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Abstract

A considerable body of pre-clinical and
clinical research data support a pivotal role
played by immune-inflammatory responses in
atherosclerosis formation and development.
Recent clinical trial results confirm the feasi-
bility of targeting immune pathways for the
therapeutic control of the pathology. In this
chapter, we discuss the key immune-inflam-
matory mechanisms involved in atherosclero-
sis development and progression and plaque
destabilization. We discuss the anti-
inflammatory pleiotropic effects of lipid-
lowering drugs and potential therapeutic
strategies for the direct control of vascular

G. Grassia (D<) - N. MacRitchie

Centre for Inmunobiology, Institute of Infection,
Immunity and Inflammation, College of Medical,
Veterinary and Life Sciences, University of Glasgow,
Glasgow, UK

e-mail: Gianluca.Grassia@glasgow.ac.uk;
Neil.MacRitchie @ glasgow.ac.uk

P. Maffia (D<)

Centre for Inmunobiology, Institute of Infection,
Immunity and Inflammation, College of Medical,
Veterinary and Life Sciences, University of Glasgow,
Glasgow, UK

Institute of Cardiovascular and Medical Sciences,
College of Medical, Veterinary and Life Sciences,
University of Glasgow, Glasgow, UK

Department of Pharmacy, University of Naples
Federico II, Naples, Italy
e-mail: Pasquale.Maffia@glasgow.ac.uk

inflammation. Finally, we discuss vaccination
approaches in atherosclerosis and critical
questions that should be addressed in future
investigations.
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1 Atherosclerosis

Atherosclerosis and related cardiovascular dis-
eases (CVDs) are the principal cause of death
worldwide [1]. The atherosclerotic lesion,
known as atheroma, consists of the accumula-
tion of cells, debris, lipids and extracellular
matrix (ECM) components in the inner layer of
the artery, inducing a thickening of the intima
in small and medium sized arteries.
Symptomatic pathologies occur when the ath-
eroma rupture occludes the blood flow through
the arteries and, depending on the location of
the obstruction, the blood cessation can lead to
more severe complications such as myocardial
infarction and death [2].

At first, atherosclerosis had been considered
exclusively as an arterial occlusive disease in which
the accumulation of cells, mainly smooth muscle
cells (SMCs) and macrophages, in conjunction
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with lipids represents the central mechanism in the
formation of the stenosis. For decades, the degree
of the stenosis, combined with the manifestation of
symptoms represented the only tools available for
the assessment of atherosclerosis [2].

The cholesterol hypothesis is the most
accredited pathophysiological theory for the
development of atherosclerosis. It postulates
that hypercholesterolemia is the causal factor in
disease development. Indeed, elevated blood
cholesterol levels, in particular low-density
lipoprotein (LDL) are directly correlated to
adverse cardiovascular events (ACEs) and
denote an incontrovertible risk factor. Most
importantly, normalising circulating choles-
terol levels significantly reduces the burden of
disease and its clinical consequences [3]. In
addition to actively lowering modifiable risk
factors, the identification of multiple molecular
pathways that regulate cholesterol metabolism
has led to the development of effective drug
therapies. Statins are the main class of lipid-
lowering drugs developed to reduce circulating
levels of LDL and are effective in treating
CVDs. More recently, the Food and Drug
Administration (FDA) and the European
Medicines Agency (EMA) approved monoclo-
nal antibodies that inactivate proprotein conver-
tase subtilisin/kexin type 9 (PCSK9) as new
drugs to reduce circulating LDL. Despite these
substantial advances in controlling circulating
LDL levels, the recurrent rate of ACEs is
approximately 20% within 3 years [4], with
many individuals who experience myocardial
infarction having cholesterol concentrations at
currently mandated targets.

1.1 The Immune-Inflammatory

Nature of Atherosclerosis

There is currently a wide acceptance that athero-
sclerosis consists not only of accumulation of lip-
ids in the arterial wall but that a local chronic
inflammatory response, consisting of both innate
and adaptive immunity, represents a critical factor
in the development and progression of the pathol-

ogy (Fig. 1).

The generation of radical oxygen species
(ROS) is a key event in the vessel wall disease.
ROS are produced as part of the physiological
respiration or pathological processes and partici-
pate in the formation of a microenvironment suit-
able to oxidation. Inflammation is closely
interconnected with the production of ROS. In
fact, the local production of ROS is able per se to
induce an inflammatory state [5, 6].

