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ABSTRACT

of the thymus, have been significantly less studied for this purpose.

The traditional source for regeneration of the immune system is hematopoietic stem cells. Multipotent stromal cells (MSCs), especially MSCs

THE AIM was to study the regenerative, immunobiological and radioprotective properties of thymus-derived multipotent stromal cells.

MATERIALS AND METHODS. Researches were conducted to study the effect of transplantation of thymus-derived MSCs on the survival and
features of restoration of the immune system of lethally irradiated mice. Lethally irradiated (with dose 9 Gy) CBA mice, 5-6 weeks old, were
injected intravenously with 5.10% thymus-derived MSCs. On the 30" day the cellularity of lymphoid organs, bone marrow and blood, natural
and adaptive immunity were studied.

RESULTS. It was found that transplanted thymus-derived MSCs significantly prolonged the survival and average lifespan of mice, restored the
cellularity of bone marrow, the ability of bone marrow stromal cells to form fibroblast colonies, greatly increased the cellularity of the thymus
and contributed to the normalization of the number of leukocytes in the blood. In addition, the natural cytotoxic activity of splenocytes and their
ability to synthesize a/B3- and y-interferons, significantly increased, the number of antibody-producing cells was stimulated and the synthesis
of antibodies increased. The concentration of the tumor necrosis factor a in the blood was significantly reduced.

CONCLUSIONS. The results indicate that thymus-derived MSCs possess pronounced regenerative and immunobiological activity, which
provides these cells with radioprotective ability. The obtained data can be used to develop combined cell transplants and new methods for

improving their regenerative potential and radioprotective effects.
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Hematopoietic stem cells (HSCs), which under physiological condi-
tions are a heterogeneous population of cells of varying degrees of matu-
rity, are precursors to all cells of the immune system, except for stromal
ones. They constitute in general a well-known continuum of HSCs and
their progenitors whose elements differ fundamentally in the range of
multipotency and sensitivity to humoral and intercellular contact regula-
tion [1]. Transplantation of HSCs and progenitors to irradiated animals
provides restoration of the immune system and protects them from the
development of the lethal bone marrow failure syndrome. But sometimes
the results are not quite satisfactory and the question arises whether this
is due to insufficient number of HSCs in cell transplant as well as multipo-
tent stromal cells (MSCs), which usually perform an important function of
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supporting HSCs in bone marrow niches [2, 3]. Particularly noteworthy is
that in transplants of bone marrow cells one can expect the presence of
a certain number of bone marrow MSCs and they do not contain thymic
MSCs at all. Meanwhile, the thymus-derived MSCs differ significantly in
properties from bone marrow-derived, bone and dermal subpopulations
of MSCs and are unique.

The study of cell markers on models of transgenic animals has shown
that the mesenchyme around the thymus originates from the neural crest
[4]. Mesenchymal cells play an active role in the formation of embryonic
and adult thymus [5, 6], and they play an essential role in the positive selec-
tion and migration of T-lymphocytes [7]. Especially thymus MSCs stimulate
the development of double-negative CD4-CD8- cells in the thymus [8, 9, 10].



In the embryogenesis, thymic MSCs regulate the proliferation of thymic
epithelial cells, producing fibroblast growth factors (FGF) 7 and 10, insulin-
like growth factor (IGF) type 1 and 2, and retinoic acid [9, 11,12, 13, 14].In
adult thymus, CD148* MSCs are involved in revascularization and thymus
regeneration after infection, producing fibroblast-specific protein-1 (FSP 1)
required to support the thymus medullar epithelium [15, 16].

Significant differences between MSCs of the thymus, bone and der-
mis, highlighting the importance of functional activity of thymic MSCs,
were revealed with transcriptome analysis [17]. In this paper, the selec-
tion of cells for research was based on the authors’ opinion that the prop-
erties of MSCs may depend on the microenvironment. Therefore, MSCs
of the thymus and dermis should have mechanisms to support epithelial
cells, and MSCs of the thymus and bone have a positive effect on hema-
topoietic cells. In all three populations, 6270 genes that provide house-
keeping were found, 2850 core ones and 2036 differentially expressed
genes (DEGs), whose expression often 5-fold varied in three populations,
indicating cell heterogeneity. DEGs were associated with characteristic
functions: elimination of apoptotic cells (thymus-derived MSCs), osteo-
clastogenesis (bone-derived MSCs) and support of hair follicles (dermal
MSCs). Higher expression of DEGs in thymic MSCs provides regulation of
chemotaxis and polarization of M2 macrophages that contribute to anti-
inflammatory processes. Three DEGs are involved in the attracting and
expanding hematopoietic thymocytes precursors. They expressed in thy-
mic MSCs on the highest level. DEGs of both thymus and bones were also
expressed in an increased number of five genes, which contributed to the
expansion of hematopoietic precursor cells and were poorly expressed in
MSCs of dermis or thymocytes. In addition, out of the 25 main DEGs that
were expressed in MSCs of the thymus and dermis, 7 were encoded by
molecules that participated in the adhesion of epithelial cells to the base-
ment membrane and signaling during mesenchymal-epithelial transition.
The considered data indicate the heterogeneity of MSCs of different tissue
origin. The main functions of the thymic MSCs are to promote efferocy-
tosis, support for hematopoietic progenitor cells and epithelial cells [17].

