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Introduction

Mesenchymal stem cells (MSCs) have unique properties that ensure the regeneration of dam-
aged tissues, which allows using them in the cell therapy of various diseases. The realization
of these properties is mainly related to the interaction of MSCs with macrophages. Aim. To
study the interaction of the human umbilical cord MSCs with macrophages in vivo using a
model of sterile inflammation of the peritoneal cavity in mice. Methods. Cytological methods
for assessing acute inflammation of the peritoneal cavity of mice, isolation and cultivation of
the human umbilical cord MSCs, study of the expression of the MSC surface markers by flow
cytometry, determination of the phagocytic activity of mononuclear cells of peritoneal cavity,
isolation of mononuclear RNA, RT-PCR, methods of statistical analysis. Results. The dynam-
ics of the development of the MSCs’ therapeutic effect after their transplantation into the
peritoneal cavity of mice was studied; a method for assessing the therapeutic activity of vari-
ous MSC preparations was developed; the fast polarization of macrophages to the M2 state
after the injection of MSCs was shown, by studying the phagocytic activity of macrophages
and expression of the /L-10 gene. Conclusions. The most effective method to increase the
therapeutic potential of MSCs is preconditioning with low doses of H,0,.
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Mesenchymal stem cells (MSCs) are the most  studies devoted to the investigation of the
promising candidates for use in cell therapy of MSCs therapeutic properties and the condi-
various diseases. Many questions concerning tions for their realization. To date, it is known
the properties of the mechanism of MSCs’ ac-  that the therapeutic efficacy of MSCs is main-
tion remain open, despite a huge number of ly due to their immunomodulatory properties,
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which are realized as a result of the interaction
of MSCs with cells of the immune system [1,
2]. The key participants in this interaction are
monocytes and macrophages, which control
inflammation in the body. The aim of our re-
search was to study the interaction of the hu-
man umbilical cord MSCs with macrophages
in vivo using a model of sterile inflammation
of the abdominal cavity in mice.

Materials and Methods

The studies were carried out on male BALB/c
mice aged 2—3 months with an average weight
25-30 g. During the experiment, all animals
were kept under standard conditions, divided
into control and experimental groups. All ex-
periments were conducted in accordance with
the accepted ethical standards for working with
laboratory animals [3].

Induction of sterile abdominal inflamma-
tion in mice. Peritonitis in mice was induced
by intraperitoneal injection of 1 ml of a 3 %
solution of proteose peptone (France). Animals
of the negative control group were injected
with 1 ml of saline [4]. The number of mac-
rophages and neutrophils in the peritoneal
exudate as well as the total cell count were
estimated to determine the development of
inflammation. Exudate from the peritoneal
cavity was obtained by washing the perito-
neal cavity with 5 ml of cold a-MEM medium
(HyClone, Thermo Scientific). The number of
cells in the exudate was determined by direct
counting in a Goryaev chamber using 0.4 %
trypan blue solution to detect dead cells [5].
Macrophages and monocytes were identified
after staining according to Romanovsky-
Giemsa (counted in 20 light fields of the mi-
croscope). To evaluate the phagocytic activity,
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the peritoneal macrophages were incubated in
Petri dishes on coverslips for adhesion, which
allowed their separation from other cell types
isolated from the peritoneal exudate. The
phagocytic activity of macrophages was as-
sessed by counting internalized and adherent
E. coli in 100 phagocytic cells.

The phagocytic index was calculated using
the following formula:

phagocytic index = number of ingested and
adhered E. coli / number of macrophages %
x 100 [6].

Statistical analysis. Statistical significances
were determined using GraphPad Prism soft-
ware, Version 8.0.1. The comparisons between
multiple groups were evaluated via one-way
analysis of variance (ANOVA) followed by
Tukey’s test. For all tests, p < 0.05 was con-
sidered significant.

Isolation and cultivation of human um-
bilical cord MSCs (hUC-MSCs). MSCs were
isolated from a human umbilical cord after re-
moval of the umbilical blood vessels by the
explant method [7]. MSCs were cultivated du-
ring 24 h in o-MEM medium containing 10 %
fetal bovine serum (HyClone, Thermo Scien-
tific), 200 U/ml penicillin, and 200 pg/ml strep-
tomycin and preconditioned MSCs with H,O,
(30 uM), melatonin (5uM), ascorbic acid (200
uM), y-interferon (250U/ml), lipopolysaccha-
ride (LPS) (1png/ml). After the second passage,
MSCs were evaluated for the surface marker
expression and differentiation capacity [8]. The
adipogenic, osteogenic, and chondrogenic dif-
ferentiation potentials of MSCs were tested
using the StemPro® Differentiation Kits (Gibco)
(Figure 1B — D). [The] Surface markers of
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MSCs were assessed by flow cytometry with
FACS Aria (Becton Dickinson Lakes, NJ) using
CD90 FITC, CD73 APC, CD105 PerCP —
Cy5-5, CD45 FITC, CD34 APC. (Fig. 1E).
Isolation of RNA, analysis of gene expres-
sion in mice. The peritoneal exudate was cen-

