note when exploring Treg
therapies that excessive T-cell suppression can compromise cellular defense systems. The
development of Treg-based atherosclerosis therapies should ideally target specific
autoantigens both involved in atherogenesis and located in atherosclerotic plaques.
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III.D.3. B-Cells—In addition to T-cell mediated cellular responses, humoral responses
modulated by B-cells are also part of the adaptive immune response. Experiments with T-
and B-cell deficient mice revealed a pro-atherogenic function of these mediators [69–72].
Data exists where splenectomy and consequent loss of some T- and B-cells led to increased
atherosclerosis. Furthermore, this finding could be reversed through adoptive transfer of B-
cells [111–113]. These conflicting results demonstrate the complex nature of B-cell activity.
It is postulated that the principal role of B-cells in atherosclerosis is the production of
antibodies, which may be either pro- or anti-atherogenic [3,96]. Moreover, B-cells contain
the ability to secrete cytokines and serve as APCs. This capacity suggests the ability of B-
cells to modulate T-cell adaptive immune response; however, this function has not been
adequately examined in atherosclerosis. A limiting factor in fully comprehending B-cell
mediated cellular responses is the inability to completely characterize B-cell subsets
[114,115]. Discovered in mice, specific B-cell subsets have yet to be concretely identified in
humans [115]. However, it is postulated, that a B-cell subset termed B1-cells produce
natural antibodies of the IgM subtype in a T-cell and antigen independent manner [116]. The
B1-cells function as a first line of defense against foreign pathogens with their primary
location in the peritoneal cavity [114,116]. Interestingly, oxLDL-specific IgM antibodies
can be detected in the circulation of individuals with minimal levels of atherosclerosis [117].

III.D.4. oxLDL as an Autoantigen—CD4+ T-cells located within atherosclerotic plaques
exhibit specificity for exogenous and endogenous antigens such as oxLDL and heat shock
protein 60 (HSP60) [75,118–120]. A well characterized biomarker, oxLDL is the
preeminent autoantigen associated with atherosclerosis. [121]. Atherogenesis is first initiated
as LDL particles embedded within the arterial intima become oxidized leading to the
accumulation of fatty streaks [122–124]. The oxLDL is then taken up by APCs via the SR
pathway. At this point the oxLDL molecules undergo proteolytic processing and then bind
to MHC class II molecules for presentation to T-cells [3]. Since native LDL components do
not elicit a T-cell response it is postulated that oxidation of LDL is responsible for the loss
of immunogenic tolerance. Compounding the issue, hypercholesterolemia is thought to
impair DC mobility causing diminished immunogenic tolerance due to inhibition of
clearance functions [4,125–127]. Furthermore, the existence of oxLDL specific antibodies
provides support that an adaptive immune response to oxLDL occurs during atherosclerosis
[119]. This response is believed to be a balance between pathological autoimmunity and
protective immunity [4].

III.D.5. HSP as an Autoantigen—Primarily functioning as chaperones, HSPs are highly
conserved and abundantly expressed. Despite their conservation they have also been
implicated in autoimmune atherosclerosis [128]. The notion that HSPs may have negative
health implications developed from observations of elevated expression in patients with
systemic hypertension, coronary artery disease, carotid atherosclerosis, MI, and ischemia
[6].

Additionally, high levels of antibodies against mycobacterial HSP65 independently predict
stroke, MI, and cardiovascular death [129]. The cross-reactivity of HSPs with other bacterial
HSPs (e.g., Mycobacteria, Chlamydia) and the detection of bacterial HSPs by antibodies
suggest that HSPs may function as autoantigens [6].

In fact, Chlamydia pneumoniae have HSPs discovered to be located in atherosclerotic
plaques [6,29]. Meanwhile, other infectious agents such as herpes simplex and
cytomegalovirus have also been found in atherosclerotic lesions [20]. Even though these
infections do not directly contribute to atherosclerosis, their presence can have indirect
effects by activating PRRs leading to immune responses. This indirect effect is coined
“molecular mimicry” [130]. Comprehensive evidence of this can be seen with the activation
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of TLR9 located on DCs in atherosclerotic plaques. This activation results in an autoimmune
T-cell attack on vascular SMCs [50] and clearly reveals how an unassociated pathogen can
generate a pro-atherogenic autoimmune response.

III.E. Atherogenesis Resulting from Other Pathologies
As the connections between atherosclerosis, inflammation, and autoimmunity are unearthed
it can be postulated that chronic inflammation and other autoimmune diseases will have an
impact on atherosclerosis progression. This hypothesis is supported by an increase in
atherosclerosis progression seen in the presence of rheumatoid arthritis [131], SLE, systemic
sclerosis [132], Wegener’s granulomatosis [133], and antiphospholipid syndrome [134].

In addition, diabetic mice develop atherosclerosis at an accelerated rate with diabetes,
glucose, and products of glucose metabolism believed to induce atherosclerosis under
hyperlipidemic conditions. Furthermore, the symptoms associated with a pre-diabetic state –
abdominal obesity, elevated LDL cholesterol, and increased blood pressure – are all
positively correlated with CVD. Finally, experimental mice expressing human aldose
reductase, which leads to elevated glucose levels, develop atherosclerosis at an accelerated
rate compared with controls [135].

