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Abstract

Physical interaction of multipotent stromal cells (MSCs) and hematopoietic stem cells
(HSCs) is a modern approach to effective and focused changes in the properties of HSCs. Result-
ing of those contact interaction is significant activation of cells with following immune system
restoration.

The purpose of the study is to investigate the effect of co-transplantation of bone marrow
hematopoietic stem cells (HSCs) and thymic multipotent stromal cells (MSCs) separately and as a
union of cells on regeneration of the murine immune system, damaged by cyclophosphamide.

MSCs were obtained from thymuses of C57BL mice using explant technique. Bone marrow
cells (BMCs) were obtained by flushing out the femur with a nutrient medium. BMCs were coculti-
vated for 2 hours on the monolayer of thymus-derived MSCs. The immune deficiency of mice was
modelled by the treatment with cyclophosphamide (CP). After that, the cells were co-transplanted
in two methods (separately into different the retroorbital sinus and as a union after co-cultivation)
and the parameters of the immune system were evaluated. It was shown, that separate co-transplan-
tation of BMCs and thymus-derived MSCs is associated with the restoration of the number of bone
marrow cells, thymus, spleen and lymph nodes with an increase in the proliferation index of lymph
node cells by 1.4 times compared to control. It normalized the previous reduced concentration of
hemoglobin and hematocrit in the blood. Co-transplantation had a suppressive effect on the blast
transformation reaction, induced by phytohemagglutinin, by 4.3 times, but showed a stimulating
effect on DTHR response by 1.6 times compared to control.

Co-transplantation of the union of BMCs and MSCs is associated with the restoration of
the number of bone marrow cells, spleen and lymph nodes. The level of spontaneous apoptosis
of lymph node cells significantly increased by 3.3 times compared to control. It had not effect on
hematological parameters, but is activated to impact the immune system. Thus, as a result of cells
union administration showed normalization of the bactericidal activity of peritoneal macrophages,
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unlike the separate co-transplantation. This cells graft had a suppressive effect on the number of
antibody-producing cells in the spleen by 4.2 times compared to control.

Previous co-cultivation and contact interaction of cells change the properties of cell graft.
The effect of co-transplantation of BMCs and thymic MSCs is not a simple additive effect of cells.
It is acquiring the features typical to certain cell types, and the expression of new characteristics.
We assume this phenomenon as a result development of complex cells cooperative processes in
vivo and in vitro.

Keywords: bone marrow cells; thymic multipotent stromal cells; co-transplantation; regen-
eration; immune system.
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1. Introduction

Regeneration of the immune system, caused by different insults, remains a current issue of
modern biology and medicine. Researchers often focus on the study of hematopoietic stem cells
(HSCs), their progenitor cells and multipotent stromal cells (MSCs) of various organ origin [1, 2].
HSCs are the cells that produce all mature hematopoietic cells and MSCs provide a necessary
microenvironment in the thymus and bone marrow (BM) and probably in the peripheral lymphoid
organs for normal functioning of HSCs [3]. Meanwhile, most of the research papers are devoted to
BM-derived MSCs, which shaping the most important for the functioning of hematopoietic cells
structures called “niches” [4]. There are much fewer data on thymus-derived MSCs.

It is postulated, that there exist the thymic niches, in which, with an involvement of MSCs,
the conditions are created for differentiation of the T-cell progenitors, migrating to the thymus
from the bone marrow [5]. Thymic mesenchyme is necessary for its embryonic morphogenesis and
plays a direct role in the lymphopoiesis and cell migration in the thymus [6]. Thus, it is obvious,
that the interaction between MSCs and HSCs plays a key role in the tissues of the central organs
of the immune system. However, the MSCs are also important in the course of their interaction
with the hematopoietic cells on the periphery. They suppress the post-transplant reactions [7] and
stimulate antibodies synthesis, and also restrain the processes, associated with the proliferation of
T-lymphocytes in the different in vitro systems. Thus, the MSCs affect not only HSCs but also the
various populations and subpopulations of the lymphocytes.

The MSCs of various origin are known to be rather heterogeneous and to differ in terms of
their activeness, most apparently on account of their links with the microenvironment [1, 8]. As a
result, the set of properties of the MSCs of the thymus, the central organ of immunity, is probably of
significant importance for the recovery of the immune system. One of the new approaches to effec-
tive and focused changes in the properties of HSCs can be the use of physical interaction of thymic
MSCs and HSC:s. It is leading to significant activation of interacting cells. This activation could be
the basis for developing more effective methods to restore the immune system in the future.

