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Modern methods for studying atherosclerosis and coronary artery disease:
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ABSTRACT

The problem of atherosclerosis, which forms the pathological basis of coronary artery disease (CAD), is one of
the most discussed ones in development of cardiovascular diseases. This chronic inflammatory disease involves
interactions between different cells, and an atherosclerotic plaque is a complex immunological environment. Modern
quantitative methods increase the understanding of the pathophysiological processes responsible for progression of
atherosclerotic plaques. Flow cytometry is a powerful modern method that allows for a complex and simultaneous
cell analysis. This review is devoted to studies on atherosclerosis and CAD performed using flow cytometry.
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COBpEMEHHble MEeTOAbl UCC/1I€A40BaHUA aTEPOCK/IEPO3a U ULLIEeMUYECKOM
60/1e3HU cepaua: npoTovyHaA UUTOMETPUA

CtraxHéBa E.M., Paruno 10.1.

Hayuno-uccnedosamenvcxuti uncmumym mepanuu u npogpunakmudeckou meouyunvl (HUUTIIM) — ¢uruan
Dedepanvhoco ucciedosamensbcko2o yenmpa Mucmumym yumonoauu u 2enemuxu Cubupcko2o omoeneHus.
Poccuiickou akademuu nayx (OUL UL ul’ CO PAH)

Poccus, 630089, 2. Hosocubupck, ya. b. boeamkoea, 175/1

PE3IOME

IMpoGnema arepockiieposa, GOpMUPYIOIIETo MaTOIOTHUECKYI0 OCHOBY MIIEMHUYECKOH OOJIC3HM cepiua, sIBISeT-
cs1 oJfHOM M3 Hambosee 00CYKTaeMBIX B Pa3BUTHU CEPAEIHO-COCYANCTHIX 3a001eBaHnil. DTO XpOHNIECKOE BOC-
MaJITENIbHOE 3a00JIeBaHNE BKITIOYAET KOMIUIEKC CIIOXKHBIX B3aUMOJICHCTBUI MEXIy Pa3NMYHBIMU KIETKaMH, a
aTepoCKIepoTHIecKas OJIAIIKa Ipe/CTaBIseT COOO0H CI0XKHYI0 IMMYHOJIOTHIECKYI0 cpeny. CoBpeMeHHBIE KO-
YEeCTBEHHBIE METOBI ITOBHIIIAIOT IIOHNMAaHHEe MaTO(U3HOIOTHIECKHUX MTPOIECCOB, OTBETCTBEHHBIX 3a NMPOTPECCH-
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pOBaHHE aTepOCKIEPOTHUCCKON Osmiku. [IpoTOUYHAsS TUTOMETPHUS MPEACTABISICT COOOM MOIIHBIA COBPEMEHHBIN
METOJI, MO3BOJISIOUINHA MPOBOJANUTh KOMILJIEKCHBIA aHAN3 KJIETOK OJJHOBpEMEeHHO. [laHHBII 0030p MOCBSIICH Ha-
YYHBIM HCCIIEIOBAaHHMSM aTepOCKIEepO3a U HIIEMHYECKOH OOJEe3HM cepila, BHIIOIHEHHBIM C IOMOIILI0 METola

HIPOTOYHOH UTOMETPHUH.

KaroueBrblie ciioBa: MIPpOTOYHAsA HUTOMETPUS, aTEPOCKIICPO3, BOCHAJICHUC, T-.III/IMq)OIII/ITBI, MOHOIIUTBI.
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INTRODUCTION

More than 50 years ago, such a new diagnos-
tic method as pulse cytophotometry was developed.
Since 1978, it has been called “flow cytometry”. To-
day, flow cytometry is a technique for studying dis-
persive substances using single particle analysis in the
dispersed phase via signals received during fluores-
cence and light scattering. Flow cytometry is based
on a combination of modern cytochemical fluores-
cent methods for analyzing the structural components
of cells and their antigens. It is a modern and highly
functional method that allows for a comprehensive
analysis of various cell populations [1].