IV. Inflammation and Autoimmunity in Diabetic Atherosclerosis
DM is defined by elevated blood glucose levels due to either insufficient pancreatic insulin
production or insufficient insulin use. T1DM is an absolute loss of insulin secretion from
autoimmune-mediated destruction of pancreatic β-cells. On the other hand, type 2 DM
(T2DM) is a relative insulin deficiency occurring because of defective β-cell insulin
secretion due to peripheral insulin resistance (IR) (Figure 2) [136]. Diabetes is a growing
pandemic currently afflicting more than 220 million people worldwide and predicted to ail
twice as many individuals by 2030 [137]. These overwhelming values indicate the necessity
of determining the mechanism of IR so novel therapeutic targets can be identified.

IV.A. Insulin Resistance
Insulin is a mediator of fuel homeostasis stimulating glucose uptake and suppressing the
release of stored lipid from adipose tissue. Publications have positively linked the
advancement of IR with hepatic steatosis, abdominal obesity, and chronic subclinical
inflammation [138–142]. This suggests that elevated cytokine levels may contribute to
peripheral IR as well as decreasing β-cell function and mass. Pro-inflammatory cytokine
levels can affect susceptible tissue like blood, brain, adipocytes, endothelium, liver, muscle,
pancreatic islet cells, and muscle, which are used as diagnostic markers for T2DM and
metabolic syndrome [138,140]. Moreover, inflammatory cytokines and free fatty acids
(FFA) can spur IR and activate IKK-β (inhibitor of NF-κB kinase subunit β) in the presence
of inflammatory stimuli. IKK-β is capable of activating NF-κB and inhibiting insulin
signaling through the restraint of insulin receptor substrate (IRS) tyrosine phosphorylation.
Furthermore, suppression of IKK-β protects against the deleterious effects of TNF-α and
FFA on insulin signaling. Studies show that overexpression of a constitutively active version
of IKK-β in the liver of rodents causes IR and diabetes in liver and muscle [143–148].
Interestingly, obesity or a high fat diet has been demonstrated to cause activation of NF-κB
and its pro-inflammatory targets in the liver. In addition, an obese or diabetic state can lead
to elevated levels of c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase
(ERK) activity in several tissues under metabolic and inflammatory stress [149–153]. The
above findings indicate that prolonged exposure to lipids and other metabolic fuels can
affect IR development through the alteration of cytokine production within the liver, adipose
tissue, and infiltrating immune cells.
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IV.B. β-Cell Destruction
The graded serum levels of acute phase reactants (e.g. CRP, sialic acid) and their cytokine
mediators (e.g. TNF-α, IL-1, IFN-γ) in correlation with diabetes, obesity, metabolic
syndrome, hypertension, and atherosclerosis development suggests a role in disease
pathogenesis [140,154–156]. A similar mechanism may occur in the pancreatic islet cells of
people with T2DM [157,158]. While T1DM is immune-mediated and based upon pancreatic
islet inflammation [159,160], T2DM is defined by inadequate insulin production in the face
of IR [161]. With insulin secretion dependent on pancreatic β-cell function and mass, the
pancreas is remarkably capable of adapting to conditions that require elevated insulin
production such as obesity, pregnancy, and growth hormone excess, by augmenting its β-cell
mass [162]. However, in T2DM, β-cell function declines with disease progression [14,162]
and β-cell dysfunction was found to be the major contributor in the transition from
normoglycemia to DM in an experimental population of Pima Indians [163]. Despite
etiological and pathogenic differences between T1DM and T2DM, pancreatic β-cell demise
by apoptosis is a common cellular denominator. Eventually, in both situations, β-cell
destruction occurs leading to clinical manifestations of absolute or relative insulin deficiency
[164]. As hyperglycemia develops, additional processes like islet inflammation, O-linked
glycosylation, and amyloid deposition accelerate β-cell demise. This results in a
deterioration of β-cell function and a loss of controlled glucose stimulated insulin secretion
[162,165]. The chronic hyperglycemia then leads to ROS production, which induces
pancreatic β-cell oxidative damage. Additionally, both ROS and IL-1β activate NF-κB, a
critical mediator of inflammatory responses. Apoptosis in the presence of pro-inflammatory
cytokines like IL-1β and TNF-α can provoke additional immune responses. Therefore, the
chronic increase in inflammatory mediators observed in T2DM and the elevated secretion of
TNF-α, IL-6, and IL-1β by adipose tissue [166] could have a significant effect on
noninsulin-sensitive cells.