The increase in circulating cholesterol facili-
tates the deposition of LDL in the subendothelial
layer of the artery wall. The local accumulation
of lipids is an inflammatory trigger, dictating the
recruitment of monocytes/macrophages, the cells
deputed to phagocytose and remove arterial oxi-
dative lipids. This process amplifies the produc-
tion of local ROS formation and the subsequent
oxidation of LDL (ox-LDL). In particular, the
oxidation of LDL results in the modification of
apolipoproteins (apo), such as apoB-100.
Interestingly, it has been previously demonstrated
that the modification of apoB-100 activates in
vitro the scavenger receptor mediated uptake of
lipid particles by macrophages [7-9].

The ox-LDL particles are a strong activator of
endothelial cells (ECs), inducing the expression
of adhesion molecules such as intracellular adhe-
sion molecule-1 (ICAM-1), which facilitates the
subsequent recruitment of monocytes in concert
with enhanced local chemokine release.
Following differentiation, macrophages display
elevated expression of scavenger receptors on
their surface (i.e. SR-A, LOX-1, CXCL16 and
CD36) [10]. The continuous cycle of LDL depo-
sition, oxidation and endothelial dysfunction
mediated by the local inflammatory process leads
to the recruitment of a large number of macro-
phages. The sustained phagocytosis of LDL by-
products creates cholesterol ester-laden foam
cells. The accumulation of foam cells and lipids
within the intima (termed ‘fatty-streak lesion’) is
the first step in the development of a more com-
plex atherosclerotic lesion. In parallel, macro-
phages can proliferate and secrete several
inflammatory mediators, most notably interleu-
kin (IL)-1p, which function to sustain and amplify
the inflammatory response. Depletion of mono-
cytes from the circulation in hypercholesterolemic
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Fig. 1 Inflammation and immune cells are crucially
involved in atherosclerosis progression and plaque destabi-
lization. (A, B) Circulating LDL diffuse and accumulate in
the sub endothelial layer of medium and large sized arter-
ies, undergoing a process of oxidation. (C) OXLDL are an
inflammatory trigger dictating the recruitment of mono-
cytes/macrophages into the vessel wall. (D) The activated
monocytes differentiate intro macrophages, which are
deputed to phagocyte and remove arterial debris. Sustained
phagocytosis of LDL by macrophages creates cholesterol
ester-laden foam cells. (E) The local production of inflam-
matory mediators induces the intensification of endothelial
cell activation. The subsequent expression of other adhe-
sion molecules facilitates the recruitment of multiple

rabbits significantly reduced plaque formation,
implying a major role for monocytes in athero-
sclerosis [11].

In the 1980s, the first clear documentation of
T lymphocytes in human atherosclerotic plaque
was published, which consisted of histological
identification of adaptive immune cells located
within a human atherosclerotic plaque [12].
Subsequently, the identification of major histo-
compatibility complex (MHC) class II expres-
sion in multiple cell types within the plaque

Fibroatheroma

Complicated Lesion
Thrombus

subtypes of leukocytes. (F) In advanced atheroma, the
reactivation and local proliferation of detrimental T cells
subtypes is well documented, as is the accumulation of
immune cells in the adventitial space and the formation of
tertiary lymphoid organs, known as ATLOs. (G, H) On the
other hand, the inflammatory mediators are strong activa-
tors of smooth muscle cells. Once activated, they are able
to migrate from the media and proliferate in the intimal
layer of the vessel producing a protective coating known as
fibrous cap. This is an essential feature of the stable plaque
phenotype. (I) During acute local immune-inflammatory
activation, the production of digesting enzymes, e.g. metal-
loproteinases, critically degrades the protective layer with
the subsequent formation of thrombi

supported the evidence of an active local adaptive
immune response [13].

Amongst CD4* T cell subtypes, Thl T cells
are mainly responsible for driving atherogenesis
[14]. Indeed, in advanced human lesions, Thl
markers correlate with ACEs [15] and the plaque
microenvironment contains several Thl pro-
inflammatory cytokines, such as IFN-y and
TNF-a [2]. Dendritic cells (DCs) are the most
effective antigen presenting cells (APCs) and are
located in the intimal and adventitial space of
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healthy arteries. The number of DCs increases in
the aorta of atherosclerotic mice and in human
atherosclerotic lesions. During atherosclerosis
progression, other APCs display a parallel
increase in number, including B cells and macro-
phages [16].

