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Abstract—Glycodelin (Gd) has pronounced immunomodulatory properties and participates in the develop-
ment of immune tolerance during pregnancy. The role of recombinant Gd in physiological (0.2 and 2 μg/mL)
and superphysiological (10 μg/mL) concentrations in the regulation of differentiation and functional activity
of human myeloid-derived suppressor cells (MDSCs) was investigated in vitro. MDSCs were obtained from
peripheral blood CD11b+ cells of healthy donors by two-step induction (IL-1β + granulocyte–monocyte
colony-stimulating factor (GM-CSF) and lipopolysaccharide). The effect of Gd on the level of polymorpho-
nuclear MDSCs (PMN-MDSCs) and monocyte MDSCs (M-MDSCs) was assessed. The intracellular level
of indoleamine 2,3-dioxygenase (IDO) and arginase 1 (Arg1), as well as the cytokine profile in cultures of
these cells, was measured. In general, the conversion of CD11b+ cells into MDSCs has the following features:
as a result of cytokine induction, predominantly M-MDSCs are generated, but not PMN-MDSCs, and the
level of Arg1 is practically not detected. It was found that Gd increased the number of M-MDSCs at concen-
trations of 2 and 10 μg/mL. It was shown that Gd did not affect the content of Arg1, but increased the number
of MDSCs expressing IDO (10 μg/mL). Gd also modulated the cytokine profile of CD11b+ cells (at a phys-
iological concentration of 2 μg/mL), suppressing IL-19, IL-26, and TWEAK/TNFsF12 production and, at
a supraphysiological concentration, the production of IFN-α2 and IL-26.
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INTRODUCTION
Immune tolerance during pregnancy is the lack

of an immune response in the mother to the develop-
ing fetus and placenta. Initially, it was believed that
maternal–fetal tolerance is based on the regulation of
the T-cell component of immunity (Saito et al., 2010),
but it is now clear that this phenomenon is much more
complex and affects innate immunity.

Innate immune cells (macrophages, innate lym-
phoid cells, natural killer (NK) cells) represent the
largest population of decidual leukocytes and play an
important role in reproduction. On the one hand, they
counter the infectious threat to a healthy pregnancy,
and on the other hand, they are involved in tropho-
blast invasion and spiral artery remodeling, con-
trolling embryo implantation and normal develop-
ment of the placental bed (Weng et al., 2003). Mean-
while, some innate immune cells, such as antigen-
presenting cells, interact with T-cells and suppress the
immune response to maintain an optimal immuno-
logical microenvironment for pregnancy development

at the maternal–fetal interface (Li et al., 2021b). Rel-
atively recently, it became known that myeloid-
derived suppressor cells (MDSCs), being innate
immune cells, are generated during normal pregnancy
(Ostrand-Rosenberg et al., 2017). The increase in
MDSCs in the mother’s body is mostly due to the sub-
population of polymorphonuclear (PMN) MDSCs
(PMN-MDSCs); however, the concentration of
monocyte (M) M-MDSCs also increases, albeit less
significantly. In addition to being found in peripheral
blood, MDSC levels have been shown to increase in
both the placental decidua and the intervillous space
(Köstlin-Gille, 2020). The level of MDSCs is also ele-
vated in newborns in the first 2 months, and their
number declines to the adult level by the sixth month
of life (Gantt et al., 2014). Moreover, during preg-
nancy, MDSCs are found in the umbilical cord blood
(Rieber et al., 2013).

It is now clear that MDSCs are involved in the
maintenance of immune tolerance. The key mecha-
nisms for the implementation of suppressor activity
414
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are the expression of a number of surface markers,
intracellular expression of arginase-1 (Arg1), indole-
min-2,3-dioxygenase (IDO), and inducible NO syn-
thase (iNOS) enzymes, as well as the production of a
number of anti-inflammatory cytokines (Li et al.,
2021a). The MDSC phenotype at this stage is defined
as Lin‒HLA-DR‒CD33+CD11b+. Since the cell gen-
eration of cells in vitro is a complex methodological
task, the development of protocols for obtaining
MDSCs is still underway.

