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Abstract

The spleen is one of the main reservoirs of monocytes, the leading cells of the post-infarction inflammatory response.

Aim: To assess features of splenic macrophage infiltration, its dynamics and correlations with myocardial macrophage
infiltration and an adverse course of the myocardial infarction (Ml)

Material and Methods. The macrophage composition of spleen and myocardium sections of patients (n = 30) with fatal Ml and
persons from the control group without cardiovascular disease (n = 5) was assessed by immunohistochemistry.

Results and conclusion. All investigated cells, as CD68+, CD163+, CD206+, and stabilin-1+ were represented in the spleen
regardless of the presence of MI. Their number in spleen in patients with MI remained consistently high regardless of the
period of MI, and was accompanied by an increased number of such cells in the infarction area of myocardium. CD68+,
CD163+ and stabilin-1+ cells predominated in the red pulp in patients with fatal M, its number many fold exceeded that in the
control group and that in the white pulp and in the infarction area of myocardium. In the white pulp of patients with fatal Ml, the
number of CD68+ cells predominated, in persons from the control group — CD163+. We revealed only one cell types whose
content in the spleen in the control group was higher than in individuals with fatal Ml — CD206+in the red pulp. Low content of
CD206+ cells in the red and white pulp of the spleen characterized patients with a fatal outcome of MI.
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AHHOTOULMA

CeneseHka CryXuT OOHUM M3 OCHOBHbIX pe3epByapOB MOHOLUMTOB — BeAYLLMX KIETOK MOCTUH(APKTHOW BOCManuUTernsHOM
peakuumm.

Llenb: oueHWTb 0COGEHHOCTM MakpodaranbHON MHPUNETPALIMKU CENE3EHKM, ee AUHAMMUKY U B3aUMOCBSA3b C MakpodararnbHoW
WHUNETpaUuen Muokapaa v HebnaronpusiTHelM Te4eHnem nHgpapkta mmokapaa (MM).

Martepuan 1 metoabl. MakpodaranbHbli cocTaB cene3eHkM u muokapga 6omnbHbIx (n = 30) ¢ datanbHbiM UM v nny 13
KOHTpOInbHOM rpynnbl 6e3 cepae4HoO-cocyancTbIX 3aboneBaHuii (n = 5) oueHMBanNu ¢ NOMOLLLI0 UMMYHOTUCTOXMMUYECKOTO
nccneaoBaHus.

Pe3ynbraTthbl M BbiBOAbI. BbISBNEHO NpUcyTCTBME B CENE3EHKE BCEX MCCMNeayeMbIX TUMOB KINEeToK MakpodaranbHoro psaaa —
CD68+, CD163+, CD206+, ctabunuH-1+, He3aBUCMO OT Hannuusi MHdapkTa. Konnyectso Bcex MccrneayemMblixX B CeneseHke
KneTok y 6onbHbIXx MMM ocTaBanocb NOBbILLEHHBIM, HE3AaBMCMMO OT Nepuofa MHdapkTa, Hapsay (CNMTHO) C BbICOKMM codep-
XKaHWeM KNneToK AaHHbIX (EHOTUMNOB B MH(PapKTHONM 30He M1okapaa. Y 6onbHbIX ¢ dhaTtanbHbIM MM B KpacHol nynbne npeob-
naganu CD68+, CD163+ 1 ctabunumH-1+ KNeTku, nx KonM4ecTBO BO MHOTO pa3 NpeBbILLANno TakoBOE B KOHTPONbHOW rpynne,
a Takke B Oenoi nynbne u B UHGAPKTHOW 30He Muokapga. B 6enoi nynbne y 6onbHbIX ¢ hataneHeiM MIM npeobnagano
konuyecTBo knetok CD68+, y nuu, koHTponbHou rpynnel — CD163+. EAMHCTBEHHBIN TN KNETOK, COAEpKaHne KOTOporo B ce-
ne3eHKe y Nn1L, U3 KOHTPOIbLHOW rpynmnbl Npeobnagano Hag TakoBbiM y nuuy, ¢ daTtanbHbiM M, — CD206+ B kpacHow nynbene.
Hu3skoe copepxaHne CD206+ kneTok B KpacHOM 1 Gernoi nyrnbne ceneseHkn 6bino xapakTepHo Ans 60nbHbIX ¢ daTanbHbIM
mnexogom VM.