T cells recruited to the atherosclerotic lesion
can locally recognise antigens presented as
peptides on MHC-II by APCs and undergo
reactivation. In fact, human lesional CD4* T
cells can be reactivated in vitro by plaque anti-
gens [17].

The detrimental role of Thl T cells is coun-
terbalanced by regulatory T cells (Treg) produc-
ing anti-atherogenic TGF-f and IL-10 [17]. We
have recently provided strong evidence for a
functional local adaptive immune response in
the advanced stages of atherosclerosis in hyper-
lipidemic apolipoprotein-E (apoE)~~ mice in
which the formation of artery tertiary lymphoid
organs (ATLOs) occurs in the adventitia, adja-
cent to underlying plaques. These lymphoid
structures are organized into well-defined
immune cell compartments, including T cell
areas, activated B cell follicles and zones with
plasma cells. They are characterised by a high
content in Tregs and are capable of controlling
vascular T cell responses leading to a reduction
in plaque size [18].

Of note, a broad range of innate and adap-
tive immune cells are also present in healthy
vessels [18, 19].

1.2 Plaque Progression

and Destabilization

In response to multiple inflammatory stimuli
secreted by macrophages and ECs, SMCs migrate
from the tunica media to the intimal space where
they start to proliferate, creating a protective
layer, known as the fibrous cap. SMCs are the
primary cells responsible for the production of
the ECM that further stabilises the fibrous cap.
These processes cause the lesion to evolve into a

fibrotic plaque that encapsulates the lipid and
necrotic core. The rupture of the plaque cap is the
most important mechanism underlying the
sudden thrombotic occlusion of the vessel lumen,
responsible for clinical events.

In the generation of the fibrous protective
layer, the role of growth factors such as platelet
derived growth factor (PDGF)-BB, cytokines
such as tumour necrosis factor (TNF)-a and
chemokines such as chemokine (C-C motif)
ligands (CCL)-2 are required for the induction,
migration and proliferation of the SMCs
[20-22].

On the other hand, pro-inflammatory cyto-
kines and chemokines modulate a number of
detrimental steps in the control of plaque sta-
bility and rupture. A balance between the
expression of matrix metalloproteinases
(MMPs) and their inhibitors (TIMPs, tissue
inhibitor of metalloproteinases) regulates the
degradation and synthesis of the ECM. The
expression and activity of MMPs and TIMPs
are directly regulated by cytokines and chemo-
kines [23]. Moreover, cytokines such as IFN-y,
TNF-a and IL-1p may promote apoptosis of
macrophages and SMCs leading to the enlarge-
ment of the necrotic core and the thinning of
the fibrous cap [24].

The direct involvement of immune cells in
modulating plaque stability has also been evalu-
ated. Adoptive transfer of CD4* T cells from
human plaques into immunodeficient mice
engrafted with human atherosclerotic vessels
resulted in apoptosis of SMCs in a TNF-related
apoptosis-inducing ligand (TRAIL)-dependent
manner, inducing fibrous cap thinning and
plaque destabilization [25]. Interestingly,
Klingenberg et al. [26] showed the considerable
increase of Thl cells in vulnerable plaques and
the detrimental effect of Treg depletion on
plaque stability in mouse models. This effect
could, at least in part, be justified by the reduc-
tion in the local level of TGF-f, a cytokine pro-
duced by Treg with direct fibrogenic action on
SMCs and fibroblasts.
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2 A Lesson from Anti-
atherosclerotic Drugs
2.1 Statins
Since their introduction, more than 25 years ago,
as the first line therapeutic for lipid lowering,
statins are a proven class of drugs for effective
prevention of CVDs but with benefits beyond
those predicted solely by their actions in reduc-
ing plasma LDL cholesterol [27].