PRINCIPLES OF FLOW CYTOMETRY

The physical principles of flow cytometry are sim-
ple: a cell suspension, previously incubated with fluo-
rochromes, is placed in a flow of liquid passed through
a flow cell. This generates the effect of hydrodyna-
mic focusing: the cells under investigation line up in
a chain and, in this order, are guided through laser
beams. This is how an individual cell is analyzed.

The light emitted from fluorochromes is focused
using an optical system consisting of several mirrors
and lenses, and then decomposed into certain compo-
nents. The received light signals are converted into
electrical impulses and analyzed using special soft-
ware. In just a few seconds, thousands of cells pass
through the flow cell, allowing a researcher to identi-
fy the composition and characteristics of the cell sus-
pension.

Flow cytometry is a powerful method with many
advantages: rapid analysis of a large number of cells
(up to 107 cells per second), objective measurement of
fluorescence intensity, obtainment of data for a single

cell population, simultaneous analysis of different
processes, an ability to characterize rare events [1].

FLOW CYTOMETRY IN STUDIES ON CAD
AND ATHEROSCLEROSIS

The problem of atherosclerosis and the complica-
tions it causes is one of the most discussed ones in
the development of cardiovascular diseases (CVDs).
Atherosclerosis develops for a long time and forms
the pathological basis for CAD. This complex chronic
inflammatory disease involves interactions between
different cells. New technologies, in particular, flow
cytometry, allow to perform a complex analysis of dif-
ferent cells simultaneously.

One of the main pathophysiological mechanisms
in the development of atherosclerosis is a disruption
of the structural integrity and functional activity of the
vascular endothelium. Circulating endothelial cells
detached from the endothelial wall in the course of its
damage can act as a direct cellular marker of endothe-
lial dysfunction [2, 3].

Using flow cytometry, it was revealed that the pre-
sence of more than 3 circulating endothelial cells per
3 x 10° leukocytes in the peripheral blood increased
the relative risk of CAD development in young and
middle-aged women by 4 times. In women with CAD,
it increased the risk of developing acute myocardial
infarction by 8 times [2].

Endothelial progenitor cells, which are capable of
self-renewal and differentiation, are involved in repair
of the endothelium and formation of new blood ves-
sels. Recruitment and migration of endothelial pro-
genitor cells in the body are controlled by cells located
directly in the damaged area [4]. Most progenitor cells
mature from hematopoietic stem cells, mainly found
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in the bone marrow, peripheral blood, and umbilical
cord, but they are also present in the spleen, intestines,
liver, adipose tissue, and adventitia. Regardless of
their source, all hematopoietic stem cells have mar-
kers CD34+ and CD133+ [4].

Endothelial progenitor cells are characterized by
expression of surface markers, such as vascular endo-
thelial growth factor receptor-2 (VEGFR-2), CD31,
endothelial nitric oxide synthase (eNOS), and vas-
cular endothelial cadherin (VE-cadherin). Therefore,
to identify endothelial progenitor cells, the following
surface markers of hematopoietic and endothelial cell
lines are used: CD34, CD133, VEGFR-2, or kinase
domain receptor (KDR) [4, 5]. In patients with arte-
rial hypertension with a high level of low -density li-
poproteins (LDL), the number and migration capacity
of circulating endothelial progenitor cells are reduced
[6, 7]. The number and functional activity of circula-
ting endothelial progenitor cells in the blood are in-
dependent predictors of morbidity and mortality from
CVDs [8].

The involvement of endothelial progenitor cells in
atherogenesis is beyond doubt. In the study by S. Ai
et al., when evaluating the expression of the vitamin
D receptor (VDR), the authors found that the VDR
expression on circulating endothelial progenitor cells
was significantly reduced in CAD patients and nega-
tively correlated with the glycated hemoglobin levels.
Consistently high serum glucose decreased the VDR
expression on endothelial progenitor cells, potentially
accelerating the pathological process of atherosclero-
sis. Thus, low VDR expression on circulating endo-
thelial progenitor cells may serve as a potential risk
factor for CAD development [9].

