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Pesome. B mmocienHme Toabl MCClIeNOBaHUS BBISIBIUINA OOJIBIIIOE pa3HOoOOpa3re (YHKIUI 3pUTPOUTHBIX
KJIETOK, B TOM YMCJI€ B MOIYJISIIINY BPOXKICHHOTO U aIalITUBHOTO UMMYHHOTI'O OTBeTa. AHEMUYCSCKUI VTN T -
TMOKCUYECKUIA CTPECC CTUMYIUPYET (DU3UOJTOTMUECKUIA OTBET B BUIE CTPECCOBOIO 3PUTPOII033a, HallpaBJIeH-
HOTO Ha yBeJIMYeHUE JOCTaBKW KMCIOpoaa K TKaHsIM. [Tpu cTpeccoBOM 3pUTPOIT033€ aKTUBUPYIOTCST KIIETKH -
TNPEIIIeCTBEHHUKNA M MCIIOJIB3YIOTCS MEXaHU3MbI, KOTOPBIC OTIMYAIOTCS OT CTAallMOHAPHOTO 3PUTPOIT033a
KOCTHOI'0 Mo3ra. Jisi pacCMOTPEeHUS POJIM SPUTPOUIHBIX KJIETOK B PErYJISLIMM IeMOIT033a ObLIM CMOJICIIU -
pPOBaHbI T€MOIM033-aKTUBUPYIOIINE COCTOSTHUS: XMMHWYECKU WHAYIIMPOBAaHHAs TeMOJIMTUYECKass aHEeMMUs,
ocTpast KpOBOITOTepsl, TUITOKCcHsI. Ceprio SKCIIepUMEHTOB IIPOBOIMIN HAa MBIIIAaX-THOPUIAX TISPBOTO ITOKO-
snenuss CBA C57BI6. BoineneHne 3puTpOUMIHBIX KJIETOK ITPOBOIMIIN C ITOMOIIBIO MATHUTHOM cernapaiunu 1o
mapkepy CD71. Ctaguu auddepeHIMPOBKU 3pUTPOUTHBIX KJIETOK OMPEIesiIv M0 COUETAaHUIO DKCIIPECCUN
mapkepoB TER-119, CD71 u napaMeTpoB NpsIMOTO CBeTOpaccesiHUs B mony s kak CD45-n03UTUBHBIX,
Tak 1 CD45-HeraTUBHBIX KJIETOK cejie3eHKU. 1T M3ydeHnsT MMMYHOPETYJIITOPHOW aKTUBHOCTU 3PUTPO-
MIHBIX KJIETOK Mbl UCCJIEIOBAIM OIOCPEAOBAHHYIO IIUTOTOKCUYHOCTD CIUIEHOLIMTOB MPOTUB OITYyXOJIEBBIX
KJIETOK JIMHUM MBIIITMHOUN MelaHOMBbI B78 11ocite Ky IbTUBUPOBaHMS C KOHAMIIMOHHBIMU CPeJlaMU CeIe3€HOK
TOCJIe Pa3IUIHBIX TEMOII033-CTUMYINPYIOIINX Bo3aeiicTBruiA. [1py pa3IMIHBIX TeMOII033-CTUMYINPYIOIINX
BO3ICUCTBUSIX MPOMCXOIUT PeOpTraHU3ansl KOJIMUYECTBEHHOTO U KauyeCTBEHHOIO COCTaBa KJIETOK Cele3eH-
