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ABSTRACT

The effect of transplantation of syngeneic bone marrow cells (BMCs) after their contact in vitro with thymus-derived multipotent stromal cells
(MSCs) for regeneration of damaged by cyclophosphamide immune system of mice was studied.

MATERIALS AND METHODS. MSCs were obtained from C57BL/6 mice’s thymus by explants method. BMCs were obtained by flushing the
femurs. BMCs were induced for 2 hours on the monolayer of thymus-derived MSCs. The immune deficiency of mice was modelled using
cyclophosphamide injection. After that, cell transplantation was performed and the state of the immune system was assessed. The number
of erythrocytes, hematocrit, hemoglobin concentration in the peripheral blood; the phases of the cell cycle and apoptosis of mesenteric
lymph node cells were determined. The amount of antibody-producing cells in the spleen and the delayed hypersensitivity response was
determined. The study of proliferative and cytotoxic activity of natural killer lymphocytes, the analysis of phagocytosis, spontaneous and
induced bactericidal activity of peritoneal macrophages were performed.

RESULTS. It was shown that unlike intact bone marrow cells, BMCs induced by thymus-derived MSCs provided increased spontaneous
proliferative activity of lymphocytes with a decrease in the number of lymph node cells in Gy/G, phase by 6.2 % and an increase the number
of lymphocytes in S+G,/M phase by 28 % in comparison with the group of mice treated with cyclophosphamide, as well as the recovery of
cellularity of the bone marrow, lymph nodes and spleen. At the same time in the lymph nodes, the number of cells in the apoptosis increased.
BMCs induced by MSCs showed a pronounced negative effect on natural cytotoxicity, reducing its rates by 3 times compared with the group
of cyclophosphamide-treated mice, and on adaptive immunity: the rates of delayed hypersensitivity response decreased by 1.7 times, the
number of antibody-producing cells by 1.8 times. Red blood cell regeneration was stimulated by intact BMCs, which was manifested by the
normalization of hematocrit and hemoglobin and an increase in the number of reticulocytes in the blood by 2.2 times compared with the group
of mice treated with cyclophosphamide.

CONCLUSION. Transplanted BMCs improve erythropoiesis in mice after cyclophosphamide treatment, and BMCs, previously induced by thymus-
derived MSCs, lose this ability. BMCs after co-culture are strongly activated to impact on the immune system, which is most likely due to the
effect of contact interaction with thymus-derived MSCs, effectively impact on hematopoietic cells and possess immunomodulatory properties.
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The transplantation of bone marrow cells containing hematopoietic
stem cells (HSCs) is used to regenerate the immune and hematopoietic
systems. Historically, bone marrow transplantation was the first method of
HSCs transplantation. HSCs are progenitor cells, which are mainly located
in the specialized «niches» of the bone marrow in contact with mesenchy-
mal multipotent stromal cells (MSCs) [1]. The effect of microenvironment
provides the implementation of self-renewal, multipotency and prolifera-
tion programs in HSCs [2]. This allows to withdraw the required number of
cells in the differentiation in certain directions, while maintaining a constant
number of HSCs required for normal hematopoiesis. Multipotent stromal
cells are the basis of bone marrow niches of HSCs and largely determine the
realization of HSCs functions and prevent pro-apoptotic effects [3].

Cell therapy is currently a promising strategy for regenerative medi-
cine, when cell types necessary for clinical needs begin to be used. Never-
theless, given the often medical inefficiency and the risk of complications
from existing approaches, there is a need to develop new methods for cell
application in a way aimed at restoring specific injuries. One of the new
approaches to effective and directed changes in the properties of HSCs
can be the use of contact interaction of MSCs and HSCs, which leads to
significant activation of interacting cells [4].

Thus, the purpose of the study was to investigate the effect of trans-
plantation of BMCs, intact and induced by the contact with MSCs, on
regeneration of the immune system and hematopoiesis in mice after
cyclophosphamide treatment, which in the future could be the basis for
developing more effective methods to restore the immune system.

MATERIALS AND METHODS

Experiments were conducted on male C57BL/6 mice aged 6-8 weeks
and weighing 18-20 g from the vivarium of Kavetsky Institute of Pathol-
ogy, Oncology and Radiobiology of the National Academy of Sciences
of Ukraine, which received a balanced diet and had free access to wa-
ter ad libitum. All studies on experimental animals were carried out in
compliance with the requirements of Article 26 of the Law of Ukraine
«0n the Protection of Animals from Cruelty» (February 21, 2006) and the
European Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Strasbourg, 1986)

To study the effect of cells on regeneration of the immune system
of syngeneic mice, four groups were formed: | — normal animals, control
(n=10), Il - mice with cyclophosphamide treatment (n = 9), lll — animals
with cyclophosphamide treatment receiving BMCs (n = 7) and IV — with
cyclophosphamide treatment receiving BMCs, induced by a previous
2-hour contact with MSCs (iBMCs) (n = 8).