Thus, the objective of the research paper was to investigate the effect of co-transplantation
of bone marrow HSCs and thymic MSCs separately and as a union on regeneration of the murine
immune system, damaged by cyclophosphamide.

2. Materials and methods

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

After euthanasia of animals by cervical dislocation under ether anesthesia, thymuses and
femurs, spleens and mesenteric lymph nodes were isolated under sterile conditions as well as pe-
ripheral blood was collected.
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BMCs were obtained by flushing of the femoral diaphysis with a nutrient medium. Thy-
mus-derived MSCs were obtained from C57BL/6 male mice at the age of 6—8 weeks by the stan-
dard explants technique [9]. Cultivation was carried out in DMEM/F12 (Sigma, USA), supple-
mented 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 using 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 dif-
ferentiation into the osteogenic and adipogenic directions in the specific media [10—13].

To study the effect of cell transplants on regeneration of the murine immune system, four
groups were formed:

— I group — control, normal animals (2=10), treated with water for injection intraperitoneally
and after 2 hours 0.1 mL of the nutrient medium DMEM/F12, 1:1, (Sigma, USA) supplemented
with 5 % syngeneic murine serum;

— II group — mice, treated with 200 mg/kg CP intraperitoneally (n=9);

—IIT group — animals, treated with CP with following co-transplantation of 10 BMCs with
5x10* MSCs in 0.1 mL of the nutrient medium separately into different retroorbital sinus (n=7);

— 1V group — animals, treated with CP with the following co-transplantation of the union of
10° BMCs with (5-18)x10* MSCs (1n=6).

Cells were injected 2 hours after the CP treatment. From this type of co-transplantation
BMCs were obtained by incubation of BMCs on thymus-derived MSCs monolayer for 2 hours.
Then BMCs, detached from thymus-derived MSCs, were collected by light pipetting. After resus-
pension, BMCs with attached to thymus-derived MSCs were collected using Versen’s solution (the
fraction was designated as the union of BMCs and MSCs).

In a week, mice of all groups were immunized intraperitoneally with 1x10® sheep eryth-
rocytes. After 4 days, a repeated injection of the same number of cells subcutaneously into the
footpad was performed. After a day, the number of antibody-producing cells was measured by local
hemolysis in gel. The delayed hypersensitivity rate was measured by the difference in the mass
of the experimental and control feets. 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.

The hematocrit, hemoglobin concentration in the peripheral blood was determined by the
automatic hematologic analyzer Particle Counter PCE-210 (ERMA Inc., Japan). The analysis of the
cell cycle and apoptosis of cells from mesenteric lymph nodes was performed by propidium iodide
staining using FACScan flow cytometer (Becton Dickinson, USA), counting 25x10° cells per sam-
ple. ModFit LT software was used to establish the distribution of cells in the cell cycle phases [14].

The study of proliferative and cytotoxic activity of natural killer lymphocytes was per-
formed by the Mossman method [15]. The phagocytosis activity of peritoneal macrophages with
FITC-labeled S. aureus was investigated by flow cytometry [16]. The level of spontaneous and
induced bactericidal activity of peritoneal macrophages was determined by their ability to recover
nitro blue tetrazolium (NBT) [17].

The obtained results are processed by the methods of variation statistics 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.

3. Results and discussion

Twelve days after the CP treatment, the body weight of mice was reduced by 13 % (16.8+0.8 g
vs. 19.3+0.4 g; p<0.05) compared to the control group of intact animals. This may be the result of
the common toxic effect of CP. The administration of CP resulted in a 36 % reduction in bone mar-
row cellularity (»p<0.05) compared to the control group of intact animals that did not recover on the
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12" day. Parameters of mice after both types of co-transplantation in this term did not differ from
the norm, indicating their positive effect on the recovery of BM by the 12 day (Fig. 1, a).
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Fig. 1. Cellularity of bone marrow, lymphoid organs and proliferative activity of the murine
cells: a — bone marrow cellularity; b — cellularity of the thymus; ¢ — cellularity of the
spleen; d — mesenteric lymph nodes cellularity; control — control animals; CP — animals with
cyclophosphamide treatment; BMCs+MSCs — animals treated with cyclophosphamide, bone
marrow cells and thymic multipotent stromal cells separately; union of BMCs+MSCs — animals,
treated with cyclophosphamide, union of bone marrow cells and thymic multipotent stromal cells

