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Studying the role of immune-inflammatory mechanisms in pathogenesis of atherosclerosis is considered to be
one of the most important scientific-research directions and has a rather rich history. According to the modern data,
immune-inflammatory mechanisms, along with disturbance in lipid metabolism (dislipidemy) and disfunction of en-
dothelium play a key role in development and progression of atherosclerosis and cardiovascular diseases. A close rela-
tion between immune-inflammatory mechanisms and dislipidemy, as well as endothelium disfunction is confirmed by
numerous experimental and clinical studies. Immuno-inflammatory mechanisms contribute to pathogenesis if athero-
sclerosis significantly and deserve our acute attention. At the early stage of accumulation of cholesterin, lipoproteins of
low density, and oxidated lipoproteins of low density on the vascular wall happens along with activation of endothelial,
inflammatory, and immune-competent cells. Immuno-competent cells that arrived to the focal area of atherosclero-
sis, produce a line of cytokines and chemokines, thus attracting new leukocytes and providing for development of
atherosclerosis. Among inflammatory and immune-competent cells macrophages, dendrite cells, T-lymphocytes, and
also their subpopulations play the most important part in development of atherosclerosis. In this literature review we
gradually study the role of these cells in pathogenesis of atherosclerosis, discuss complex interactions between lipid
metabolism, endothelial, inflammatory, and immuno-competent cells in event of atherosclerotic damage of vessels.
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Since atherosclerosis is the major cause of
development and progression of cardiovascular
diseases, studying pathogenetic mechanisms,
underlying it, is one of the most urgent scien-
tific-research directions. Studying pathophysi-
ology of atherosclerosis does not only draw our
theoretical interest, but also has a significant
practical value, as it provides for search of new
diagnostic biomarkers and targets for therapeu-
tic impact [1-4].

History of studying the role of immune-
inflammatory mechanisms in development of
atherosclerosis, as well as the history of for-
mation of lipid hypothesis of atherosclerosis
(A.L Ignatovskiy, N.N. Anichkov, S.S. Khala-
tov), is rather rich [5]. The first data on rela-
tion between atherosclerosis and inflammation
can be found in works by researchers Rayer
and R. Virkhov, dated more than 150 years
ago [6]. A close relation between inflamma-
tion and atherosclerosis was registered at cel-
lular and tissue level of organization. Thus,
for example, in case of inflammation, as well
as atherosclerosis, the same cells of connect-
ing tissue were discovered: endotheliocytes,
fibroblasts, smooth muscle cells (SMC), mac-
rophages, neutrophils, and also T- and B- lym-
phocytes [6, 7]. Later, along with development
of research methods, close relations between
atherosclerosis and inflammation were discov-
ered at molecular level of organization. Thus,
in event of inflammation and atherosclerosis it
was discovered that formation of inflammatory
molecules — cytokines (interleukines-1, 6 etc.)
and proteins of acute phase (C-reactive protein,
fibrinogen, haptoglobin, etc.) intensified [6].