Indeed, statins have an undefined pleiotropic
anti-inflammatory action and are able to reduce
plaque formation in hypercholesterolemic mice,
without affecting lipid levels [28]. Recently, by
injecting simvastatin-loaded reconstituted high-
density lipoprotein nanoparticles in apoE~~ mice,
Duivenvoorden et al. [29] revealed a selective
uptake into the vessel wall with associated local
anti-inflammatory activity, sufficient to inhibit
plaque progression without any systemic effect
on lipid concentrations.

Statins are inhibitors of 3-hydroxy 3-methyl
glutaryl coenzyme A (HMG-CoA) reductase and
therefore of the synthesis of cholesterol, resulting
in reduction of circulating LDL levels.
Interestingly, as part of their mechanism of
action, statins inhibit biosynthetic intermediates
of cholesterol synthesis and their precursors such
as geranyl-geranylpyrophosphate (GGPP) [30].
GGPP is a lipidic attachment for Rho-GTPase
and its inhibition reduces Rho-GTPase related
activity. This is one of the mechanisms that can
explain the pleiotropic effect of statins [27, 30].
In fact, the production of nitric oxide (NO) by the
endothelium via nitric oxide synthase (eNOS)
regulates the homeostasis of the vessel. Indeed,
atherosclerotic lesions develop faster and grow
larger in hypertensive eNOS/apoE double knock-
out mice when compared to control apoE~~ mice
[31]. Statins stimulate NO production by ECs via
eNOS. Indeed, pravastatin and simvastatin induce
vasorelaxation in mouse aortic rings and NO pro-
duction by cultured bovine aortic ECs [32]. The
direct inhibition of RhoA or GGPP leads to
increased expression of eNOS, suggesting that
the effect of statins on eNOS is cholesterol-
lowering independent [27]. Laufs et al. [33]

reported that statins increased eNOS mRNA half-
life in ECs. Finally, Scalia et al. [34] demon-
strated that an acute treatment with simvastatin in
apoE~~ mice is able to increase NO production in
the aorta via eNOS, without the reduction of cir-
culating cholesterol levels.

Statins also exert canonical anti-inflamma-
tory effects. Simvastatin showed anti-inflamma-
tory activity, similar to that of indomethacin, in
a model of acute inflammation in normocholes-
terolemic mice, the carrageenan paw oedema
[28]. The potent anti-inflammatory activity of
statins is only partially explained by their action
on NO production by the endothelial layer.
Reduction in the transendothelial migration of
leukocytes to inflammatory sites is one of the
most coherent effects of statins. Atorvastatin,
simvastatin and cerivastatin inhibit the expres-
sion of adhesion molecules on human ECs and
peripheral blood mononuclear cells, reducing
binding to ECs in vitro [35]. Statins reduce the
production of chemokine CCL-2 in vitro in
human ECs exposed to IL-1 and in vivo in a
mouse model of air-pouch [36]. Statins also
reduce in vitro CCL-2-induced migration of a
human continuous monocyte/macrophages cell
line (THP-1) and the secretion of MMP-9 [37],
a metalloprotease important for the migration/
invasion of leukocytes. Taken together, these
data suggest that statins reduce the transendo-
thelial migration by reducing adhesion molecule
expression, recruitment signals, migration to
and entry into the subendothelial space.

In addition to suppressing cell infiltration
into sites of injury, statins also exert direct
effects on immune cells. Activation of T cells is
mediated by the interaction with MHC-II and
costimulatory molecules. Kwak et al. [38] dem-
onstrated that statins inhibit MHC-II-mediated
T cell activation. Statins are able to inhibit the
expression of CD40 in human ECs, SMCs,
macrophages and fibroblasts affecting NOS and
peroxisome  proliferator-activated  receptor
(PPAR) signalling pathways [39]. Moreover,
treatment of LPS-stimulated human monocyte-
derived DCs from healthy patients with simvas-
tatin and atorvastatin reduced the expression of
CD83, CD86 and human leukocyte
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antigen-DR. Statins also reduced the production
of IL-6, IL-8, IL-12, and TNF-a by DCs and
suppressed their ability to induce T cell prolif-
eration, activation and Th1 differentiation [40].
Statins have pronounced effects on T cell acti-
vation and proliferation through modulation of
the Rho-GTPase pathway [41], and atorvastatin
in particular has been shown to promote differ-
entiation of T cells into a Th2 subtype with con-
comitant suppression of the secretion of Thl
cytokines [42]. Finally, lovastatin increases
Treg cell recruitment into inflamed sites in a
chemokine (C-C motif) ligand 1 (CCLI1)-
dependent manner. This effect, is in fact, abro-
gated in CCL1-deficient mice [43].

