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Abstract

Atherosclerosis, the primary cause of cardiovascular disease (CVD), is a chronic inflammatory
disorder in the walls of medium and large arteries. CVD is currently responsible for about one in
three global deaths and this is expected to rise in the future due to an increase in the prevalence of
obesity and diabetes. Current therapies for atherosclerosis mainly modulate lipid homeostasis and
whilst successful at reducing the risk of a CVD-related death, they are associated with
considerable residual risk and various side effects. There is therefore a need for alternative
therapies aimed at regulating inflammation in order to reduce atherogenesis. This review will
highlight the key role cytokines play during disease progression as well as potential therapeutic
strategies to target them.
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1 Introduction

The World Health Organization (WHO) has estimated that one in three global deaths are as a
result of cardiovascular disease (CVD)-related events such as myocardial infarction (MI)
and stroke [1]. In 2012 there were approximately 17.5 million global deaths due to CVD-
related events. As developing countries adopt a more westernized lifestyle and the
incidences of diabetes and obesity continue to increase worldwide, the estimated number of
CVD-related deaths is expected to rise to 23.3 million by 2030 [1]. CVD is a significant
problem for the healthcare systems around the world and thus a major economic burden [2].
Therefore, there is a great need to discover new targets and to develop potential therapies for
CvVvD.

Atherosclerosis is the primary cause of CVD-related events and associated morbidity and
mortality from this disease. Atherosclerosis is a chronic inflammatory disease of the large
and medium arteries that can be triggered by several risk factors including a diet rich in
saturated fats, lack of exercise and smoking. The progression of atherosclerosis is influenced
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by the innate and adaptive immune system responses that are both regulated by a variety of
cytokines [3,4]. Atherosclerosis is initiated by endothelial cell (EC) dysfunction/activation
that is often triggered by the accumulation of low-density lipoprotein (LDL) and other
apolipoprotein (Apo)B-containing lipoproteins in the walls of large and medium arteries [4—
6]. An inflammatory response is triggered in the ECs neighbouring the LDL accumulation as
it becomes oxidized into oxidized (0x)-LDL [4-6]. The activated ECs begin to release
cytokines and chemokines into the blood stream as well as express cell adhesion molecules
on their surface in order to recruit circulating monocytes and other immune cells to the site
of oxLDL build-up [4-6]. Once the monocytes migrate into the walls of the arteries they
differentiate into macrophages which are able to uptake oxLDL and form foam cells [4-6].
Atherosclerotic plaques develop due to the continuous and uncontrollable recruitment of
macrophages and build-up of foam cells at the site of oxLDL accumulation and defective
clearance of apoptotic cells/debris (efferocytosis) that leads to a chronic inflammatory
response [4-6]. As the plaque continues to develop it can become unstable and rupture,
leading to thrombosis, stroke or M1 depending on the location of the rupture [4-7].

2 Cytokines are key orchestrators of inflammation in atherosclerosis

Cytokines are a board range of small proteins involved in cellular signaling pathways and
can be divided into several categories including the interferons (IFN), colony-stimulating-
factors (CSF), interleukins (IL), chemokines, transforming growth factors (TGF) and tumour
necrosis factors (TNF) [3,5,6]. Furthermore, they can either aid atherosclerotic plaque
development (pro-atherogenic) or attenuate plaque formation (anti-atherogenic). However
some cytokines do not have a definite function and can be either pro- or anti-atherogenic
depending on the surrounding environment [3,5,6]. More details regarding the role of
specific cytokines and how they can be therapeutically targeted will be discussed in greater
detail in the subsequent sections of this review. Due to their key roles in influencing the
inflammatory response during atherosclerosis, targeting cytokines and their signaling
pathways represents a promising therapeutic strategy for attenuating the development of this
disease by inhibiting those that augment atherogenesisis as well as promoting those which
retard plague formation. A brief description of the key cytokines involved in atherosclerosis
development and their signaling pathways are summarized in Table 1. This review will
highlight some of the key cytokines and their roles in the different stages of atherosclerosis
development and discuss the emerging therapeutics designed to target cytokines as well as
their receptors. A comprehensive coverage of the roles of the full spectrum of cytokines in
atherosclerosis is beyond the scope of the current article and the reader is directed to more
recent reviews on this topic [3, 6].

3 Key cytokines associated with the inflammatory response in

atherosclerosis

Cytokines are able to influence all stages of atherosclerosis development ranging from the
initial recruitment of circulating monocytes and other immune cells from the bloodstream all
the way through to mature plaque formation and stability (Figure 1). The use of
atherosclerotic mouse models have greatly improved our understanding of the role of
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cytokines and their signaling during disease development. Normally wild type mice do not
develop atherosclerosis, however ApoE knockout mice (ApoE™") and LDL receptor
knockout mice (LDLr”-) are able to develop atherosclerotic lesions while being fed a
standard chow diet. Plaque formation in these mice can be accelerated by feeding them a
high fat diet.