The obtained data testify to the possible active impact of thymic
MSCs on regeneration of thymus and T cell-mediated immunity, which
was first showed in our previous studies [18].

The purpose of our work is to study the effects of thymus-derived
MSCs on the regeneration of the immune system of lethally irradiated mice.

MATERIALS AND METHODS

The work was performed on 113 CBA male mice, 5-6 weeks old, the
in compliance with the requirements of Article 26 of the Law of Ukraine
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«0n the Protection of Animals from Cruelty» (February 21, 2006) and
«European Convention for the Protection of Vertebrate Animals Used
for Experimental and Another Scientific Purposes» (Strasbourg, 1986).
The animals were irradiated once using a «Teratron» device with a
radionuclide ®Co. The irradiation dose was 9.0 Gy, the dose rate was
151 cGy/min.

The culture of thymus-derived MSCs was obtained by explant tech-
nique in a DMEM/F12 medium with 10 % fetal bovine serum (all - Sigma,
USA) in 6-well plates at 5 % CO,. On the 10th day of cultivation, when nu-
merous fibroblast colonies were clearly visible, the medium was removed,
colonies of thymus-derived MSCs were trypsinized to obtain a single-cell
suspension using trypsin-EDTA solution. The multipotent properties of
thymus-derived MSCs are confirmed by their osteo- and adipogenic dif-
ferentiation potential in our previous studies [19].

Two experiments were carried out. In the first experiment to study
survival and average lifespan after irradiation, 5+10* thymus-derived
MSCs in 0.2 mL DMEM/F12 medium were transplanted intravenously into
retroorbital sinus (n = 16). The control were irradiated mice that received
culture medium only (n = 14). The animals were monitored for 16 weeks,
marking the death date of each mouse.

In the second experiment (Fig. 1), to study immune system functions,
the following groups were formed: 1 — normal mice (n = 11); 2 — lethally
irradiated mice receiving culture medium (n = 32); 3 — lethally irradiated
mice receiving thymus-derived MSCs (n = 40). Animals were observed
for 30 days, fixing the date of death of each mouse. On the 25™ day, all
animals were immunized by intraperitoneal injection of 108 sheep eryth-
rocytes. After 4 days, re-immunization to develop the delayed-type hyper-
sensitivity was performed by the administration of the same amount of
red blood cells into the footpad. On the next day (30 days after irradia-
tion), the survival rate of the animals was assessed, and the parameters
of the immune system were determined after the decapitation under ether
anesthesia. In surviving animals, on the 30" day (5 mice in group two,
8 mice in group three), we determined the absolute and relative weight of
the thymus and spleen, the number of thymocytes, splenocytes and bone
marrow cells, the number of fibroblast colony forming units (CFU-F) in
the bone marrow [20], the number of leukocytes in the peripheral blood.
In addition, we counted the leukocyte subpopulations. The phagocyto-
sis activity of peritoneal macrophages with FITC-labeled S. aureus was
investigated by a flow cytometry [21], bactericidal activity of peritoneal
macrophages — according to the index of stimulation in nitro blue tetrazo-
lium (NBT) test [22], and the natural cytotoxicity of splenocytes to K562
cells, and blast-transformation of lymphocytes from mesenteric lymph
nodes — by MTT assay [23]. The content of a/B- and y-interferons (in log,
titres) induced in the culture of splenocytes by the Newcastle disease virus
or 10 pg/mL of concanavalin A (Sigma, USA) were investigated assessing
the ability of splenocytes culture supernatant to prevent the development
of cytopathogenic effect of the vesicular stomatitis virus in the cell culture
[24]. The concentration of tumor necrosis factor a (TNFa) was determined
by cytotoxic effect of supernatants of splenocytes cultures on L929 cells
and expressed as log, titre [25]. The delayed-type hypersensitivity re-
action and the number of antibody-producing cells in the spleen by the
local hemolysis in gel was determined as well as the hemagglutinins and
hemolysins levels in the blood serum (in log, titre) was estimated.
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Fig. 2. Survival rate (a) and average lifespan (b)
of lethally irradiated mice receiving thymus-
derived MSCs.
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Fig. 3. The weight (a) and the relative weight of thymus (b), the number of thymocytes (c), the cellularity of the thymus (d), the total number of bone
marrow cells (e) and CFU-F (f), the number of leukocytes (g) and neutrophils (h) in peripheral blood. 1 — normal animals (n = 11), 2 — irradiated animals
that received culture medium (n = 5), 3 — irradiated animals that received MSCs (n = 8).

