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Abstract

Despite advances in prevention and treatment, vascular diseases, including atherosclerotic vascular
disease, continues to account for significant morbidity and mortality in the developed world. It is
exected to worsen with an increasing number of patients with common co-morbidities such as
obesity and diabetes; conditions linked with atherosclerotic vascular disease, and reaching
epidemic proportions. Atherosclerosis is a lipid-driven vascular inflammatory disease involving
multiple cell types in various stages of inflammation, activation, apoptosis, and necrosis. One
commonality between these cell types is that they are activated and communicate with each other
in a paracrine fashion via a complex network of cytokines. Cytokines mediate atherogenesis by
stimulating expression of numerous proteins necessary for induction of a host of cellular
responses, including inflammation, extravasation, proliferation, apoptosis, and matrix production.
Cytokine expression is regulated by a host of transcriptional and post-transcriptional mechanisms.
In this context, proteins and mechanisms that control and fine-tune cytokine expression can be
considered key players in development of atherosclerosis and also represent targets for rational
drug therapy to combat this serious disease. This review will describe the cellular and molecular
mechanisms that drive atherosclerotic plaque progression, and present some of the key cytokines
that participate in this process. We will also describe some of the RNA binding proteins that
mediate cytokine mRNA stability and regulate cytokine abundance. Identification and
characterization of the cytokines and molecules that regulate their abundance are essential to our
ability to identify therapeutic approaches to combat atherosclerotic vascular disease.

1. Introduction

Cardiovascular disease is the leading cause of death worldwide, with 1 in 5 deaths annually
attributed to cardiovascular etiology. Despite increased awareness in the general public about
how lifestyle choices affect vascular health, cardiovascular disease remains the #1 cause of
death both nation and worldwide to date. It is widely recognized that atherosclerosis, the
underlying cause of coronary heart disease, peripheral vascular disease, and stroke, is the
primary contributor to the majority of all cardiovascular diseases [1]. Vascular disease can

To whom all correspondence should be addressed: Michael Autieri, Ph.D., Department of Physiology, Independence Blue Cross
Cardiovascular Research Center, Temple University School of Medicine, Room 1050, MERB 3500 N. Broad St., Philadelphia PA
19140, Phone 215-707-1751.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ray and Autieri

Page 2

affect the entire body as arteries and veins are responsible for nourishing the body in its
entirety, and roughly 92.1 million individuals are affected by at least one type of vascular
disease in the United States alone [1]. As the developed world adopts a more sedentary,
inactive lifestyle, atherosclerotic vascular disease itself accounts for significant morbidity
and mortality. Controllable risk factors for vascular disease include obesity, smoking,
physical inactivity, hypertension, stress, high LDL levels, and uncontrolled diabetes. Disease
prevention focuses on healthy lifestyle choices that limit these risk factors. The incidence of
atherosclerosis and other vascular diseases increases as the number of patients with co-
morbidities such as obesity, metabolic syndrome, and Type 2 diabetes mellitus grows, along
with an aging population in the developed world.

2. Development of atherosclerosis

Blood vessels are composed of three layers: the outermost layer or adventitia, the middle
layer or media, which is composed of vascular smooth muscle cells (VSMCs), and the
innermost layer, the intima, is formed by simple squamous endothelial cells (ECs) and
contains the endothelium, which is the interface between the blood vessel wall and the
circulating blood. Atherosclerotic lesions typically develop in large and medium-sized
arteries and can lead to ischemia in areas including the heart and brain or development of
peripheral arterial disease when affecting the extremities [2]. Numerous cells from each of
these layers participate in the vascular inflammation indicative of atherosclerosis. ECs,
VSMCs, and infiltrating immune cells communicate with each other bidirectionally through
the production and secretion of cytokines and production of cytokine receptors [8]. Plaque
rupture can result in myocardial infarction, stroke, or thrombosis, which can often be lethal.
Atherosclerosis is a lipid-driven, chronic vascular inflammatory disease that develops in
response to various insults to the vasculature such as oxidative stress in the form of oxidized
excess low-density lipoprotein (oxLDL). The lipid theory of atherogenesis states that
oxidation of low-density lipoprotein (LDL), one of the earliest initiation factors of
atherosclerosis, becomes modified by oxidization as a normal metabolic consequence.
Oxidation of LDL exposes numerous epitopes and subendothelial deposition of excess
oxLDL acts as an antigenic, pro-inflammatory factor [3,4]. Internalization of oxLDL results
in a series of dramatic events, including activation of Nuclear Factor Kappa B (NF-xB), a
“master switch” for transactivation of many cytokine genes that drive the cellular
atherogenic response. Several studies have shown that oxLDL stimulation of ECs, VSMCs,
and leukocytes leads to expression of pro-inflammatory cytokines [3]. While the lipid theory
has become both well established and accepted, unmodified or “native” LDL has been
implicated as a trigger of inflammation and atherogenesis [4, 5]. Studies demonstrate that
unmodified LDL, specifically Apolipoprotein B100 (ApoB100), the primary protein
constituent of LDL, results in expression of pro-inflammatory cytokines as well as activate
Mitogen Activated Protein Kinase (MAPK) and calcium signaling [6]. The majority of these
experiments focus specifically on T cell activation and explore vaccination as a potential
therapy, though there are additional studies investigating the effects of ApoB100 in
additional cell types including macrophages, platelets, and dendritic cells [4, 7-9].