KM B 3aBUCUMOCTH OT KOMIIEHCATOPHOTO MeXaHU3Ma JIJIS BOCCTAHOBJIEHUsI TOMeOocTa3a. AHaIN3 KJIETOYHOTO
CcOCTaBa CeJIe3eHKM TT0Ka3aJl, UTO P TeMOIT033-CTUMYIUPYIONINX BO3IEUCTBUSX TIPOUCXOIUT Tiepepacrtipe-
IeJIeHUe TIoMyJIsIinii ¢ MapkepoM CD45: mpu runmokcum pe3ko cHinKaeTcst KoandecTBo CD45-HeraTuBHBIX
KJIETOK 1 MOBbIIIaeTcs: KoandecTBo CD45-mo3uTuBHBIX KaeToK. [Tonyssiius 6a30@uabHbIX 9pUTPOOIACTOB
HanmMeHee MoABepKeHa KOJMYeCTBEHHOMY U3MEHEHMIO TIPY BCEX TeMOIT033-CTUMYIUPYIOIINX BO3ICCTBY -
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sx. [1pu runokcuy HabMogaeTcs Hanbojee 3aMeTHOe U3MEHEHHME KJIIETOUHOT'O COCTaBa CeJIe3eHKU 3a CUET
noBbIIeHHOTO HakoruieHUsT CD45-m03UTUBHBIX 3pUTPOUIHBIX KIETOK B Cele3eHKe. MemmaTopbl 3pUTpO-
UIHBIX KJIETOK CEJIE3EHKU MbIIIEH MOcjie TMIMOKCHUM He MPUBOMAT K YCUJIEHUIO LIMTOTOKCUYECKOTO Ipoa-
TMONTOTUYECKOTO IECTBUS CIUICHOLIMTOB Ha OIMyXOJICBBIC KJIETKU B OTJIMYUE OT SPUTPOUITHBIX KJIIETOK HOP-
MaJIbHOM CeJIe3eHKM, CeJIe3eHKM MPU aHEMUU U KpoBornoTepe. TakuM 00pa3oM, UMEHHO TKaHEeBasi TUTIOKCUS
SIBJISIETCS TIPOLIECCOM, KOTOPBI HE TOJBKO CTUMYIUPYET 3PUTPOIIO33, HO U MPUBOIUT K MAaKCUMAJIbHOMY
M3MEHCHUIO CYIIPECCUBHBIX CBOMCTB OKPYXKAIOIINX KISTOK. MBI TIpeaIiojlaracM, 4To pean3alins KOMIICH-
CaTOPHBIX MEXaHMU3MOB IIPY MCCJICIOBAaHHBIX FEMAaTON033-CTUMYJIMPYIOIINX BO3ICICTBUIX HallpaBieHa Ha
AKTUBAIIAIO MEXaHN3MOB BPOXXICHHOIO MMMYHHUTETA 1 JIOKAJIbHON MMMYHOCYIIPECUH IJIsI TIPEeIOTBPAIIICHUS
MECTHOTO BOCITJICHUS, HAKOTIJICHUS ITUTATEIbHBIX BEIIECTB U IIPUBJICYCHUS KISTOUHBIX 3JIEMEHTOB B O4ar
reMoI1033a 1151 BOCCTAHOBJIEHUSI TOMEOCTaTUYECKUX (PYHKIIUIA.