Notes: * — p<0.05 — the difference is significant compared to the group of normal mice
that received saline; #— p<0.05 — compared to the group of mice with cyclophosphamide
treatment, + — p<0.05 — compared to the group of mice with cyclophosphamide treatment that
received bone marrow cells and thymic multipotent stromal cells separately

Under the impact of CP, the thymus weight was significantly decreased by 69.3 % (p<0.005),
the total number of thymocytes by 87.2 % (p<0.005) and cellularity of the thymus by 63.6 %
(p<0.005), indicating thymic involution. The application of the union of BMCs and MSCs did not
affect these parameters. However, the co-transplantation BMCs and MSCs separately demonstrat-
ed the normalization of all thymic parameters (Fig. 1, b).

The weight and the relative mass of the spleen in mice, treated with CP, were significantly
increased after 12 days. At the same time, the number of splenocytes did not change and cellularity
of the spleen even reduced. The characteristic change of these indexes allows to assume that the
spleen enlargement under the impact of CP is the result of vascular disorders and edema of the
lymphoid tissue. After co-transplantation spleen cellularity normalized significantly (Fig. 1, ¢).
Thus, these experimental conditions reveal the positive effect of both type of cells on the spleen.
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When administering CP, the cellularity of the mesenteric lymph nodes also decreased sig-
nificantly by 44.8 % (»<0.005) compared to the control group of intact mice. Both type of co-trans-
plantation caused complete restoration of mesenteric lymph nodes cellularity (Fig. 1, d).

The level of spontaneous apoptosis of lymph node cells under the impact of the union of
cells increased significantly compared with the control group of intact mice (Fig. 2, @). Data on
the positive effects of separate co-transplantation on lymph node cells are confirmed by the results
of the study of the cell cycle phases. The number of cells in the GO/G1 phases has significantly re-
duced, and in the S+G2/M phases has significantly increased (Fig. 2, b). While the union of BMCs
and MSCs did not have such activity, it 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 G2/M phase was ob-
served in the non-adherent cells when MSCs and HSCs are co-cultured [18]. But in our experiment
adherent cells were used.
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Fig. 2. Proliferative activity of the murine cells of mesenteric lymph nodes: a — relative number
of apoptotic cells; b — relative number of cells G0/G1, S, G2/M cell cycle phase; control — control
animals; CP — animals with cyclophosphamide treatment; BMCs+MSCs — animals, treated with

cyclophosphamide, bone marrow cells and thymic multipotent stromal cells separatly; union of
BMCs+MSCs — animals, treated with cyclophosphamide, union of bone marrow cells and thymic

multipotent stromal cells
Notes: * — p<0.05 — the difference is significant compared to the group of normal mice
that received saline

Thus, as a result of cells administration into mice, treated with CP, showed partial normal-
ization 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 [19, 20].

The treatment with cyclophosphamide significantly decreased a hematocrit and hemoglobin
level. BMCs and MSCs co-transplantation separately normalized the hematocrit and hemoglobin
level in the blood (Fig. 3). Transplanted the union of BMCs and MSCs did not restore hematological
parameters.

BMCs showed a greater activity in recovery of the hematocrit and hemoglobin level, and, at
the same time, significantly increased the number of reticulocytes in the blood, indicating an active
process of erythropoiesis [21]. A similar effect was observed during separate co-transplantation,
but not after transplantation of the cells union. Thus, the obtained data may indicate that a subpop-
ulation of non-adherent cells is responsible for the recovery.