The regulatory continuum formed by pregnancy
proteins also contributes to the development of
immune tolerance, including at the MDSC level. It is
known that trophoblastic β1-glycoprotein (TBG) and
α-fetoprotein (AFP) are able to regulate the differen-
tiation and functional activity of these cells in vitro
(Timganova et al., 2023; Shardina et al., 2023).

A key protein of pregnancy, amniotic glycodelin
(GdA) (synonyms: PP14, PAEP, and α-2 microglob-
ulin of fertility), has pronounced immunomodulatory
properties (Uchida et al., 2013). The biological activity
of GdA is associated with the interaction of its unique
carbohydrate chains with membrane sialic acid recep-
tors (selectins, Ig-binding-type lectins) common for
various cell types of the mother–fetal interface (Lam
et al., 2011).

Thus, the aim of the study was to investigate the
effect of recombinant Gd on MDSC differentiation in
vitro, assessing a number of indicators of their func-
tional activity.

MATERIALS AND METHODS
Peripheral blood mononuclear cells (PBMCs)

from apparently healthy donors (22- to 42-year-old
women, n = 7) were used in this work with their con-
sent.

The maximum concentration of GdA in the blood
serum by the end of the first trimester reaches
2 μg/mL in the second trimester its concentration is
0.2 μg/mL, and it is further declines by the third tri-
mester (Halttunen et al., 2000). In the experiments,
we used physiological concentrations of recombinant
Gd (source E. coli, MyBioSource, United States),
which corresponded to the level of GdA in the serum
of pregnant women, as well as a concentration exceed-
ing these values, 10 μg/mL. Despite the fact that
recombinant rather native GdA was utilized, it was
important to monitor the possible prospects for the
effects of the entire protein for its application in vari-
ous pathologies in which the manipulation of the
MDSC level is important.

Objects of Research
PBMC were obtained by centrifugation on Diacoll

density gradient (ρ = 1.077 g/cm3, Dia-M). CD11b+

cells were isolated from donor blood PBMCs by
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immunomagnetic separation for further cultivation.
MACSiBead magnetic spheres with CD11b antibodies
and an MS separation column (Miltenyi Biotec, Ger-
many) were applied.

MDSC Cultivation

The obtained cells were seeded into 96-well plates
at concentration of 106/mL in complete growth
medium (RPMI-1640, 10% FBS, 10 mM HEPES
(ICN Ph., United States), 2 mM L-glutamine (ICN
Ph., United States), and 100 μg/mL penicillin–strep-
tomycin–amphotericin (100 μL per 10 mL medium;
BI, Israel). On the first day, 20 ng/mL GM-CSF
(Miltenyi Biotec, Germany) were added to the culture
plates after which the cells were cultured in a CO2
incubator for 2 days. After the first stage completion,
the cells were activated by addition of cytokine IL-1β
(20 ng/mL; Miltenyi Biotec, Germany) and LPS
(0.1 μg/mL; Sigma-Aldrich, United States). The next
day, Gd was added at concentrations of 0.2, 2.0 or
10.0 μg/mL. After the addition of activation molecules
and Gd, the cells were cultured for another 3 days
under the same conditions. In general, the cells were
cultured for 7 days, after which the cells were har-
vested with accutase, with additional washing of the
wells with cold Dalbecco’s phosphate-buffered saline
(DPBS) (Thermo Fisher Scientific, United States) for
better harvesting.

Flow Cytometry

After cultivation for 7 days, the cells were stained
with antibodies labeled with f luorochromes (HLA-
DR–Alexa Fluor 750, anti-CD33–APC, anti-
CD11b–Alexa Fluor 405, anti-CD66b–PE, and anti-
CD14–PerCP; R&D Systems, United States). To
exclude the possible presence of lymphocytes and NK
cells, anti-CD19–AF700, anti-CD56–AF700, and
anti-CD3–AF700 (Lin) were used. FMO (fluores-
cence minus one) samples were used as controls to
determine negative populations. Experiments were
performed on a Cytoflex S f low cytometer (Beckman
Coulter, United States).