Karoueswie crosa: spumpobaracmel, cenezenHka, anemus, 2UNOKCUs, 0OCMpas Kposonomeps, mepMuHanibHas ougpepenyuposka

STUDY OF PHENOTYPIC AND CYTOTOXIC PROPERTIES OF
ERYTHROID CELLS OF THE SPLEEN UNDER HEMATOPOIESIS-
STIMULATING EFFECTS

Shevchenko Yu.A., Sennikov S.V.,, Nazarov K.V.

Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation

Abstract. Inrecent years, research hasrevealed a wide variety of erythroid cell functions, including modulation
of innate and adaptive immune responses. Anemic or hypoxic stress stimulates a physiological response in
the form of stress erythropoiesis, aimed at increasing oxygen delivery to tissues. Stress erythropoiesis activates
progenitor cells and uses mechanisms that differ from stationary bone marrow erythropoiesis. To consider
the role of erythroid cells in the regulation of hematopoiesis, hematopoiesis-activating states were modeled:
chemically induced hemolytic anemia, acute blood loss, hypoxia. A series of experiments was carried out on
first-generation hybrid mice CBA C57BI6. Isolation of erythroid cells was performed using magnetic separation
for the CD71 marker. The stages of differentiation of erythroid cells were determined by the combination of
expression of TER-119 and CD71 markers and direct light scattering parameters in the population of both
CD45-positive and CD45-negative spleen cells. To study the immunoregulatory activity of erythroid cells,
we investigated the mediated cytotoxicity of splenocytes against tumor cells of the mouse melanoma B78 line
after cultivation with conditioned spleen media after various hematopoiesis-stimulating effects. With various
hemopoiesis-stimulating effects, the quantitative and qualitative composition of the spleen cells is reorganized
depending on the compensatory mechanism for restoring homeostasis. An analysis of the cellular composition
of the spleen showed that under hematopoiesis-stimulating effects, a redistribution of populations with the
CD45 marker occurs: during hypoxia, the number of CD45-negative cells sharply decreases and the number of
CD45-positive cells increases. The population of basophilic erythroblasts is the least susceptible to quantitative
changes under all hematopoiesis-stimulating effects. During hypoxia, the most noticeable change in the
cellular composition of the spleen is observed due to the increased accumulation of CD45-positive erythroid
cells in the spleen. Mediators of erythroid cells of the spleen of mice after hypoxia do not lead to an increase in
the cytotoxic proapoptotic effect of splenocytes on tumor cells, in contrast to the erythroid cells of the normal
spleen, spleen with anemia and blood loss. Thus, it is tissue hypoxia that is the process that not only stimulates
erythropoiesis, but also leads to the maximum change in the suppressive properties of surrounding cells. We
assume that the implementation of compensatory mechanisms under the studied hematopoiesis-stimulating
effects is aimed at activating the mechanisms of innate immunity and local immunosuppression to prevent
local inflammation, accumulate nutrients, and attract cellular elements to the focus of hematopoiesis to restore
homeostatic functions.

Keywords: erythroblasts, spleen, anemia, hypoxia, acute blood loss, terminal differentiation
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Introduction

In recent years, studies have revealed a wide variety
of functions of erythroid cells, including modulation
of the innate and adaptive immune response [8]. In
research practice, the study of erythropoiesis for a
long time took place separately from other lines of
hematopoiesis, however, in the process of ontogenesis,
myeloerythropoiesis occurs simultaneously with
the development of lymphoid precursors, so their
mutual influence during development is natural [10].
An important part of the functionality of immature
erythroid cellsisassociated with their ability to produce
cytokines or otherimmunomodulatory molecules with
diverse, often opposite functions [11, 12, 13], which
can be explained by the source of origin, influences,
and the general heterogeneity of the erythroid cell
population during terminal differentiation. Stationary
bone marrow erythropoiesis maintains erythroid
homeostasis throughout life. Anemic or hypoxic stress
stimulates a physiological response in the form of stress
erythropoiesis, aimed at increasing oxygen delivery
to tissues. Stress erythropoiesis uses progenitor cells
and signals that differ from stationary bone marrow
erythropoiesis [1]. In this regard, the study of the
phenotype of nucleated erythroid cells and their
role in interaction with other cells, which manifest
themselves during stimulation of hematopoiesis in
pathological conditions, is relevant and significant
today.

Materials and methods

In the work, we used mice hybrids of the first
generation CBA C57BI6 (3-5 months). The animals
were kept in the NIIFKI vivarium under standard
conditions with free access to food and drink.
The study was carried out in accordance with the
principles set out in the Declaration of Helsinki. Mice
were removed from the experiment using cervical
dislocation. To consider the role of erythroid cells
in the regulation of hematopoiesis, hematopoiesis-
activating states were modeled: chemically induced
hemolytic anemia, acute blood loss, hypoxia.
Similar intact mice were used as controls. Hemolytic
anemia was induced by 3-fold (1.2 mg/mouse,
0.6 mg/mouse, 0.6 mg/mouse with 12-hour interval
between injections) intraperitoneal administration of
phenylhydrazine, which causes erythrocyte lysis. On
the 4th day after the start of the experiment, the bone
marrow and spleen were taken.