KnioueBble cnoBa: BocnaneHue; VIH(bapKT MUoKapaa; ceneseHka, MaKpOCbaFM.
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Introduction

Myocardial infarction (MI) continues to be a disease
that takes a heavy toll on lives and disables the population
throughout the world [1]. Inflammation is generally
considered as a universal link in the pathogenesis of such
key post-infarction processes as damage, repair and

subsequent regeneration of myocardial tissues [2]. The
early post-infarction period is marked by active recruitment
of neutrophils and monocytes (macrophage precursors) from
their physiological depots (bone marrow and spleen) to the
myocardium infarction area [3]. Timely and synchronous
recruitment of inflammatory monocytes to the infarction area
enhances adequate myocardial regeneration and, on the
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contrary, prevents the protracted inflammatory response [4],
which can cause adverse heart remodeling and subsequent
formation and progression of post-infarction heart failure
(HF). Experimental animal studies indicated that continuous
neurohumoral activation of the cardiosplenic axis under
ischemic conditions stimulates excessive mobilization of pro-
inflammatory monocytes in the spleen with their subsequent
migration to myocardial tissues and induces the transition
to chronic myocardial inflammation [5]. Other data obtained
indicated that splenectomy increases fatal outcomes in
patients with MI [6]. The ambivalence in the heart-spleen
relationship is still debatable [7]. A number of data indicated
that the red pulp (RP) of the spleen is responsible for
the filtration function, and changes in the macrophage
composition in the white pulp (WP) reflect the processes
of immunogenesis occurring in the body in response to
myocardial ischemia in rodents [2, 7]. Clinical data are
limited, a single study analyzed the number of monocytes
in the spleen and myocardium in patients with fatal MI,
but it involved only 19 patients, and analyzed exclusively
monocytes in splenic and cardiac tissue [8]. No data are
available on the change in the macrophage composition of
various functional areas of the spleen for different Ml periods;
correlations between changes in the splenic macrophage
composition and clinical and anamnestic characteristics in Ml
patients have not been determined. Our study attempted to
assess features of splenic macrophage infiltration, including
various functional areas of the spleen, its dynamics and its
correlation with myocardial macrophage infiltration and an
adverse course of the disease in patients with fatal MI.

Material and Methods
Clinical and anamnestic data

This study included patients with fatal type 1 MIl. The
exclusion criteria were type II-V MI and patients with
oncological diseases, infectious complications (sepsis,
pneumonia), and valvular defects requiring surgery. The
study used spleen fragments from the group of patients
(n = 30) taken during autopsy; the zones of the WP and
RP were analyzed. In addition, myocardium fragments
were taken from both the infarct area (IA) and peri-IA, and
from the myocardial remote IA (non-lA). The control group
consisted of 5 people who died from injuries incompatible
with life and without cardiovascular diseases (age from 18 to
55 years). The study was approved by the Biomedical Ethics
Committee and was conducted in accordance with the
principles stated in the Declaration of Helsinki. Pathological
anatomical autopsy was performed in accordance with the
order of the Ministry of Health of the Russian Federation as
of June 6, 2013 No. 354n. Written informed consent was
not obtained from the patients, which did not contradict
the principles for conducting the study in accordance with
the ethical principles stated in the Declaration of Helsinki
(‘informed consent’, para. 32).

The material intended for subsequent histological
examination was first fixed in 10% buffered formalin and
then prepared by the conventional method using a Thermo
Scientific Excelsior AS (Thermo Fisher Scientific, USA). After
that, the material was fixed in paraffin using a Tissue-Tek®
TEC™ 6 embedding console system (Sakura, Japan).