IV.C. Diabetic Atherosclerosis
Atherosclerosis is a frequent complication of DM but despite strong epidemiologic evidence
of their correlation, the mechanism connecting the two has yet to be determined.
Postulations made from early studies suggest that DM exacerbates many traditional risk
factors for atherosclerosis [167] and in fact, DM patients often exhibit elevated levels of
oxLDL, hyperinsulinemia, oxidative stress, hyperglycemia, and increased FFA, which all
are associated with endothelial dysfunction [167–172]. Another possible contributor to the
accelerated atherosclerosis development is increased LDL, reduced high-density lipoprotein,
and increased triglycerides connected to diabetic dyslipidemia [167]. Furthermore,
individuals with DM have hypercoagulability, impaired fibrinolysis and platelet
hyperaggregability, which all augment thrombogenicity and contribute to atherosclerosis
[173–175]. Another supporting piece of evidence is an oxidative stress mechanism unique to
DM with atherosclerosis effects. It involves the formation of advanced glycation
endproducts (AGE) with altered structure and function. The receptor for AGE (RAGE) is
expressed by ECs, SMCs, MCs, and lymphocytes with enhanced expression in
atherosclerotic lesions. The administration of soluble recombinant RAGE neutralizes AGE,
thereby reducing NF-κB induction, vascular cell adhesion molecule 1 (VCAM-1), and tissue
factor expression. This in turn causes a reduction in atherosclerotic lesion burden [176]. The
AGE-RAGE pathway is known to elevate oxidative stress, endothelial dysfunction,
expression of adhesion molecules, as well as the generation of inflammatory cytokines and
tissue factor. The modulation of these cellular factors can ultimately effect atherosclerosis
progression [177].
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IV.D. Unifying Immune Responses of DM and CVD
The role of the immune system in modulating diabetic atherosclerosis has revealed some
mechanistic associations. S100A9+ MΦs are pro-inflammatory biomarkers for
cardiovascular events and are recruited to atherosclerotic lesions in T1DM during plaque
disruption [178]. In addition, T1DM conditions can induce S100A9+ MΦ differentiation.
Meanwhile, other findings indicate that high concentrations of glucose can induce MΦ
CD36 expression [179]. Significantly, CD36 is a MΦ SR that mediates oxLDL uptake and
subsequent foam cell development. Moreover, studies with CD36 have demonstrated that
oxLDL promotes assembly of a TLR4/TLR6 heterodimer [180]. These conclusions provide
a direct mechanistic relationship between DM and atherosclerosis with immune mediation.

IV.E. Endothelial Dysfunction as an Ancestor for DM and CVD
Development of CVD is the principal complication in T2DM but it can precede its
development as well [181]. This intertwined relationship lends itself to the idea of mutual
ancestors. While IR is an accepted factor in the pathogenesis of T2DM its link to CVD has
not been well defined [182]. However, inflammation is a common tie being a precursor of
CVD, associated with IR, and preceding the progression of T2DM [156,183]. Inflammatory
mediators are known to function pathogenically by enhancing systemic endothelial
dysfunction, leading to hindered NO and vascular hemostatic agent production [184].
Imbalance of the vasodilatory agent NO and the vasoconstrictor endothelin-1 (ET-1) can
further contribute to endothelial dysfunction [185]. Noteworthy is the fact insulin can
stimulate production of NO from the endothelium and cause vasodilation through the
binding and activation of the insulin receptor. This mechanism is similar to metabolic
insulin signaling in skeletal muscle and adipose tissue [186–188]. Once the insulin receptor
is bound, tyrosine phosphorylation of IRS occurs resulting in activation of both the
phosphoinositide 3-kinase (PI3K)-Akt pathway and the mitogen-activated protein kinase
(MAPK) pathway [189,190]. A key feature of IR is the alteration of the PI3K-Akt pathway,
though other insulin-signaling branches, including Ras/MAPK-dependent pathways, remain
unmediated [191]. As a result, hyperinsulinemia will lead to an imbalance between PI3K-
and MAPK-dependent pathways. This imbalance leads to elevated vascular inflammation
via enhanced expression of VCAM-1, intracellular adhesion molecule 1, E-selectin,
monocyte chemotactic protein 1, and IL-6. Additionally, the imbalance will lead to a
reduction in available NO in the endothelium [191,192]. This results in diminished eNOS
activity, decreased NO generation, and increased ET-1 secretion, a characteristic of
endothelial dysfunction. The elevated levels of ET-1 increase serine phosphorylation of
IRS-1, leading to a reduction of PI3K activity in vascular SMCs and hindering insulin-
stimulated translocation of glucose transporter type 4 in adipocytes [193]. It can be
concluded that IR-mediated reduction of NO in the endothelium contributes to accelerated
atherosclerosis through the regulation of vasoconstriction, inflammation, and thrombosis
[194,195]. The categorization of endothelial dysfunction as a T2DM precursor may provide
additional vantages for diabetes prevention and treatment [196,197]. Moreover, therapies
targeting endothelial dysfunction may prove vital in preventing IR development and
therefore T2DM [198–200].