Monocytes are cells of the immune system that
are involved in the formation of innate and adaptive
immunity. Monocytes play a key role in the athero-
genesis, since, after being recruited into the lipid and
lipoprotein-rich areas of the arterial intima, they dif-
ferentiate into macrophages under the influence of
the macrophage colony-stimulating factor (M-CSF)
produced by the activated endothelium [10, 11]. In
the peripheral blood of patients with atherosclerosis,
monocytes are preactivated and have some features of
macrophages [10]. Their adhesion to the endothelium
is 1.5 times higher than that of monocytes in healthy
individuals, and they express a number of receptors
(type I and type II Fcy-receptor, intercellular adhesion
molecule-1 (ICAM-1)) [12]. Monocytes have hetero-
geneous composition. In atherosclerosis, an increase
in the relative count of monocytes of the interme-

diate (CD14++/CD16+) and nonclassical (CD14+/
CD16++) subpopulations is detected — by 2.3 and 1.8
times, respectively [10, 13].

K.A. Armold et al. investigated correlations of
monocyte subtypes and macrophages cultured from
them with CAD progression. Groups of study parti-
cipants were formed after a coronary angiogram in
accordance with CAD severity: a group without CAD
(minor disturbances in the vascular lumen); a group
with CAD with a single-vessel lesion; a group with
CAD with a multi-vessel lesion. In CAD patients
(with both single-vessel and multi-vessel lesions),
the blood levels of both intermediate and non-clas-
sical monocytes were elevated compared to patients
without CAD (p < 0.05). The count of regulato-
ry macrophages (CD206+) was reduced in patients
with both single-vessel and multi-vessel lesions (p <
0.001) [14].

A relationship between the atherogenic lipoprotein
phenotype and innate immunity in atherosclerotic pa-
tients with CAD was shown. The atherogenic fraction
of LDLP was associated with an increase in the con-
tent of non-classical monocytes (CD14+CD16++) and
a decrease in the content of the classical subpopula-
tion (CD14++CD16-) [15].

Lymphocytes play a key role in the development
of inflammatory responses in CVDs. The content and
phenotype of lymphocytes in the peripheral blood,
subcutaneous adipose tissue, and epicardial adipose
tissue in patients with and without CAD, who had
undergone an elective heart surgery, were studied. It
was found that the epicardial adipose tissue in CAD
patients was characterized by an increased number
of T-lymphocytes, B-lymphocytes, a higher total
lymphocyte count, and a reduced number of natural
killer (NK) cells in comparison with patients without
CAD [16].

The complement system is involved in the CVD
pathogenesis by inducing inflammation and interac-
ting with the coagulation system [17]. The balance
between activation and inhibition of the complement
system is critical for controlling the degree of inflam-
mation. Molecules involved in the regulation of the
complement system activation include complement
receptor type 1 (CR1, CD35), membrane cofactor pro-
tein (MCP, CD46), decay-accelerating factor (DAF,
CD55), and membrane inhibitor of reactive lysis
(MIRL, CD59). Each protein is different in the me-
chanism of action for the complement system regula-
tion [18]. Patients with CAD showed lower expression
of CD46 and CDS55 on the surface of lymphocytes,
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monocytes, and granulocytes and higher surface ex-
pression of CD35 and CD59 on granulocytes (p <
0.0001), compared to healthy donors. High CD59
expression on granulocytes positively correlated with
the severity of the disease and may serve as a potential
marker of disease progression [18].