3.1 Key role of cytokines in monocyte recruitment

During the initial formation of an atherosclerotic lesion, the reorganization of the actin and
tubulin cytoskeletons of ECs can be triggered by IFN-y and TNF-a [6]. This reorganization
leads to changes in the shape of the ECs and creates gaps between neighbouring cells,
making the endothelial layer permeable and allowing LDL to passively diffuse into to the
walls of the arteries and accumulate. The LDL can then be oxidized to oxLDL which
triggers an immune response in the nearby ECs. The activated ECs begin to release a variety
of cytokines and chemokines. Chemokines is a term given to a sub-group of cytokines which
are capable of attracting cells to a desired location [6]. Chemokines are able to exert their
effects by interacting with cell surface receptors and activating heterotromeric G proteins
and related intracellular signaling pathways [6].

In atherosclerosis development, chemokines play an important role in the recruitment of
circulating monocytes and other immune cells to the site of oxLDL retention [5,30-32]. For
circulating monocytes to enter into the intima of the artery they must first slow their speed
through the blood by rolling along the endothelium before coming to rest and moving
through the endothelium [30,31]. Two chemokines that are key to the initial rolling phase of
monocyte recruitment are chemokine C-X3-C motif ligand (CX3CL)1 and chemokine C-C
motif ligand (CCL)5 [6,30,31]. These chemokines interact with proteoglycans and P-
selectins on the surface of ECs, allowing them to bind to their corresponding receptors on
the circulating monocytes [6,30,31]. The rolling monocytes come to rest when adhesion
molecules such as vascular cellular adhesion molecule (VCAM)-1 and intercellular adhesion
molecule (ICAM)-1 also bind to their receptors on the monocytes, creating a firm interaction
between the monocyte and the endothelial layer and allowing the monocytes to migrate into
the intima [6,30,31].

Targeting chemokines therapeutically can often be challenging as there is frequently
functional redundancy in their signaling, with numerous interacting with several receptors or
a receptor interacting with several agonists [33—-35]. However there appears to be at least
three major chemokines (and their corresponding receptors) whose deficiency completely
abrogates the development of atherosclerosis in mouse model systems [6,36—38]. These
chemokines are CCL2, CCL5 and CX3CL1 [6,30]. CCL2, also known as monocyte
chemoattractant protein (MCP)-1, is thought to be a major chemokine involved in monocyte
recruitment during atherosclerosis development. Atherosclerotic mouse models with
attenuated expression of CCL2 or its receptor CCR2 resulted in smaller atherosclerotic
lesions due to reduced monocyte recruitment [15,38,39]. A recent study has highlighted a
possible new mechanism for the action of some chemokines which involves the remodelling
of the actin cytoskeleton resulting in CD36 clustering, which increases foam cell formation
by augmenting the responsiveness of the receptor for oxLDL [40].
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Targeting CCL2, CX3CL1 and CCL5 or the chemokine network may represent promising
therapeutic avenues in order to attenuate the development and progression of atherosclerosis.
In addition, as cytokines are capable of influencing all stages of atherosclerosis
development, it is important to understand the roles of key cytokines in further downstream
events in the disease following the recruitment of immune cells, such as foam cell formation,
and identify further therapeutic targets.

3.2 Key role of cytokines in lesion formation

Once in the intima of the arteries, the monocytes are exposed to several cytokines, including
macrophage colony stimulating factor (M-CSF), and differentiate into macrophages [5]. The
local microenvironment together with signaling from additional cytokines will affect
whether the macrophages are classically activated (M1 phenotype) or alternatively activated
(M2 phenotype) [5,9-11]. M1 macrophages are generally considered to be pro-inflammatory
due to their role in promoting an inflammatory response to bacterial infection in the innate
immune response [11]. The M1 phenotype has been found to be induced by the pro-
inflammatory cytokines IFN-y and IL-1p [9-11]. These M1 macrophages are able to exert
their deleterious actions by releasing the pro-inflammatory cytokines IL-6, IL-12 and TNF-
a [6]. M2 macrophages on the other hand are thought of as anti-inflammatory due to their
role in repair and the resolution of inflammation [11]. Cytokines including IL-4 and IL-13
are able to induce the formation of M2 macrophages, which are then capable of producing
the anti-inflammatory cytokines IL-10 and TGF-p [9-11]. A number of other macrophage
phenotypes have also been identified though these are relatively poorly characterized [9,41].
These include M2b, M2c and M2d macrophages which can be induced by IL-1 receptor
ligands, IL-10 and co-stimulation of Toll-like receptor together with adenosine Apa receptor
agonists respectively [41]. The cytokine CXCL4 has been identified as being able to
differentiate macrophages into a pro-inflammatory phenotype known as M4 in human
atherosclerotic plaques [42].