IV.F. Therapeutic Strategies
IR is a leading factor in T2DM and is the central component of metabolic syndrome
[163,201]. Recent studies suggest that pro-inflammatory cytokines, adipocytokines, and
transcription factors are involved in the pathogenesis of IR. This claim is supported by
clinical observations where patients with metabolic syndrome and T2DM had a positive
correlation between IR and chronic inflammation. Based on these data, methods to attenuate
IR by inflammation modulation were investigated. The insulin sensitizer thiazolidinedione
exerts its effects through PPAR-γ by enhancing the effects of insulin in metabolic tissues
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and by directly decreasing peripheral IR [187,202]. Also, the receptor of interest is
expressed in all major cell types involved in vascular lesions – MCs, MΦs, ECs and vascular
SMCs. Additionally, the PPAR-γ agonist glitazone has numerous beneficial effects like
improvement of glycemic control, decreased levels of circulating FFA, and anti-
inflammatory effects on EC and leukocyte function [203,204]. Other beneficial anti-
atherogenic effects have also been reported in several studies using PPAR-γ ligands
[205,206]. Potent inhibition of inflammation, blockade of MΦs differentiation, and cytokine
secretion [207] as well as inhibition of vascular SMC proliferation and migration have been
shown [208]. In addition, treatment with PPAR-γ agonists in T2DM patients reduces plasma
levels of inflammatory biomarkers that are predictive of CVD [209]. These results
encourage and suggest that anti-inflammatory agents can improve tissue susceptibility to
insulin and are promising for the treatment of metabolic syndrome and T2DM.

V. Immunogenicity and Stem Cell Therapy
Blood transfusions can be considered the first primitive form of cell therapy. Since then the
concept of cell therapy has been refined to include only essential components needed to
restore function or repair injury. These components may undergo modifications altering
their functionality or enhancing their versatility. This ability to control cell functionality is
one reason why cell therapy is an attractive avenue. Other reasons include the relative
abundance of cells from countless donors and the inclusion of cellular features that are
advantageous for targeting. Moreover, specific cell types demonstrate tremendous versatility
and can be genetically modified to meet specific therapeutic demands [210]. At the
forefront, stem cells contain immense cell therapeutic potential with their self-renewing
ability and capacity to differentiate into more specialized cell types. We will outline key
therapeutic concerns and discuss some progress in the stem cell therapeutic field.

V.A. Immunogenicity of Stem Cells
V.A.1. Antigen Matching—The idea of stem cell therapy in CVD is promising though
apprehension regarding inflammation and immune responses needs to be addressed
[211,212]. Allogeneic cells, tissues, and organs regularly elicit host immune responses. The
host immune system “recognizes” certain protein antigens as foreign, leading to graft
destruction. Due to their participation in tissue compatibility these molecules are named
alloantigens or histocompatibility antigens. In allogeneic transplantations three distinct
classes of antigens exist. The first class consists of MHC antigens, also termed human
leukocyte antigens (HLA), which are the major contributors of tissue compatibility. The
other two groups, minor histocompatibility complex (mHC) antigens and ABO blood group
antigens, play a relatively minor role in tissue compatibility compared to MHC antigens
[213,214]. Host T-cell recognition of MHC antigens from the donor is the primary cause for
the rejection of an allogeneic transplant. To alleviate this issue, HLA matching between the
donor and the recipient is conducted but is extremely difficult. A high number of
polymorphisms results in hundreds of alleles for some HLA genes [215]. Also, the
combination of the alleles can reach in the billions due to the two sets of HLA genes with
six alleles per set [216]. This variability makes it virtually impossible to find the perfect
match in genetically unrelated individuals.

V.A.2. Stem Cell Antigen Expression—In order to determine the feasibility of stem
cell therapy it is critical to evaluate the MHC antigen cell surface expression to alleviate the
risk of graft reject. Utilizing flow cytometry, it was characterized that undifferentiated
human embryonic stem cells (ESCs) have very low MHC class I antigen expression
[217,218]. Inciting human ESCs to differentiate into embryonic bodies or teratomas
increases MHC class I antigen expression 2–4 fold and 8–10 fold, respectively [218].
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Further, supporting studies in mice revealed that MHC class I antigens are not expressed in
undifferentiated mouse ESCs and are only present at low levels following prolonged
differentiation [219]. It was also discovered that epitope processing by immunoproteasomes
is accelerated in the presence of IFN-γ [220]. This suggests that increased immunogenicity
of stem cells may be related to stimuli such as stress, cytokines, and drugs that hasten self-
antigen epitope processing [221]. These findings suggest ESC therapy of CVD could be
feasible; however, elevated levels of IFN-γ and similar cytokines could result in amplified
MHC expression and therefore needs to be characterized.