The main clinical and anamnestic data of the study
sample were reported in our studies into the morphometric
characteristics of the spleen in patients with fatal Ml [9].
The time from the onset of the disease to admission to the

hospital was 180 min (120-720 min.). It should be noted that
50% of patients from the study group had a history of HF, and
a half of Ml cases were recurrent. The most common cause
of death was cardiogenic shock; other reasons were cardiac
rupture and arrhythmogenic shock. In the analysis, the data
on patients with fatal Ml who died within the first 3 days from
the onset of MI (Group 1) were compared with the data on
patients who died from day 4 to day 28 (Group 2). This study
was funded by Russian Science Foundation, project number
21-75-00025.

Immunohistochemical study

Using a HM 355S rotary microtome (Thermo Fisher
Scientific, USA), we prepared sections of the spleen and
myocardium for subsequent immunohistochemical studies:
10 sections of spleen fragments from each block and 20
sections of the myocardium. After that, the material was
applied onto poly (L-lysine) coated glasses, two sections
per glass. Macrophage infiltration in the spleen and
myocardium was assessed by two independent researchers
via immunohistochemistry conducted using an automatic
immunostainer (Leica Bond-Max, Germany). For macrophage
immunophenotyping we used mouse monoclonal antibodies
to detect the common macrophage marker CD68 (Cell
Marque, dilution 1:500, clone Kp-1), antibodies to the M2
macrophage marker CD163 (Cell Marque, dilution 1:50, clone
10D6), and CD206 (Santa Cruz, dilution 1:100, clone C-10),
and antibodies to the M2 macrophage marker synthesized
at the Department of Innate Immunity and Tolerance,
Institute for Transfusion and Clinical Immunology, University
of Heidelberg, Mannheim, Germany — stabilin-1 (dilution
1:1000) [10].

The studied markers were visualized using a set of
reagents for Bond Polymer Refine Detection (Great Britain).
Immunohistochemical staining was performed in accordance
with the standard protocol [10]. Two independent researchers
counted cells in the spleen and the myocardium in 10
randomly chosen fields of view (40x objective) using a Zeiss
Axio Imager M2 bright field microscope.

Statistics

The statistical package STATISTICA 12.0 was used for
data processing. Using the Shapiro-Wilk test, the normality of
quantitative data was checked. When describing quantitative
indicators that did not have a normal distribution, the median
(Me) and interquartile range (Q71; Q3) were used. Frequencies
and percentages were used to describe categorical indicators.
To compare quantitative indicators in independent groups,
the Mann-Whitney test was used. Correlations between
the number of cells and clinical and anamnestic data were
identified using the Spearman correlation coefficient. The
value of r (rank correlation coefficient) from 0.4 to 0.7 showed
a moderate correlation. Testing of statistical hypotheses was
carried out at the level of significance p = 0.05.

Results

The macrophage composition of the RP and WP in
patients with fatal Ml is presented in Table 1 and compared
with the macrophage composition of the myocardium.

It should be noted that the number of cells in the RP and
WP did not change from the early period of Ml to the late
one, which is not the case for myocardial cells, since their
number in the myocardium increased by the late follow-up
period (Table 1).
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Table 1. Comparison of macrophages in the white and red pulp of the spleen and myocardium in patients with fatal myocardial

infarction depending on the period of the infarction (n = 30)

Tabnuua 1. CpaBHeHve makpodaros 6emnon n KpacHom Nynbnbl CENe3eHkn, Mrokapaa y 60MbHbIX ¢ paTtanbHbIM MHapKTOM MUOKap-

[a B 3aBUCMMOCTU OT nepuoga nHdapkra (n = 30)