The role cytokines play in macrophage polarization makes them a promising therapeutic
target to switch the balance of M1:M2 formation in favour of the M2 phenotype in order to
change the atherosclerotic plaque environment from a pro-inflammatory to an anti-
inflammatory one to attenuate disease progression. It is important to try and achieve this due
to the effects that are exerted by the cytokines they produce. For example increasing the
expression of 1L-6 in ApoE" mice by using a lentivirus resulted in an unstable plaque [43]
whereas macrophage specific over expression of IL-10 in LDLr”~ mice resulted in reduced
atherosclerosis development by a decrease in cholesteryl ester accumulation [44]. Such pro-
and anti-inflammatory effects of the cytokines produced by the different macrophage
phenotypes highlight the rationale for targeting cytokine signaling involved in macrophage
polarization in order to inhibit M1 formation and promote the M2 phenotype. However it
should be noted that one recent study has shown that M2 macrophages increase their
expression of scavenger receptors (SRs) CD36 and SR-A1 following endoplasmic reticulum
stress, which correlated to increased foam cell formation [45]. Further studies are required to
fully determine the role of different macrophage phenotypes in atherosclerosis disease
development.
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In order to become foam cells the macrophages must take up modified LDL, in particular
oxLDL [4,6,7]. There are several mechanisms by which macrophages are able to take up
lipoproteins including macropinocytosis, pinocytosis and phagocytosis, however the major
route for the uptake of oxLDL and other modified forms of this lipoprotein is via SR-
mediated endocytosis [5,6]. Unlike LDL uptake via LDLr which is highly regulated by a
negative feedback loop by intracellular cholesterol levels, oxLDL uptake by SRs such as SR-
Al and CD36, is unregulated resulting in uncontrolled uptake [5,6]. Foam cells begin to
form when the balance of cholesterol uptake and efflux is tipped in favour of uptake and
retention [5,6]. Cytokines are important in maintaining this balance as they are able to
influence the expression of several key genes involved in cholesterol uptake and efflux [5].

The pro-inflammatory cytokine IFN-y can induce foam cell formation by increasing
cholesterol retention by attenuating the expression of ATP-binding cassette, sub-family A
(ABCAL), a key transporter in cholesterol efflux, as well as inducing the expression of acyl-
CoA acyltransferase 1 (ACAT1), which is involved in cholesterol esterification [6]. Human
THP-1 and primary macrophages stimulated with IFN-y showed an increase in the
expression of key SRs, such as SR-A1, leading to an increase in oxLDL uptake [12,13].
Additionally, ApoE™" mice also deficient for TNF-a develop smaller atherosclerotic lesions
due to a decrease in lipid accumulation after 6 weeks [46]. Furthermore the expression of
pro-inflammatory cytokines and adhesion molecules such as IFN-y, ICAM-1, VCAM-1 and
CCL2, were significantly decreased at the mRNA level in these mice [46]. These genes were
also found to be down regulated after 8 weeks feeding of a high fat diet in ApoE”- mice
which also had the p55 TNF receptor (p55 TNFR) knocked out [47]. The lesions that
developed in these mice were also smaller compared to controls [47], highlighting the pro-
apoptotic role TNF-a plays during early lesion formation.

The cytokines IL-1a, IL-p and IL-18 are pro-inflammatory and play a major role in
atherosclerosis disease progression [6,18]. ApoE”- mice which were also deficient for IL-1a
and IL-p were found to develop smaller atherosclerotic lesions compared to the control mice
[48]. Furthermore a bone marrow transfer (BMT) of IL-1*/*, IL-1a”~ or IL-B cells into
ApoE7 mice found that those receiving IL-1*/* cells developed larger plaques by
approximately 52% and 32% when compared to those mice that received IL-1a” and IL-B7
cells respectively [48]. Similar results were observed in ApoE™~ mice which also lacked the
IL-1 receptor type-1 (IL-1R1) [49]. Smaller atherosclerotic lesions were found in mice
which lacked IL-1R1 compared to the ApoE™" control mice. This correlated to reduced
expression of monocyte recruitment genes including CCL2, ICAM-1 and VCAM-1 in the
vascular wall [49], demonstrating the pro-inflammatory effects of IL-1 during
atherosclerosis disease development. One study using ApoE-/- mice fed a standard chow diet
while receiving daily injections of recombinant IL-18 developed larger and more unstable
lesions by increasing the expression of CD36 and matrix metalloproteinase (MMP)-9,
possibly via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) [50].
However another study which fed ApoE7"IL-187- mice a high fat diet for 12 weeks
developed more and larger lesions compared to ApoE™" mice [51]. These lesions were also
less stable due to an increased lipid content [51], indicating that 1L-18 may actually
attenuate atherosclerosis development. Other pro-inflammatory cytokines that promote foam

Future Med Chem. Author manuscript; available in PMC 2017 April 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Moss and Ramji

Page 6

cell formation include 1L-6 [52], IL-15 [53], TNF-related weak inducer of apoptosis
(TWEAK) [54] and TNF-like protein 1A (TL1A) [55].

The over expression of TGF-B in ApoE”~ mice leads to smaller and more stable plaques
compared to controls after receiving a high fat diet for 24 weeks [23]. Inhibition of TGF-p
signaling by introducing a functional inactivation mutation in the TGF-f receptor |1
(TGFBR2) in ApoE~ mice resulted in a two fold increase in atherosclerotic lesion size, as
well as increasing the presence of inflammatory markers such as IFN-y [24]. Although
LDLr"- mice which were also deficient for Smad7 (an inhibitor of TGF- signaling)
developed larger lesions, their fibrous caps contained more collagen which correlates to a
more stable plaque [56]. Therefore targeting TGF-f signaling may represent a promising
therapeutic avenue to reduce early lesion formation while simultaneously making already
developed plaques more stable. However a recent study found that specific inhibition of
TGF-p signaling in T cells had no effect on atherosclerosis development [57]. TGF-f also
attenuates macrophage foam cell formation by inhibiting the expression of key genes
implicated in the uptake of lipoproteins and stimulating those that are involved in the efflux
of cholesterol [58].