The endothelium in healthy individuals maintains a non-thrombogenic, non-adherent
surface; it maintains vascular tone by synthesis of vascular dilatory and constricting
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molecules; acts as a permeability barrier for exchange of substances into artery wall; and
regulates lipid modification as it is transported into the artery wall. Atherosclerosis begins
with EC dysfunction, which is initiated by oxLDL induction of TNFa, a master pro-
inflammatory cytokine which in turn induces expression of other pro-inflammatory
cytokines and cell adhesion molecules (CAMSs). Increased expression of cell adhesion
molecules, leading to increased endothelial permeability and leukocyte extravasation gave
rise to the inflammatory hypothesis of atherogenesis initially proposed by Ross which states
that immune cell adhesion to activated, or “inflamed” endothelium is the earliest cellular
event in development of atherosclerosis [7]. The earliest type of atherosclerotic lesion is
termed the “fatty streak”, which is not uncommon in most children [10]. This initial lesion is
purely inflammatory as it consists of only monocyte-derived macrophages and T cells [11].
As inflammation persists, additional monocytes are recruited into the subendothelial space,
differentiate into macrophages, and rapidly uptake oxLDL via scavenger receptors. As
macrophages continue to scavenge for oxLDL they can become overloaded and become
“foam cells”, which are incapable of leaving the artery and continue to actively secrete pro-
inflammatory cytokines, fueling the ongoing inflammation [2, 12]. As plaque development
progresses to intermediate lesions, macrophages and foam cells become apoptotic. In early
atherogenesis additional macrophages are able to clear the apoptotic cells, however in later
pathogenesis, apoptotic macrophages and foam cells accumulate and form a necrotic core,
which is a feature of complex atherosclerotic lesions.

Pro-inflammatory cytokines also cause VSMCs to undergo phenotypic switching during
atherogenesis, specifically in the intermediate lesion stage. VSMCs transform from their
normally differentiated, contractile phenotype to an active “synthetic” state. Synthetic
VSMCs are able to migrate from the media into the intima and proliferate, phagocytize
oxLDL, and secrete additional pro-inflammatory cytokines, which in turn, recruit additional
VSMCs as well as immune cells. VSMCs also produce matrix, which retains lipids and the
inflammatory cell types in the lesion. Eventually intermediate lesions can develop into
fibrous plaques or advanced lesions, which typically lead to clinical manifestations. These
advanced lesions are comprised of a necrotic core of apoptotic foam cells and T cells,
covered in a thick layer of VSMCs that have formed a fibrous cap, consisting of collagen
and connective tissue. Plaque vulnerability is dependent upon the thickness of the fibrous
cap. As inflammation persists, pro-inflammatory cytokines are able to secrete matrix
metalloproteinases (MMPs) that degrade the matrix, leading to thinning of the fibrous cap.
Plaque rupture typically occurs as a consequence of decreased cap integrity, leading to
myocardial infarction (MI) or stroke. Plaque rupture from a fractured cap may also lead to
thrombus formation, which is the major cause of vascular mortality in humans.

3. Cytokines which participate in atherosclerosis

It is important to recognize that the microenvironment of the atherosclerotic plaque is a
dynamic collection of multiple cell types including ECs, VSMCs, and infiltrating
inflammatory cells, each in various stages of activation and synthesis of cytokine products.
As such, most cytokines initiate a complex and varied repertoire of responses on their target
cells and can initiate, promote, and potentially resolve plaque formation. Thus, this complex
microenvironment results in a complex milieu consisting of multiple cytokines with
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redundant and opposing effects. To better describe the actions of cytokines on atherogenesis,
it is convenient to classify them into different families, typically based on structure; we can
also categorize them by function, specifically into one of two groups: pro-inflammatory and
anti-inflammatory. Cytokines typically act in synergy with other cytokines of the same
functional group and are able to induce simultaneous cellular processes as the previously
mentioned cell types have extensive overlap in which cytokines they are able to produce and
secrete and respond to. Cytokines are able to balance each other: proinflammatory cytokines
initiate and sustain inflammation, while anti-inflammatory cytokines then limit the
magnitude of inflammation, typically pushing it to resolve, limiting tissue damage. Skewing
of this delicate balance can result in the body's inability to fight infection or chronic
inflammation. Vascular diseases are often the consequence of such a shift and subsequent
uncontrolled inflammation.

4. Pro-and anti-inflammatory cytokines

Pro- and anti-inflammatory cytokines are frequently associated with their effects on T helper
cells, with pro-inflammatory cytokines being associated with Th1 and anti-inflammatory
cytokines characterizing Th2. A polarization of T cells to Th1 in atherosclerosis has been
established in mouse models and has been suggested in humans [13, 14]. Because
atherosclerosis is primarily an inflammatory condition, Th1l cytokines are much more
prevalent in human atherosclerotic lesions than Th2 cytokines. In addition to Thl and Th2
are Th17 and T regulatory (Tregs) cells which have a similar but distinct dynamic. Th17
cells are characterized by expression of pro-inflammatory IL-17 and the ability to inhibit
Tregs. Tregs, formerly called suppressor T cells, are immunosuppressive and are known to
play a role in prevention of autoimmune disease as well as attenuate atherosclerosis in mice.
Tregs lymphocytes are found in human atherosclerotic plaque, and currently the subject of
intense study. This lymphocyte subset is considered to be atheroprotective, as adaptive
transfer of Tregs reduces the production of Th1 cytokines, such as IFN-y and concurrently
increases expression of the Th2 cytokine I1L-10 [15]. Not surprisingly, depletion of these
cells increase atherosclerosis in mice [16].

A paradigm similar to T helper cells exists among macrophages. Pro- and antiinflammatory
cytokines are able to polarize macrophages to their classical M1 or alternative M2
phenotypes, respectively. Shifts in M1/M2 balance have been indicated in a number of
inflammatory diseases, including atherosclerosis and peripheral arterial disease. Similar to
the previously discussed cell types, macrophages secrete and respond to cytokines.
Proinflammatory cytokines including TNFa and IFN-vy typically induce classically activated
M1 macrophages, which in turn secrete high levels of additional pro-inflammatory cytokines
including TNFa, IL-1B, IL-12, and 1L-23, as well as low levels of anti-inflammatory 1L-10
[17, 18]. We will broadly present cytokines in terms of their pro-atherogenic and anti-
atherosclerotic properties, and briefly describe each.