Parameters (cells) All patients Group 1 Group 2
MokasaTeny (KneTku) Bee nauveHTe! lpynma 1 - Mpynna 2 p
Me (Q;; Q,), n=30 Me (Q,; Q,), n=17 Me (Q;; Q,),n=13
.. gg‘;ggf(gg;% T B 29(17 56) .............. 23 .(.1 455) ............... 29 ( 2056) .............. 04 ........
gg?ggﬁ%?& R0 906 (661; 1101) 971 (813; 1148) 724 (652; 1074) 04
ggrf éasic(;ngf A 460 (62; 846) 82 (34; 285) 697 (545; 982)* 0,002
ggr1d Eigi(zrli:p?iljli(geﬁ-lA) 82 (49; 135) 62 (42;78) 154 (85; 232)* 0,008
ggrf é%i%?;%: (ron %) 66 (45, 93) 70 (45; 87) 95 (61; 141) 05
2‘5’22‘5 (%%?8+ e 312 (260; 348) 334 (286; 336) 312 (256; 360) 08
ggggif(?(ﬁ?& (RP) 898 (807; 1049) 884 (792; 1052) 912 (818; 1046) 0,9
gg%i;c(ag)sm (1A) 106 (56; 376) 59 (52; 95) 376 (136; 634)* 0,0001
gggéic(gzﬁageri'm) 78 (44; 154) 48 (36; 83) 154 (85; 232)* 0,006
ggrg;c(ﬁg%; (on-A) 67 (38; 115) 44 (33; 75) 95 (61; 141)* 0,04
cszgggigfigﬁ?& e 2(1:9) 2(2;5) 2(1;6) 08
2‘333;0(%())& ") 11(9;19) 15 (10; 20) 11(9; 16) 0,4
860%66‘1((:355 or (A 31 (12; 106) 21 (12; 43) 99 (31; 249)* 0,003
8g?ci)a6i%?e2p?$$eri4/\) 24(12,41) 16 (11; 29) 36 (15; 43) 02
g%'é’é%i‘ffﬁ% (non1A) 15 (4; 33) 16 (5; 36) 14 (4; 16) 02
g?féui;iﬂ”rzgg)(wp) 59 (40; 123) 108 (54; 140) 56 (40; 64) 0.4
ggfgﬁjﬂwkﬁ)(RP) 811 (531; 966) 898 (561; 934) 776 (492; 990) 07
g:;%ljﬁ:;af ﬂl?vg) " 1,5(0; 102) 0(0; 1) 126 (42; 216)* 0,0003
gfgéljﬁms;af Ei?é;;fﬁgim) 1(0:13) 0(0;2) 24 (1, 70) 0,02
gfé‘ﬁﬁﬁfff -:-lI?H;+V|(§;) i 0(0:39) 0(0;0) 0(0; 13) 02

Note: WP — white pulp of the spleen, IA — infarction area, Me — median, RP — red pulp of the spleen. * — significant differences between

Groups 1 and 2.

Mpumeyanwne: BIN — 6enas nynbna, N3 — nHdapkTHasa 3oHa muokapaa, KIM — kpacHasi nynbna. * — cTaTUCTUYECKUN 3HAaYUMble pasnuyums

mexay rpynnamu 1 m 2.

Then we compared the number of cells in the myocardium
and spleen in individuals with fatal MI and in individuals from
the control group (Fig. 1).

In both groups, the number of all studied cells in RP
was higher than in WP (p < 0.05) (Fig. 1). The groups were
comparable in terms of the level of CD206+ and CD163+
cells in WP, and CD206+ and stabilin-1+ cells in myocardium
(Fig. 1). In WP in patients with MI, the number of CD68+
and stabilin-1+ cells was higher than in the control group.
In RP the number of all cells in patients with fatal Ml was
higher than in the control group, however, only the content
of CD206+ cells was significantly lower (Fig. 1). The number
of all the studied cells was higher in the RP in control group

than in patients with fatal MI; but the number of CD206+ cells
in the myocardium was significantly higher than that in the
spleen (Fig. 1 a, b).