The functional activity of the immune system underwent pronounced changes. Although
the phagocytic activity of macrophages did not change, the bactericidal activity of peritoneal mac-
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rophages in the NBT test under the CP treatment was substantially increased. Under the impact
of the transplanted union of BMCs and MSCs there was the normalization of bactericidal activ-
ity (Fig. 3, a), which did not happen during the separate co-transplantation of these cells. At the
separate co-transplantation, there was a pronounced stimulating effect on the natural cytotoxicity
of splenocytes (Fig. 3, b) and the delayed type hypersensitivity reaction (DTHR) (Fig. 3, d) com-
pared to the group of mice, receiving only CP, a significant increase. The separate co-transplanta-
tion resulted in a pronounced suppressive effect on the blast transformation, induced by phytohem-
agglutinin (Fig. 3, ¢). After the application of the union of MSCs and BMCs, there were not any
significant differences from the norm. The transplantation of the union of MSCs and BMCs had a
suppressive effect on the number of antibody-producing cells in the spleen (Fig. 3, e).
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Fig. 3. Hematological parameters of mice: a — hemoglobin level; b — hematocrit; control — control
animals; CP — animals with cyclophosphamide treatment; BMCs+MSCs — animals, treated with
cyclophosphamide, bone marrow cells and thymic multipotent stromal cells separately; union of
BMCs+MSCs — animals, treated with cyclophosphamide, union of bone marrow cells and thymic
multipotent stromal cells
Notes: * — p<0.05 — the difference is significant compared to the group of normal mice
that received saline

Separate co-transplantation of BMCs and MSCs is associated with the restoration of the
number of bone marrow cells, thymus, spleen and lymph nodes with an increase in the proliferation
index of lymph node cells by 1.4 times compared to control. It normalized the previous reduced
concentration of hemoglobin and hematocrit in the blood, as well as BMCs. Co-transplantation
had a suppressive effect on the blast transformation reaction, induced by phytohemagglutinin by
4.3 times, but showed a stimulating effect on DTHR response by 1.6 times compared to control.

After cells co-cultivation, the regenerative properties of cell grafts change, which is most
likely due to the effect of cells contact interaction. Thus, co-transplantation of the union of BMCs
and MSCs is associated with the restoration of the number of bone marrow cells, spleen and lymph
nodes. But the level of spontanecous apoptosis of lymph node cells significantly increased by
3.3 times compared to control. It had no effect on hematological parameters, but is activated to
impact the immune system. Thus, as a result of cells union administration showed normalization
of the bactericidal activity of peritoneal macrophages, unlike the separate co-transplantation. This
graft had a suppressive effect on the number of antibody-producing cells in the spleen by 4.2 times
compared to control.

The findings of this study have to be seen in light of some limitations. The effect of co-trans-
plantation of BMCs and MSCs on the recovery of the immune system cannot be assessed due to the
biological characteristics of immunodeficiencies. Under the conditions of the experiment, we induced
chemotherapeutic immunodeficiency by CP in mice. Therefore, for each immunopathology it is nec-
essary to carry out individual selection of doses and combinations of cells for transplantation.
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Fig. 4. Parameters of natural and adaptive immunity of mice:
a — bactericidal activity of peritoneal macrophages; b — cytotoxic activity of splenocytes; ¢ — splenocytes
blast transformation, induced by phytohemagglutinin; d — the delayed type hypersensitivity;
e — the number of antibody-producing cells in the spleen; control — control animals;
CP — animals with cyclophosphamide treatment; BMCs+MSCs — animals treated with
cyclophosphamide, bone marrow cells and thymic multipotent stromal cells separately; union
of BMCs+MSCs — animals, treated with cyclophosphamide, union of bone marrow cells and
thymic multipotent stromal cells
Notes: * — p<0.05 — the difference is significant compared to the group of normal
mice that received saline; # — p<0.05 — compared to the group of mice with cyclophospha-
mide treatment
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The obtained data on the effectiveness of cellular grafts experimentally substantiate the
possibility of their implementation in various immunopathologies and may be useful in elaborating
new approaches to transplantation of HSCs and MSCs for clinical practice.

4. Conclusions

The effect of cell grafts of BMCs and thymic MSCs is method-dependent. Twelve days after
the CP treatment, separate co-transplantation of BMCs and MSCs restored the number of bone
marrow cells, thymus, spleen and lymph nodes. The concentration of hemoglobin and hematocrit
in the blood was normalized. Transplantation suppressed the blast transformation reaction, induced
by phytohemagglutinin by 4.3 times. DTHR was stimulated by 1.6 times compared to control.

The union of BMCs and MSCs administration into mice treated with CP showed normal-
ization of cellular parameters in the bone marrow, spleen, lymph nodes. Unlike the separate trans-
plantation, the bactericidal activity of peritoneal macrophages was normalized. The union of cells
suppressed antibody-production in the spleen by 4.2 times compared to control. This method of
co-transplantation stimulated apoptosis of lymph node cells by 3.3 times compared to control.
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