trifuged, and the cells were washed twice with
phosphate-buffered saline. Total RNA was
isolated using the NucleoSpin RNA Kit
(Macherey-Nagel) according to the manufac-
turer’s instructions. For cDNA synthesis,
200 ng of RNA were used as a template for
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Fig. 1. The characteristics of hUC-MSCs: 4 — hUC-MSCs were isolated and cultured from the umbilical cord tissue.
Morphology of hUC-MSCs shows successful proliferation. B — chondrogenic differentiation was detected by Alcian
blue staining; C — osteogenic differentiation was detected by Alizarin red S staining; D — adipogenic differentiation
was detected by Oil Red O staining; £ — an expression of MSC surface markers from the human umbilical cord. Scale

bar 20 um.
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reverse transcription (RT) with the RevertAid
H Minus First Strand cDNA Kit (Thermo
Scientific). The primer sequence used for RT-
PCR was following:

for IL-10 (forward) 5’-GCCGGGAAGA-
CAATAACTGC-3’,

(reverse) 5’-TCAGCTTCTCACCCAGG-
GAA-3’,

20—

U] HI ‘ IHI

20 min 1h 24h 2?h 4Bh.

avarage number of cells, x10%ml
avarage number of macrophages, x10%/ml

time after peptone injection

. ﬂ”ll

for GAPDH (forward) 5’-AAAAGGGTC-
ATCATCTCCGC-3’,

(reverse)5’-CCTGTTGCTGTAGCCG-
TATT-3".

The mRNA levels of the target genes were
normalized against the mRNA level of
GAPDH. ImagelLab program was used for
densitometry analysis of electrophoresis data.
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Fig. 2. A — B— The development of abdominal inflammation in mice following the injection of proteose peptone. The
total number of cells (A) and the number of macrophages (B) in mouse exudate. *P< 0.5 —negative control vs. positive
control. C — D — The effect of time of MSCs injection on inflammation. The total number of cells (C) and macro-
phages (D) from mice abdominal exudate after transplantation of native and preconditioned MSCs (20 min - inflam-
mation prevention and 24 h - inflammation suppression). *P< 0.5 — negative control vs. positive control, #P< 0.5 —
positive control vs. MSCs, #P< 0.5 — positive control vs. MSCs (H,0,).
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Results and Discussion

The administration of proteose peptone to
mice caused the development of abdominal
inflammation. The study of the development
of peritoneal inflammation in mice after intra-
peritoneal injection of 1 ml of sterile 3 %
proteose peptone showed that the total number
of cells and the number of macrophages and
monocytes in the exudate increased on average
by 4.3 times and 4.7 times, correspondingly,
4 hours after the administration of peptone. An
increase in the number of cells continues for
24 hours, after which the rate of the process
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slows down, the number of cells practically
does not change after 48 hours (Fig. 2 A — B).
All experiments regarding the effect of MSCs
on the course of inflammation were performed
during 24 hours following the proteose peptone
administration.

Effects of MSCs dosage and administra-
tion time on inflammation of the abdominal
cavity. In the first series of experiments, mice
were intraperitoneally injected with MSCs at
a dose of 50x103 cells/mouse 20 min and 24 h
after the administration of proteose peptone.
Injection of MSCs 20 min after the administra-

MNegative control

Positive control ( peritonitis)
MSCs / MSCs (H;03) 10x10°
MSCs / MSCs (H,05) 25x10°
MSCs / MSCs (H202) 50x10°
MSCs / MSCs (H,05) 100x10°