Gating was done according to side scattering (SSC)
and forward scattering (FSC) data. Living cells (ZA‒)
were identified with Zombie Aqua dye (ZA; BioLeg-
end, United States), and the region of cells not carry-
ing linear markers (Lin) and HLA-DR was defined in
this gate. A two-parameter plot was then generated for
CD33 and CD11b, showing MDSC population
(Lin‒HLA-DR‒CD33+CD11b+). To analyze the sub-
population composition in MDSC gate, CD66b
(PMN-MDSC) and CD14 (M-MDSC) markers were
additionally determined.
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Fig. 1. Effect of glycodelin (Gd) at different concentra-
tions on the conversion of CD11b+ cells (from mononu-
clear cells of donor peripheral blood) to MDSC pheno-
type. Presented are medians, interquartile range (Q1–Q3,
column borders and maximum values (vertical bars); ver-
tically: the number of living Lin–HLA-DR‒ cells in the
gate; (C1 is control, without adding cytokines and gly-
codelin to the culture medium; C2 is control 2, adding
only cytokines to the medium); difference is significant at
p < 0.05: * between C1 and C2 (n = 7, Friedman test).
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Assessment of Arg1 and IDO Levels in MDSCs
In addition to surface markers, the intracellular

content of Arg1 and IDO enzymes was assessed by cell
permeabilization and monoclonal antibodies to IDO
and Arg1 (R&D Systems, United States). The level of
enzymes in PMN-MDSCs and M-MDSCs was also
estimated by f low cytometry.

Analysis of the Cytokine Profile in CD11b+ Cell Cultures
The level of cytokines was determined in cell cul-

ture supernatants with a Bio-Plex Pro Human Inflam-
mation panel 1, 37-plex commercial kit (Bio-Rad,
United States) according to the manufacturer’s
instructions. The results were recorded with a Bio-
Plex MAGPIX multiplex analysis system (BioRad,
United States). The data were processed with the
Belysa software. The five-parameter logistic (5PL)
analysis method was used to plot standard curves. The
results were expressed in pg/mL.

Statistical Analysis
The GraphPad Prism 8 software was used to pro-

cess the results. The Friedman test, the nonparametric
analogue of repeated analysis of variance, was used to
compare dependent samples. Differences were con-
sidered statistically significant at p < 0.05. Data are
presented as median (Me), lower, and upper quartiles
(Q1–Q3). To assess the correlation between all mea-
sured values, Spearman’s method was used.

RESULTS AND DISCUSSION
A small number of MDSCs (1–3%) are generated

in cultures of peripheral mononuclear cells, and so it is
logical to isolate cells according to one of the two main
MDSC markers—CD33 (Lechner et al., 2010) or
CD11b (Shardina et al., 2023).

MDSC isolation from CD11b+ cells revealed that
cytokines and LPS were able to significantly increase
the level of MDSCs in our experimental system. At the
same time, no effect of Gd on the conversion of
CD11b+ cells to MDSCs was detected (Fig. 1).

Taking it into account that MDSCs are divided into
two main subpopulations (PMN-MDSCs with
CD33lowCD11b+CD14‒CD15+/CD66b+ phenotype
and M-MDSCs with CD33+CD11b+CD14+HLA-
DR‒/lowCD15‒/CD66b‒ phenotype), we assessed the
effect of Gd on these cells.

It was found that, at the subpopulation level, Gd
did not affect the PMN-MDSC pool, but significantly
increased the level of M-MDSCs in the MDSC popu-
lation at concentrations of 2 and 10 μg/mL (Table 1).
It is important to note that, in fact, our experimental
scheme does not allow the generation of granulocytic
MDSCs, which may be due to two reasons: an insuffi-
cient number of granulocytic cells in PBMCs, as well
C

as an inappropriate set of stimulators for PMN-
MDSCs used in experiments. Thus, Gd enhanced the
generation of M-MDSCs from CD11b+ cells at con-
centrations of 2 and 10 μg/mL.

