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Abstract

Background: Monocytes and macrophages play an important role in atherogenesis and myocardial remodeling. Impaired
differentiation of monocyte subpopulations may contribute to ischemic cardiomyopathy (ICMP). The aim of the present research
was to study the features of the humoral cytokine-dependent regulation of differentiation of classical, intermediate, non-classical
and transitional monocytes in bone marrow (BM) of CHD patients with or without ICMP.

Materials and Methods: Forty-five patients with coronary heart disease (CHD), with and without ICMP (19 and 26 male
patients, respectively), were examined. Subpopulations of classical (CD14""CD16°), intermediate (CD14""CD16"), non-classical
(CD14°CD16"), and transitional (CD14*CD16°) monocytes in bone marrow (BM) samples were quantified by flow cytometry.
Concentrations of IL-1, IL-13, TNF-a, IFN-y, and M-CSF in BM supernatants and blood plasma were evaluated by ELISA.

Results: Concentrations of all cytokines in the blood and IL-1p, IL-13, TNF-a, M-CSF in BM supernatants as well as the
capacity of M-CSF to activate, and IL-13 to inhibit, differentiation of classical monocytes from intermediate forms—were not
dependent on the clinical form of CHD. Monocytopoiesis in ICMP was characterized by elevated BM concentration of IFN-y, low
M-CSF/IL-13 ratio, and a decreased percentage of classical and intermediate monocytes, accompanied by an increased number of
transitional cells in BM, as compared to patients without ICMP.

Conclusion: Excess of IFN-y and low M-CSF/IL-13 ratio in BM were associated with inhibition of differentiation of mature
monocyte forms and development of ICMP. (International Journal of Biomedicine. 2019;9(2):91-96.)
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Introduction

Ischemic cardiomyopathy (ICMP) remains a major issue
in modern cardiology, as pharmacological therapy for this
disease is largely ineffective, while surgical treatment often
results in a progressive cardiac remodeling. The mortality of
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patients with ICMP within 5 years after hospitalization for heart
failure reaches 42.3%."? ICMP is characterized by diffuse
myocardial ischemia (in contrast to focal ischemia found in
CHD), which results in the dilatation of the heart chambers and
cardiomegaly.®’ A key mechanism underlying development of
ICMP is the lesion of cardiac microvasculature accompanied
by endothelial dysfunction. It is speculated that this process can
be also associated with atherosclerotic lesions of small arteries,
since patients with ICMP often demonstrate atherosclerosis of
the coronary vessels, similar to patients with CHD.®
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Pathogenesis of ICMP is not fully understood,
and multiple factors are considered to be involved in the
underlying cardiac dilatation, including cellular infiltration
of the myocardium, apoptotic death of cardyomyocytes,
destruction of the interstitial matrix, proliferation of fibroblasts
and associated collagen synthesis, and viral infections.®®
Among cells present in the cardiac tissue, macrophages are
considered to be critically involved in the above mechanisms,
as well as in the processes of atherogenesis.”® Macrophages
are represented by several subpopulations that induce various
processes in damaged tissues. Their precursors, monocytes,
also show considerable functional heterogeneity. Thus, there
are classic CD14""CD16" cells specialized for phagocytosis,
intermediate CD14""CD16" monocytes that are involved in
the immune interaction with T-lymphocytes, and non-classical
CD14°CD16" cells with high affinity for the endothelium,
sometimes referred to as patrolling cells.”” The role and
origin of another monocyte subpopulation, transitional
(CD14°CD16") monocytes, remains to be fully elucidated.
They appear to participate in the initiation of immune
reactions, and either differentiate from classical monocytes or
represent their precursors.!'”

A number of studies have demonstrated that in
atherosclerosis and heart failure, subpopulation ratios of
blood monocytes and tissue macrophages undergo substantial
changes.!""'® In patients with CHD, atherosclerosis of
coronary arteries is associated with an increased content of
intermediate monocytes and a decreased number of classical
subset.”!Y In contrast, ICMP is characterized by a deficit of
non-classical monocytes in the blood, while the number of
other monocyte subtypes remains unchanged."¥ This suggests
that in ICMP patients, the process of monocyte differentiation
in BM might have considerable differences compared to CHD
patients without ICMP. Identification of patterns of humoral
regulation of monocytopoiesis in ICMP will allow for further
elucidation of the pathogenesis of this disease and, possibly,
discovery of new treatment strategies. Thus, the aim of the
present research was to study the features of the humoral
cytokine-dependent regulation of differentiation of classical,
intermediate, non-classical and transitional monocytes in BM
of CHD patients with or without ICMP.