Pro-atherogenic cytokines

Generally speaking, due to the pro-inflammatory environment of the atherosclerotic plaque,
pro-inflammatory, Th1 cytokines are more prevalent in mouse and human lesions compared
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with anti-inflammatory, Th2 cytokines. We will begin with a brief discussion of reported
pro-atherogenic cytokines, beginning with TNFa, as it is considered to be a global
proinflammatory protagonist, and also because its post-transcriptional regulation is by far
the best described. While TNFa is clearly a major player in atherogenesis, we will also
briefly discuss other cytokines that participate in this process.

Tumor necrosis factor alpha—(TNFa) is a pleiotropic member of the tumor necrosis
factor superfamily [19]. TNFa is considered to be a master pro-inflammatory cytokine as it
induces expression of multiple pro-inflammatory genes, thus amplifying its potent
inflammatory effects. Its induction of other pro-inflammatory cytokines has earned TNFa
the moniker of a “master inflammatory cytokine”. While M1 macrophages are the primary
source of TNFa in atherosclerosis, its expression can also be induced in ECs and VSMCs
[20]. TNFa fuels the inflammatory cascade by recruiting additional T cells and
macrophages to the atherosclerotic lesion by induction of several pro-inflammatory
cytokines and CAMs. Consistent with its effects on CAM expression, TNFa promotes
leukocyte/endothelial cell interaction and extravasation in vivo, an initial step in generation
of the fatty streak leading to atherosclerosis [21, 22]. TNFa could potentially serve as a
useful biomarker for coronary artery disease in the clinic as serum levels of TNFa correlate
with early carotid atherosclerosis [20].

Our current understanding of cannonical TNFa receptor signaling points to Nuclear Factor
kappa B, (NF-xB), p38 MAPK, and JUN N-terminal kinase (JNK) activation as essential
participants of this pathway [23]. This leads to expression of NF-xB target genes which are
crucial in inflammation, cell proliferation, and response to stress [19]. Included in this list
are cytokines pertinent for progression of atherosclerosis, including, but not limited to
IL-1B, IL-6, IL-8, MCP-1, as well as TNFa itself [24].

Long-term stimulation of macrophages by TNFa, via a MAPK-dependent pathway
downregulates macrophage scavenger receptor gene expression and protein via
transcriptional and post-transcriptional processes [25, 26]. These scavenger receptors play a
vital role in the reverse cholesterol pathway, as macrophages uptake LDL using these
receptors; exacerbated TNFa is therefore able to promote atherosclerosis by reducing the
efficacy of this reverse cholesterol pathway. TNFa is also associated with plaque rupture as
it stimulates production of MMPs as well as the thrombogenic protein, tissue factor, in
VSMCs [27, 28].

Multiple studies completed in 7nfa” xApoe”- double knockout mice have found decreases
in atherosclerotic lesion size from 50 — 75% and increased plaque necrosis and apoptosis
[29]. In studies using Apoe’~ mice treated with recombinant soluble TNFa p55 receptor,
lesion size was reduced [30]. Blockade therapy targeting TNFa signaling with humanized
antibody or recombinant fusion proteins has proven beneficial for patients with chronic
inflammatory diseases, and incidence of acute cardiovascular events is lower in arthritis
patients receiving this treatment [31-33]. However, adverse effects have limited the utility of
this therapy. Considering its potent pro-inflammatory, pro-thrombogenic, and anti-
cholesterol clearing effects, it is not surprising that TNFa is a major pro-atherogenic
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cytokine. The complex molecular mechanisms that modulate TNFa abundance by regulation
of its mMRNA will be discussed in detail in Section 5.

Interleukin-1 beta—(IL-1p) is a prototypic pro-inflammatory cytokine expressed by
macrophages, ECs, and VSMCs [34]. IL-1p plays a key role in early atherogenesis. It is
inflammation-responsive and induced by TNFa and it subsequently serves as a local
paracrine and autocrine stimulator of several additional pro-inflammatory cytokines and
CAMs, leading to immune cell extravasation and sustained local inflammation. IL-1p also
promotes VSMC proliferation and migration, as well as release of MMPs [35, 36]. IL-1p has
been established as a pro-atherogenic cytokine in a number of mouse models. Infusion of
IL-1 receptor decoy reduced fatty-streak area in Apoe”” mice [37]. /187" xApoe”- double
knockouts also have 30% less atherosclerotic lesion size compared to Apoe”~ mice [38].
Considering its potent proinflammatory effects on a variety of cell types, IL-1f is a major
contributor to vascular inflammatory diseases including atherosclerosis.

Interleukin-2—(IL-2) is a T lymphocyte growth factor and as such, is considered to be a
proinflammatory Th1 cytokine [39]. Studies have established IL-2 expression in
atherosclerotic plaques, though its role has yet to be properly characterized. /n7 vivo studies
completed in mouse models have yielded conflicting results. One study reports Apoe”” mice
treated with IL-2 via i.p. injection while on high fat diet have increased atherosclerosis
compared to controls [40]. Additionally, treatment with IL-2 antibody also decreased plaque
burden in Apoe”” mice [20]. However, another study demonstrates that IL-2 is able to
attenuate atherosclerotic plaque development by activating Tregs [41]. Additional
experimentation are required to further elucidate the role of IL-2 in atherogenesis.

Interleukin-6—(IL-6) Interleukin-6 is a pro-inflammatory cytokine and potent inducer of
Th17 cells [42]. Patients with unstable angina have increased plasma levels of IL-6 [43].
IL-6 is expressed in a variety of cell types apropos to atherosclerosis, including
macrophages, ECs, and VSMCs. IL-6 expression results in increased CAM expression in
ECs, contributing to extravasation of leukocytes into the vessel wall [44]. Systemic treatment
with IL-6 in Apoe”mice results in increased atherogenesis, supporting the notion that IL-6
is a pro-atherosclerotic cytokine [45]. Surprisingly, //67-xApoe”- double knockout mice have
increased plaque burden compared to controls [46]. Double knockout mice also have
decreased leukocyte infiltration into the lesions, as well as reduced expression of MMPs,
suggesting increased plaque stability. These seemingly contradictory data may be explained
by the compensatory increase in expression of anti-inflammatory IL-10, as well as IL-1Ra
and TNFa receptors, which may neutralize plasma levels of these inflammatory cytokines.
IL-6 participation in atherogenesis is complex and has yet to be completely understood.