To simulate acute blood loss in mice under
isoflurane anesthesia, blood was taken from the
retroorbital sinus in a volume of ~ 0.5-0.7 mL, which
corresponded to a loss of 12-14% of the circulating
blood volume (average acute blood loss). On the 4"

day after the start of the experiment, the bone marrow
and spleen were taken. Hypoxic conditions were
simulated in a pressure chamber (staying for 16 hours
in a cage with bedding, food and water), where a
pressure of ~ -46 kPa was created, which corresponded
to an ascent to a height of 4200 m. At the end of
exposure, mice were returned to standard vivarium
conditions. Spleen sampling was carried out on the
third day after the start of the experiment. Isolation
of erythroid cells from a cell suspension purified on
a ficoll-urografin density gradient (p = 1.119 g/cm?)
was performed using magnetic separation using
monoclonal antibodies to CD71.

The stages of erythroid cell differentiation were
determined by the combination of expression of
TER-119 and CD71 markers and FSC forward light
scatter parameters in the population of both CD45-
positive and CD45-negative spleen cells. The analysis
was performed on an Attune NxT Flow Cytometer
(ThermoFisher Scientific, USA). To study the
immunoregulatory activity of erythroid cells, we
investigated the mediated cytotoxicity of splenocytes
against tumor cells of the mouse melanoma B78 line
after cultivation with conditioned spleen media after
various hematopoiesis-stimulating effects. To do
this, splenocytes were preliminarily cultured with a
conditioned erythroblast medium for 24 hours, and
then planted with B78 mouse melanoma cells for
another 24 hours. The cytotoxic effect was determined
by the expression of the apoptosis marker annexin.

Statistical analysis of the obtained data was
performed using GraphPad Prism 8 software using
ANOVA and Tukey’s multiple comparison test.
Data were presented as median and interquartile
range — Me (Q,,5-Q,-5). Differences were considered
statistically significant at p < 0.05.

Results and discussion

Analysis of the cellular composition of the spleen
showed that during hypoxia, the number of CD45-
negative cells sharply decreases, and the number of
CD45-positive cells increases. In addition, there are
significant differences in the cellular composition of
the spleen between the states of anemia and hypoxia.
For the total content of erythroid cells in the spleno-
cyte population, the same trend is observed: a decrease
in the number of CD45-negative erythroblasts and an
increase in the number of CD45-positive erythroblast
cells during hypoxia (Table 1).

Determining the stages of terminal differentiation
of erythroblasts showed that among CD45-negative
cells, polychromatophilic erythroblasts normally
predominate, while their number decreases with
anemia, blood loss and hypoxia, and the content of
orthochromatophilic erythroblasts increases with the
same effects. In the population of CD45-positive
erythroblasts, the predominant stage of differentia-
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TABLE 1. STRUCTURE OF THE SPLENOCYTE POPULATION IN MICE UNDER HEMATOPOIESIS-STIMULATING EFFECTS,

Me (Qq5-Qq75)

Intact mouse Anemia Acute blood loss Hypoxia

(n=7) (n=7) (n=7) (n=11)

CD45-negative 83.73% 75.09% 66.07% 20.88%
splenocytes (78.26-84.87) (52.03-88.49)* (24.14-68.32) (16.25-66.79)*

CD45-positive 16.27% 25.47% 34.24% 78.66%
splenocytes (15.34-21.74) (11.62-48.13)* (31.93-71.86)* (33.13-83.22)*

CD45-negative 42.54% 41.29% 27.68% 13.38%
erythroblasts (34.45-59.94) (29.03-51.52)* (13.86-41.33) (12.01-43.63)*