Materials and Methods

The study included 45 male CHD patients with stable
angina (FC II-IV) and NYHA class II-III.. All patients had a
history of acute myocardial infarction and underwent coronary
bypass surgery in combination with reconstruction of the left
ventricular cavity under artificial blood circulation. CHD
patients were divided into two groups: Group 1 included 19
patients (mean age of 52.23+4.09) with ICMP (group ICMP+:
LVEF <40%, acute myocardial infarction or revascularization,
>75% stenosis of left main coronary artery or proximal left
anterior descending artery, or >75% stenosis of two or more
epicardial vessels)'¥; Group 2 included 26 patients (mean age
of 59.12+3.86) without ICMP (group ICMP-: LVEF>40%,
acute myocardial infarction or revascularization,>75% stenosis
of coronary vessels of any localization). At the preoperative

stage, both groups received similar pharmacological
treatment: antianginal therapy with long-acting nitrates, B1-
adrenergic receptor blockers, and calcium channel blockers;
hemostasis correction using antiaggregants, and correction of
lipid metabolism using statins. Premedication and induction
of anesthesia in patients from both groups was conducted
using sedative and anesthetic agents, narcotic analgesics, and
muscle relaxants (diazepam, ketamine, fentanyl, promedola,
pipecuronium) in comparable doses.

Exclusion criteria were as follows: a) autoimmune
diseases, acute phases of allergic diseases, malignancies,
hypoplastic, B12-deficient and folate-deficient anemia, chronic
infections (viral hepatitis, syphilis, HIV infection); b) pre-
operative treatment with iron-containing drugs, erythropoietin
or immunosuppressive therapy; c¢) the occurrence of acute
infectious diseases less than 3 weeks before surgery; d) patients'
refusal to participate in the study.

For all patients (in ICMP+ and ICMP- groups),
peripheral venous blood samples were collected from the
median cubital vein immediately before the operation. During
the operation, after accessing the heart by median sternotomy
and prior to establishing cardiopulmonary bypass, red BM
was collected from the sternum incision. In BM samples, the
percentages of different monocyte subsets, including classical
(CD14++CD16-), intermediate (CD14++CD16+), non-classical
(CD14+CD16+), and transitional (CD14+CD16-) monocytes,
were determined by flow cytometry using monoclonal CD14-
FITC and CDI16-PE antibodies (BD Biosciences, USA),
according to the manufacturer’s recommendations. The number
of all cells positive for CD14 was considered as 100%.

Blood plasma and BM supernatants were obtained via
centrifugation of collected samples at 200g and then stored
at -80°C. Subsequently, concentrations of cytokines, including
IL-1B, IL-13, TNF-a, IFN-y, and M-CSF were evaluated by
ELISA according to manufacturer’s recommendations (for IL-
1B, TNF-o and IFN-y - Vector-BEST, Novosibirsk, Russia; for
IL-13 - eBioscience, Austria; for M-CSF - RayBiotech, US).

The study was approved by the local ethics committee at
the Siberian State Medical University (protocol Ne5046 dated
November 28, 2016).

Statistical analysis was performed using the Statistica 6.1
software package (Stat-Soft Inc., USA). The normality of
distribution of continuous variables was tested by one-sample
Kolmogorov-Smirnov test. Non-normal variables were reported
as median (interquartile range [IQR]). Mann-Whitney U test was
used to compare means of 2 variables not normally distributed.
Spearman’s rank correlation coefficient was calculated to
measure the strength and direction of the relationship between
two variables. A probability value of P<0.05 was considered
statistically significant.

Results and Discussion

The content of transitional monocytes in BM of
patients with ICMP was higher compared to patients without
ICMP, while classical and intermediate subpopulations
were observed less frequently (Fig.1). The number of non-
classical monocytes showed a tendency to decrease in ICMP-
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and ICMP+ groups, although the difference did not reach
statistical significance. The results obtained were in line with
the previously described deficit of this monocyte subtype
in CHD, and could indicate an impairment of non-classical
monocyte generation in patients with CHD accompanied by
ICMP.M" Non-classical monocytes were shown to perform a
scavenging function via elimination of dead cells, pathogens
and oxidized lipids from vessel walls.!'® Therefore, it can be
speculated that insufficient generation of these monocytes in
atherosclerosis patients can predispose to an enhanced fixation
of lipids to the endothelium of coronary microvessels and
thereby contribute to the development of diffuse myocardial
ischemia and ICMP.(9
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Fig. 1. Subpopulations of bone marrow monocytes in CHD
patients with and without ICMP. P — between groups of patients.

