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A serious disadvantage of transplantation of histoincompatible bone 
marrow (BM) in clinic is the development of acute or chronic form of 
the «graft-versus-host» disease (GVHD) in a recipient [1, 2]. At present,  
a variety of approaches to recipient support or bone marrow (BM) treat-
ment to remove T-lymphocytes that are responsible for the GVHD are 
used to prevent or minimize the development of this pathology. These in-
clude BM treatment with monoclonal antibodies (mAb) to T-lymphocytes 
with complement, conjugation of anti-T-cell mAb with immunotoxins, 
elutriation, T-cell soybean lectin agglutination, immunoadsorption, etc. 
[3]. The gentlest procedure is immunomagnetic separation, in which BM 
cells remain viable, while removing most T-lymphocytes [4]. However, 
the elimination of T-lymphocytes from BM causes impairment of the cell 
transplant engraftment, the loss of the ability to implement the graft- 
versus-leukemia effect, the development of infectious complications and, 
as a consequence, an increase in patients’ mortality [5].

One of the alternative approaches to changing the cell composition  
of the BM and minimizing the severity of GVHD is the use of certain re-
gimes of its cryopreservation [6]. In this case, the reduction of the graft-
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ABSTRACT

The problem of the treatment of acute and chronic graft-versus-host disease (GVHD), when histoincompatible bone marrow (BM) is used, 
remains unsolved. An important role in controlling the development of GVHD is played by Treg immunity.

The PURPOSE of the study is to evaluate the immunoregulatory effect of native and cryopreserved murine fetal neural cells (FNCs) relative  
to Treg immunity of mice with GVHD.

MATERIALS AND METHODS. Acute GVHD was induced by the injection of histoincompatible BM to lethally irradiated mice. On the 14th day 
after GVHD induction and transplantation of native or cryopreserved FNCs in animals of all experimental groups, the spleen index, the number  
of T-regulatory (FOXP3+) cells and the number of foxp3 gene transcripts in the СD4+splenocytes were determined.

RESULTS. The recipients of the histoincompatible BM had a decrease in the number of Treg cells and the level of foxp3 gene expression in the 
splenocyte population relative to the syngeneic control. Injection of native or cryopreserved FNCs to animals with GVHD caused an increase  
in the number of Treg cells. Cryopreserved FNCs are more than native ones enhancing both the relative number of Treg cells and the level  
of foxp3 gene expression in the splenocytes, which was characterized by a higher recipients’ survival up to the 16th day of observation.

CONCLUSION. The transplantation of fetal neural cells to recipients with GVHD stimulates the Treg immunity, which is a key to the development 
of immune conflict. This confirms the possibility of using fetal neural cells as a therapeutic immuno-regulatory agent.
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versus-host reaction at the transplantation of the histoincompatible bone 
marrow occurs due to selective elimination of cytokine-producing regula-
tory cells of the mononuclear phagocyte system, which are part of BM 
adhesive cell fraction. Removal of adhesive BM cells was accompanied 
by a decrease in the activity of Thy-1.2+ Т-lymphocytes, which are re-
lated to the development of GVHD [7]. Regulation of effector donor T-cells 
may be performed not only by the receptor’s antigen presenting cells, but 
also by the stromal cells of the myelotransplantant, which may include 
mesenchymal stromal cells (MSCs). These cells exhibit pronounced im-
munosuppressive properties when administered to recipients with GVHD  
[8, 9]. MSCs prevent GVHD by direct or indirect induction of Treg from 
naive CD4+-cells in vivo. Alongside, further search for the ways to reduce 
the immunoreactivity of the histoincompatible BM continues.

GVHD is a systemic pathology when coordination of the immune sys-
tem interaction with other systems of an organism is violated in the recipi-
ent’s body [2, 10, 11]. The greatest role in the transplant rejection belongs 
to MHC antigens, which differences induce T-cell immune response.  
In acute experimental GVHD, the main target of donor T-lymphocytes 
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is cells expressing MHC-II molecules (Langerhans cells in the skin, den-
dritic and epithelial cells in the thymus, etc.) [11]. The results that indi-
cate the development of a concomitant immunodeficiency in patients with 
histoincompatible BM transplantation, which manifests as complications 
from both the peripheral and central nervous systems, are fundamentally 
important [10, 12]. 