Interleukin-12—(IL-12) is a pro-inflammatory cytokine expressed in atherosclerotic
lesions and is known to induce signal transducer and activator of transcription 4 (STAT4)
and subsequently activate the transcription factor T box expressed in T cells (TBet) [47].
TBet has been classified as a marker of the Th1 phenotype, as it transactivates expression of
many proinflammatory genes. TBet results in expression of pro-inflammatory IFNvy, which
acts as a major regulator of inflammation [48]. Importantly, TBet also inhibits expression of
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antiinflammatory, Th2 cytokine IL-4. oxLDL treatment of monocytes results in I1L-12
expression. Additionally, Apoe”” mice treated with 1L-12 demonstrate exacerbated
atherosclerotic plaques compared to controls [49]. /127 xApoe”” mice also have decreased
plaque deposition compared to mice with baseline IL-12 expression. Inhibition of the IL-12
receptor via anti-1L-12 antibodies attenuates atherosclerosis in £a/r”- mice [50]. Studies
reporting the atherogenic effects of 1L-12 have focused on immune cells specifically; effects
of IL-12 on vascular cells have not been reported, but it is clear that IL-12 is a major pro-
atherogenic cytokine.

Interleukin-18—(IL-18) Pro-inflammatory cytokine IL-18 has been shown to polarize T
cells to Thl and induce IFN-y expression [51]. IL-18 levels are elevated in the sera of
patients with coronary artery disease and 1L-18 and its receptor have both been detected in
human plaques [52]. IL-18 is primarily secreted by macrophages and its receptor is present
on macrophages, as well as ECs and VSMC:s, allowing it to possibly mediate crosstalk
between immune cells and the vasculature. /18" xApoe”~ double knockout mice have
reduced atherosclerosis when compared to control mice [53, 54]. Additionally, Apoe”~ mice
treated with 1L-18 demonstrate increased plaque burden [55]. It is interesting to note that
when treated with recombinant IL-18, /f7y”-xApoe”~ double knockout mice have decreased
plaque burden compared to IL-18 treated Apoe”” mice, suggesting that IL-18 and IFNy have
a synergistic relationship [53, 54].

Interleukin-22—(IL-22) is a member of the IL-10 family, has been associated with Th17,
and implicated in autoimmune diseases including lupus and rheumatoid arthritis [56, 57].
IL-22 expression has been found in human atherosclerotic plaques in carotid arteries and
increased levels were found specifically in patients with unstable plaques [58]. I1L-22
expression has also been confirmed in multiple inflammatory cell types, including
macrophages and T cells, as well as in VSMCs, further implicating a role in atherosclerosis.
11227 xApoe”- double knockout mice fed high fat diet for 14 weeks have decreased plaque
deposition compared to Apoe”” controls [59]. Interestingly, double knockout mice in these
studies also had decreased collagen levels in their plaques, suggesting the smaller plaques
were less stable and IL-22 may contribute to cap thickness and plaque stability. Double
knockout mice also had increased expression of contractile VSMC markers, suggesting
IL-22 influences VSMC phenotypic switching to a synthetic, proliferative state.

Interleukin-23 (IL-23) is a pro-inflammatory cytokine that also influences Th17 cells [60].
Macrophages express both 1L-23 and the IL-23 receptor; IL-23 is able to induce expression
of several pro-inflammatory cytokines including IL-17, IL-22, and TNFa in these cells [60].
Like IL-22, IL-23 has been detected in autoimmune diseases including psoriasis and
rheumatoid arthritis, but has yet to be extensively researched in vascular disease. A recent
study investigated IL-23 in patients with carotid atherosclerosis with a specific focus on
stroke [61]. The study reports significantly increased levels of IL-23 in the plasma of
patients with atherosclerosis compared to healthy controls. Furthermore, during follow-up,
high levels of 1L-23 in the plasma was associated risk of mortality. Expression of 1L-23 and
the IL-23 receptor genes were markedly increased in the carotid plaques when compared to
healthy vessels [61]. IL-23/LPS co-treatment of monocytes from patients with carotid
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atherosclerosis also resulted in increased secretion of 1L-17 and TNFa compared to
monocytes from healthy controls. Although these reports suggest a pro-atherosclerotic role,
further studies are necessary to define the exact role for IL-23 in development of
atherosclerosis.

Interferon gamma—(IFNy) is highly expressed by multiple cell types in atherosclerotic
plaque and its role throughout atherogenesis continues to be extensively researched [62].
Studies focusing on IFN-y unanimously characterize it as a robust pro-atherosclerotic
cytokine for several reasons. IFNy production by Th1 cells is able to stimulate macrophages
to further secrete pro-inflammatory cytokines [63]. IFN-y also promotes oxLDL uptake in
both macrophages and VSMCs, promoting foam cell development [64]. Systemic treatment
with IFN+y via i.p. injection exacerbates plaque deposition in Apoe”” mice [65]. IFNvy
treatment also results in decreased VSMC proliferation and subsequent collagen deposition
in the plaque cap, suggesting it may compromise plaque stability. Reduced plaque size is
observed in /iy’ xApoe” double knock out mice, and gene transfer of a secreted IFNy
receptor decoy in Apoe” mice attenuated development of atherosclerotic plaque [65, 66].

Antiatherogenic cytokines

Cytokine abundance in atherosclerotic plaque is overwhelmingly Thl oriented [67, 68].
While expressed to a much lesser degree compared to pro-inflammatory cytokines,
antiinflammatory cytokines associated with Th2 and M2 cells are present in atherosclerotic
plaques. Overexpression of Th2 cytokines has been proposed to attenuate other
inflammatory conditions such as rheumatoid arthritis, colitis, and asthma; therefore, they
may also prove attractive an approach for attenuation of atherosclerosis. Polarization of
inflammatory cells to anti-inflammatory or reparative phenotypes could serve as a promising
therapeutic avenue for atherosclerosis. One therapeutic goal for regression of existing
atherosclerotic plague would be to tip the balance of these “opposing forces” from Thi, Ml
to an anti-inflammatory Th2, M2 plaque milieu. Increased Th2 cells have been linked in
decreased risk of MI and stroke in women [69]. The majority of studies focusing on Th2
cytokines consider them to be indirectly anti-atherogenic by dampening adaptive immunity,
with subsequent lesion formation [70, 71]. Additional studies exploring the potential
protective effects of Th2 interleukins on resident vascular cells such as EC and VSMC
would also aid in identifying possible therapeutic targets.