After euthanasia of animals by cervical dislocation under ether anes-
thesia, thymuses and femurs, spleens and mesenteric lymph nodes were
isolated under sterile conditions as well as peripheral blood was collected.

BMCs were obtained by flushing of the femoral diaphysis with a nutri-
ent medium. Thymus-derived MSCs were obtained from C57BL/6 male
mice at the age of 6-8 weeks by the standard explants technique [5]. Cul-
tivation was carried out in DMEM/F12 (Sigma, USA), supplemented with
10 % fetal bovine serum FBS (Sigma, USA), 10 mM L-glutamine (Sigma,
USA) and 100 IU/mL penicillin and 100 pg/mL streptomycin (Darnytsya,
Ukraine) in a CO, incubator (Jouan, France) at 37 °C and 5 % in the CO,
atmosphere. Subcultivation of cells in the ratio 1:3 was carried out us-
ing a mixture of 0.05 % trypsin (Biotestmed, Ukraine) and 0.02 % EDTA
(Sigma, USA) solutions. The obtained cells were attached to plastic, had
fibroblast-like morphology and formed colonies. The characteristics of
MSCs were additionally established by inducing their differentiation into
the osteogenic and adipogenic directions in the specific media [6, 7, 8].
Cells of 4-5" passage were used for BMCs induction.

To model the immunodeficiency in mice of Il, lll and IV groups, single
intraperitoneal injection of cyclophosphamide was administered at a stan-
dard dose 200 mg/kg, animals of group | received saline. After 2 hours
according to the metabolism of cyclophosphamide [9], 1+108 BMCs or
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iBMCs in 0.1 mL of DMEM/F12 medium supplemented with 5 % mouse
serum were injected to the retroorbital sinus. Induced BMCs were ob-
tained by incubation of BMCs on thymus-derived MSCs monolayer for
2 hours. Then BMCs, which detached from thymus-derived MSCs, were
collected by light pipetting. In a week, mice of all groups were immunized
intraperitoneally with 1102 sheep erythrocytes. After 4 days, a repeated
injection of the same number of cells subcutaneously into the footpad
was performed, and after a day, the number of antibody-producing cells
was measured by local hemolysis in gel, the delayed hypersensitivity rate
by the difference in the mass of the experimental and control feets [10].
The control mice were immunized according to the same scheme. Thus,
the study of the immune system of animals in all groups was carried out
12 days after the cyclophosphamide treatment, considering the dynamics
of its immunosuppressive effect [11].

The number of erythrocytes, hematocrit, hemoglobin concentration in
the peripheral blood was determined by the automatic hematologic ana-
lyzer Particle Counter PCE-210 (ERMA Inc., Japan). The analysis of the
cell cycle and apoptosis of cells from mesenteric lymph nodes was per-
formed by propidium iodide staining using FACScan flow cytometer (Becton
Dickinson, USA) counting 25+10° cells per sample. ModFit LT software was
used to establish the distribution of cells in the cell cycle phases [12].

The study of proliferative and cytotoxic activity of natural killer lym-
phocytes was performed by the Mossman method [13]. The phagocytosis
activity of peritoneal macrophages with FITC-labeled S. aureus was inves-
tigated by a flow cytometry [14]. The level of spontaneous and induced
bactericidal activity of peritoneal macrophages was determined by their
ability to recover nitro blue tetrazolium (NBT) [15].

The obtained results are processed by the methods of variation sta-
tistics using MS Office Excel (Microsoft, USA) software. For quantitative
parameters mean and standard error of mean (M £ m) were calculated.
The non-parametric Mann-Whitney U test was used to determine the sig-
nificance of the differences between the compared groups. The critical
value of the significance level was considered p < 0.05.

RESULTS AND DISCUSSION

Twelve days after cyclophosphamide treatment, body weight of mice
decreased by 13 % (p < 0.01) compared with the control group of intact
animals, which is likely to be the result of the toxic effect of cyclophos-
phamide. After the injection of both BMCs and iBMCs into mice, the body
weight was at the same level as of the animals treated with cyclophos-
phamide. Therefore, it can be assumed that the bone marrow cells did not
have antitoxic effect.

The cyclophosphamide treatment resulted in a 36 % reduction in
bone marrow cellularity (p < 0.001) compared with the control group of
intact animals. The introduction of BMCs caused even more pronounced
cellularity reduction up to 53 % (p < 0.005) as compared with the control
group (Fig. 1 A). After the injection of iBMCs, this index no longer had a
significant difference from the norm, indicating the positive effect of these
transplanted cells on the bone marrow recovery.