Fetal neural cells (FNCs) belong to such cell products that are able to 
replace lost neurons at trauma or neurodegenerative disorders [13, 14]. 
FNCs have pronounced immunotropic potential and immunoregulatory 
activity [15, 16]. One of the vectors of FNCs immunosuppressive activity,  
in particular dendritic cells of the brain, micro- and macroglial cells, is real-
ized by secretion of the indolamine-2,3-dioxygenase (IDO) enzyme. This 
key enzyme of the kynurenine pathway results in the metabolism of ex-
cess tryptophan to active metabolites such as kynurenine, kynurenic acid,  
3-hydroxykynurenine, 3-hydroxyanthranilic, picolinic and quinolinic acids 
[17]. The lack of tryptophan suppresses the proliferation of effector T-cells 
and leads to the stop of their cell cycle by acting in several ways: by activat-
ing GCN2-kinase or inhibiting mTOR [18, 19]. In addition, IDO catabolites, 
in particular kynurenine, are strong aryl-hydrocarbon receptor activators 
(AhR), by which induction of apoptosis of immune cells occurs [20].

Another aspect of the immunoregulatory effects of IDO is to stimulate 
the differentiation of naive CD4+ cells in Treg cells. In particular, kynurenine 
and its derivatives in combination with TGF-ß promote the activation of foxp3 
gene acting through AhR, which causes the formation of the Treg subpopula-
tion [21]. Kynurenine pathway of tryptophan degradation is the most com-
mon in macrophages and microglial cells [22] and partly in astrocytes [23].

Interferon-γ (IFN-γ) is the most powerful inductor of IDO [24]. In the 
presence of IFN-γ, murine fetal brain astrocytes, microglia and neurons in 
vitro are capable of expressing IDO in an amount sufficient to detect [25]. 
Besides IFN-γ, such a significant stress-inducing factor as cryopreserva-
tion has the ability to activate the expression of the ido gene in the FNCs 
of 11-12 dpc mice. In the cryopreserved FNCs, the expression of the ido 
gene increased, and subsequent in vitro cultivation in the presence of 
IFN-γ further enhanced the activation of ido producing cells [16]. This 
allows us to consider FNCs as a therapeutic agent with immunoregulatory 
properties when administered with BM for GVHD treatment.

Many studies show the aggravation of GVHD clinical symptoms mani-
festations in the case of decrease in Treg number [26, 27], whose sup-
pressive effects is due to the transcription factor FOXP3 controlled by 
foxp3 gene. That is, the decrease in both the level of foxp3 gene expres-
sion in Treg and their concentration in recipients with GVHD are molecular 
biomarkers of this pathology.

The PURPOSE of the study was to determine the immunoregulatory 
effect of native and cryopreserved murine fetal neural cells on the Treg 
immunity of mice with GVHD.

Experiments were performed on 20-week-old female СВА/Н mice 
and first-generation hybrid mice (СВА/НхС57Вl/6)F1 weighing 24-26 g. 
The research was conducted in accordance with the «European Conven-
tion for the Protection of Vertebrate Animals Used for Experimental and 
Other Scientific Purposes» (European Convention, Strasburg, 1986) and 
approved by the 1st National Congress of Bioethics (Kyiv, 2004). The ani-
mals were euthanised by cervical dislocation under ether anaesthesia on 
the 14th day after GVHD induction.

Obtaining of cell suspensions. Inguinal lymph nodes and bone mar-
row (BM) were obtained from СВА/Н mice. The lymph nodes were ho-
mogenated in a Potter homogenizer in the medium 199 (PanEco, Russia) 
supplemented with 10 % fetal bovine serum (HyClone, USA) and 2 % 
sodium citrate (Sigma-Aldrich, USA) (working medium 1). The bone mar-
row was flushed out of the femoral bones by the working medium 1. The 
resulting suspensions were passed through nylon filters (Falkon, USA) 
with a pore diameter of 100 μm.

FNCs suspension was obtained from the brain of the СВА/Н fetuses 
on the 12th day of gestation. The term of pregnancy of animals was calcu-
lated from the day of vaginal copulation plug presence. The excised mice 
fetuses were washed three times with Hanks’ solution (PanEco, Russia). 
The fragments of the brain were disintegrated in 3 mL DMEM/F12 me-
dium (Serva, Germany) supplemented with 20 % fetal bovine serum (Hy-
Clone, USA) by passing through the needles with decreasing diameter. 
The time from the moment of obtaining the fetuses to the preparation  
of the cell suspension did not exceed one hour.