Interleukin-4—(IL-4) is an anti-inflammatory cytokine that is confirmed to polarize T cells
to their Th2 phenotype [72]. Expression of 1L-4 both at the mRNA and proteins levels has
been confirmed in human atherosclerotic plaque [73]. IL-4 initiates a positive feedback loop
as subsequent IL-4 induced Th2 cells produce additional IL-4, which can further potentiate
antiinflammatory effects upon T cells, as well as macrophages [47, 74]. IL-4 polarizes T
cells to Th2 by inducing expression of the transcription factor, GATA-binding protein 3
(GATAB3) and inhibiting expression of pro-inflammatory IFN+y [75]. Other in vitro
experiments demonstrate anti-inflammatory phenotypes including decreased monocyte/
macrophage adhesion and decreased VSMC proliferation. The role of IL-4 in atherogenesis
in mouse models remains unresolved, as several studies present conflicting experimental
data. Despite being an antiinflammatory, Th2 cytokine, IL-4 can induce expression of CAMs
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in ECs, resulting in increased immune cell extravasation into the vasculature, promoting
inflammation. //47"xApoe”- double knockout mice have decreased plaque formation
compared to controls [73]. Bone marrow transplants from /47 into La/r’”- mice also results
in decreased atherosclerosis. Additionally, treatment with IL-4 in Apoe”” mice does not
ameliorate plaque burden [76]. Despite conflicting data, some reviews still report IL-4 as an
atheroprotective cytokine. The case of IL-4 highlights the complexity of inflammatory
vascular disease. An anti-inflammatory cytokine does not always have a clear-cut role in
disease pathology.

Interleukin-10—(IL-10) is the archetypal anti-inflammatory cytokine that plays a key role
in regulating Th1/Th2 and M1/M2 balance, pushing toward Th2 and M2 [77]. IL-10 has
been extensively researched in atherosclerosis and has been established as an anti-
atherosclerotic cytokine with multiple mechanisms in addition to Th2 and M2 polarization.
IL-10 is able to dampen expression of inflammatory genes in various cell types and inhibit
antigen presentation and T cell proliferation [47]. Ongoing studies continue to explore the
complex molecular mechanisms of IL-10 mediated atheroprotection. I1L-10 signals through
the IL-10 receptor and subsequent Jak1 and STAT 1, 3, and 5, though primarily STAT3.
IL-10 is able to block signaling cascades induced by master pro-inflammatory switches
TNFa and NFKB in macrophages, ECs, and VSMCs. IL-10 is also able to dampen
expression of pro-inflammatory transcripts by decreasing levels of the RNA binding protein
(RBP), human antigen R (HuR) [78]. HUR stabilizes pro-inflammatory transcripts by
binding “AU” rich regulatory elements, termed AREs, in the 3”untranscribed region
(3’UTR). IL-10 mediated atheroprotection is considered to be immunomodulatory, as ECs
and VSMCs do not express IL-10 [79]. //107"xApoe”- double knockout mice have
significantly increased plaque burden as well an increased VSMC and inflammatory cell
infiltration [80]. Similarly, La/r”-and Apoe”- mice administered AAV2 overexpressing
IL-10 and transplant of bone marrow from IL-10 transgenic mice into Ld/r’" mice all
demonstrate decreased lesion sizes compared to controls [81, 82]. Taken together, several
studies indicate that IL-10 is a potent immune modulator that reduces atherosclerosis at
multiple levels, including gene expression, leukocyte extravasation, and polarization of
adaptive immunity to the Th2 phenotype.

Interleukin-19—(IL-19) is an anti-inflammatory Th2 cytokine that is a member of the
IL-10 family [83]. IL-19 signals through dimerization of the a.- and B- subunits of the 1L-20
receptor. IL-19 is expressed in macrophages and T cells, and unlike IL-10, can be induced in
ECs and VSMCs by pro-inflammatory signals [84, 85]. IL-19 is able to polarize T cells and
macrophages to Th2 and M2 phenotypes, promoting its role as anti-inflammatory [86, 87].
IL-19 is also able to decrease expression of CAMs and reduce leukocyte/EC interactions
[88]. Immunohistochemical analysis of human coronary arteries with class 4 plaques show
increased 1L-19 expression compared to healthy controls, suggesting 1L-19 may play a
compensatory mechanism in atherogenesis [86]. IL-19 treatment decreases oxLDL lipid
uptake in wild-type (WT) macrophages. Furthermore, //197- macrophages demonstrate
increased oxLDL lipid uptake compared to WT macrophages, suggesting that 1L-19 may
participate in reverse cholesterol transport, an emerging anti-atherosclerotic mechanism [87].
IL-19 is also able to influence activation of cultured VSMCs, reducing their proliferation,
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migration, and inflammatory gene expression [84, 89, 90]. La//~ mice treated with IL-19
while simultaneously being fed high fat diet have decreased plaque burden compared to PBS
injected controls [86]. Interestingly, 1L-19 does not affect NF-xB; its strong anti-
inflammatory effects are hypothesized to be through inhibition of mMRNA stability mediated
by the RBP HuR [89]. A potential mechanism is that IL-19 prevents HUR translocation from
the nucleus to the cytoplasm, thereby blocking its ability to bind and stabilize pro-
inflammatory transcripts. The emerging picture for 1L-19 shows potent anti-atherosclerotic
effects through its ability to engage multiple cell types and affect multiple mechanisms
including reduction in inflammatory gene expression, macrophage polarization, reduction in
extravasation, and increased reverse cholesterol transport.