Note: * — p <0.05, ** — p <0.01, *** — p <0.001 compared to the group of normal mice; + —p <0.05, ++ — p <0.01, +++ — p <0.001 compared to the group

of irradiated mice received culture medium.

The obtained results were processed by the methods of variation
statistics using MS Office Excel (Microsoft, USA) software. The average
lifespan of irradiated mice was determined based on the dynamics of
animal death by linear regression using Origin v.6.1 software. The data
are presented as mean and standard error of mean (M + m) for each
group. The reliability of the differences between the groups was estimated
using the Student’s t-test, Fischer’s exact test, and the non-parametric
Mann-Whitney U test. The critical value of the significance level was
considered p < 0.05.

RESULTS AND DISCUSSION

The transplantation of syngeneic MSCs contributed to the increase
of survival rates, although, at the level of the trend, almost at all terms
of observation (Fig. 2), from the 14™ week — significant. At that time, all
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animals died in the control group of irradiated animals, and in the group
of mice receiving MSCs, 13 % of animals survived. Average lifespan
after irradiation and MSCs injection was 41.8 + 6.2 days and signifi-
cantly exceeded average lifespan in control group (15.0 £ 1.6 days, p <
0.05). This is an unexpected result, because MSCs are not differentiated
into hematopoietic cells, and the current idea of treating bone marrow
failure syndrome is the need for transplantation of hematopoietic stem
cells and progenitors, from which all the cells of the immune system
can develop.

In the second experiment, the 30-day survival rate of mice receiving
thymus-derived MSCs was 20.0 %, slightly higher than that of irradiated
control mice (15.6 %), but statistically insignificant (p > 0.05), as in the
first experiment at this term.

Basic cell-dependent parameters of thymus after irradiation signifi-
cantly decreased (Fig. 3 A, B, C, D). After the injection of thymus-derived
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Fig. 4. The cytotoxic activity of splenocytes (a), the level of a/B- (b) and y-interferon (c), the amount of spontaneous TNFa (d) in the culture of
splenocytes. 1 —normal animals (n = 11), 2 — irradiated mice that received culture medium (n = 5), 3 — irradiated mice that received MSCs (n = 8).

Notes: * — p < 0.05,
to the group of irradiated mice that received culture medium.
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MSCs, the mass of the thymus significantly increased (Fig. 3 A, B), as well
as significantly increased the cellularity of the thymus (Fig. 3 C, D).

The cellularity of the bone marrow (Fig. 3 E) and the number of CFU-F
(Fig. 3 F) were essentially restored. The number of leukocytes (Fig. 3 G)
and neutrophils (Fig. 3 H) in peripheral blood also significantly increased.

The cytotoxicity of splenocytes (Fig. 4 A) and their ability to produce
o/[- (Fig. 4 B) and y-interferons (Fig. 4 C), which play a major role in anti-
infective protection and activation of the immune system, significantly
increased. The amount of spontaneous TNFa in the culture medium of
the splenocytes culture was significantly reduced after injection of MSCs
(Fig. 4 D). This finding may indicate a decrease in the number of TNF-
inducing infectious factors penetrating from the affected intestinal barrier,
especially as TNFa demonstrates the radioprotective effects only in the
early period following irradiation [26].

The number of antibody-producing cells in spleen significantly in-
creased (Fig. 5 A). Also, in the blood serum, the level of hemagglutinins
(Fig. 5 B) and hemolysins increased significantly (Fig. 5 C).

In other tests, MSCs transplantation did not change the absolute and
relative weight of the spleen, the total number of splenocytes, phagocy-
tosis and bactericidal activity of peritoneal macrophages, the reaction of
blast transformation of the lymphocytes of the mesenteric lymph nodes,
the delayed-type hypersensitivity reaction.