V.A.3. Immunogenicity of Self Antigens—Aside from alloantigens it is also necessary
to comprehend the mechanism of how non-mutated self-protein antigens obtain
immunogenicity and elicit immune responses [222]. The most common mechanism for non-
mutated self antigen immunogenicity is the abnormal overexpression of antigens in tumors
[223]. This elevated expression can be a product of either transcriptional or post-
transcriptional mechanisms and can be identified using serological analysis of recombinant
tumor cDNA expression libraries (SEREX). This technique involves the screening of
patient’s sera [224] for the presence of autoantigens [225]. Additionally, a stimulation-
responsive splicing model for autoantigen and self-tumor antigen selection has been
established [221]. Utilization of several strategies [226–231] has been employed to identify
immunogenic antigen alleles like modified SEREX [224], database-mining [232], and
immunogenic isoform mapping. Despite investigation, the detailed antigen repertoire of
normal stem cells remains to be well-defined. Gaining insight into these autoantigens and
self-tumor antigens would prove vital in designing more effective cell replacement
therapeutics.

V.B. Stem Cell Subset Selection
V.B.1. Embryonic Stem Cells—An important consideration when developing cell
therapies is the selection of cell subsets. Each has its advantages and disadvantages such as
ESCs that maintain the flexibility to differentiate into any cell type within the adult body. It
could also be rationalized that the reduction in MHC I expression of ESCs would reduce the
likelihood of tissue rejection. However, the rates of tissue rejection in recipient MHC−/−

mice are comparable to wild-type control groups [233]. This suggests that selection of ESCs
to limit immunological rejection may not be practical. Additionally, ESCs show a propensity
to develop into teratomas when injected in vivo [234,235]. In order to alleviate this risk, in
vitro differentiated ESCs could be selected for therapy, though the gain of specificity and
control comes at the expense of flexibility and a gain in immunogenicity [236,237]. Further
elucidation of ESC differentiation mechanisms could prove fruitful in fully understanding
ESC differentiation.

V.B.2. Adult Stem Cells—Over the past decade the majority of CVD stem cell therapy
has focused on adult stem cells. The utilization of adult stem cell subsets allows for the
circumvention of graft rejection through autologous harvest. Another benefit of adult stem
cells is the avoidance of in vitro expansion before use in transplantation. This alleviates the
possibility of abnormal growth under culturing conditions. Thus far adult stem cell therapy
has focused on the use of skeletal myoblasts (SkMbs), bone marrow mononuclear cells
(BMCs), and endothelial progenitor cells (EPCs).

V.B.3. Skeletal Myoblasts—SkMbs were the first adult cell type to be transplanted into
cardiovascular tissue. They were successfully transferred into recipients with injured hearts
[238] and shown to restore myocardial function in animal models [239]. However, the
mechanisms leading to improved heart function are still unknown. Working with SkMbs is
advantageous due to their resistance to ischemia and their ability to differentiate into
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myotubes, which can potentially supplement injured myocardium. However, it should be
noted that these myotubes are incapable of electrically integrating with the myocardium and
are associated with arrhythmogenesis after transplantation [240].

V.B.4. Bone Marrow Mononuclear Cells—BMCs consist of hematopoietic stem cells
(HSCs), mesenchymal stem cells (MSCs), and EPCs, all of which can independently
improve cardiac function. In fact, a unique subset of BMCs was found to differentiate into
cardiomyocytes in mouse models [241]. However, from a therapeutic standpoint this finding
was irrelevant due to the exceptionally low rate of differentiation [242]. Additional
investigations in animal models also revealed the inability of HSCs to differentiate into
cardiomyocytes. This was further supported in clinical studies where the effect of BMCs on
cardiac function had little or no improvement [243]. On the other hand MSCs, unique from
other BMCs, demonstrated the ability to differentiate into cardiomyocytes under stringent in
vitro conditions [244,245]. This capacity was also observed in vivo though at an extremely
low rate. A potential advantage for the use of MSCs in therapy is their relatively low
immunogenicity compared with other stem cells [246]. Despite these findings there is little
concrete evidence that BMCs can differentiate into cardiomyocytes at a physiological rate in
vivo.

V.B.5. “Cardiac Stem Cells”—Recent publications have characterized a subset of
endogenous cardiac progenitor cells that are capable of differentiating into various cardiac
cells including cardiomyocytes [247,248]. These epicardial resident progenitor cells had
previously been shown to generate SMC, EC, and fibroblasts; however, until recently their
ability to produce cardiomyocytes had not been demonstrated. The discovery of this
capability should provide new avenues for cardiovascular stem cell therapy. The use of
endogenous progenitors is advantageous because it will allow the circumvention of possible
graft rejection. Also, the ability to manipulate these “cardiac stem cells” may provide a
novel approach to the restoration of depleted cardiomyocytes following ischemia or MI
[249].

V.C. Stem Cell Therapy
V.C.1. Vascular Therapy—Endothelial injury and dysfunction are common contributors
to vascular diseases. A promising candidate for use in vascular cell therapy, EPCs are
capable of combating this complication. After being discovered in 1997 by Asahara et al.
studies involving EPCs have yielded promising results in the cell therapy field [250]. It was
indicated that an age-related reduction in progenitor cells contributes to the development of
atherosclerosis [251]. This idea was experimentally verified by transferring EPCs from
young non-atherosclerotic mice to older hypercholesterolemic mice, which led to
atherosclerosis development inhibition via mechanisms of vascular repair and inflammation
attenuation [251,252]. Despite the success of this model, additional experimentation with
other subsets has led to differentiation into cell types that contribute to atherosclerosis
development [253]. It should also be noted that while stem cell therapy in the treatment of
atherosclerosis demonstrates important scientific principles it may be an unnecessarily
complicated approach [254,255].