The atheroprotective effect of statins is
exerted not only by reducing plaque develop-
ment but also stabilizing vulnerable plaques.
Atorvastatin inhibits the development of an
unstable plaque phenotype in hypercholesterol-
emic mice, lowering the level of chemokines and
chemokine receptors [44]. Intriguingly, rosuvas-
tatin reduces nuclear factor (NF)-kB activation
induced by CD40L in human aortic SMCs thus
regulating plaque ECM production [45].
Rosuvastatin also reduces the expression of
MMP-9 by macrophages [37], a metalloprotein-
ase able to induce acute plaque disruption in
apoE~"~ mice [46].

Main pleiotropic targets of statins are listed in
Table 1.

2.2 PCSK9 Inhibitors
PCSKO is an enzyme ubiquitously expressed by
many cell types. PCSK9 binds the LDL receptor
(LDLr), which is primarily expressed in the liver
and is a signal for inducing the degradation of the
receptor such that is no longer recycled back to
the cell membrane surface [47]. Consequently,
increased levels of PCSK9 can inhibit LDLr
expression on hepatocyte cell membranes and
therefore increase LDL levels in the bloodstream.
Chang et al. [48] reported for the first time the
possibility to neutralize the PCSK9 using a
monoclonal antibody, termed mAbl, in mouse
and non-human primates (Fig. 2). Interestingly,
they demonstrated that a single subcutaneous
injection in cynomolgus monkeys of the neutral-
izing antibody led to rapid and significant LDL
lowering, 8 h after injection, reaching a maxi-
mum of 80% below pre-dose levels by day 10.
In 2015, two PCSKO9 inhibitors: the monoclo-
nal antibodies alirocumab and evolocumab, have
been approved by FDA and subsequently by EMA
for lowering circulating LDL levels. They are
used as a second line treatment for atherosclerotic
patients who are resistant to statins or affected by
familial hypercholesterolemia. Across all clinical
trials performed, the use of alirocumab and evo-
locumab in association with the prescribed statin
regimen, reduced the level of LDL (<70 mg/dL)
in 90% and 82% of patients respectively [47].

Table 1 Main pleiotropic targets of statins in atherosclerosis

Pathological process Statin effect Target cells References
Endothelial dysfunction | Adhesion molecules ECs [35]

1 Vascular relaxation ECs [32-34]
Inflammatory cell infiltration | | Adhesion molecules ECs; PBMCs [35]

| Chemokines production ECs [36]

| Migration/invasion Monocyte/macrophages [37]
Immune cells activation | T-cells activation and proliferation T-cells [38,41]

| CD40 expression ECs; SMCs; Marophages | [39]

| CD83 and CD86 Monocytes-derived DCs [40]

| Cytokine production Monocytes-derived DCs [40]
T-cells phenotype 1 Th2 and | Thl T-cells [42]

1 Treg T-cells [43]
Plaque rupture | Metalloproteinases expression SMCs and macrophages [37]

| chemokine and chemokine receptors | Multiple vessel cells [44]
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Fig. 2 Proprotein convertase subtilisin/kexin type 9 serine
protease (PCSK9) regulates LDL receptor degradation.
(A) During hypercholesterolemia, the circulating levels of
PCSKO9 increase and are free to bind LDLr on the hepatocyte

In early 2017, results from the Further
Cardiovascular  Outcomes Research with
PCSK9 Inhibition in Subjects with Elevated
Risk (FOURIER) study have been revealed.
The study analysed 27,564 patients with CVD
and who were receiving a moderate- to high-
intensity statin regimen with a LDL cholesterol
level between 70 and 100 mg/dL. Researchers
randomly assigned patients (1:1) to receive, in
association with the canonical statin treatment,
a subcutaneous injection of evolocumab or pla-
cebo. Relative to placebo, the circulating LDL
level reduced by 59%, from a median baseline
value of 92 mg/dl to 30 mg/dl. After 2 years of
observation, the group treated with the anti-
PCSK?9 therapy showed a statistically signifi-
cant 27% and 21% reduction in heart attack
and stroke respectively when compared with
placebo [49].