Thus, the performed studies found out that transplantation of thy-
mus-derived MSCs to lethally irradiated mice stimulates the regeneration
of the immune system and common radioprotective ability.

Contrary to constant conception that the main mechanism of MSCs
impact in vitro is antiproliferative effects [27], at thymus-derived MSCs
transplantation in mice receiving cyclophosphamide, there was a rege-
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neration of the immune system with significant restoration of bone mar-
row and thymus cellularity and the transition of a large number of lymph
node cells from the G,/G, phase into the S+G,/M phase of cell cycle, as
shown in our previous work [28].

In irradiated mice, under the impact of transplanted thymus-derived
MSCs for the first month, it also largely regenerates the thymus and
bone marrow with significant recovery of CFU-F number in bone mar-
row. Moreover, due to the regeneration of bone marrow myeloid lineage
in the blood, the number of leukocytes and neutrophils is significantly
increased. There is an evidence that transplanted MSCs are able to mi-
grate to the bone marrow, due to CXCR4 overexpression [29]. In addition,
MSCs can suppress the pro-apoptotic processes by positive regulation
of the anti-apoptotic proteins Bcl2 and p-Akt and reduction of the pro-
apoptotic protein Bax expression [30]. Contact interaction of MSCs with
different cells substantially supports their paracrine effects [31, 32].

The support of the hematopoietic stem cells and progenitors by
MSCs plays an important role in the HSCs activity. MSCs is the major
cellular component of bone marrow niches of HSCs [2, 3]. MSCs also
play an important role in thymus niches, which are involved in the dif-
ferentiation of thymocytes [8, 9, 33, 34, 35]. Affinity of MSCs to imma-
ture T-cells is known [7, 36]. It has been shown that MSCs produce exo-
somes and extracellular microvesicles that effectively support impaired
HSCs after irradiation [37]. It can be assumed that the transplanted MSCs
partially replace the injured recipient’s stromal cells and create a more
adequate microenvironment for the homing, proliferation and differentia-
tion of HSCs and progenitors. Most endogenous MSCs are sensitive to
irradiation and lose their functionality regardless of tissue origin. There-
fore, there can exist an option, when transplanted normal MSCs enhance
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the functioning of the recipient’s affected MSCs and promote the proper
functioning of the niches for survived HSCs [38, 38, 40]. The radiopro-
tective effect of MSCs can be partly explained by the fact that, in some
conditions in vitro, thymus-derived MSCs, but not bone marrow-derived
MSCs, stimulate production of antibodies [41]. /n vivo, MSCs can also
activate antibody production [28, 42].

Another real possibility lies in the recently discovered ability of MSCs
to participate in the reactions of innate immunity due to the expression of
Toll-like receptors, which may be a mechanism for neutralizing the infection
and suppress the bone marrow failure syndrome. MSCs also carry out anti-
infectious protection by producing antimicrobial peptides and proteins, as

well as extracellular vesicles [43, 44, 45]. There is an evidence that MSCs
and myeloid cells functionally co-operate, enhancing the activity of natural
immune cells in anti-infective protection [46]. The transplantation of human
umbilical cord blood MSCs into irradiated rats has greatly contributed to
the regeneration of bone marrow [47] and the immune system as a whole
[48]. In addition, MSCs show metabolic and adaptogenic activity, which
promotes post-stress regeneration of the immune system [49].

Thus, there are reasons to believe that the immunoregenerative and
radioprotective activity of transplanted mesenchymal stromal cells can be
realized directly by themselves, or due to their positive differentiation and
proliferative effects on hematopoietic stem cells and progenitors.

CONCLUSION

Thus, as a result of the transplantation of thymus-derived MSCs in lethally irradiated mice, there was an increase of survival and average
lifespan, stimulation of the thymus and bone marrow regeneration with the recovery of the production of bone marrow CFU-F. Natural immunity
was stimulated: the cytotoxic activity of splenocytes and their ability to produce a/B- and y-interferons significantly increased and production
of TNFa decreased. The number of antibody-producing cells in spleen of irradiated mice after MSCs transplantation significantly increased
as well as the ability to synthesize hemalysins and hemagglutinins increased.

The obtained data testify to the effective involvement of transplanted thymus-derived MSCs in the regeneration of the immune system
of lethally irradiated mice, which also leads to an increase in common radioprotective ability of the animals. The results can be used to create
new combined stem cell transplants and to develop more effective methods for their application.
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