Another anti-inflammatory cytokine capable of attenuating lipid uptake is 1L-33. ApoE™-
mice injected with IL-33 twice a day for 6 weeks had decreased build-up of foam cells
compared to the control group [26]. Furthermore the same study also found that IL-33 was
capable of increasing the expression of key genes implicated in cholesterol efflux, including
ABCAL and ApoE, as well as attenuating the expression of SR genes such as CD36 [26].
This altered pattern of gene expression correlated to a decrease in modified LDL uptake and
intracellular cholesterol accumulation in addition to an increase in cholesterol efflux /n vitro
[26]. In addition, studies in ApoE”- mice in which the action of IL-33 was inhibited by
injection of a soluble decoy receptor or augmented by injection of the cytokine revealed its
protective role in atherosclerosis [29].

Other cytokines such as IL-10 and 1L-13 have also shown cardiovascular protective effects.
Overexpressing 1L-10 in LDLr"" mice resulted in an increase in cholesterol efflux, reduced
apoptosis as well as a reduction in the expression of pro-inflammatory molecules including
TNF-a and CCL2 [44]. These results indicate an attenuation of the disease progression,
which correlates to the observed reduction in atherosclerotic lesion size observed in these
mice [44]. Biweekly injections of IL-13 in LDLr”- mice which were fed a high fat diet for
16 weeks showed a reduced number of macrophages and increased collagen content in their
plaques compared to control mice [59], two indicators of plaque stability. Furthermore, it
was found that the IL-13 injections resulted in a decrease in the pro-inflammatory M1
macrophage and increased M2 macrophage differentiation. The greatest evidence for the
anti-atherogenic properties of 1L-13 comes from LDLr"~ mice which are also deficient for
IL-13. These mice developed larger atherosclerotic plaques, which correlated to an increase
in the size of the necrotic core, as well as a reduction in the number of anti-inflammatory
M2 macrophages found within the plaque compared to the control mice [59].
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3.3 Key role of cytokines in plaque stability

Although anti-inflammatory cytokines such as TGF-p can promote plaque stability, a
prolonged inflammatory response and continuous stimulation in the plaque by pro-
inflammatory cytokines can lead to an unstable plague which can rupture and cause a Ml or
stroke [6]. Pro-inflammatory cytokines such as TNF-a, IFN-y and IL-1p can induce
macrophage and foam cell apoptosis, causing them to release their lipid content into the
intima of the artery and contribute towards the size of the lipid core in the plaque [6,14]. As
well as lipids the macrophages also release enzymes that can influence extracellular matrix
remodelling including MMPs and their inhibitors known as TIMPs (tissue inhibitor of
metalloproteinases) [60]. The activity of both MMPs and TIMPs are highly regulated by a
range of cytokines [60]. Inhibition of IFN-v signaling postnatally in ApoE" mice by over
expressing a soluble decoy receptor also resulted in smaller lesions as well as increasing
mature plaque stability by increasing the number of SMCs present in the fibrous cap [61].
However, the relationship between pro-inflammatory cytokines and plaque instability is not
always clear-cut. For example, ApoE”- mice which are also deficient in the IL-1 receptor
type 1 (IL-1R1) developed plaques with lower amounts of collagen and fewer smooth
muscle cells (SMCs), both of which are indicators of increased plaque instability [62].

4 Cytokine targeted therapeutic approaches

Statins are a class of cholesterol lowering therapeutics which target and inhibit the enzyme
3-hydroxy-3-methylglutaryl-CoA (HMG CoA) reductase. This enzyme plays a major role in
the rate limiting step of cholesterol biosynthesis. Therefore targeting HMG CoA reductase
with statins results in a decrease in serum cholesterol levels, in particular LDL, reducing an
individual’s risk of suffering a CVD-related event. In addition, statins have other pleotropic
effects such as acting in an anti-inflammatory manner and reducing endothelial cell
dysfunction [63]. However long term usage of statins is known to cause several side effects
ranging from minor effects, such as nose bleed and headaches, to major ones including an
increased risk of developing diabetes and muscle pain [64—66]. In addition, statin therapy is
associated with considerable residual risk for CVD. Furthermore there is a significant
minority of individuals who are unable to achieve recommended plasma cholesterol levels
even with the maximum dose of statins [5].

Due to the pro-inflammatory characteristics of some cytokines and their key roles in
atherosclerosis development they represent promising therapeutic targets in the treatment of
this disease. An excellent example of cytokine therapeutics is a neutralizing antibody
targeted against IL-1B. This cytokine is produced by the activation of the inflammasome and
is a key regulator of the innate immune response [18,19]. Not only can IL-1p induce the
expression of several pro-inflammatory mediators, it can also induce its own expression due
to its auto-inflammatory nature [20]. Therefore IL-1p represents an ideal cytokine to target
and retard the progression of atherosclerosis.