FLOW CYTOMETRY IN THE STUDIES
ON ATHEROSCLEROTIC PLAQUES

The structure of atherosclerotic plaques is one of
the key directions in the study of the pathogenesis of
atherosclerosis. There is a large number of experimen-
tal studies devoted to formation, maturation, and rup-
ture of atherosclerotic plaques, but the mechanisms of
these phenomena remain largely unclear. Traditional-
ly, blood is used as a material for scientific research
on atherosclerosis, since collection of tissues for re-
search is associated with certain difficulties. However,
for the study of the pathophysiological mechanisms of
atherosclerosis, the atherosclerotic lesion itself is of
the greatest interest.

Modern quantitative methods can increase the un-
derstanding of the pathological processes responsible
for plaque progression. It was flow cytometry and de-
velopment of original protocols for enzymatic isola-
tion of cells from atherosclerotic plaques that allowed
to perform the most complete analysis of lympho-
cytes, their role in the immunological mechanisms of
maturation and rupture, and their distribution in ath-
erosclerotic plaques [19, 20].

Earlier there were some attempts to study the role
of lymphocytes in an atherosclerotic lesion. Howev-
er, at the same time, scientists isolated lymphocytes
from the tissue into a culture medium with various
activators of the lymphocyte migration, i.e. studied in-
dividual lymphocytes migrating from the atheroscle-
rotic plaque tissue into the culture medium. This made
it possible not to practice the technique of isolating
living cells but to study the cellular composition of
the atherosclerotic plaque tissue itself [21].

At the same time, attempts were made to accurate-
ly determine the cellular composition of the tissue of
human atherosclerotic plaques using flow cytometry,
where the material obtained during carotid endarterec-
tomy was subjected to enzymatic treatment with colla-
genase [ (250 U /ml) at 37° C. This study showed that
about 50% of the cells in the atherosclerotic plaques
were mononuclear inflammatory cells (T-lympho-
cytes and monocytes (macrophages)) [22].

In further research, scientists developed original
protocols for isolating cells from the tissue of athero-

sclerotic plaques and studied the whole complexes of
antibodies labeled with fluorochromes. In addition,
the use of several fluorochromes simultaneously made
it possible to study various processes in the cell. The
study by L. Sh. Grievel et al. showed that the phe-
notypic composition of T-lymphocytes in the plaque
differed from that in the blood. When comparing
the expression levels of cellular markers CD3, CD4,
CD16, CD45, CD45RA, CCR7 CD28, CD27, HLA-
DR, and CD38, high levels of CD4 and CD8 T-cells
in the plaques were revealed [19].

The dominant inflammatory cell in atherosclerosis
is a macrophage. However, interactions with other in-
flammatory cells may also play a role in the athero-
genesis. Using immunohistochemistry, the presence
of mast cells in the atherosclerotic lesion, constitu-
ting a heterogeneous population, was established. In
a 3-year study of 270 patients with carotid stenosis,
plasma mast cell levels were shown to be associated
with future acute cardiovascular events. Despite the
fact that mast cells are present in a plaque in small
numbers, they can contribute to destabilization of an
atherosclerotic plaque [23].

Mast cells are involved in inflammatory respon-
ses in various tissues, including the arterial intima.
Mast cells are activated for degranulation, releasing
large amounts of inflammatory mediators (histamine,
heparin, proteases, and cytokines) stored in their cy-
toplasm. Activated mast cells in the atherosclerotic
lesion can promote leukocyte chemotaxis, adhesion to
the activated endothelium, and subsequent transendo-
thelial migration [24].

In order to characterize the population of mast cells
in human atherosclerotic lesions in more detail and to
determine its activity, E. Kritikou et al. used several
markers simultaneously (CD45, CD117, CD63, and
IgE, Tryptase/TPSAB1) [25]. The authors confirmed
that the main but not the only pathway of mast cell ac-
tivation inside a plaque is IgE-mediated one, but there
is a group of mast cells that are activated without IgE
binding [25].