In patients without ICMP, classical and intermediate
monocytes were the most abundant in BM among studied
subpopulations, while in patients with ICMP, transient
monocytes were predominant (Fig.1). In both groups, a
negative correlation between percentages of transitional and
classical cells was observed (r=-0.69; P<0.01 and r=-0.72;
P<0.01 in ICMP+ and ICMP- groups of patients, respectively).
Additionally, in patients with ICMP, the number of transitional
monocytes inversely correlated with the percentage of
intermediate cells (r=-0.54; P<0.05). These results allow us to
speculate that transitional monocytes represent the precursors
for maturation of classical and intermediate cells, rather than
their derivatives. Evidently, this process is impaired in ICMP,
and mature forms of monocytes in BM are not sufficiently
generated. Differentiation of non-classical monocytes
apparently occurs outside BM, since the level of these cells
in both groups (ICMP+ and ICMP-) of patients with CHD
did not correlate with the percentage of other monocyte
subpopulations. Generally, considering that atherosclerotic
lesions of coronary arteries are observed both in CHD without
ICMP and with ICMP,® the differences in the monocyte
subpopulation ratio in BM of patients with ICMP relative
to patients without ICMP can be viewed as a dysfunction of
monocytopoiesis in the setting of atherosclerosis.

Concentrations of IL-1f, IL-13, TNF-a, and M-CSF in
blood plasma and BM supernatants did not differ significantly
between the studied groups. At the same time, we observed a

multifold increase in the BM level of IFN-y in patients with
ICMP compared to patients without ICMP (Table 1). Generally,
potential sources of IFN-y include T helper lymphocytes type
1 (Thl), cytotoxic T lymphocytes, natural killer cells and
sometimes regulatory T cells (Treg), which are present in
various tissues, evidently including myeloid tissue.!'” Bansal
and colleagues recently demonstrated that development of ICMP
is associated with expansion of Treg lymphocytes expressing
IFN-y in an experimental murine model."® This process
could be linked to tissue hypoxia characteristic for ICMP,
specifically to the associated production of hypoxia-inducible
factors (HIF). During chronic hypoxia, HIF synthesis switches
from HIF-1 to HIF-2. As shown previously, a predominance
of HIF-2 not only initiates a long-term adaptation to hypoxic
condition (by activating angiogenesis, tissue remodeling, etc.),
but also contributes to immunosuppression,'*?” as a deficit
of HIF-1 in lymphocytes disinhibits differentiation of Foxp3*
regulatory T cells.?" Collectively, it can be speculated that the
dysregulation of monocytopoiesis observed in patients with
ICMP could be induced by an excessive medullary production
of IFN-y, potentially derived from Treg lymphocytes. IFN-y
was shown to exert antimitotic and pro-apoptotic effects toward
hematopoietic stem cells.?? It is plausible that [IFN-y may also
inhibit the differentiation of mature classical and intermediate
monocytes, which would explain the observed association of
a high medullary concentration of IFN-y with a low content of
these cells in BM of patients with ICMP (Fig. 1, Table 1). As for
the remaining BM cytokines, in patients with ICMP there was
a tendency toward an increase in the content of IL-1f, IL-13,
TNF-a and a decrease in the concentration of M-CSF relative to
their BM levels in patients without ICMP (Table 1).

Table 1.

Concentrations of cytokines in the bone marrow and in the blood of
CHD patients with and without ICMP, Me [Q - O.]

) CHD patients CHD patients
Concentrations without ICMP with ICMP
of cytokines
Bone marrow| Blood |Bone marrow| Blood
2.06 2.93
IL-1pB, pg/ml 5.00 [0.35; 2.74] 8.73 [0.04: 3.65]
[2.80; 24.56] P]<b.05 [4.70; 18.45] P]<7O.Ol
IL-13, pg/ml 1.00 0.60 1.22 0.82
[0.80; 1.23] [[0.41; 0.82]| [0.80; 2.41] [[0.40; 0.95]
1.16 2.08
TNF-0, pg/ml 10.80 . 18.06 .
: [0.90; 1.82] ; [1.04; 3.60]
[9.90; 21.84] P <0.001 [14.15; 19.40] P .<0.001
0.02 10.00
IFN-y, pg/ml [0; 0 5] 0 [0.65; 18.23] 0
> P,<0.01
M-CSF.pg/mll 716 | o4 | 322 2.00
[3.45; 16.33] I.D]<’()‘(.)1 [1.20; 8.04] [[1.21; 3.24]
M-CSF/IL-13| 9.0 o | oarizen | -
ratio [2.13;22.09] 1‘,,2<’0.(‘)5