The efficacy of these inhibitors is now clearly
corroborated by clinical trial data, demonstrating
the potency of these new agents in greatly reduc-
ing circulating cholesterol levels yet the reduc-
tion in cardiovascular risk is only partially
identified. Interestingly, experimental studies
have suggested also a pro-inflammatory role for
the PCSK9 protein, promoting atherosclerosis

surface. The PCSK9-LDLr complex is a signal for degrada-
tion via lysosome. (B) Binding of circulating PCSK9 by

specific monoclonal antibodies results in recirculation of the
LDLr and accelerated clearance of circulating LDL

with a LDL-independent mechanism. PCSK9
reduces the expression of LDLr in human macro-
phages [50] while modulating expression of
stress response and inflammatory genes in liver
cells, independent of its effects on cholesterol
uptake [51], suggesting a direct role for PCSK9 in
foam cell formation and inflammation. Cheng
et al. [52], correlated PCSK9 serum levels with
the size of necrotic core tissue in coronary ath-
erosclerosis evaluated by IVUS-VH imaging on
581 patients, showing that serum PCSKO linearly
correlates with coronary plaque inflammation,
independently of serum LDL cholesterol levels
and statin usage. To investigate the direct effects
of PCSK9 on vascular inflammation, Tang et al.
[53] silenced PCSK9 with the lentivirus-mediated
PCSK9 shRNA (LV-PCSK9 shRNA) vector in
apoE”~  mice. PCSK9 gene interference
decreased atherosclerosis formation by directly
reducing vascular inflammation and inhibiting
the TLR4/NF-kB signalling. Furthermore, the
neutralization of PCSK9 in hypercholesterolemic
mice using alirocumab decreased monocyte
recruitment, leading to a more stable plaque phe-
notype [54]. Finally, silencing of PCSK9
inhibited in vitro ox-LDL induced human APC
maturation and T cell activation [55].
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3 Old and New Agents
to Target Immune
Mechanisms
in Atherosclerosis

The establishment that atherosclerosis is a
chronic inflammatory disease identifies multiple
targets in the molecules sustaining inflammation
in the plaque microenvironment. Therefore,
known multi-target anti-inflammatory and immu-
nomodulating drugs may find a novel application
in the control of atherosclerosis. In parallel, the
development of biologics targeting specific com-
ponents of traditional and emerging immune-
inflammatory pathways may greatly enhance
selective treatment opportunities.

3.1 Methotrexate

Methotrexate, developed as an antifolate drug for
inhibiting cell division in the treatment of cancer,
is actually used in the therapy of rheumatoid
arthritis although its anti-inflammatory effects
are not well characterized. Some of the proposed
mechanism of actions are independent from the
antifolate activity and include alterations of the
cellular redox state, the inhibition of polyamine
formation and the increase of extracellular release
of the anti-inflammatory adenosine [56].
Treatment with methotrexate downregulated in
vitro the expression of pro-inflammatory genes
including TNF-a, IL-1f, chemokine (C-X-C
motif) ligand 2 (CXCL2) and TLR2 while upreg-
ulating the anti-inflammatory TGF-f1 gene in
TNF-a-stimulated human ECs [57]. Moreover,
methotrexate promotes reverse cholesterol trans-
port, reducing foam cell formation in lipid-loaded
THP-1 macrophages [58]. Methotrexate reduces
levels of TNF-a and increases the expression of
IL-10 in thioglycollate-induced peritoneal exu-
dates in mice [59]. This effect was further con-
firmed in high-fat diet induced obesity in mice.
Methotrexate administration reduced TNF-a,
IL-6 and leptin production from the adipose tis-
sue of these mice leading to increased production
of anti-inflammatory molecules such as adipo-

nectin and IL-10 [60]. In addition, methotrexate
reduces circulating levels of the pro-inflammatory
cytokine IL-6 in psoriatic patients [61] and adhe-
sion molecule expression in biopsies of human
inflammatory tissue from oral bullous pemphi-
goid [62]. Finally, methotrexate inhibits antigen-
induced T cell proliferation in mice [63].

All these actions support the possibility of
using methotrexate in atherosclerosis treatment.
Indeed, methotrexate reduces atherosclerotic
lesion areas in cholesterol fed rabbits leading to a
reduction in plaque macrophage content and the
presence of apoptotic cells [57] in addition to
reductions of MMP-9 and pro-inflammatory
cytokines [64, 65].