To determine MDSCs, it is important to under-
stand that to date, no unique marker has been found in
these cells that can accurately establish cellular iden-
tity in this group. For this reason, to determine
MDSCs, a number of enzymes involved in suppressing
the activity and proliferation of immune cells are addi-
tionally assessed. For these purposes, in the course of
research, we measured the intracellular level of two
such enzymes—Arg1 and IDO. MDSCs mediate the
inhibitory effect through multiple mechanisms,
including depletion of L-arginine (by arginase-1 gene
expression) and L-tryptophan (by IDO gene expres-
sion) (Lim et al., 2020).

It was found that Arg1 in MDSCs was expressed by
a small number of cells (less than 1%; Table 2). Exper-
iments showed that Gd did not affect the content of
arginase-1 in the MDSC pool (Table 2). However,
given that Arg1 is predominantly expressed by the
PMN-MDSC subpopulation, the level of which has
been extremely low in our experimental design, the
main conclusion may be related to this. At the same
time, IDO was actively expressed in MDSCs. It was
demonstrated that Gd at concentration of 10 μg/mL
increased IDO expression in MDSCs (Fig. 2).
ELL AND TISSUE BIOLOGY  Vol. 18  No. 4  2024
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Table 1. Effect of Gd on the number of cells with MDSC phenotype (PMN-MDSCs and M-MDSCs) producing Arg1
enzyme

Data are presented as median (Me), lower, and upper quartiles (Q1–Q3); n = 7; the differences are significant at p < 0.05: a com-
pared to the control (without Gd) and b between the control before induction and the induction control (without Gd).

Treatment MDSC no., %

Control before induction (without cytokines and Gd) 0.150 (0.025–0.447)

Induction (GM-CSF, IL-1β, and LPS)

Control (without Gd) 0.920 (0.212–1.538)

Gd, 0.2 μg/mL 0.510 (0.177–0.985)

Gd, 2 μg/mL 0.215 (0.022–1.143)

Gd, 10 μg/mL 0.905 (0.115–2.745)

Table 2. Effect of Gd on Arg1 production in MDSCs after CD11b+ cell cultivation for 7 days

Data are presented as median (Me), lower and upper quartiles (Q1–Q3); (n = 7); differences are significant at p < 0.05: a com-
pared to C1 (C1, control, without adding cytokines and glycodelin to the culture medium; C2, control 2, adding only cytokines to
the medium) and b compared to C2.

Treatment

Cell no., %

PMN-MDSC M-MDSC

C1 (without cytokines and Gd) 0.040 (0.020–0.095) 0.090 (0.065–0.165)

Induction (GM-CSF, IL-1β and LPS)

C2 (without Gd) 0.375 (0.020–1.713) 7.835a (0.767–9.608)

Gd 0.2 μg/mL 0.445 (0.140–3.405) 23.87 (17.90–29.49)

Gd 2 μg/mL 0.420 (0.202–0.982) 46.90b (39.11–51.18)

Gd 10 μg/mL 0.455 (0.077–2.773) 59.74b (50.09–72.76)
A direct correlation was found (r = 0.80, p < 0.05)
between IDO expression and MDSC number in the
culture. IDO is known to catabolize tryptophan, cre-
ating a local deficiency of this essential amino acid and
suppressing T-cell proliferation and function (Falla-
rino et al., 2002). Thus, high concentrations of Gd
may contribute to the suppression of the immune
response through increased IDO expression in
myeloid cells.