ZESONCL

Fig. 3. Effect of hUC-MSCs dose on therapeutic
efficacy. The total number of cells (4) and mac-
rophages (B) from mice peritoneal exudate after
transplantation of native and preconditioned
MSCs. *P < 0.5 — negative control vs. positive
control, P < 0.5 — positive control vs. MSCs/
MSCs (H,0,). C — the expression of IL-10 af-
ter transplantation of native and preconditioned
MSCs (H,0,) in acute inflammation of the ab-
dominal cavity in mice. ¥*P < 0.5 — positive
control vs. MSCs/MSCs (H,0,), P < 0.5 —
MSCs vs. MSCs (H,0,).
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tion of proteose peptone prevented the devel-
opment of inflammation, and administration
of MSCs 24 h later, when the inflammation
was intense, stops inflammation (Fig. 2 C — D).
The amount of transplanted MSCs is a cru-
cial factor in the therapeutic impact of MSCs.
The study of the dependence of the total number
of cells and the number of immune cells (mac-
rophages, monocytes and neutrophils) in the
exudate extracted from the peritoneal cavity on
the dose of injected MSCs showed that the
administration of doses greater than 50x103 no
longer affects the therapeutic effect. The signs
of inflammation disappear when the therapeutic
effect reaches its maximum (Fig. 3 A — B).
The dynamics of the development of the
therapeutic effect after the introduction of
MSCs. A low dose of MSCs (5 x103 cells/
mouse) administered intraperitoneally initiated
the development of a therapeutic effect and
reduced the number of macrophages in the
exudate on average by 50 %. One of the goals
was to find the conditions, at which this mod-
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el is most sensitive to the quality of MSC
preparation in order to compare the therapeu-
tic potential of various MSC preparations.
Development over time of the therapeutic ef-
fect of a low dose of the native MSCs and the
MSCs preconditioned with H,O, (5 x103 cells/
mouse) was studied. When MSCs are admin-
istered intraperitoneally the anti-inflammatory
impact becomes apparent very fast. As soon
as 15 min later the number of macrophages in
the peritoneal cavity decreases by almost 1.8
times with the injection of the native MSCs
and by 3 times with the injection of MSCs
preconditioned with H,O,. Up to 24 h later,
the number of macrophages in the peritoneal
cavity decreases slightly, but only in the case
of the injection of preconditioned MSCs, the
signs of inflammation disappear completely.
The maximum difference in the therapeutic
effect[s] of the two preparations of MSCs is
observed 15 min after the MSC][s] transplanta-
tion (Fig. 4). These results were used to com-
pare the methods of MSCs preconditioning.

Negative control
Positive control
(peritonitis)
MSCs

MSCs (H,05) Fig. 4. Dynamic.s of the development
of the therapeutic effect after the ad-
ministration of native and precondi-
tioned MSCs (H,0,). *P< 0.5 —
negative control vs. positive control,
#P< 0.5 — positive control vs. MSCs,
#P< 0.5 — positive control vs. MSCs
(H,0,), ##P< 0.5 — MSCs vs. MSCs
(H,0,).
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Effects of MSCs intraperitoneal injection
on abdominal cavity macrophages.
Numerous studies, both in vitro and in vivo,
have demonstrated that the interaction between
MSCs and macrophages, or so-called “training
of macrophages by MSCs” plays a crucial role
in the immunomodulatory activity of MSCs
[9, 10]. This interaction leads to polarization
of macrophages, i.e. to the transition of clas-
sically activated pro-inflammatory M1 macro-
phages to the alternatively activated anti-in-
flammatory M2 macrophages [11, 12]. After
the administration of proteose peptone, the
number of pro-inflammatory M1 macrophages
increases (Fig. 2 B), but their number quickly
decreases after the transplantation of MSCs
(Fig. 2 D), i.e. the signs of inflammation disap-
pear quickly. This is probably connected to the
phenotypic transition of pro-inflammatory M1
macrophages to the anti-inflammatory M2
phenotype. Since the most characteristic fea-
ture of M2 macrophages is a high level of the

IL-10 expression [13, 14], the study of the
expression of /L-10 by intraperitoneal macro-
phages was carried out. The results showed
that injection of MSCs into the peritoneal cav-
ity leads to an increase of the /L-10 expression
by macrophages, and the expression of /L-10
after the injection of MSCs (H,0,, is higher
than after the injection of the native MSCs
(Fig. 3 O).

The main property of macrophages is the
ability to phagocytosis. The results of a study
on the phagocytic activity of macrophages in
the peritoneal cavity during sterile inflamma-
tion and after the transplantation of MSCs
revealed that 15 min. after the transplantation
of MSCs, the phagocytic index increased, and
more intense growth could be observed with
the injection of MSCs preconditioned with
H,0,. After one hour, the phagocytic index
starts to decline, and after 24 h, its value is
similar to that observed in the control. The
phagocytosis changes are accompanied by the
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Fig. 5. Phagocytic activity of peritoneal macrophages during sterile inflammation and after MSCs injection. 4 —
phagocytic activity of peritoneal macrophages from mouse exudate. B/ — phagocytosis of E. coli by negative control
macrophages, B2 — phagocytosis of E. coli by macrophages of positive control (peritonitis), B3 — phagocytosis of
E. coli by macrophages after injection of native MSCs, B4 — phagocytosis of E. coli by macrophages after injection