The number of CD68+ and CD163+ cells was higher over
the number of other investigated cells in the IA of myocardium
(Figure 1a); in the control group the number of CD163+ cells
dominated (Fig. 1b) (p < 0.05). The number of CD68+ cells
and the number of stabilin-1+ cells in the |A of myocardium
was comparable to their number in the WP; the number of
CD163+ and CD206+ cells was higher in the IA, peri-lIA and
non-lA of myocardium; their number was comparable to that in
the WP (Table 1, Fig. 1a). In the control group all types of cells
were comparable with their number in myocardium (Fig. 1b).
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Fig. 1. The collation of cells in the spleen and in the
myocardium a) in patients with fatal Ml, b) in control group

Note: ** — significant difference compared to the cells in
RP of the spleen, *** — significant difference compared to
the cells in WP of the spleen. Abbreviations: |A — infarct
area, Me — median, RP - red pulp of the spleen, WP —
white pulp of the spleen.
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The greatest number of correlations with clinical data in
patients with Ml was found for CD163+ and stabilin-1+ cells
in the WP and for CD68+ cells in the RP. The correlations
were multidirectional (Fig. 2). The greatest number of
correlations with investigated cells in the myocardium was
obtained for CD206+ and CD163+ cells in the spleen (Fig.
2). The correlations were also multidirectional and depended
on the functional area of the spleen: negative correlations
were characteristic of the RP, and positive ones were typical
of the WP. In the control group, a correlation was also found
between the level of CD206+ cells in the myocardium and in
the WP, but the correlation was negative (r=-0.9, p = 0.003).

Discussion

The spleen is one of the most vital peripheral organs
of human immunogenesis, and it serves as a reservoir for
monocytes involved in both immunogenesis and utilization
of erythrocytes, phagocytosis of pathogens [11]. Animal
experiments showed that under myocardial ischemia, the
spleen functions as one of the main physiological depots
of monocytes, which are actively involved in both post-
infarction inflammation and regeneration in the myocardium
[7]. An abnormal prolongated inflammatory response and
an inadequate regenerative phase, associated under
experimental and clinical conditions with an unfavorable

3eHKe U M1okapae a) y 6onbHbIX ¢ haTanbHbIM UHdap-
KTOM MUoKapaa, 6) B KOHTPOMNbHOW rpynne

MpymeyaHue: ** — cTaTUCTUYECKN 3HAYUMbIE PA3NUNYMS C
KONMYeCTBOM KIeToK Toro xe cpeHoTmna B KN ceneseHky,
*** — B BIN ceneseHkn. CokpalyeHus: U3 — nHgpapkTHas
30Ha, Me — meaunaHa, K — kpacHas nynbna ceneseHku,
Bl — 6enas nynbna ceneseHku.

prognosis, are due to untimely, uncoordinated migration of
leukocytes and monocytes into the heart tissue along with
the uncoordinated activity of these cells in the myocardial
tissue [12].

The macrophage composition of the spleen is represented
by a wide variety of cells with different phenotypes, and their
spectrum depends on the environment and physiological
conditions [11]. Our data confirm that the spleen hosts
numerous cell phenotypes. All the studied macrophages
were found in different amounts in the RP and WP in patients
with fatal MI, as in patients from control group. The spleen
structure includes two zones that are different in their
composition and functions — the RP and WP separated by
the marginal zone [13]. RP makes up to 70% of the organ
mass and is responsible for maintaining blood homeostasis
through active destruction of damaged and aging erythrocytes
and their subsequent phagocytosis [14]. We found that the
number of all cell types in the RP was significantly higher than
their number in the WP. These data were obtained for the first
time, since neither experimental nor clinical comprehensive
comparison was performed for the quantitative content of the
macrophage spectrum, including both M1 and M2 types. The
available experimental data provide estimates of the content
of either one of the macrophage phenotypes or the content of
macrophage precursors, monocytes [8].
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il 0.45 0.00 017 032 0.09 004 0.46
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Fig. 2. Correlations between the number of cells in the spleen and with the number of cells in the myocardium and clinical data in patients with fatal

myocardial infarction

Note: red — r > 0.5, blue —r from 0.5 to —0.5, dark blue — r <—0.5 (p > 0.05). Abbreviations: IA — infarct area, HF — heart failure, LV — left ventricular, RP — red

pulp of the spleen, WP — white pulp of the spleen.