A human monoclonal antibody against IL-1p known as canakinumab provides some hope
for specifically targeting cytokines. Canakinumab is currently approved for use in two auto-
inflammatory diseases, Muckle Wells syndrome and cryopyrin-associated periodic
syndrome [20]. The promising outcome lead to its use in a phase Il clinical trial involving
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556 diabetic participants with high risk for developing CVD [67]. Although this study found
that canakinumab did not alter LDL or HDL concentrations, it did reduce the levels of key
downstream pro-inflammatory mediators including IL-6 and C-reactive protein (CRP) in a
concentration dependent manner. CRP is a well-known and recognized indicator of
inflammation that often correlates with CVD [68]. Furthermore canakinumab has been
found to exert long term anti-inflammatory effects due to decreased levels of IL-6, CRP and
IL-1B several months after individuals receive only a single dose [67]. To further investigate
the effectiveness of canakinumab, a large scale trial known as Canakinumab Anti-
inflammatory Thrombosis Outcomes study (CANTQOS) was set up in 2011 [20]. The trial
involves 10,065 post-myocardial patients worldwide who receive either canakinumab or a
placebo every 3 months [20]. The CANTQOS trial is expected to end in 2017. There is hope
that this trial will provide the first evidence of targeting IL-1p directly using neutralizing
antibodies reduces an individuals’ risk of suffering a CVD-related event and open up similar
avenues with other cytokines. Another ongoing study is the Cardiovascular Inflammation
Reduction Trial (CRIT) [69]. Due to the success of using low dose methotrexate therapy in
patients with rheumatoid arthritis and psoriasis to dampen the inflammatory response, it is
now being investigated as a potential therapeutic to reduce a patient’s risk of suffering a
CVD-disease related event. As a generic anti-inflammatory compound, which is likely to
affect the expression of several cytokines, the CRIT trial may open multiple avenues for
broad anti-inflammatory agents.

Several approaches have been pursued in relation to IFN-y due to the central role of this
cytokine in atherosclerosis disease progression. The strategies can be broadly defined as
targeting the IFN-y pathway or neutralizing the cytokine directly [7]. IFN-y signals through
the Janus Kinase (JAK)-Signal Transducer and Activator of Transcription (STAT) pathway
which requires the phosphorylation of STAT1 at tyrosine 701 and serine 727 for maximal
activity [7,70]. Some potential therapeutics have been designed to inhibit the
phosphorylation of STAT1 in order to prevent the pro-inflammatory effects of IFN-y. For
example adenosine is known to inhibit the phosphorylation of serine 727 on STAT1 in
human macrophages [7]. This has led to the creation of a novel compound called thio-ClI-IB-
MECA, which is designed to be an agonist for the adenosine A3 receptor and has been
found to reduce IFN-y-induced, STAT1-dependent gene expression [71]. Furthermore /n
vitro work using human macrophages has shown that phosphorylation of tyrosine 701 or
serine 727 on STAT1 as well as JAK2 activation can be inhibited by resveratrol, which is a
phenol compound that occurs naturally in plant extracts [72].

Unlike IL-1p neutralization that directly targets the cytokine with antibodies, studies on
IFN-+y neutralization so far involves the use of a soluble decoy receptor. The soluble IFN-y
receptor (sIFN-yR) works by out competing the normal IFN-yR for binding to the cytokine
and thereby preventing the activation of the JAK-STAT pathway [7]. This then prevents the
downstream expression of IFN-y-induced pro-inflammatory mediators. The first use of a
sIFN-yR was in ApoE"- mice which were fed a high fat diet for 8 weeks, while also
receiving intramusclular injections containing a sIFN-yR encoding plasmid on weeks 4 and
6 [61]. The sIFN-yR treated mice developed smaller atherosclerotic plagues when compared
to the control mice [61]. Furthermore, due to increased levels of collagen accumulation and
vascular smooth muscle cells (VSMCs) in the fibrous cap, the plaques which developed

Future Med Chem. Author manuscript; available in PMC 2017 April 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Moss and Ramji

Page 9

were more stable [61]. Soluble decoy receptors have also been used to inhibit IL-6 signalling
[52]. Soluble glycoprotein 130 (sgp130) has been used in LDLr"" mice to attenuate I1L-6
signaling which resulted in decreased atherosclerosis disease progression due to reduced
monocyte recruitment and EC activation [52]. These studies show the potential of using a
cytokine decoy receptor to attenuate atherosclerosis development.

Due to the importance of the chemokines CCL2, CCL5 and CX3CL1 during the initial
monocyte recruitment phase of atherosclerosis development, targeting their corresponding
receptors pharmaceutically in order to prevent activation and reduce disease progression has
also been explored. Several approaches have shown success in mouse model systems,
including viral proteins that act as broad spectrum inhibitors [73,74], pharmacological
inhibitors [75], neutralizing antibodies against chemokines or their receptors [33-35], decoy
ligands that bind to the receptors without causing activation [33—35] and RNA intereference-
mediated knockdown strategies [76]. A major problem with targeting chemokine and their
receptors is that they are also crucial for the resolution of an inflammatory response
triggered by infection or other stresses. It will therefore be necessary to target them
specifically to the arterial wall by use of nanoparticles. ApoE”- mice which also expressed
human CCR2 did not develop smaller atherosclerotic lesions following a high fat diet for 5
weeks while receiving a daily dose of a novel CCR2 antagonist [77]. However the mice did
have reduced macrophage content within their plaques, an indicator of increased plaque
stability [77]. Specifically targeting CCR2 in monocytes with a SiRNA linked to a
nanoparticle was used to reduce monocyte recruitment during M1 inflammation in ApoE™-
mice [76]. A phase Il clinical trial involving 112 patients at risk of CVD who received the
antibody MLN1202, which is capable of directly blocking CCR2, found that their
circulating CRP levels were reduced compared to the placebo group [78]. Targeting CCR5
with an antagonist retroviral drug, known as maraviroc, reduced both ritonavir-induced
atherosclerotic plague size and the number of macrophages recruited to the plague in
ApoE mice [79]. Furthermore the expression of VCAM-1, ICAM-1, CCL2 and TNF-a
were all significantly reduced within the plaque [79].