Interleukin-33—(IL-33) is a member of the IL-1 family and is normally expressed in the
healthy vasculature in multiple cell types [91]. It is able to polarize to Th2 and M2 by
induction of IL-4, IL-5 and IL-13 and by decreasing expression of IFNy [92]. IL-33
expression is increased in human atherosclerotic plaque, specifically in macrophages. I1L-33
has been shown to reduce expression of scavenger receptors and enhance expression of
proteins involved in cholesterol efflux, thereby reducing foam cell formation [93]. 1L-33
treatment of Apoe”” mice has resulted in decreased atherosclerosis as well as reduced
macrophage infiltration in atherosclerotic plaques, though these data were from two
independent studies and have not yet both been assessed together [91].

Transforming growth factor beta—(TGFp) is an anti-atherosclerotic, Th2 cytokine that
is part of the TGF super-family. TGF is the most investigated cytokine in the TGF family
and is able to negatively regulate pro-inflammatory signaling. Global TglfB'/' mice are
postnatally lethal with significant leukocyte infiltration in all organs, suggesting a vital
immunoregulatory role. TGFp is present in human atherosclerotic plagques and can be
secreted by T cells, macrophages, ECs, and VSMCs. TGFf has a number of effects
including influencing T cell differentiation and immune cell modulation [47]. TGFB is a
known pro-fibrotic and wound-heali ng cytokine, and initial studies exploring the role of
TGFp in atherosclerosis focused on its effects on VSMCs. Importantly, TGF contributes to
matrix deposition, which is crucial for maintaining plaque stability in humans. Abrogation
of TGFB in T cells results in exacerbated lesion sizes with decreased VSMCs and collagen
in Apoe”” mice. Since matrix deposition is a stability characteristic, this suggests a potential
role for TGF in promotion of plaque stability in humans [94]. Additionally, global
inhibition of TGF accelerates plaque deposition and also decreases collagen content,
further implicating a role in plaque vulnerability in humans [95]. Patients with severe cases
of atherosclerosis have decreased levels of circulating TGFp in their serum, providing
further clinical evidence of TGFp as an anti-atherosclerotic cytokine [96].

5. Post-transcriptional control of cytokine expression

Cytokine expression is induced by numerous factors present in the plague milieu. Many
excellent reviews have described transcriptional activation of cytokine expression but fewer
describe mechanisms involved in post-transcriptional modifications that regulate cytokine
expression, particularly cytokine mRNA stability [97-99]. A major point of control for the
cell to regulate cytokine abundance is regulation of cytokine mRNA stability. This section
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will describe what is known about RNA binding proteins (RBPSs) that regulate cytokine
abundance by modulation of mMRNA. Although modulation of mRNA has been posited as a
possible therapeutic strategy, surprisingly, there is very little literature exploring the concept
that it could be directly regulated by inflammatory stimuli. In this regard, regulation of
cytokine mRNA stability can be considered to be an overlooked therapeutic opportunity
[100]. To this end, RBPs have emerged as critical regulators of cytokine expression, and
potential targets of rational drug therapy. RBPs appear to play a major role in phenotypic
switching of several cell types of cardiovascular disease and remain very understudied.
While RNA stability will be predominantly discussed, it is important to note that in addition
to influencing stability, RBPs are able to also alter mMRNA composition and localization, and
mediate translation.

Many cytokines have unstable mRNAS, often due to the presence of cis-acting AU-rich
elements (ARES) in the 3"UTR, which promote degradation. Trans-acting factors, including
RBPs, are able to bind the ARE elements and regulate mMRNA fate. AREs were first
identified in 1986 and subsequent studies established them as a mechanism of decay of
inflammation related transcripts [101]. It is now known that RBPs are able to bind AREs and
either stabilize or destabilize them, leading to translation or degradation respectively. Based
on a database of human mRNAs, roughly 8% contain ARES, but the percentage of cytokines
that contain them is much higher, attributing to their need for finely-controlled expression.
Controlling mRNA decay allows the cell fine-tune mRNA abundance and translation for a
quick adaptation to inflammatory conditions. It has been demonstrated that cytokines
expressed early in inflammation have several AREs, compared to those expressed later.
Multiple RBPs are able to bind the same transcript and influence protein levels by different
mechanisms.

TNFa is an example of a potent, rapid-response pro-inflammatory cytokine whose mRNA is
finely controlled by RBPs, allowing the cell to tightly regulate induction of other cytokines.
TNFa is known to initiate and sustain pathogenesis of a number of inflammatory diseases
including atherosclerosis, due to its central role in inflammation. TNFa is perhaps the most
studied cytokine in terms of mechanisms of regulation. The TNFa 3"UTR is complex and
offers the greatest opportunity to identify and understand RBPs. We will use TNFa as an
example of how the 3"UTR of mRNA can be used by RBPs to regulate cytokine abundance.
TNFa mRNA contains multiple class Il AREs in the 3"UTR, which are overlapping copies
of nonamer UUAUUUAUU within a U-rich region. Post-transcriptional control of TNFa by
its ARE occurs at multiple points. The TNFa ARE is targeted to destabilize its transcripts
and initiate mMRNA decay, though at least one RBP that promotes stability has been
identified. Spontaneous mouse models of autoimmune disease have decreased levels of
TNFa associated with mutations in their TNFa. ARE sequences [102]. Genetic deletion of
TNFa AREs in mice (TNFARE) results in chronic TNFa protein overproduction,
demonstrating the importance of these elements in regulation of TNFa abundance [103].
TNFARE mice also develop chronic inflammatory arthritis and inflammatory bowel disease.
Compared to WT control cells, unstimulated thioglycollate-elicited peritoneal macrophages
(TEPM) and bone marrow derived macrophages (BMDM) isolated from TNF2ARE mice
spontaneously produce detectable levels of TNFa protein, and when stimulated with LPS
exhibit a 3- to 5- fold increase in TNFa protein compared to controls. When stimulated with
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LPS, steady state levels of TNFa mRNA from TNFARE TEPM demonstrate a sustained,
148-fold increase over WT controls. Altogether, these data suggest the absence of ARES
augments TNFa mRNA and subsequent protein abundance, and demonstrate the importance
of these elements in regulation of cytokine levels. Effects of deletion of AREs in TNFa in
the scope of atherosclerosis and other vascular diseases have yet to be investigated. Several
ARE-binding RBPs that influence TNFa have been identified. The following section will
briefly describe the function of each and its role in regulation of TNFa mRNA stability.