V.C.2. Cardiac Therapy—A focal point of cardiovascular stem cell therapy is the
regeneration of cardiac myocytes following ischemia or MI. This is important due to the
inadequate regenerative capacity of the human cardiac muscle in compensating for the
substantial loss of the myocardium by MI or other CVD. While SkMbs in mammals are
capable of sufficiently regenerating after widespread or repeated injury [256,257],
mammalian cardiomyocytes rarely divide either before or after injury [258,259]. However, it
should be noted that differentiation of cardiomyocytes can be accelerated through the over-
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expression of specific transgenic genes in mouse models [259]. The identification of an ideal
stem cell subset for cardiac therapy is critical for successful therapy. The cell subset should
be immunologically innate, capable of reconstituting the infarct zone with cardiomyocytes,
pro-angiogenic, able to repair damaged vasculature, and electrically integrable with
surviving myocardium.

VI. Immunogenicity and Immunosuppression
Thus far, the content of this review has concentrated on the role of the immune system in
mediating CVD. The final section will focus on the treatment and neutralization of
undesired immune responses. Controlled suppression of the immune system is a delicate
endeavor requiring precision to prevent unwanted effects. Original immunosuppressants like
corticosteroids have been used to effectively suppress the innate immune response but
lacked specificity leading to the consequent stemming of the adaptive immune response.
Drugs were then developed with more specific activity capable of targeting distinct
mediators of the adaptive immune system. However, it is important to consider that any
immunosuppression, specific or broad, inhibits not only the harmful activity but the
protective mechanisms of the immune system as well. An ideal immunosuppressive agent
would effectively mitigate the harmful mechanisms of the immune system with little or no
effect on the protective effects. Agent specificity is vital in accomplishing this. Fortunately,
the adaptive immune system relies heavily on specificity for its regular function. Therefore,
the use of antibodies for therapeutic inhibition of immune responses has been heavily
investigated.

VI.A. Anti-Inflammatory Drugs
The activation of the adaptive immune system following innate immune activity has several
therapeutic implications. It explains why the co-administration of adjuvants optimizes the
potency and longevity of vaccines and it elucidates why the administration of innate
immunosuppressants can inherently eliminate the adaptive immune response. This is
exemplified by corticosteroids, which have potent anti-inflammatory effects due to
diminished IL-1, IL-3, IL-4, IL-5, IL-8, TNF-α, and GM-CSF expression [7]. Since
corticosteroids bind to intracellular receptors in almost every cell type, their effect is broad
with both beneficial and toxic results. Fortunately, this negative effect can be mitigated
through combinational therapy allowing for lower therapeutic doses, thereby accentuating
the favorable effects while diminishing the toxic effects. Corticosteroids are often co-
administered with cytotoxic drugs like azathioprine and cyclophosphamide, a class of
immunosuppressive drugs that interferes with DNA synthesis. In small doses these drugs
target rapidly dividing cells like lymphocytes, thus suppressing the adaptive immune
response. Another class of immunosuppressive drugs target T-cell proliferation through the
inhibition of IL-2 induction [7]. Even though this class of agents is effective, its insufficient
specificity makes standard use unreasonable. In fact, the harmful side effects restrict use to
extreme circumstances like organ transplant, graft rejection, and various autoimmune
diseases.

VI.B. Immunosuppressive Antibodies
Immunosuppressive antibodies have been employed in two capacities to ensure a high level
of specificity. Depleting antibodies, the first subset, associate with lymphocytes by forming
a complex that is later eliminated by NK cells. The second group is blocking antibodies,
which inhibit the activity of the target protein but do not cause the protein’s destruction [8].

VI.B.1. Receptor Antibodies—Certain antibodies elicit their physiological effect
through interactions with receptor complexes. Exemplifying this interaction, anti-CD3-
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specific antibodies act on the CD3 antibody/T-cell receptor complex to inhibit
immunological responses. These antibodies have been administrated therapeutically to
prevent short-term allograft rejection while their use in non-obese diabetic (NOD) mice
resulted in the long-term remission of autoimmune diabetes [260]. Furthermore, the use of
anti-CD3 antibodies in Ldlr−/− mice on a high cholesterol diet led to the inhibition of
additional plaque formation as well as the halted progression of previously established
lesions. Interestingly, an increase in both anti-inflammatory cytokine TGF-β in lymph node
cells and the expression of the Treg marker Foxp3 in spleen cells was reported. This finding
suggests that short-term treatment with an anti-CD3 antibody leads to the induction of a
Treg phenotype, known to aid in the restoration of self-tolerance in a mouse model of
atherosclerosis [261].