Regarding the cytokine profile in supernatants of

CD11b+ cells induced into the MDSC phenotype, it
was shown that Gd had no effect on the following
cytokines: APRIL/TNFSF13, BAFF/TNFSF13B,
sCD30/TNFRSF8, sCD163, Chitinase-3-like 1,
gp130/sIL-6Rβ, IFN-β, IFN-γ, IL-2, sIL-6Rα,
IL-8, IL-10, IL-11, IL-12 (p40), IL-12 (p70), IL-20,
IL-22, IL-27 (p28), IL-28A/IFN-λ2, IL-29/IFN-
λ1, IL-32, IL-34, IL-35, LIGHT/TNFSF14,
MMP-1, MMP-2, MMP-3, osteocalcin, osteopon-
tin, pentraxin-3, sTNF-R1, sTNF-R2, and TSLP.
However, Gd (at different concentrations) reduced
the production of the following cytokines: IFN-α2
CELL AND TISSUE BIOLOGY  Vol. 18  No. 4  2024
(10 μg/mL), IL-26 (2 and 10 μg/mL), IL-19
(2 μg/mL), TWEAK/TNFsF12 (2 μg/mL) (Fig. 3).
Thus, Gd at the physiological concentration of
2 μg/mL suppressed IL-19, IL-26 and
TWEAK/TNFsF12 production, and it suppressed
IFN-α2 and IL-26 production at a supraphysiological
concentration

IFN-α2 is a glycoprotein with antiviral and immu-
nomodulatory activity. It is known that IFN-α 2 pro-
motes the proliferation of naïve CD8 cells and inacti-
vation of regulatory T lymphocytes. IL-26, like
IFN-α2, is a pro-inflammatory cytokine. IL-19 has
long been considered an anti-inflammatory molecule
homologous to IL-10, but IL-19 is now believed to be
a regulatory cytokine. On the one hand, IL-19 sup-
ports the production of Th2 cytokines, and, on the
other hand, through IL-6 and TNF-α, it has pro-
inflammatory properties (Savasan et al., 2012).
TWEAK/TNFsF12 is a cytokine to the receptor for
the TNFSF12 factor of the TNF superfamily of fac-
tors, which is capable of inducing apoptosis in cells
and regulating angiogenesis (Wiley et al., 2001). Gd is
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Fig. 2. Indoleamine 2,3-dioxygenase (IDO) content in
MDSC cells cultivated with glycodelin (Gd) at different
concentrations. Medians, interquartile range (Q1–Q3),
minimum and maximum values are presented; the differ-
ence is significant at p < 0.05 (Friedman test): * between
the induction control (C1, culture without the addition of
cytokines and Gd) and C2 (culture with the addition of
cytokines and Gd); # difference from C2.
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able to suppress the production of these cytokines
in vitro, forming an anti-inflammatory cumulative
vector.

In general, the trend towards a decreased level of a
number of pro-inflammatory cytokines may fit into
the idea that GD has immunoregulatory properties,
which are aimed at maintaining immune tolerance.

First of all, it is worth noting that this of cytokines

pattern was synthesized by CD11b+ cells induced into
MDSC phenotype. In our experimental design, about
half of the cells were identified as MDSCs. Therefore,
to reveal the relationship between cytokines and
MDSCs, a correlation analysis was performed
between the percentage of MDSCs and cytokines. A
significant correlation between cytokines and MDSC
level was not found.

However, a direct correlation between IDO expres-
sion and IL-26 production (r = 0.800, p < 0.05) and an
inverse relationship between IDO level and IFN-α2
production (r = –0.80, p < 0.05) were found under the
influence of 10 μg/mL Gd. There is no known rela-
tionship between IDO levels and IL-26, but IFN I can
induce IDO expression in cells (Fallarino et al., 2002).
In our experiments, Gd at a concentration of
10 μg/mL increased IDO level while reducing cellular
IFN-α2 production, suggesting that IDO induction
was not due to autogenous IFN-α2 production.