Researchers underline that inflammation and
atherosclerosis depend on the same functional
reactions and presence of atherosclerosis with-
in symptomatic complex of atherosclerosis
should not be underestimated [6].
Immuno-inflammatory mechanisms of ath-
erogenesis are closely relates to disturbance in
lipid metabolism and disfunction of endothe-
lium [7, 8, 9]. Immuno-inflammatory mecha-
nisms that participate in pathogenesis of ath-
erosclerosis, play in important part in all phases
of its development. The early stage of athero-
sclerosis is considered as an inflammatory re-
action to oxidated lipoproteins of low density
(0x-LPLD) [7]. In this phase, due to condition
of hypercholesteremia infiltration and accu-
mulation of LPLD in vessel walls increases,
and it results in activation of endothelial and
immune-inflammatory cells due to release of
pro-inflammatory factors [7, 8, 10]. Expres-
sion of molecules of leucocyte adhesion inten-
sifies adhesion of leucocytes and results in leu-
cocytic infiltration of vessel walls [11]. These
leucocytes release chemo-attracting stimulus,
including chemokines that attract additional
monocytes and leucocytes to the atheroscle-
rotic focus area. Thus, the produced monocytic
chemotactic protein-1 (MCP-1) attracts leuco-
cytes that carry chemokine receptor (CCR)-2,
including monocytes and T-lymphocytes [12,
13]. Interferon (IFN)-y-induced protein 10
(IP-10), also known as chemokine CXCLI10,
IFN-y-induced alpha chemo-attractant of
T-cells (I-TAC/CXCL11), monokine, induced
by IFN-y (MIG or chemokine CXCL9), selec-
tively attract T and B-lymphocytes that carry
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CXC-receptor CXCR3 [14,15]. Chemokine
CX3CLI (fractalkine) that is a membrane-con-
nected chemokine, also provides for attraction
of monocytes to vessel walls and stimulates
differentiation of monocytes into macrophages
at early stage of atherosclerosis develop-
ment [16]. In their turn, macrophages play an
important part in initiation of inflammation and
ignition of immune response within atheroscle-
rotic patch [7, 8]. Within focus point of athero-
sclerotic inflammation macrophages, dendric
cells, T-lymphocytes and their subpopulations,
B-lymphocytes, and cloud cells are found most
frequently. Further we shall study their role in
pathogenesis of atherosclerosis.

Macrophages

Monocytes are linked to endothelial cells
via interaction between monocytal P-selectine
of glycoprotein ligand-1 (PSGL-1) and endo-
thelial P-selectine [17]. For adhesion and dia-
pedesis monocytes express integrin a4f1, also
known by name “very late antigen-4” (VLA-4)
and lymphocytal functional antigen-1 (FLA-1),
with their help they are linked to ligands of en-
dothelial cells , including molecule of vascular
endothelium adhesion (VCAM-1) and mol-
ecule of inter-cellular adhesion ICAM-1 [17].
Monocytes that migrated to vessel wall, dif-
ferentiate into macrophages via mediators:
monocytic colony-stimulating factor (M-CSF)
and granulocyte-monocytic colony-stimulating
factors (GM-CSF). Macrophages use pattern-
recognizing receptors (PRR), including scav-
enger-receptors (SR) and Toll-like receptors
(TLR), such as transmembrane proteins SR-A
(CD204), CD36, receptor of macrophages with
collagen structure (MARCO) and lectin-like re-
ceptor ox-LPLD (LOX-1/OLR-1) for capturing
(internalization) of endotoxins, apoptotic bod-
ies, and particles of LPLD and ox-LPLD [18,
19]. Two basic phenotypes of macrophages are
distinguished: macrophages M1 (anti-inflam-
matory/classically activated macrophages).
Macrophages M1 enable inflammation by se-
creting pro-inflammatory cytokines, and phago-
cyte antigens, presenting them with T-lympho-
cytes via PRR which results in release of big
number of pro-inflammatory cytokines, includ-
ing IL-1, IL-6, IL12- IL-15, IL-18, migration of
inhibiting factor (MIF) and factor of necrosis of
tumor-alpha (FNT-a), that enable activation of
T-lymphocytes. Macrophages M2 possess anti-
inflammatory functions and remove inflamma-
tion of patches due to efferocytosis (phagocyte
of apoptotic bodies) and release of cytokines
with T-helpers of type 2 (Th2), such as IL-4,
IL-10, and IL-13 [17, 18, 19].

It is shown that in event of atherosclerotic
damage the transforming factor of growth-beta
(TGF- B), extracted from macrophages, plays
an important part in vessel biology, impacting
processes of proliferation, differentiation, mi-
gration, and apoptosis of cells, as well as pro-
duction of outer-cell matrix components [20].
TGF-p regulates both vasodilatation and vaso-
constriction through signal path TGF-/ALKS/
Smad3 by inducing expression of endothe-
lin-1 in endothelial cells and also by decreas-
ing migration and proliferation of endothelial
cells [20, 21]. S Xu and co-authors reports that
TGF-B also carries out pro-atherosclerotic
function due to increasing proliferation of
SMC [21]. Anti-atherosclerotic function of
TGF-B consists in decreasing recruitment of
inflammatory cells, adhesion of thrombocytes,
and suppression of macrophage activation [21].
Thus, summarizing major effects of TGF-§
according to results of a line of studies, we
should outline that TGF-f has a bi-functional
(pro-atherogenic and anti-atherogenic) effect
upon pathogenesis of atherosclerosis [20, 21].