A randomised clinical trial: the Cardiovascular
Inflammation Reduction Trial (CIRT; https:/
clinicaltrials.gov/ct2/show/NCT01594333), is
actually ongoing. The rationale is the use of low-
dose methotrexate to reduce heart attacks, stroke,
or death in people with type 2 diabetes, metabolic
syndrome and heart attack or multiple coronary
occlusions. The primary completion date for
CIRT will be the end of 2018.

3.2 The IL-1 Pathway

IL-1 is a major mediator of inflammation and
immune diseases [66]. IL-1a and IL-1p bind to
the same receptor (IL-1R) and share the same
downstream pathway. An endogenous inhibitor
of the IL-1 signal is the receptor antagonist
(IL-1RA) that serves as decoy receptor. Both
IL-1a and IL-1P precursors are activated fol-
lowing enzymatic cleavage [67]. Their different
properties are primarily related to the cellular
location and to the method of activation. Despite
the IL-1p precursor being inactive, the IL-la
precursor is active and functions as alarmin,
inducing the expression of other cytokines and
chemokines [66]. IL-lo mediates the early
phases of sterile inflammation  [68].
Alternatively, IL-1p is produced as an inactive
precursor and is activated by caspase-1, a pro-
cess controlled upstream by the NLRP3 inflam-
masome [66, 67].
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The IL-1 pathway is unequivocally involved
in atherosclerosis. IL-1 induces adhesion mol-
ecule expression in human umbilical vein
endothelial cells [69], increasing leukocytes
adhesion [70]. Mice deficient in IL-1RA devel-
oped foam cell lesions once fed a high fat diet
supplemented with cholate. While mice geneti-
cally deficient in LDLr overexpressing a
murine sIL-1RA showed reduced atherosclero-
sis formation compared to LDLr~~ control
mice [71]. Finally, treatment of apoE~~ mice
with human recombinant IL-1RA reduced
lesion area [72].

Cholesterol crystals and ox-LDL accumulated
in the lesions activate the NLRP3 inflammasome,
inducing the secretion of the active form of IL-1§
by macrophages in the plaque [73, 74]. On the
other side, it has been demonstrated that IL-1a-
driven vascular inflammation induced by fatty-
acids through mitochondrial uncoupling is
independent from IL-1p [75].

The blocking of IL-1f represents an interest-
ing target to treat atherosclerosis inflammation.
IL-1p is a potent tissutal pro-inflammatory medi-
ator, inducing local vasodilatation and recruit-
ment of leukocytes [76]. Moreover, during
inflammation, IL-1P has been linked to the acti-
vation of several T cells subtypes, which suggest
IL-1p as a link between the innate and the adap-
tive immunity [76]. To confirm its role in athero-
sclerosis, IL-1p deficiency [77] or IL-1P
neutralization [78] inhibited atherosclerosis
development in apoE~"~ mice.

Different strategies have been followed to
develop biologics able to inhibit the IL-1 path-
way. The anakinra is a recombinant version of the
human IL1-RA and is approved for the treatment
of rheumatoid arthritis. In 2009, the FDA
approved canakinumab, a human monoclonal
antibody targeted at interleukin-1p, for the treat-
ment of cryopyrin-associated periodic syndrome,
a group of rare and heterogeneous autoinflamma-
tory diseases mediated by IL-1. Currently,
canakinumab is used clinically as a second line
treatment in rheumatoid diseases and is also
approved for TNF receptor associated periodic
syndrome and familial Mediterranean fever.

Canakinumab Anti-
inflammatory Thrombosis
Outcomes Study (CANTOS)

3.3

The CANTOS is a randomised, double-blinded,
placebo-controlled trial on secondary prevention
in more than 10,000 patients previously affected
by myocardial infarction. The enrolled patients,
with elevated levels of the inflammatory marker
C-reactive protein (CRP), were randomised and
treated with canakinumab at three different doses
or placebo, as control. About 90% of the enrolled
patients had cholesterol levels under control by
statins [79]. Canakinumab significantly reduced
rate of recurrent cardiovascular events without
reducing all-cause mortality.