VI.B.2. Co-Stimulatory Signal Antibodies—Required for T-cell activation, co-
stimulatory signals can be considered targets for immunosuppressive therapy. CD40 and its
ligand CD40L have been demonstrated to be co-expressed on ECs, MΦs, SMCs, and T-cells
present in atherosclerotic lesions. The inhibition of CD40L-CD40 signaling with antibodies
results in the reduction of experimental autoimmune diseases like collagen-induced arthritis,
lupus nephritis, acute or chronic graft-versus-host disease, multiple sclerosis, and thyroiditis.
Additionally, the use of an anti-CD40L antibody in Ldlr−/− mice on a high cholesterol diet
led to a decline in aortic atherosclerotic lesion area. Furthermore, a reduction in lesion lipid
content and the presence of MΦs and lymphocytes was also reported [262]. In spite of these
findings, it should be stated that treatment in Ldlr−/− or ApoE−/− mice with established
atherosclerosis did not cause atherosclerotic lesion decline. It did, however, spur a change in
lesion composition resulting in a reduction of lipids and MΦs while increasing the content of
collagen and SMCs [90,263]. Ultimately, these modifications contributed to a more stable
plaque phenotype. Although therapeutics involving CD40 and its ligand were not further
pursued due to the potential risk of thrombotic complications caused by CD40L expression
on platelets, it provides a useful example of how co-stimulatory signal antibodies can be
used in immunosuppressive therapy.

VI.C. Tolerance
The ability to restore immune tolerance is a major goal in immunotherapy – particularly in
regard to autoimmune diseases. With an early onset, most atherosclerosis therapies are
directed at reducing progression by limiting innate and adaptive immune responses instead
of prevention. Oral or intranasal immunization is a common method utilized to develop
tolerance [264]. Administration of autoantigens by these routes has been shown to reduce
organ-specific inflammation and disease expression in several models of autoimmunity.
Mucosal antigens are capable of restoring tolerance through the induction of antigen-specific
T-cell immune responses characterized by the secretion of IL-4, IL-10, and TGF-β [265].
Tolerance is gained mechanistically through antigen site-directed bystander suppression by
the T-cell response effectors [266,267]. Mucosal tolerance treatments have already shown
their validity in the treatment of HSPs and oxLDL in murine atherosclerosis models. The
success of mucosal tolerance treatments has led to human clinical trials [265].

VI.C.1. HSPs—Thought to contribute to atherogenesis, HSPs are expressed by ECs under
duress typically associated with classic atherosclerosis risk factors such as high blood
pressure, smoking, DM, and chemically altered lipoproteins [268,269]. These risk factors
may lead to EC activation and death therefore resulting in the release of HSPs into
intercellular spaces. These soluble HSPs (sHSPs) are pro-atherogenic in nature, causing the
secretion of pro-inflammatory cytokines by MΦs and the expression of adhesion molecules
by ECs [270]. In addition, MΦs present antigens to B-cells, which produce HSP
autoantibodies. These autoantibodies interact with HSPs expressed on activated ECs further
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exacerbating the situation. The elevated expressions of both HSPs and HSP autoantibodies
have been positively correlated with atherosclerosis [269,271,272]. Interestingly, the nasal
and oral administrations of HSP65 in Ldlr−/− mice seem to cause an immunization effect,
resulting in a reduction of atherosclerotic lesions induced by a high cholesterol diet
[273,274]. Maron et al. observed a decrease in the proliferation of splenocytes and a decline
in the total anti-HSP65 IgG titers with both administration routes. Meanwhile, nasal
administration also resulted in decreased MΦand T-cell lesion numbers, reduced expression
of IFN-γ, increased IL-10 expression, and increased Th2 dependent anti-HSP65 IgG1 titers
[274]. Additional research was conducted with full length HSP60 or a 16aa HSP60 fragment
(253 to 268) in Ldlr−/− mice that were subsequently fed a Western type diet [275]. These
oral treatments both resulted in an 80% reduction of lesion formation in carotid arteries
following collar placement and a 27% reduction in plaque area at the aortic root of HSP60-
treated mice. Furthermore, augmented populations of CD4+CD25+Foxp3+ Tregs in
lymphoid organs and blood were found. In vitro follow-up revealed that HSP60 treatment of
lymph node cells from HSP60-tolerized mice secreted additional levels of IL-10 and TGF-β.
Meanwhile, endogenous anti-HSP60 antibody levels were unaffected.

VI.C.2. oxLDL—Although the induction of immune responses against oxLDL by active
immunization strategies can mediate atheroprotection as discussed above, pro-atherogenic
responses specific for oxLDL have been suggested to exist as well. For example, transfer of
CD4+ T-cells from mice immunized with malondialdehyde-modified LDL (MDA-LDL)
induced significantly more atherosclerosis in recipient ApoE−/− SCID mice than T-cells
from control mice. This response is thought to be the result of IFN-γ-secreting Th1 cells that
are believed to mediate pro-inflammatory effects in lesions. To resolve this, an oral
tolerance strategy using human copper-oxidized LDL (Cuox-LDL) and MDA-LDL was
employed. Interestingly, only Ldlr−/− mice that received Cuox-LDL through oral
administration developed significantly less atherosclerosis, while MDA-LDL feeding did
not have an effect. Meanwhile, oral administration of Cuox-LDL led to a significant increase
in TGF-β production and levels of CD4+CD25+Foxp3+ cells in the spleen, mesenteric lymph
nodes, and in lymph node cells of tolerized mice [276]. No effects were observed in
antibody titers to Cuox-LDL. Thus, similar to mucosal tolerance approaches with HSP60/65,
the induction of Treg populations is associated with the decrease in atherogenesis, though
direct immunological suppression of endogenous responses has not been well documented.