A similar effect of GdA was demonstrated by
Vijayan et al. (2018): in their experiments, Gd
increased the expression of IDO markers of decidual
macrophages, and a block of the Siglec-7 receptor on
cells neutralized the biological effect of Gd on mono-
cyte differentiation, which indirectly indicated that
Siglec-7 may operate as a GdA receptor. Interestingly,
a later study aimed to find receptors for Siglec on
MDSCs also in the glioma tumor microenvironment
(Santegoets et al., 2019). It turned out that both sub-
sets of MDSCs expressed Siglec-3, -5, -7, and -9, with
a higher level of Siglec-3, -7, and -9 being detected
on the surface of M-MDSCs and a higher level of
Siglec-5 on the surface of PMN-MDSCs. A similar
Siglec expression pattern was found in MDSCs from
healthy donors. These studies suggest that the interac-
tion between Gd and MDSCs occurs precisely due to
the Siglec-7 receptor, the expression of which is higher
in M-MDSCs.

As part of our study of the immunomodulatory
ability of Gd, we examined its effect on the conversion
of mononuclear cells to MDSCs. It was shown that, at
concentrations corresponding to healthy pregnancy
(0.2 and 2 μg/mL), Gd increased the number of
MDSCs in induced cultures of human mononuclear
cells. Subset analysis revealed that this effect
was due to an enhanced PMN-MDSC level, while the
M-MDSC level remained unchanged. This result can
be interpreted as a fetoprotective effect of Gd, since an
increased level of PMN-MDSCs is associated with
suppression of the immune response to paternal anti-
C

gens (Zamorina et al., 2021). In the present
research, we demonstrated that Gd is also able to
modulate M-MDSCs, directly stimulating their sup-
pressor activity.

Regarding the concentrations of Gd used in the
research, it can be concluded that it is obvious that
high concentrations of Gd had more pronounced
effects on MDSCs, which can provide grounds for
determining the immunopharmacological potential of
this protein. At the same time, at the concentration
of 2 μg/mL, corresponding to the second of third tri-
mesters of pregnancy, Gd induced the generation of
M-MDSCs and the cytokine profile, reducing the
production of IL-19, IL-26, and TWEAK/TNFsF12.

It is important to note that other fetoplacental pro-
teins can also stimulate MDSC differentiation in vitro:
for example, we showed TBG increased their number,
mainly due to M-MDSCs (Timganova et al., 2023),
and AFP increased the number of M-MDSCs and
IDO expression by these cells, in addition to reducing
the level of IL-19 (Shardina et al., 2023).

Thus, when studying the effect of Gd on the gener-
ation of MDSCs in vitro, the following was estab-
lished.

(1) Cytokine induction of CD11b+ cells generated
predominantly M-MDSCs but not PMN-MDSCs:
the level of Arg1 was practically not detected.

(2) Gd at concentrations of 2 and 10 μg/mL
increased the number of M-MDSCs in cell cultures.
ELL AND TISSUE BIOLOGY  Vol. 18  No. 4  2024
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Fig. 3. Production of IFN-α2, IL-19, IL-26, and TWEAK/TNFsF12 cytokines by CD11b+ cells induced into the MDSC phe-
notype with glycodelin (Gd) at different concentrations. The content of cytokines was measured in supernatants of cultured
MDSCs. Medians, interquartile range (Q1–Q3, column boundaries), minimum and maximum values (vertical bars) are pre-
sented. * Difference in median values (n = 7) is significant at p < 0.05 compared to C2 (culture with the addition of cytokines and
Gd; nonparametric Friedman test).
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(3) Gd increased the number of MDSCs expressing
IDO (10 μg/mL).

(4) At a physiological concentration (2 μg/mL),

Gd modulated the cytokine pattern of CD11b+ cells,
suppressing the production of IL-19, IL-26, and
TWEAK/TNFsF12: at a supraphysiological concen-
tration (10 μg/mL), it inhibited the production of
IFN-α 2 and IL-26.

Thus, fetoplacental proteins are able to directly
regulate the generation of MDSCs, which, under
pregnancy conditions, contributes to the development
of immune tolerance.
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ABBREVIATIONS AND NOTATION

AFP α-fetoprotein

LPS lipopolysaccharide

MPC peripheral blood mononuclear cells

TBG trophoblastic β-1-glycoprotein

Arg1 arginase-1

GdA amniotic glycodelin

Gd recombinant glycodelin

DPBS Dalbecco’s phosphate buffered saline 

solution
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