of preconditioned MSCs (H,0,). Scale bar 5 pm.
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changes in inflammatory signs (Fig. 5).
Depending on the factors that induce polariza-
tion of macrophages, phagocytosis in some
cases in M1 exceeds that observed in M2 [15],
in others — phagocytosis is higher in M2 [16,
17]. In vitro studies show that the co-cultiva-
tion of MSCs and macrophages leads to the
expression by macrophages of genes charac-
teristic of the M2 phenotype and an increase
of phagocytosis [18, 19]. This result was also
observed in our in vivo study. The effects that
we observe upon the transplantation of MSCs
into the peritoneal cavity of mice allow us to
consider the interaction of MSCs and pro-in-
flammatory macrophages in peritoneal cavity
as an analogy for their co-cultivation. The
change in the phagocytic activity of macro-
phages after the MSC transplantation into the
peritoneal cavity coincides with an increase in
the expression of /L-10, which indicates a
polarization of pro-inflammatory macrophages
into the M2 phenotype. Yet, in the body there
is a rapid leaving of macrophages from the
peritoneal cavity, which is associated with the
resolution of inflammation, in contrast to the
in vitro events. When the polarization of mac-
rophages occurs in the body, more complex
phenomena might be seen. It is assumed that
in the inflammation resolution phase in vivo,
macrophages can be activated neither classi-
cally nor alternatively but in hybridous way
[20]. Our results demonstrate that the injection
of MSCs, even in low doses (5x103 cells/
mouse), leads to the polarization of macro-
phages into the anti-inflammatory M2 pheno-
type and to a rapid resolution of acute ab-
dominal inflammation in mice.

Study of the therapeutic potential of
MSCs preconditioned by various factors.
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Numerous studies have demonstrated that
MSCs are highly sensitive to the microenvi-
ronment. By modifying their secretome com-
position through preconditioning during in
vitro cultivation, it is possible to increase the
therapeutic potential of MSCs by enhancing
survival after transplantation, promoting mi-
gratory abilities, and preventing apoptosis
[21-23]. Preconditioning of MSCs by various
physical, chemical and biological factors af-
fects the therapeutic potential of MSCs in
different ways. It was interesting to compare
the effect of preconditioning by some factors
on the anti-inflammatory efficacy of hUC-
MSCs using one model — acute inflammation
of the peritoneal cavity. The study of the dy-
namics of the development of the therapeutic
effect of MSCs on inflammation of the peri-
toneal cavity in mice made it possible to de-
fine the dose of MSCs and the time of the
effect development after the MSC transplanta-
tion, at which the system is most sensitive to
the therapeutic efficacy of MSCs. The use of
a high dose of MSCs, which leads to complete
resolution of inflammation, does not allow us
to see the difference in the anti-inflammatory
activity of MSCs differently preconditioned.
The use of a low dose of MSCs and observa-
tion of the effect 15 min after MSC adminis-
tration did not lead to complete resolution of
inflammation (Fig. 4) but made it possible to
compare the therapeutic potential of MSC
preparations after preconditioning with vari-
ous factors. One of these factors was H,0O,,
which is known to enhance proliferation of
MSCs, their migration, and survival, to in-
crease the resistance to oxidative stress, and
to enhance the therapeutic efficacy of MSCs
at low concentrations H,O, [24]. Additionally,
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we used melatonin, which has antioxidant ef-
fects, enhancing the survival of MSCs after
transplantation [25, 26], ascorbic acid, which
can activate mitochondria, enhance MSC pro-
liferation, suppress senescence, and improve
therapeutic effects [27-29]. Another factor
used to precondition MSCs is LPS, which
induce([s] the transition of MSCs into a pro-
inflammatory and immunosuppressive state
by increasing the expression of pro-inflamma-
tory cytokines [30, 31].

v-Interferon is the substance that makes
MSCs more effective at suppressing the im-
mune system. It prolongs allograft life in graft
against host disease and improves the migra-
tory and reparative abilities of MSCs [32, 33].
The results of the studies on the therapeutic
efficacy of MSCs after preconditioning dem-
onstrated that preconditioning MSCs with
H,0,, (30 umol) results in the largest increase

Negative control

Positive control
(Peritonitis)

MSCs

MSCs (H505)
MSCs (melatonin)
MSCs (vitamin C)
MSCs (LPS)
MSCs (IFNy)