Conclusion
In this review, we thoroughly examined the role of immunogenicity in the development,
participation, and exacerbation of CVD. A brief overview of immunogenicity and the innate
and adaptive responses were discussed to provide the necessary foundation required for the
comprehension of the concepts discussed. The recently established involvement of
inflammatory/autoimmune mechanisms in atherogenesis has spurred the attention of
researchers from a variety of scientific fields leading to an escalation of knowledge and
novel findings. These advances will prove valuable in other fields that share etiology with
atherogenesis such as diabetes. In addition, the elucidation of immunogenicity in
atherosclerogenesis has led to the investigation of novel therapies. Potential treatment with
stem cells has come to the forefront and requires judicious review due to their impending
ability to trigger immune responses. Despite this possible complication, stem cells offer vast
potential in future therapy and for the understanding of unknown mechanisms of
pathophysiology. The examination of selective immune suppression concluded this review,
providing possible insight into the immunogenic mechanisms that govern atherogenesis and
the development of prospective therapeutics. Undeniable are the substantial advances that
have been made in the field of CVD as the scientific disciplines of vascular biology,
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immunology, epidemiology, and bioinformatics become interpolated in the quest for a more
comprehensive knowledge of CVD.
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Figure 1. Activation of Adaptive Immune Responses in Atherosclerosis
This schematic depicts the roles of T-cells and B-cells in mediating immune responses to
antigens in atherosclerosis.

Jan et al. Page 34

World Heart J. Author manuscript; available in PMC 2014 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. The Immunopathology of Type 2 Diabetes Mellitus
This flow chart shows how both innate and adaptive immune responses contribute to T2DM
pathology.

Jan et al. Page 35

World Heart J. Author manuscript; available in PMC 2014 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jan et al. Page 36

Table 1

Abbreviations.

AGE – advanced glycation endproduct

APC – antigen presenting cell

Apo – apolipoprotein

BMC – bone marrow mononuclear cell

CCL – CC chemokine ligand

CCR – CC chemokine receptor

Cuox–LDL – copper-oxidized low-density lipoprotein

CVD – cardiovascular disease

CX3CL – CX3C chemokine ligand

CX3CR – CX3C chemokine receptor

CXCL – CXC chemokine ligand

CXCR – CXC chemokine receptor

DC – dendritic cell

DM – diabetes mellitus

EC – endothelial cell

EPC – endothelial progenitor cell

ERK – extracellular signal-regulated kinase

ESC – embryonic stem cell

ET – endothelin

FFA – free fatty acid

GM-CSF – granulocyte macrophage colony-stimulating factor

HLA – human leukocyte antigens

HO – heme oxygenase

HSC – hematopoietic stem cell

IFN – interferon

IKK-β – inhibitor of NF-κB kinase subunit β

IL – interleukin

IR – insulin resistance

IRS – insulin receptor substrate

JNK – c-Jun N-terminal kinase

LDL – low-density liproprotein

LO – lipoxygenase

MΦ – macrophage

Mac-1 – macrophage-1 antigen

MAPK – mitogen-activated protein kinase

MC – monocyte

MDA–LDL – malondialdehye-modified low-density lipoprotein

MHC – major histocompatibility complex

mHC – minor histocompatibility complex

MI – myocardial infarction
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MIF – migration inhibitory factor

MMP – matrix metalloproteinase

MSC – mesenchymal stem cell

NK – natural killer

NOD – non-obese diabetic

oxLDL – oxidized low-density lipoprotein

PAMP – pathogen-associated molecular

PI3K – phosphoinositide 3-kinase

PPAR – peroxisome proliferator-activated

PRR – pattern recognition receptor

PSGL – P-selectin glycoprotein ligand

RAGE – receptor for advanced glycation

ROS – reactive oxygen species

SEREX – serological analysis of recombinant tumor cDNA expression libraries

sHSP – soluble heat shock protein

SkMb – skeletal myoblast

SLE – systemic lupus erythematosus

SMC – smooth muscle cell

SR – scavenger receptor

T1DM – type 1 diabetes mellitus

Tfh – T follicular helper cells

Th – T-helper

Th1 – type 1 T-helper

Th2 – type 2 T-helper

TIMP – tissue inhibitor of metalloproteinases

TLR – toll-like receptor

TNF – tumor necrosis factor

Treg – regulatory T-cell

VCAM – vascular cell adhesion molecule

VLA – very late antigen
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