P, — between cytokine concentration in blood and in bone marrow
supernatants, P,— compared to CHD patients without ICMP.
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Interestingly, despite a significant increase in medullary
concentration of IFN-y in patients with ICMP, its level was
not directly associated with the percentage of individual
monocyte subpopulations in BM. Apparently, IFN-y influences
monocytopoiesis indirectly, which is further substantiated by
the observed correlations between the concentration of M-CSF,
a specific inducer of monocytopoiesis,* and levels of IFN-y
and other medullary cytokines. Concentrations of M-CSF
in BM of patients without ICMP correlated positively to the
levels of IL-1B (r=0.62; P<0.01), TNF-a (r=0.60; P<0.01),
and IFN-y (r=0.72; P<0.05). In patients with ICMP, however,
these associations were not observed, although the M-CSF
level correlated to the BM content of IL-13 (r = 0.72; P<0.01).
Taking into account the data on medullary concentration of
studied cytokines and the results of correlation analysis, we can
conclude that in CHD patients without ICMP, relatively low
medullary levels of IL-13, TNF-a, and IFN-y (as compared to
ICMP+ group of patients) are associated with hypersecretion of
M-CSF (almost a two-fold increase compared to patients with
ICMP) (Table 1). Such reciprocal changes could be explained
by the mutually potentiating effects of these cytokines on
the synthesis of M-CSF. Apparently, a high medullary level
of IFN-y in patients with ICMP promotes dissociation of
the effects of M-CSF secretion inducers. Thus, an excess of
IFN-y appears to indirectly downregulate the differentiation
of classical and intermediate monocytes in BM by affecting
cytokine-dependent regulation of M-CSF production.

There were no associations between medullary
concentrations of cytokines and the percentage of different
monocyte subpopulations in BM within ICMP+ and ICMP-
groups of patients. Consequently, correlation analysis of these
parameters was performed in a pooled sample consisting of
all patients with myocardial ischemia, irrespective of the
presence or absence of ICMP. In this sample, the medullary
concentration of IL-13 correlated positively with the number
of transitional monocytes (r=0.60; P<0.05) and negatively
with the percentage of classical cells (r=-0.53; P<0.05). In
contrast, M-CSF level was negatively associated with the
content of transitional monocytes (r=-0.52; P<0.05) and
positively associated with the number of classical monocytes
(r=0.52; P<0.05). These data, together with the observed
correlations among various subpopulations of BM monocytes,
allow us to speculate that M-CSF promotes BM differentiation
of transitional monocytes into classical cells, while IL-13
inhibits this process.

Despite a putative role of M-CSF and IL-13 in generation
of different monocyte subsets, levels of these cytokines in
BM did not differ significantly between CHD patients with
and without ICMP. However, the medullary content in both
ICMP+ and ICMP- groups of patients showed contrasting
tendencies. Considering this fact, as well as opposite effects of
M-CSF and IL-13 on generation of monocyte subpopulations,
as observed in the study, we used M-CSF/IL-13 coefficient
as a parameter reflecting the ratio of medullary concentration
of cytokines with antagonistic effects on monocytopoiesis. It
was found that in CHD patients without ICMP, the M-CSF/
IL-13 ratio was nine times higher compared to patients with
ICMP (Table 1). This allows us to consider the M-CSF/IL-

13 coefficient as an indicator parameter for the regulation
of monocytopoiesis, as well as an additional (together with
IFN-vy) indicator of BM cytokine profile, which differs reliably
between CHD patients with and without ICMP.

In order to delineate local and distant cytokine-dependent
mechanisms of monocytopoiesis regulation, a comparative
analysis of the concentrations of studied cytokines in BM and
in the blood was performed. It was shown that in both groups
of patients with CHD, concentrations of IL-1$ and TNF-a in
BM were higher than in the blood, while medullary and plasma
levels of IL-13 were comparable (Table 1). In patients without
ICMP, the medullary concentration of M-CSF exceeded its
plasma level; IFN-y was present in a very low concentration in
BM, and was not detected in the blood. In contrast, in patients
with ICMP, medullary and plasma levels of M-CSF did not
differ, while BM concentration of IFN-y was higher compared
to patients without ICMP (Table 1). No statistically significant
difference was observed in the plasma concentrations of IL-1f3,
IL-13, TNF-a, IFN-y, and M-CSF between CHD patients with
and without ICMP (Table 1), which indicates the inexpediency
of differentiating ICMP+ and ICMP- CHD based on the
plasma levels of these cytokines.