Flow cytometry is a powerful tool for detecting the
diversity of leukocyte subsets in the atherosclerotic
plaque [26]. The atherosclerotic plaque is a complex
immunological environment. Since the discovery of
T-cells in atherosclerotic plaques, they have been
found to play an important role in the development of
atherosclerosis and CVDs. T-helpers can differentiate
into several phenotypes (Thl, Th2, Th9, Th17, Treg,
etc.), produce various interleukins, and have both pro-
and anti-inflammatory mechanisms. The study by
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Gronberg et al. suggested that therapeutic inhibition
of T-cell differentiation into Th1-cells is a promising
strategy for reducing the progression of atherosclero-
sis [27].

T-lymphocytes play an essential role in athero-
genesis, but the atherogenic or atheroprotective role
of CD8+ T-cells in late stages of atherosclerosis de-
velopment remains controversial. The study by J. van
Duijn et al. demonstrated the local, protective role of
CD8+ T-cells in progressive atherosclerosis by com-
paring the phenotypes of CD8+ T-cells obtained from
plaques from the aorta, spleen, and blood of mice. In
progressive atherosclerosis in a mouse model, aortic
CD8+ T-cells produced lower amounts of IFNy and
TNFa compared to their systemic counterparts, with a
simultaneous increase in the expression of CD39 ec-
tonucleotidase. At the same time, pharmacological in-
hibition of CD39 in apoE-/- mice partially restored the
production of cytokines by CD8+ T-cells. The studies
on the samples of atherosclerotic plaques in the hu-
man carotid and femoral arteries confirmed these re-
sults [28, 29].

Tissue cell death is a characteristic feature of pro-
gressive atherosclerotic plaques, including unstable
lesions, which are largely responsible for compli-
cations of CVDs. The data on the accumulation of
cytotoxic lymphocytes in human lesions strongly
suggest that these lymphocytes promote cell death
in atherosclerotic foci and lead to potential rupture
of plaques [30].

NK cells can induce cell death in various ways,
using killer activation receptors (KARs) or the cyto-
lytic components perforin and granzyme B to form an
immunological synapse, through which the release of
cytolytic granules ultimately leads to lysis of target
cells [31, 32]. T-cells (CDS8, CD4, yo-cells) and NK
cells are involved in the atherogenesis. These cells are
present in large numbers in unstable plaques, which
indicates that their killer function is important for the
progression of atherosclerotic process [30].

Inflammatory cells in the atherosclerotic plaque are
derived from hematopoietic stem cells (HSPCs). When
analyzing mononuclear blood cells by flow cytometry
using antibodies CD38+CD45RA+CD34+HSPCs,
the authors found that in CAD patients (coronary ste-
nosis > 50%), the level of circulating HSPCs in the
peripheral blood was 1.8 times higher than in individ-
uals without CAD. The level of HSPCs in the blood
was associated with the degree of coronary stenosis.
In addition, according to the multivariable logistic re-
gression analysis, the level of circulating HSPCs was

the only marker that was associated with the odds ra-
tio (OR) of mild to severe (> 70%) coronary stenosis
(OR 2.08 (95% confidence interval (CI) 1.35-3.21),
p = 0.0009). That allowed the authors to propose
HSPCs as an important marker for the assessment of
atherosclerotic coronary stenosis [33].

CONCLUSION

Flow cytometry has been rapidly developing as
a modern method for diagnosing and researching
disorders of the immune system. Atherosclerosis is
a multi-factorial chronic inflammatory disease that
includes complex interactions between the vascular
wall and blood cells, and an atherosclerotic plaque is a
complex immunological environment.

Scientific knowledge about the atherosclerotic
plaque composition and the role of cells found in the
lesion focus is constantly growing due to fundamental
research. However, a simple and accessible diagnosis
of early atherosclerosis remains a problem, since mea-
surement and determination of changes in cell popula-
tions in the atherosclerotic focus are impracticable in
clinical practice.

It is possible that flow cytometry will become a pri-
ority method for determining new prognostic periph-
eral blood markers for the severity of atherosclerosis.
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