A recent /n vitro study has found that a known HIV infection blocking anti-body, RoAb13,
is also capable of reducing monocyte migration towards CCR5 stimuli in a transwell system
[80]. An antagonist for CX3CR1 known as F1 is capable of reducing the lesion size which
develops in ApoE- mice following treatment three times a week for 10 weeks after the mice
had already been receiving a high fat diet for 5 weeks [81]. The reduction in plaque size was
due to a decrease in the number of monocytes and macrophages recruited to the site of lesion
formation [81]. These studies highlight the possibility of specifically targeting chemokine
receptors to attenuate monocyte recruitment during atherosclerosis progression and reduce
the size of the plaques that develop. Targeting the chemokine receptors would potentially
attenuate atherosclerosis plaque formation before initial lesions have time to mature into
large plaques. Another anti-atherogenic strategy being pursued is the blocking of chemokine
activity by viral proteins [73,74]. The vaccinia virus produces a generic CC chemokine
inhibitor known as 35K. ApoE~~ mice which were fed a standard chow diet and injected
with a lentivirus encoding 35K had reduced chemokine activity, correlating to a decrease in
atherosclerotic plaque size compared to the control mice after 12 weeks [74]. Viral proteins
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may be a potential therapeutic avenue capable of providing long-term attenuation of
chemokine activity in order to slow atherosclerosis progression.

Although targeting cytokines and chemokines appears to be an exciting therapeutic avenue
to explore in order to reduce atherosclerosis progression there are major limitations that
must be first overcome. The biggest limitation to targeting cytokines is the potential
consequences of systemic inhibition. Due to the major role cytokines play during the
immune response [82-84], targeting them therapeutically may result in severe adverse
effects. For example using antibodies to target pro-inflammatory cytokines systemically will
result in a dampening of the patients” inflammatory response causing them to be at a greater
risk of developing infections. Furthermore cytokines act in short range cell to cell signaling
manner, therefore the administration of anti-inflammatory cytokines would result in
unspecified systemic responses and would also need to be given at potentially toxic levels in
order to mimic the physiological paracrine response at the intended target location [85].
Therefore the use of therapies that target cytokines systemically should be reserved for those
considered high risk of suffering a CVD-related event. The development of nanoparticles
and micelles (a spherical structure which is formed of lipid molecules when they are in
aqueous solutions due to their hydrophobic nature) has led to the ability of directly targeting
atherosclerotic plaques for imaging and therapeutic delivery [86-89]. Although
nanoparticles and micelles are capable of directing antibodies and antagonists for cell
surface receptors to atherosclerotic plaques for imaging [86,87], very little has been
developed for directing cytokine therapies [88]. However nanoparticles have been shown to
be able to target the anti-inflammatory cytokine 1L-10 and improve ex vivo imaging of
plaques from AopE~- mice [90]. This study demonstrates that it is possible to target
cytokines with nanoparticles and highlight the potential to use them to deliver cytokine-
targeted therapies directly to atherosclerotic plaques. Indeed this potential therapeutic
avenue has started to be explored. A recent study which treated LDLr”- mice with a
nanoparticle-directed short peptide designed to mimic annexin Al, resulted in improved
inflammation resolution [91]. The advanced plaques in the LDLr”- mice developed a thicker
fibrous cap as well as reducing oxidative stress and necrosis within the plaque, indicating
improved lesion stability compared to the control mice [91].