Puc. 2. Koppensiunm mexay KonM4ecTBOM KIeToK MakpodaranbHOro psaa B ceneseHke U Mnokapae, a Takke C KIMHUYECKUMM AaHHbIMU Y B0MbHbIX ¢ da-

TanbHbIM HGAPKTOM MUOKapAa

Mpumevanue: kpacHbl — r > 0,5, rony6oii — r ot 0,5 o —0,5, cuHuii — r < -0,5 (p > 0,05). CokpaiyeHusi: U3 — nHdpapkTHaa 3oHa, CH — cepaeyHas HegocTa-
TOYHOCTb, JIK — neBbii xenynouek, KIN — kpacHas nynbna cenesexku, BN — 6enas nynbna ceneseHku.

The most common macrophage phenotype in the RP is
CD163+ cells, which are actively involved in phagocytosis of
aging erythrocytes and iron metabolism products [11]. Similar
data were obtained for our samples — from control group
and in patients with fatal MI. Yet, the sample of spleen in
patients with M| exhibited not only a high number of CD163+
cells, but also a high number of CD68+ and stabilin-1+ cells,
which is probably due to the splenic filtration function. As it
is known, from 15 to 20% of the blood volume pass through
the RP of the spleen every minute, and an extensive arterial
network promotes the accumulation of approximately 15%
of lymphocytes in this zone [15]. A high nhumber of CD68+
cells in the marginal zone of the RP was described earlier
[16], and it is comparable with our results, as we considered
the marginal zone as part of the RP. Since CD68+ antigens
can be expressed both on the macrophage surface and

on the monocyte surface [17], their increased number in
the RP may be due to the fact that the inflammation focus
in the myocardium induces the recruitment of these cells.
The number of stabilin-1+ cells in the spleen in MI patients
and its time-dependent dynamics has not been previously
reported. Extensive histological studies showed that tissue
macrophages and sinusoidal endothelial cells express
stabilin-1 in a healthy organism. The expression of stabilin-1
both on macrophages and on various subtypes of endothelial
cells is induced during chronic inflammation and oncogenesis
[18]. Ahigh number of stabilin-1+ cells in the RP in patients with
fatal Ml is likely due to the persisting prolonged inflammation,
which causes an unfavorable outcome in patients. The
increased number of CD68+, CD163+ and stabilin-1+ cells
in the RP of MI patients confirms that filtration is the main
function of this splenic zone.
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Interestingly, the number of CD206+ cells in the WP and
in the RP in patients with Ml was minimal, while the reduced
number of these cells in the kidneys of MI patients was
associated with an unfavorable outcome [19], which may be
due to the fact that this group of cells is of a tissue origin and
has the most pronounced anti-inflammatory effect. It should
also be noted that a low number of CD206+ cells in the WP
was associated with their low number in the myocardium,
which may indirectly indicate an unfavorable outcome in
MI patients due to inadequate immunogenesis and low
performance of M2 macrophages caused by their depletion.
The presence of an inverse relationship between the number
of these cells in the myocardium and the WP of the spleen in
individuals from the control group probably also confirms this
assumption.

The WP is composed of lymphoid follicles with germinal
centers and periarteriolar lymphoid sheathes that indicates
the processes of immunogenesis initiated by antigens
transported to the lesion site by blood circulation [11]. In
this regard, the processes of immunogenesis occurring in
the spleen are most likely to reflect the immune response
in the myocardium. The number of all the studied cells in
the WP was significantly lower than that in the RP; however,
the number of some cells, such as CD68+ and stabilin-1+,
was comparable to their number in the infarction area of
myocardium, which probably confirms the fact that changes
in the WP indicate immunogenesis. The prevalence of
CD68+ cells in the WP is comparable with the experimental
data obtained earlier [17]. It is known that WP macrophages
with the F4/80-, CD68+ phenotype perform the clearance
of apoptotic B- and T-lymphocytes [20]. CD68+ are M1
macrophages that indicate the inflammatory response,
and therefore, a prolonged inflammatory phase in our
sample probably determines such content of this cell type
and an unfavorable course of the disease, which triggers
MI complications and unfavorable outcome in patients. In
addition, the increased number of all the studied cell types
in the myocardium and their stable content in the spleen
may indicate the results similar to the experimental ones,
which implies that continuous stimulation of the spleen
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