Reduction of bone marrow cellularity after the injection of BMCs fol-
lowing cyclophosphamide treatment was unexpected, because it would
seem that BMCs should proliferate, differentiate and ensure the restora-
tion of bone marrow cellularity that was observed after the introduction
of iBMCs, which had a positive effect on the recovery of bone marrow.

Among the populations of hematopoietic cells, HSCs are uniquely
able to migrate to the recipient bone marrow, as well as proliferate there
and provide long-term hematopoiesis. In the bone marrow, HSCs are in
specialized stromal niches, where their self-renewal and multipotency are
provided [16]. However, irradiation and chemotherapy, which are used
for both therapeutic purposes and for the conditioning of donor HSCs
in the clinic, exhaust most of the hematopoietic system, including bone
marrow niches [17]. We can assume that the transplanted normal BMCs
do not reach the bone marrow niches, where they usually migrate, as the
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Fig. 1. Cellularity of bone marrow, lymphoid organs and proliferative activity of the murine cells: | — control animals; Il — animals with cyclophosphamide

treatment; IIl — animals with cyclophosphamide treatment receiving bone marrow cells; IV — animals with cyclophosphamide treatment receiving bone
marrow cells induced by contact with thymus-derived multipotent stromal cells.

Notes: * —p < 0.05, ** —p < 0.01, *** — p < 0.001 - the difference is significant compared to the group of normal mice that received saline; # — p <
0.05, ## — p < 0.01 — compared to the group of mice with cyclophosphamide treatment; + — p < 0.05, ++ — p < 0.01 — compared to the group of mice with

cyclophosphamide treatment that received bone marrow cells.

microenvironment in the niches suffers from the cyclophosphamide ef-
fect. As a result, BMCs do not demonstrate a complete restoration of the
bone marrow in contrast to iBMCs that have been co-cultured with MSCs
in vitro, and apparently, due to this, having got into the conditions of even
exhausted bone marrow niches, they can fully develop, differentiate and
restore the cellularity of bone marrow.

Under the impact of cyclophosphamide, the thymus weight reduced
by 69,3 % (p < 0.005), total number of thymocytes reduced by 87,2 % (p
< 0.001) and the thymus cellularity reduced by 63,6 % (p < 0.01) com-
pared to the control group of intact mice, which testified the involution of
the thymus (Fig. 1 B). The transplantation of cells did not have an effect
on these parameters. This is due to the fact that 12 days are not enough
for their restoration because thymus-derived precursor cells are already
exhausted and migration of precursors from bone marrow is disturbed
both quantitatively and qualitatively [18].

The weight and the relative mass of the spleen in mice treated with
cyclophosphamide were significantly increased after 12 days. At the same
time, the number of splenocytes did not change and cellularity of the spleen
even reduced. Characteristic change of these indexes allows to assume
that the spleen enlargement under the impact of cyclophosphamide is the
result of vascular disorders and edema of the lymphoid tissue. After the
administration of BMCs into mice, spleen weigh and its cellularity normali-
zed significantly. Injection of iBMCs led to a greater increase in the spleen
weight, however, total number of splenocytes also increased. Therefore,
cellularity did not differ from the one in normal mice (Fig. 1 C). Thus, these
experimental conditions reveal the positive effect of bone marrow cells and
more pronounced effect of induced BMCs on the spleen.

Treatment with cyclophosphamide reduced the cellularity of mesen-
teric lymph nodes by 44.8 % (p < 0.01) compared to the control group
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of intact mice. BMCs transplantation led to the greater reduction of this
index by 55.2 % (p < 0.001) (Fig. 1 D). However, the injection of iBMCs
completely restored the cellularity of the lymph nodes. Corresponding
difference of the effect of cells transplantation has already been in the
indexes of the bone marrow and once more demonstrates that contact
interaction of MSCs and HSCs added new features to the HSCs.

The level of spontaneous apoptosis of lymph node cells under the
impact of iBMCs increased significantly compared with the control group
of intact mice (Fig. 1 E), which usually correlates with stimulation of cell
proliferation in normal animals.

Data on the positive effects of iBMCs on lymph node cells and stimu-
lation of proliferative activity are confirmed by the results of the study
of the cell cycle phases. The number of cells in the G/G, phases has
significantly reduced (Fig. 1 F), and in the S+G,/M phases has signifi-
cantly increased (Fig. 1 G). While intact BMCs did not have such activity, it
again indicates the divergence in the effects of the studied cells. There are
studies in which a significant increase in the number of cells in the G,/M
phase was observed in the non-adherent cells when MSCs and HSCs are
co-cultured [19]. These cells were used in our experiment.