To further investigate cytokine-dependent regulation
of monocytopoiesis, we searched for correlations between
medullary concentration and plasma levels of IL-1f3, IL-
13, TNF-a, IFN-y, and M-CSF in the pooled sample of
patients, which proved to be more informative. It was found
that the level of IL-13 in BM positively correlated with its
concentration in the blood (r=0.78, P<0.001), while no similar
associations were identified for IL-1p, TNF-a, or M-CSF.
Taken together, the results of comparative and correlation
analysis of medullary and plasma cytokine levels indicate that
IL-13 represent a distant factor of monocytopoiesis regardless
of the clinical form of chronic myocardial ischemia, as
its concentrations in BM and blood were comparable and
interconnected (Table 1). IL-1$ and TNF-a, on the other hand,
seem to exert a local regulatory effect on monocytopoiesis,
since their medullary levels exceeded and were not associated
with their plasma concentrations in both groups of patients
(Table 1). At the same time, some differences were observed
between the studied groups regarding the role of M-CSF
and IFN-y. Thus, in CHD patients without ICMP, M-CSF
apparently functions as a local factor of hemopoiesis (as its
medullar concentration was higher than its plasma level),
while IFN-y presumably does not have a considerable effect on
monocytopoiesis due to an extremely low concentration of the
cytokine in BM. In contrast, in patients with ICMP, M-CSF can
be considered a distant hemopoietin (as its plasma and bone
marrow levels were comparable, Table 1), while IFN-y can
be viewed as a local factor of hematopoiesis. Supposedly, in
CHD patients with ICMP, bone marrow-derived IFN-y could
restrain an activating effect of M-CSF on the differentiation
of transitional monocytes into classical and intermediate cells.
The local influence of IFN-y on monocytopoiesis in ICMP
indicates that it is not feasible to control its medullary level
through modulation of plasma concentration of the cytokine.
At the same time, M-CSF and IL-13, which realize a distant
mechanism of monocytopoiesis regulation in patients with
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ICMP, can be considered as potential molecular targets
for correction of the monocyte differentiation process
via modulating levels of these cytokines in the blood.
Demonstrated patterns could open new perspectives on
cytokine (or anti-cytokine) therapy for ICMP, thus improving
the effectiveness of otherwise largely ineffective treatments
for this condition.

Taken together, the current study shows that
development of ICMP in patients with CHD is associated
with impairment of BM differentiation of classical and
intermediate monocytes, accompanied by local hypersecretion
of IFN-y and a decreased ratio of distant hemopoietins
M-CSF/IL-13 in BM (as compared with patients without
ICMP). Dysregulation of monocytopoiesis in ICMP underlies
the suppression of differentiation of mature monocyte subsets,
which could affect the subpopulation constitution of blood
monocytes and contribute to diffuse atherosclerosis with the
development of ICMP. Targeted regulation of these processes
through modulation of M-CSF and IL-13 plasma levels could
represent a potential treatment modality of therapy for ICMP.

Conclusions:

In CHD patients with ICMP, percentages of classical
and intermediate monocyte subpopulations in BM were lower,
while the number of transitional cells and concentration of
IFN-y (as a local factor of monocytopoiesis regulation) were
higher compared to CHD patients without ICMP. Plasma and
medullary levels of IL-1f, IL-13, TNF-a, and M-CSF in chronic
myocardial ischemia did not depend on its clinical form.

M-CSF activates, while IL-13 inhibits, BM
differentiation of classical monocytes from transitional cells.
A high M-CSF/IL-13 ratio in CHD patients without ICMP
was associated with efficient generation of mature forms of
monocytes. A decreased M-CSF/IL-13 ratio in CHD patients
with ICMP was associated with dysregulation of this process.

IL-13 realizes distant, while IL-1p and TNF-a realize
local, mechanisms of monocytopoiesis, irrespective of
the clinical form of myocardial ischemia. M-CSF in CHD
without ICMP exerts a local regulatory effect on monocyte
differentiation. In CHD with ICMP, in contrast, M-CSF can be
considered a distant hemopoietin.
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