Another potential strategy to slow atherosclerosis disease progression is to accelerate the
resolution of inflammation. This can be done by using natural products derived from food
sources known as nutraceuticals [92-94]. Fish oils, which contain omega-3 polyunsaturated
fatty acids (w-3 PUFAS) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), have many anti-atherogenic actions [95-98]. Monocyte migration has shown to be
attenuated both /in vitroand /n vivo with w-3 PUFA treatment [95]. Furthermore, foam cell
formation is reduced by w-3 PUFASs, due to their ability to alter the expression of key genes
implicated in the uptake and efflux of cholesterol [96,97]. There are several murine and
human studies which highlight the importance of using nutraceuticals in the resolution and
prevention of atherosclerosis [95,99,100]. Both EPA and DHA have been found to be
metabolised via the COX and lipoxygenase pathways into a new class of lipid mediators
known as resolvins [101]. Resolvins are powerful anti-inflammatory agents thought to be
capable of accelerating the resolution of inflammation [101], highlighting one possible
mechanism by which w-3 PUFAs are capable of exerting their anti-inflammatory effects. It
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should be noted that although the consumption of w-3 PUFASs has shown some promise in
attenuating atherosclerosis disease progression, their effectiveness as nutraceuticals is still
debated in the current literature. Several meta-analyses have been unable to demonstrate any
association between w-3 PUFA consumption and reduced risk of suffering a CVD-related
event [102-104]. Numerous other nutraceuticals including flavanols [105,106], phytosterols
[107] and polyphenols [108,109] have also been shown to exert anti-inflammatory actions.
Furthermore, a unique combination of nutraceuticals has recently been shown to exert anti-
inflammatory effects on several key processes associated with atherosclerosis /in7 vitro [110].
Due to the anti-inflammatory effects of nutraceuticals and their ability to reduce the
expression of pro-inflammatory cytokines, they can potentially be given without the
systemic-inhibition risks associated with cytokine targeting therapies. In addition
nutraceuticals can also be taken safely over an individual’s lifetime, a major advantage when
compared to traditional pharmaceutical therapies which are only prescribed once an
individual is considered to be at high risk of suffering a CVD-related event.

5 Conclusion

Due to cytokines being the main orchestrators of atherosclerosis development and the
driving force behind many of the key steps involved in disease progression, including
immune cell recruitment, foam cell formation and plaque stability, they represent promising
therapeutic targets. As cytokines and their receptors have functional redundancy, the
majority of current cytokine targeted therapies use antibodies to neutralize and prevent pro-
inflammatory cytokine signaling in order to dampen the inflammatory response observed in
atherosclerotic lesions and slow plaque growth. However the administration of anti-cytokine
antibodies and potentially decoy receptors in patients would mean the cytokine would be
targeted systemically and leave the individual immunocompromised and at a greater risk of
infections. Therefore their use should be limited to those who are considered to be at high
risk of suffering a CVVD-related event. Despite the current limitations of cytokine-targeted
therapies, they are still a therapeutic avenue worth pursuing and provide hope of attenuating
atherosclerosis development by targeting the key drivers of disease progression. The
development of drug delivery systems which will direct cytokine therapies to an
atherosclerotic plaque will make anti-cytokine therapies an even more viable therapeutic
option. However to achieve the full potential of cytokine-targeted therapies, more studies
focused on developing a greater understanding of both the role and signaling pathways of
cytokines in atherosclerosis development must be carried out. Once a more complete insight
into cytokine signaling pathways has been developed, novel therapeutic targets may be
identified.
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Future Perspective

Over the next 5 to 10 years as drug delivery systems such as nanoparticles and micelles
continue to be developed and refined there will be an explosion in atherosclerotic targeted
therapies. This will be particularly true for cytokine-targeted therapies. Drug delivery
systems will allow for the use of cytokine-targeted therapies without the risk of potential
systemic side effects. Not only will they allow the direct delivery of antibodies, decoy
receptors and inhibitors of pro-inflammatory cytokine signaling directly to the plaque
without the risks of systemic inhibition, they will also allow for the delivery of anti-
inflammatory cytokines/agents at non-toxic levels in order to accelerate the resolution of
inflammation. Furthermore, over the next 5 to 10 years there will be an increase in the
number of studies focusing on nutraceuticals in order to speed up the resolution of
inflammation. Nutraceuticals such as omega-3 fatty acids, flavanols, polyphenols and
combinations of nutraceuticals have already been shown to exert anti-atherosclerotic
effects with little to no side effects. As previously discussed some patients taking current
pharmaceutical therapies are unable to achieve lower plasma cholesterol levels and
sustained use of traditional pharmaceutical therapies can result in side effects, stressing
the need to investigate alternative therapies such as nutraceuticals and cytokine targeted
therapies.
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Executive Summary

Atherosclerosis

Atherosclerosis is characterized as the build-up of fatty deposits in the walls
of medium and larger arteries.

This build-up triggers an inflammatory response which recruits immune cells
to the affected site.

Over time the inflammatory response becomes chronic and a plaque begins to
form.

If this plaque ruptures it can lead to a myocardial infarction or stroke.

Role of cytokines in disease development

Cytokines are small protein molecules involved in cellular signalling and can
be broadly classified as either pro- or anti-inflammatory (with some able to
exert characteristics of both).

Chemokines play a major role during the initial development of
atherosclerosis. They are the main driver of monocyte and other immune cell
recruitment to the fatty deposit build-up.

Once in the walls of the arteries, these monocytes become exposed to pro-
inflammatory cytokines which causes them to differentiate into the pro-
inflammatory M1 macrophage phenotype.

Cytokines are then able to influence modified lipoprotein uptake and
cholesterol efflux, leading to increased intracellular cholesterol levels and the
development of foam cells.

These foam cells then undergo apoptosis or necrosis and “spill” their lipid-
rich content into the walls of the arteries and contribute to the size of the
atherosclerotic plague.

The stability of the plaque is then influenced by cytokines, with pro-
inflammatory cytokines leading to the increased release of MMPs from
macrophages which can lead to plaque destabilization.