DeEREER NI

preconditioned-MSCsY

relative level of inflammantion (Ngx,/Neontror)

Fig. 6. Effect of MSCs preconditioning on their thera-
peutic potential. *P< 0.5 — negative control vs. positive
control, #P< 0.5 — positive control vs. MSCs/precondi-
tioning by various factors of MSCs, #P< 0.5 — MSCs
vs. MSCs (H,0,).

in therapeutic efficacy (Fig. 6). In an acute
inflammation model, preconditioning MSCs
with melatonin, ascorbic acid, and y-interferon
does not significantly improve the therapeutic
efficacy of[preconditioned MSCs compared to
the native MSCs. The therapeutic potential of
MSC:s is not altered by LPS preconditioning.
Obviously, preconditioning with interferon-y
and LPS, which puts MSCs into a pro-inflam-
matory and immunosuppressive state, cannot
be effective in an acute inflammation model.

Conclusions

The study of the dynamics of the development
of the therapeutic action of MSCs after their
intraperitoneal administration showed that the
anti-inflammatory effect develops very quickly.
Even with a low dose of MSCs (1.65x10°/kg),
the number of macrophages in the peritoneal
cavity declines significantly after 15 min, this
is accompanied by an increase in the /L-10
expression and enhanced phagocytosis. As a
result the method has been developed that al-
lows the evaluation of therapeutic efficacy of
MSC preparations in vivo. This method is very
important for the characterization of MSC prep-
arations if their use in regenerative medicine is
planned. The most effective method to increase
the therapeutic potential of MSCs is precondi-
tioning with low doses of H,0,.
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Busuennsi B3aemonii Misk makpodaramu ta MCK
MYNOBHHH JIOAUHY in vivo Ha Mojesi NepUTOHITY
Yy MuLuei

I1. O. Mikyc, C. FO. Pumap, H. O. lllyBanoga,
B. A. Kopaiom

Me3seHxiMallbHI CTOBOYPOBI KIIITHHU MAlOTh YHIKaJIbHI
BJIIACTHBOCTI, Ki 3a0€3MeUyI0Th BiTHOBJICHHS ITOIITKO/[KE-
HUX TKaHUH, 10 JIO3BOJISIE BUKOPHCTOBYBATH X y KIIITHH-
Hill Tepartii pi3HUX 3aXBOPIOBaHb. Peatizarlis Iux BIacTu-
BOCTEW B OCHOBHOMY ITOB’s13aHa i3 B3aemomiero MCK 3
Makpogaramu. Mera. Bupuenns 3aemonii MCK mymo-
BUHH JTFOIUHHA 3 Makpodaramu in vivo Ha MO CTSPHITh-
HOTO 3aIlaJIEHHsI YEPEBHOI NOPOKHUHY y Mulliei. MeTonu.
[{uToNMoTivHI METOTH OIIHKK TOCTPOTO 3aITajICHHS YePeB-
HOI OPOXKHUHU MUIICH; BUAUICHHA Ta KyJIBTUBYBAaHHSI
MCK nynmoBUHH JIFOMWHU; AOCTIIHKEHHS EKCIIpecii mo-
BepxHeBHX MapkepiB MCK MpOTOYHOIO IIUTOMETPIET;
BH3HAYCHHS (haroluTapHOI aKTHBHOCTI MOHOHYKIICapiB
MIEpUTOHEANHHOT TOPOKHIHH;, BUIJICHHS MOHOHYKJICApHOT
PHK, 3T-IUJIP; meTroau CTaTHCTUYHOTO aHaIi3y.
Pesyabraru. JlocmimkeHO TMHAMIKY PO3BHUTKY TeparieB-
traHOTO edexry MCK micis X TpaHCIDIaHTaIlii B 9epeB-
HYy TOPOXKHUHY MHUIIICH; PO3POOICHO METOUKY OIIHKH
TepareBTUYHOI aKTUBHOCTI pi3HKX mpenaparis MCK;
MTOKa3aHO MIBUIKY MOJSIPU3aIlifo Makpodarip 10 CTaHy
M2 nicns Beenensss MCK nuisixoM BUBYEHHS (parorurap-
HOI aKTHBHOCTI MakpodariB Ta ekcrpecii reHa /L-10.
BucnoBku. Halibimbir e)eKTHBHIM METOIOM ITiIBHIIICH-
Hs TepaneBTH4HOTO noteHIiany MCK e npekoH U1 0HY-
BaHHs HU3bKUMU 03amu H,0,.

KawuoBi caosa: MCK, makpodaru, nepuToHirt.
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