Receptors of macrophages TLR link effec-
tor molecules and initiate signal cascade that
enables activation of macrophages with further
formation of inflammatory cytokines, proteas,
and cytotoxic radicals of oxygen and nitrogen
by them. A similar activity is observed in den-
drite cells (DC), cloud and endothelial cells
that also contain TLR [22]. Vessel endothelium
growth factor (VEGF) is also released from
macrophages and enables angiogenesis [22].
Accumulation of cholesterin takes place in
macrophages after consumption of ox-LPLD
via scavenger-receptors, including CD36,
SR-A1, and LOX-1. Ethers of cholesterin are
hydrolyzed, and molecules of ox-LPLD are
catabolized by endosomes and lysosomes of
macrophages. In normal conditions within
endoplasmic reticulum ferment acyl-KoA-
cholesterin-acyltransferase (AKAT) etherifies
free cholesterin and accumulates (preserves) it
in lipid drops. In event of atherosclerosis lipid
homeostasis in macrophages is disturbed and
causes formation of foam cells. Apoptosis of
foam cells is induced by prolonged “stress” of
endoplasmic reticulum due to exceeding accu-
mulation of cholesterin. It results in secondary
necrosis of cells and formation of necrotic core
of atherosclerotic patch. Besides, macrophages
secret FNT-a and nitrogen oxide, thus igniting
Fas-mediated apoptosis in SMC. Macrophages
also decrease synthesis of collagen in SMC
and destroy elements of outer-cell matrix
with matrix metalloprotease (MMP), espe-
cially MMP-2 and MMP-9. Death of SMC and
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weakening of outer-cell matrix cause tear of
atherosclerotic patch, and it results in exposure
of thrombogenic substances of sub-endothelial
layer which causes adhesion and aggregation of
thrombocytes in this part of vessel [17, 21, 22].

Dendrite cells

Dendrite cells (DC) are a family of anti-
gen-presenting cells that express high levels
of molecules of the main complex of histo-
compatibility of class II (MHC II) and provide
for inborn and obtained immune response,
presenting endogenic and exogenic antigens
with T-lymphocytes [19, 23]. Life cycle of DC
consists of three stages. In bone marrow prede-
cessors of dendrite cells are differentiated into
classic dendrite cells (cDC) via transmitting
signals of FMS-like tyrosine kinase 3 (FLT3)
and FLT-3-liganda. Then c¢DC are differenti-
ated either into lymphoid-resistant CD8" cDC
or into non-lymphoid CD103* ¢cDC [24]. In
lymphoid tissue CD87/CD103* c¢DC play the
deciding role in development of CD8* DC vie
cross-presentation of antigens of CD8" to T-
cells. In non-lymphoid tissues CD11b* DC are
located, and they are similar to their functions
to lymphoid CD4*/CD103" ¢DC [24].

In event of atherosclerotic damage of ves-
sels DC is attached to the activated endotheli-
um with help of adhesion molecules, including
P-selectin, E-selectin, and VCAM-1 [25]. After
consumption of lipids and other antigens DC
present them to T-lymphocytes via co-stimulat-
ing molecules — CD40, CD80, and CD86 [26,
27]. It is shown that interaction between anti-
gens and TLR of DC results in intensification
of emission of various inflammatory cytokines,
including IL-6, FNT-a, IL-12, IL-23, and GM-
CSF [28]. Foam cells are phagocyted by mac-
rophages or immature DC that also transform
in foam cells after consumption of lipids and
efferocytosis [29]. Mature CD11b * DC, acti-
vated by ox-LPLD and PAMP, inhibit regulato-
ry T-cells (T-suppressors) [30]. In experimental
research on mice it was shown that chemokine
CCL17, produced by DC, intensify atherogen-
esis, supposedly by activating CD4* T-cells
and spreading inflammatory processes. Dur-
ing inhibiting chemokine CCL17 with specific
anti-bodies, inflammatory reaction and athero-
genesis slowed down, due to it this chemokine
is studied only as a perspective target for de-
veloping anti-atherosclerotic medication [31].