Human antigen R

(HuR) is a ubiquitously expressed member of a family of RBPs called the embryonic lethal
abnormal vision (ELAV). HuR stability is linked to its translocation from the nucleus to the
cytoplasm where mMRNA is processed. HUR has been shown to recognize and bind AREs in
the 3"UTR of many cytokine transcripts [104]. Hur”- mice are embryonically lethal,
demonstrating its importance in mMRNA processing. Initial studies exploring HUR in RNA
stability found HuR to bind unstable transcripts and suggested HUR was a destabilizing RBP.
However, follow up /n vitro studies in which HuR was silenced, vascular endothelial growth
factor (VEGF) mRNA, which contains an ARE in its 3'UTR, was destabilized [105].
Furthermore, VEGF transcripts were stabilized in cells when HUR was overexpressed.
Experiments performed in an LPS-sensitive macrophage line to identify proteins that bind
AREs in TNFa recognized HuR as the RBP with the highest affinity. Overexpression of
HuUR in Tet-OFF HelLa cells stabilized reporter construct containing the human TNFa ARE
[106]. HuR appears to be the only identified RBP confirmed to stabilize TNFa transcripts. It
is likely that there is competition among RBPs to bind AREs and influence protein
production. However, HUR and TIA-1 are known to cooperatively bind TNFa, which results
in destabilization [104]. IL-10 and I1L-19 have both been shown to dampen inflammation by
decreasing HuR abundance and/or activity, resulting in destabilization of pro-inflammatory
transcripts including TNFa.. Though not yet reported, HuR activity would likely be a
promising target in anti-atherosclerotic therapy.

Tristetraprolin

(TTP) is a Cys-Cys-Cys-His (CCCH) zinc finger protein. In contrast to HUR, TTP
destabilizes TNFa transcripts by binding its AREs. 7707~ bone marrow and fetal liver
derived macrophages exhibit increased TNFa. mRNA and protein in response to LPS /n
vitro. Tto”~ mice begin developing arthritis, dermatitis, autoimmunity, and myeloid
hyperplasia shortly after birth. Virtually all these syndromes can be reversed by treatment
with TNFa antibody, suggesting these phenotypes are due to uncontrolled TNFa
expression. 7to”- mice also display increased TNFa at the mRNA and protein levels both
with and without LPS stimulation [107]. Phosphorylation of TTP results in its sequestration
and subsequent increased TNFa production as TTP can no longer bind the transcript.

ARE/poly(U)-binding/degradation factor—(AUF-1) is also known as heterogeneous
nuclear ribonucleoprotein DO (HNRNP D). AUF-1 is ubiquitously expressed and is able to
bind poly-(U) sites on mRNAs, in addition to AREs [108]. Knockdown of AUF-1 in WT
BMDM results in delayed degradation of TNFa transcripts, suggesting that like TTP, AUF-1
is an mRNA de-stability factor. Auf-mice have increased sensitivity to LPS-induced sepsis
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and also develop endotoxemia and chronic dermatitis with increased mortality and chronic
systemic inflammation due to failure to effectively degrade TNFa as well as IL-1p
transcripts. Experiments completed in transgenic mice have found confirmed destabilization
of TNFa but interestingly have found stabilization of other ARE-containing transcripts. It
has been suggested that AUF-1 has different effects on mRNAs depending on cell types.
This is likely through interaction of AUF-1 with other cell type specific factors that
modulate its activity, providing an additional level of control of cytokine abundance.

T-cell-restricted intracellular antigen-1—(TIA-1), TIA-1-related protein (TIAR) are
both members of the RNA-recognition motif family of RBPs and have both been shown to
bind the ARE on TNFa transcripts. TIA-1 and TIAR are able to repress TNFa protein
production by blocking translation. Peritoneal macrophages isolated from 77217~ mice
express the same amount of TNFa mRNA as macrophages isolated from WT mice, however
7ia”- macrophages produce excess TNFa protein compared to WT macrophages [109].
TNFa mRNA in 7ia”-and WT macrophages do not differ in half-life, suggesting it does not
play a role in the stability of the transcript. Instead, TIA-1 and TIAF specifically silence
translation [110]. Under stressed conditions TIA-1 and TIAR are able to prevent initiation of
translation by recruiting and sequestering mRNAS to discrete cytoplasmic foci called stress
granules. The role of TIAR in regulation of TNFa mRNA has not been as established as
TIA-1 because 7iar”- mice are embryonically lethal. The only identified functionally distinct
feature of TIA-1 and TIAR at this point is their interactions with other RBPs.

CUG triplet repeat RNA binding protein 1—(CUGBP1) was originally found to bind
CUG repeats in the 3"UTR of mRNAs in mytonic dystrophy [111]. CUGBP has been shown
to affect alternative splicing, modulation of translation of mMRNAs, and deadenylation or
poly(A) shortening [112]. CUGBP1 is able to destabilize TNFa mRNA and is able to bind
its 3"UTR at multiple sites [113]. CUGBP1 is able to bind a region called embryonic
deadenylation elements (EDENSs) found in the 3"UTR, in addition to AREs. EDENSs are
typically found in proximity to AREs and data suggests that neighboring AREs are involved
in EDEN-dependent deadenylation [114]. Thus, CUGBP is able to destabilize TNFa by
binding both AREs and EDENS, leading to deadenylation and mRNA decay; though data
suggests CUGBP binds to AREs with greater affinity than EDENs. Knockdown of CUGBP
in vitroresults in stabilization and subsequent increased abundance of TNFa transcripts
[113]