Despite the modest cardiovascular benefit
CANTOS results finally convey to basic and clin-
ical researchers the demonstration of a theory:
that immune-inflammatory responses not only
represent a pathophysiological mechanism but
also a valid target for the development of new and
selective therapies in atherosclerosis [80].

4 Vaccination Strategies

Systemic treatment with immunosuppressant
drugs may lead to several side effects and cannot
be suggested for primary prevention. In this
regard, modulation of antigen-specific adaptive
immune responses via vaccination strategies may
be a preferable approach.

Several potential antigens have been found in
the atherosclerotic plaque. They include endoge-
nous LDL, in particular apoB-100, ox-LDL and
heat shock protein 65 (HSP65) or exogenous
antigens like Chlamydia pneumoniae and peri-
odontal pathogens.

During the 1990s, several publications
reported the efficacy of an active immunization
against ox-LDL in reducing atherosclerosis
severity in rabbits [81, 82]. The better identifica-
tion of the peptides comprising the protein com-
ponents of LDL and their modified forms in
ox-LDL makes more definitive immunological
studies possible.
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The immunisation with specific apoB-100
sequences reduced plaque formation by 60% in
apoE~~ mice [83]. Scanning the apoB-100 pro-
tein aminoacid sequence, Tse et al. [84], identi-
fied the portions predicted to bind to the mouse
MHC-II molecule I-Ab. Two fragments:
ApoBjsoissie and ApoBgrg o3 were used to
immunise the mice and resulted in reduced ath-
erosclerosis development in apoE~~ mice via
increased IL-10 production. Generating T cell
hybridomas from human apoB-100 transgenic
(huB100(tg)) mice immunised with human apoB-
100, Hermansson et al. [85] identified an MHC-
II-restricted apoB-100-responding CD4* T cells
hybridoma expressing a T cell receptor variable
(V) beta chain, TRBV31. The immunization of
hypercholesterolemic mice with a TRBV31-
derived peptide reduced atherosclerosis by 65%.
Finally, the apoB-100 peptide sequence, named
p210, also represents an interesting antigen in
vaccine formulations due to its consistent athero-
protective effect [86]. The immunization of mice
with p210 is effective in atherosclerosis reduc-
tion by the systemic induction of the CD4*IL-10*
[87] and CD4+*CD25*FoxP3* cells [88], suppress-
ing the immune response, with minor effects on
the other T cell subtypes [86].

PCSKO9 also represents an interesting target
for immunisation. As previously described, the
injection of a human monoclonal antibody
against this enzyme, effectively reduced LDL cir-
culating levels and cardiovascular risk in humans
[49]. Active immunisation against this target
could achieve similar results with long-term bio-
logical effects. Recently the effect of an anti-
PCSK9 vaccine, named AT04A, has been
evaluated in hypercholesterolemic mice. AT04A
was able to induce persistently high antibody lev-
els against PCSK9 with a reduction of
LDL. Interestingly, ATO4 A reduced atherosclero-
sis formation by 64%, data correlated to the sys-
temic and local reduction in inflammatory
markers [89].

5 Conclusions
and Perspectives

This chapter highlights the importance of
immune-inflammatory mechanisms in the patho-
genesis of atherosclerosis and related clinical
manifestations. Conventional lipid-lowering
treatments exert pleiotropic anti-inflammatory
effects and recent results from the CANTOS trial
have shown that targeting inflammation may be
beneficial in secondary prevention. However,
several key questions still need to be addressed
before considering widespread use of anti-
inflammatory drugs in the prevention and treat-
ment of CVDs.

Atherosclerosis is a life-long pathology, iden-
tified mainly as a vascular rather than a systemic
immune disorder. As such, it is unlikely that the
current generation of biologics will ever be used
for primary prevention in atherosclerosis given
the high risks associated with chronic systemic
immunosuppression. Different immune path-
ways play may different roles at different stages
of the disease development and progression. We
may therefore hypothesize that different immu-
nomodulatory options may be required to selec-
tively affect disease onset, progression, and/or
plaque stabilization. Finally, the development of
better diagnostic tools for the direct evaluation of
vascular inflammation is required for better
patient stratification and the design of future clin-
ical trials. In summary, treatment of vascular
inflammation is still in its infancy, but exciting
developments lie ahead this rapidly expanding
research field.
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