Thus, as aresult of induced BMCs administration, but not intact BMCs,
into mice treated with cyclophosphamide showed partial normalization of
cellular parameters in various organs of the immune system. The efficacy
of MSCs as an inductors of HSCs at bone marrow transplantation may be
explained by the contact interaction of HSCs and stromal cells, as well as
by the production of cytokines and growth factors necessary for homing
and differentiation of HSCs [20, 21].

The effect of transplantation of cells on red blood cells was the op-
posite, that is, intact BMCs were much more active in the regeneration
of erythropoiesis. The treatment with cyclophosphamide significantly
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Fig. 2. Hematological parameters of mice: | — control group; Il — animals treated with cyclophosphamide; Il — animals treated with cyclophosphamide and

receiving bone marrow cells; IV — animals treated with cyclophosphamide and receiving bone marrow cells induced by contact with multipotent stromal

cells.

Notes: * —p < 0.05, ** —p < 0.01, *** —the difference is significant compared to the group of normal mice that received saline; # — p < 0.05,
### — p < 0.001 — compared to the group of mice with cyclophosphamide treatment; ++ — p < 0.01, +++ — p < 0.001 — compared to the group of mice
with cyclophosphamide treatment and transplantation of bone marrow cells.
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reduced hematocrit, the number of red blood cells and hemoglobin.
Transplanted iBMCs did not affect these parameters, while intact BMCs
normalized hematocrit and hemoglobin and at the same time significantly
increased the number of reticulocytes in the blood (Fig. 2).

The functional activity of the immune system underwent pronounced
changes. If the absorption activity of macrophages did not change neither
after the application of cells, nor because of the cyclophosphamide treat-
ment. It is known that cyclophosphamide does not have suppressive ef-
fects on macrophages, and even vice versa, low doses of cyclophospha-
mide in oncology are used to enhance antigen-specific cellular immune
response, as well as the activation of mechanisms of innate immunity
mediated by the secretory function of macrophages [22]. A similar stimu-

lating effect was observed when the bactericidal activity of peritoneal
macrophages in the NBT-test after the cyclophosphamide treatment was
substantially increased. This may also be due to the induction of bacteri-
cidal activity by products formed because of pro-apoptotic and toxic ef-
fects of cyclophosphamide on tissues, and may be due to the stimulatory
action on phagocytes of conditionally pathogenic microflora activated
by immunosuppressive effect of cyclophosphamide. Under the impact
of transplanted cells, normalization of bactericidal activity was observed
(Fig. 3 A), which most likely means that during 12 days, transplanted cells
may contribute to the suppression of opportunistic infection.

Also, as a result of the introduction of iBMCs, there was a pronounced
suppressive effect on the natural cytotoxicity of splenocytes (Fig. 3 B) and
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the blast transformation of splenocytes induced by phytohaemagglutinin
(Fig. 3 C), which, after cyclophosphamide treatment and transplantation
of BMCs, had no significant difference with control group. It is known that
the application of cyclophosphamide has an immunomodulatory effect
on the natural cytotoxicity of splenocytes, which may be both suppress-
ing and stimulating depending on the conditions [23]. It is likely that in
our experiment, the cyclophosphamide did not change of this parameter.
Induced BMGs, acquiring new properties different from intact BMCs, are
capable of suppressing cytotoxicity, the mechanism of such effects has

These data correlate with the study of adaptive immunity, which
showed the inhibitory effect of iBMCs on the delayed hypersensitivity
response in mice (Fig. 3 D), which was normal in the use of intact BMCs.
Meanwhile, the number of antibody-producing cells in the spleen of the
mice treated with cyclophosphamide was significantly lowered, and
none of the transplanted cell types had normalized its level (Fig. 3 E).
The absence of effect of CD34+ hematopoietic cells transplantation on
both cellular and humoral immune responses was also demonstrated on
the humanized (RAG-hu) model of immunodeficient mice [24].

not been studied, but is of interest for future researches.

CONCLUSION

In general, the results indicate that, unlike normal cells, bone marrow cells induced by thymus-derived MSCs provide increased spontaneous
proliferative activity of lymphocytes with the restoration of bone marrow, lymphoid organs integrity, and also have a strong negative effect on
natural cytotoxicity, delayed hypersensitivity response and number of antibody-producing cells. Normal BMCs provide regeneration of erythro-
poiesis. Probably, BMICs induced by thymus-derived MSCs lose this ability and are strongly activated in the direction of impact on the immune
system. This is most likely due to the influence of contact interaction with thymus-derived MSCs, which play an important role in the functioning
of thymus and have pronounced immunomodulatory properties.
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