T-lymphocytes and their subpopulations

T-lymphocytes are attracted to inflam-
mation focus point via the same mechanisms
as monocytes, by molecules of adhesion and

chemokines. Several populations of T-lympho-
cytes are discovered in atherosclerotic patches
during morphologic research. The migrated T-
cells are activated by antigens, represented by
antigen-presenting cells (APC) (macrophages
and DC) through two signals. First of all, link-
ing of antigen receptors at the surface of APC
initiates a response to PAMP that are mol-
ecules, linked to pathogens. Molecules MHC
I and MHC 1I interact with PAMP, such as
ox-LPLD, microbal antigens, and proteins of
heat shock (HSP 60) that enable protection of
cells from stress damage [32]. Secondly, link-
ing co-stimulating molecules CD28 on T-cells
enables interaction with CD80 or CD86 upon
APC [33, 34]. Besides, T-cells are activated
via interaction between CD40-ligand (CD40L
or CD154) and CD40 on APC, such as mac-
rophages, B-lymphocytes, DC. Osteopontin,
also known as protein of early T-lymphocyte
activation (EAT-1)is an important stimulator
of differentiating T-helper cells 1 (Th1) and is
more intensively expressed by macrophages,
endothelial cells and SMC in event of athero-
sclerotic disturbance. Thl also enables expres-
sion of IL-12 which is a stimulator of differen-
tiating Th1 [35]. Cytokines, produced by Thl,
including IFN-y, IL-2, FNT- a, activate macro-
phages, endothelial cells, and SMC, and cause
local inflammation. [FN-y is a pro-atherogenic
cytokine and inhibitor of growth for endothe-
lial cells and SMC [36]. It is shown that after
artery damage SMC is inhibited by IFN-y, syn-
thesized by T-cells, and it enables destabiliza-
tion and tear of atherosclerotic patch [37]. It is
established that Thl activates signal cascades,
linked to expression of pro-inflammatory cyto-
kines that stimulate production of IL-1 by mac-
rophages. These signal paths eventually result
in multiple increase in levels of FNT- a, IL-1,
IL-2, and IL-6 in focus area of atherosclerotic
damage [36-39].

It was discovered that level of Th-2-spe-
cific cytokine activity is lower than Thl in
event of atherosclerotic damage, possibly due
to influence of IL-12 and IL-10 [38]. How-
ever, regardless of apparent positive impact of
Th2 upon atherogenesis due to the produced
anti-inflammatory cytokines, Th2 also induces
formation of elastolytic ferments that enable
formation of aneurism [40].

CD8" T-cells represent a subpopulation
of activated T-cells that display a cytotoxic
activity. In case of atherosclerotic damage,
after recognition of alien antigen via APC,
CD8* T-lymphocytes cause apoptosis of cells
via cytotoxic attack [41-43]. Death of cells re-
sult in growth of necrotic core and potentially
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enables destabilization and tear of atheroscle-
rotic patch [42, 43].

Conclusion

Thus, immune-inflammatory mechanisms
play an important role in development of ath-
erosclerosis. According to modern data, mono-
cytes/macrophages, dendrite cells, T-lym-
phocytes and their subpopulations participate
in pathogenesis of atherosclerosis. Complex
interactions between these cells in process of
atherogenesis remain an object of our studies.
In perspective immune-inflammatory mecha-
nisms represent a promising target in terms of
developing anti-atherosclerotic medication.
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