Targeting cytokines therapeutically

Due to the inability of statins to reduce cholesterol levels in some individuals
and potential side effects of long-term usage, targeting cytokines represents a
promising therapeutic strategy.

Neutralizing pro-inflammatory cytokine signaling by targeting either the
cytokine or receptor is showing some promise.

Neutralization can be achieved with antibodies against the cytokine/receptor
to stop the two interacting and triggering the signalling pathway or by
outcompeting the receptor by using a decoy receptor.
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. However due to the major role of cytokines in the immune response, systemic
administration of cytokine targeted therapies may result in severe adverse
effects.
. To overcome this problem, the use of drug delivery systems such as

nanoparticles may allow the delivery of cytokine therapies directly to the
atherosclerotic plaque without any systemic side effects.
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Figure 1. Atherosclerosis disease progression and the role of key cytokines.
The accumulation of modified LDL within the intima of the artery triggers an inflammatory

response in the nearby endothelial cells. The activated endothelial cells begin to express cell-
adhesion molecules on their surface as well as secrete pro-inflammatory cytokines and
chemokines which are able to recruit circulating monocytes to the affected region. Once in
the intima, the monocytes differentiate into macrophages and begin to take up modified LDL
and become foam cells. Overtime these foam cells can accumulate and form the initial
atherosclerotic lesion. During atherosclerotic plaque maturation, foam cells start to undergo
apoptosis or necrosis, which causes the formation of a necrotic core. To stabilise the necrotic
core, smooth muscle cells migrate from media to intima and form a fibrous cap over the core
by depositing extra cellular matrix. The chronic inflammatory response of atherosclerosis
eventually causes the mature atherosclerotic plague to become unstable and rupture, leading
to a thrombotic reaction, which can cause a myocardial infarction or stroke depending on the
location of plaque formation. 1, increase; {, decrease; ?, unclear. CCL, Chemokine (C-C
motif) ligand; CX3CL1, Chemokine (C-X3-C motif) ligand; IFN, Interferon; IL, Interleukin;
LDL, low-density lipoprotein; M-CSF, Macrophage colony stimulating factor; TGF,
Transforming growth factor; TNF, Tumour necrosis factor.
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Cytokine  Pro- or anti-atherogenic

Role in atherosclerosis development

Signaling pathway

Reference

IFN-y Pro-

CCL2 Pro-
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IL-1B Pro-

TGF-B  Anti-

I1L-33 Anti-

Can induce the pro-inflammatory M1
phenotype in macrophages. It is able
to increase foam cell formation by
attenuating the expression of key
genes implicated in macrophage
cholesterol efflux and increase the
expression of those involved in the
uptake of cholesterol. Contributes to
the continuously growing plaque size
by inducing foam cell apoptosis which
causes them to “spill” their lipid
content into the core of the plaque.

Also known as MCP-1. It is one of the
major chemokines involved in
monocyte recruitment during
atherosclerosis development.
Deficiency of CCL2 in atherosclerotic
mouse models markedly attenuates
disease development when CX3CL1
and CCLS5 are also knocked out.
Mouse models lacking CCL2 or its
receptor develop smaller
atherosclerotic plaques.

It is able to induce the pro-
inflammatory M1 macrophage
phenotype. oxLDL has been shown to
stimulate IL-1p secretion in human
macrophages. It is a major activator of
the innate immune response. The
expression of several pro-
inflammatory genes can be induced by
IL-1B. It also exerts an auto-
inflammatory response by inducing its
own expression.

The anti-inflammatory M2
macrophage releases TGF-p. Its over
expression in ApoE~~ mice results in
smaller plaque, whereas the inverse
occurs in ApoE" mice that are
deficient for the TGF-B receptor.

IL-33 is capable of attenuating foam
cell formation by stimulating
macrophage cholesterol efflux and
attenuating cholesterol uptake. ApoE™"
mice injected with I1L-33 have a
reduced number of foam cells present
in their atherosclerotic lesions.
Neutralization of I1L-33 increases
atherosclerosis.

JAK-STAT

PKC/ERK1/2/NF-xB

NF-xB/IJNK/p38 MAPK

SMAD-dependent or SMAD-independent

ST2/IL-1RAcP/MyD88 or ERK1/2 or p38
MAPK or NF-xB

[7-14]

[15,16]

[9-11,17-21]

[9-11,22-24]

[6,25-29]

syduasnuel Joyiny sispund JINd adoin3 ¢

Future Med Chem. Author manuscript; available in PMC 2017 April 06.

ApoE, Apolipoprotein E; CCL, Chemokine (C-C motif) ligand; PKC, Protein kinase C; CX3CL, Chemokine (C-X3-C motif) ligand; ERK,
Extracellular signal-regulated kinase; IFN, Interferon; IL, Interleukin; IL-1RACP, IL-1 receptor accessory protein; JAK, Janus kinase; INK, c-JUN
N-terminal kinases; MAPK, Mitogen activated protein kinases; MCP-1, Monocyte chemoattractant protein-1; MyD88, Myeloid differentiation
primary response gene 88; NF-xB, Nuclear factor kappa-light-chain-enhancer of activated B cells; oxLDL, oxidized low density lipoprotein; STAT,
Signal transducer and activator of transcription; TGF, Transforming growth factor.
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