CD45-positive 9.863% 19.48% 17.58% 47.73%
erythroblasts (8.314-13.240) (5.661-32.670)* (15.79-32.41)* (20.78-58.55)*

Note. *, compared with the Intact mouse; #, compared with hypoxia. Differences were considered statistically significant at p < 0.05.

tion is basophilic erythroblasts both in intact mice and
under hematopoiesis-stimulating effects. The content
of polychromatophilic erythroblasts significantly
increases during hypoxia compared to intact ery-
throblasts, and the content of orthochromatophilic
erythroblasts in anemia is significantly higher than
in hypoxia. In the total fraction of erythroblasts
of the spleen, there is a decrease in the content of
polychromatophilic erythroblasts and an increase in
the content of otrochromatophilic erythroblasts under
all types of exposure (Figure 1).

Since erythroblasts can play an important role
in regulating the functions of other cells, we studied
the effect of their conditioned media on the effector
functions of splenocytes, namely, cytotoxic activity
against melanoma B 78 tumor cells, i.e., cytotoxic
effect on tumor cells (Figure 2).

100+
80+ <1 >
° —"
2 60+ ‘ |
o T >
= > <>
- 40+ T
=
204
0 T T T
BasoEB PolyEB OrthoEB
[ Intact mouse

Anemia
Bl Acute blood loss

B Hypoxia

Figure 1. Determination of the stages of terminal
differentiation of erythroid cells of the spleen under
hematopoiesis-stimulating effects

Note. Data are presented as median and interquartile range —

Me (Qq5-Q,75). Differences were considered statistically significant at
p <0.05.

In this work, it is shown that under various
hematopoiesis-stimulating effects, the quantitative
and qualitative composition of spleen cells is reo-
rganized. Each of these effects requires a separate
compensatory mechanism to restore homeostasis.
With hemolytic anemia, it is necessary to restore the
destroyed pool of erythrocytes, with hypoxia, it is
necessary to increase the number of erythroid cells
relative to the already existing baseline, and with
acute blood loss, it is necessary to restore not only
erythrocytes, but also lymphoid cells, as well as the
circulating blood volume.

The population of CD45-positive cells
traditionally includes T, B, NK cells, monocytes,
macrophages, however, this molecule is also
present on early-stage erythroblasts [4] and in foci
of extramedullary erythropoiesis in pathological

-

% of annexin-positive cells

1 Tumor

[ Intact cells
Anemia

B Acute blood loss

Hl Hypoxia

Figure 2. Cytotoxic effect of splenocytes treated with
conditioned erythroblast media obtained under various
hematopoiesis-stimulating effects against tumor line B
78 cells (n=8)

Note. As for Figure 1.
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conditions, for example, in the spleen of mice in
transplantable tumor models [5]. During erythroid
development, the CD45 marker arrests progenitors of
CD71'TER119" cells at undifferentiated stages, and
its expression is a hallmark of early progenitors [7].
The population of basophilic erythroblasts is the
least susceptible to quantitative changes under all
hematopoiesis-stimulating effects. During hypo-
xia, the most noticeable change in the cellular
composition of the spleen is observed, possibly due
to the increased accumulation of CD45-positive
erythroid cells in the spleen. CD45" erythroblasts
are capable of greater suppressive activity compared
to other cells [3]. In our work, we investigated the
mediated effect of mediators that produce erythroid
cells of the spleen on the cytotoxic activity of
splenocytes. Mediators of erythroid cells of the spleen
of mice after hypoxia do not lead to an increase in
the cytotoxic proapoptotic effect of splenocytes on
tumor cells, in contrast to the erythroid cells of the
normal spleen, spleen with anemia and blood loss. It
can be assumed that mediators secreted by erythroid
cells under hypoxic conditions have the maximum
suppressive effect on effector cells in the splenocyte
population.
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