RBPs have yet to be extensively researched in the specific scope of cardiovascular disease.
The few studies that have investigated RBPs in cardiovascular disease suggest an important
role in phenotypic switching [115]. ARE-binding RBPs, as well as RBPs Quaking (QKI)
and Roquin are able to influence the development of foam cells from monocytes and
macrophages [116-118]. QKI is highly abundant in macrophages in advanced atherosclerotic
lesions and abrogation of QKI is able to prevent monocyte extravasation and foam cell
formation both /n vitro and in vivo[118]. RNA-seq and microarray analysis suggest a role
for QKI in mRNA abundance and alternative splicing of transcripts. One study has shown
that Roquin is able to initiate TNFa degradation in macrophages by binding constitutive
decay elements in its 3"UTR [116]. Additionally, HUR and QKI are able to affect
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dedifferentiation of VSMCs from contractile to synthetic [119, 120]. Stimulation of human
VSMCs with platelet-derived growth factor results in greater levels of cytoplasmic HuR and
subsequent changes in expression of genes influencing cell proliferation, structure, and
metabolism and knockdown of HUR is able to reduce VSMC proliferation [120]. QKI is
required for development of the vasculature and QKI global knockout mice are embryonic
lethal [121]. One recently identified mechanism by which QKI is able to influence VSMCs
phenotype is by influencing alternative splicing of Myocardin pre-RNA, resulting in an
imbalance of splice variants [119]. Additional studies are necessary to determine the direct
role QKI and other RBPs play in development of atherosclerosis. Based on our current
understanding of their function, we can predict that those that stabilize ARE-containing
transcripts would be pro-atherosclerotic, while those that destabilize them would be
atheroprotective.

6. Summary and Conclusions

Cardiovascular disease and atherosclerosis in particular, is and will continue to be a
significant socioeconomic burden in the developed world. As a dynamic and complex
interaction of many cell types in various stages of pro-and anti-inflammatory states,
atherosclerosis initiation and progression relies on cytokines for communication between the
various cell types. The balance between pro-and anti-inflammatory cytokines can tip the
balance between plaque progression and plaque regression. Post-transcriptional processes
are a major point of regulation of cytokine synthesis, and several proteins participate in
regulation of cytokine mMRNA abundance. Understanding the mechanisms and molecules
that regulate cytokine synthesis is key to our ability to identify therapeutic approaches to
combat this significant disease.
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Th1 and M1 cytokines
Predominate:

IL-1p, IL-2, IL-6, IL-12, IL-18,
IL-22, IL-23, TNFa, IFNy

Th2 and M2 cytokines
Predominate:
TGFp, IL-4, IL-10, IL-19, IL-33

Smooth muscle cell <=
Endothelial cell
Lipid droplet
Th1 lymphocyte
Th2 lymphocyte
M1 macrophage
M2 macrophage
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Figure 1.
Cellular and cytokine profile in atherosclerotic plaque. Pro-inflammatory Th1 and M1

lymphocyte and macrophage derived cytokines dominate in atherogenesis, whereas anti-
inflammatory Th2 and M2 cytokines would be expected to be expressed in resolving plaque.
It is hypothesized that a therapeutic goal for atherosclerosis prevention, and potentially for
regression would be to tip the balance of these “opposing forces” from a predominantly Thl
pro-inflammatory environment to a Th2, anti-inflammatory cytokine milieu.
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Cytokines and predicted atherogenicity.

Table 1

Page 22

Cytokine | Producer T cell Phenotype Macrophage Atherogenicity
Phenotype
IL-1B ECs, Lymphocytes, Monocytes/Macrophages, Pro-atherogenic3®
VSMCs*
IL-2 Lymphocytes®® Tregs*! Conflicting data%041:46
IL-6 ECs, Lymphocytes, Monocytes/Macrophages, Conflicting data*46
VSMCs*2
IL-12 Monocytes/Macrophages,Lymphocytes*? Th147 Pro-atherogenic9:50
IL-18 Monocytes/Macrophages® Th152 Pro-atherogenic53-5
IL-22 Lymphocytes, Monocytes/Macrophages, VSMCs®8 Pro-atherogenic®®
IL-23 Monocytes/Macrophages®® Th1760 Further Experiments Required
TNFa Lymphocytes, Monocytes/Macrophages, VSMCs0 M120 Pro-atherogenic?®
IFNy ECs, Lymphocytes, Monocytes/Macrophages, Th163 M164 Pro-atherogenic®®66
VSMCs?2
IL-4 ECs, Lymphocytes, Monocytes/ Th2™ Conflicting data’3.76
Macrophages,VSMCs*7.74
IL-10 Monocytes/Macrophages,Lymphocytes?*”-77 Th247 M279 Atheroprotective’9:81.82
1L-19 ECs, Lymphocytes, Monocytes/ Th286é M287 Atheroprotective86
Macrophages,VSMCs84.85
1L-33 Monocytes/Macrophages,Lymphocytes®1-93 Th292 M292 Atheroprotective®!
TGFB Lymphocytes, Monocytes/Macrophages, VSMCs*? Th246 Atheroprotective®
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Table 2

RNA binding proteins and predicted effects on atherogenicity.

RNA-binding protein Abbreviation | Effect onITN::a. mRNA Mechanism Predicted Atherogenecity
evels
Human antigen R HuR Increasel05:106 Stabilizes RNA05.106 Pro-atherogenic
Tristetraprolin TTP Decreasel0’ Destabilizes RNAL07 Anti-atherogenic
ARE/poly(U)-binding/degradation AUF-1 Decreasel08 Destabilizes RNA108 Anti-atherogenic
factor
T-cell-restricted intracellular antigen-1 TIA-1 Decreasel®® Inhibits translationt® Anti-atherogenic
TIA-1-related protein TIAR Decreasel® Inhibits translation!0 Anti-atherogenic
CUG triplet reptegt I}NA binding CUGBP1 Decrease!13 Destabilizes RNA113.114 Anti-atherogenic
protein
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