Cryopreservation of FNCs was carried out in the working medium 
2 containing DMEM/F12 (Serva, Germany), 0.6 mg% glucose (Galych-
pharm, Ukraine), 10 % fetal bovine serum (HyClone, USA), 0,2 units/mL  
insulin (Berlin-Chemie, Germany) with the addition of 10 % dimethyl 
sulfoxide (Arterium, Ukraine) as cryoprotectant. The freezing mode was 
performed by cooling samples at a rate of 1 °С/min to -80 °C followed 
by transfer in liquid nitrogen [16]. Thawing of FNCs was carried out in  
a water bath at 37 °C for 50-60 seconds until the disappearance of the 
solid phase. Washing of FNCs suspension to remove cryoprotectant was 
carried out by adding an equal volume of the working medium 2 and sub-
sequent centrifugation at 300 g. A suspension of FNCs that did not un-
dergo a freeze-thaw procedure is referred as native.

Preculture of native and cryopreserved FNCs was performed in 
DMEM/F12 medium (Serva, Germany) supplemented with 15 % fetal 
bovine serum in Petri dishes, coated with BioCoat Laminin/Fibronectin 
(BD Pharmingen, USA) at 37 °C for 48 hours. In order to stimulate the 
expression of ido gene, IFN-γ (Sigma-Aldrich, USA) at a concentration of 
100 units/mL was added in FNCs culture in 24 hours. After 24 hours, na-
tive and cryopreserved FNCs were transplanted intravenously to irradiated 
recipients as an immunomodulatory agent.

THE INDUCTION OF ACUTE GVHD
Acute GVHD was induced in mice (СВА/НхС57Вl)F1 that were ir-

radiated by RUM-17 device (Mosrentgen, Russia) at a dose of 8.50 Gy 
[27]. Conditions of exposure: dose rate – 0.38 Gy/min; voltage – 220 kV;  
current strength – 10 mA; filters – 0.5 mm Cu + 1 mm Al; focal-dorsal 
distance – 50 cm. One hour after the exposure, the animals were intrave-
nously injected with 5•106 cells/mouse of syngeneic or histoincompatible BM 
of СВА/Н mice along with the cells of the inguinal lymph nodes of the same 
strain in a ratio 3:1, respectively. Since, in the human BM, the lymphocyte 
percentage is approximately 30 %, and it is much less in mice, we added BM 
to the syngeneic lymph node cells in the corresponding amount [28].

Experimental animals were divided into the following groups (n = 10):
1 – intact mice (СВА/НхС57Вl)F1;
2 – irradiated mice (СВА/НхС57Вl)F1, which were injected with saline 

solution;
3 – irradiated mice (СВА/НхС57Вl)F1, which were injected with syn-

geneic (СВА/НхС57Вl)F1 bone marrow at a dose of 3.5•106/mouse with 
lymph node cells from (СВА/НхС57Вl)F1 mice, 1.5•106 cells/mouse;

4 – irradiated mice (СВА/НхС57Вl)F1, which were injected with histo-
incompatible СВА/Н bone marrow at a dose of 3.5•106 cells/mouse with 
lymph node cells from СВА/Н mice, 1.5•106 cells/mouse;

5 – irradiated mice (СВА/НхС57Вl)F1, which were injected with histo-
incompatible СВА/Н bone marrow at a dose of 3.5•106 cells/mouse with 
lymph node cells from СВА/Н mice, 1.5•106 cells/mouse and native FNCs 
from СВА/Н mice, 5•105 cells/mouse;

6 – irradiated mice (СВА/НхС57Вl)F1, which were injected with histo-
incompatible СВА/Н bone marrow at a dose of 3.5•106 cells/mouse and 
lymphocyte cells from СВА/Н mice, 1.5•106 cells/mouse with cryopre-
served FNCs from СВА/Н mice, 5•105 cell/mouse.

The volume of saline and cell suspension, which were injected intra-
venously, was 0.2 mL/mouse.

ESTIMATION OF THE INTENSITY OF GVHD
The number of recipient mice, which survived after GVHD induction 

and treatment, was estimated up to the 16th day. On the 14th day after 
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GVHD induction in animals of all experimental groups, the spleen index, 
Treg number and the number of foxp3 gene transcripts in isolated СD4+ 

splenocytes were determined.
The spleen index was calculated as the ratio of organ mass to body 

weight multiplied by 100. The spleen index of intact animals was taken as 
1, when in experimental groups it was more than 1.3 – this indicated the 
development of GVHD [27, 28].

To obtain splenocytes suspension, the mice spleens of all experimen-
tal groups were homogenized in the working medium 1. Then they were 
treated with a lysing buffer ВD Pharmlysetm (BD Pharmingen, USA) ac-
cording to the manufacturer’s instructions to remove red blood cells. After 
that, the spleen cells were washed twice with phosphate buffer (Biowest, 
France) by centrifugation at 300 xg.

The relative number of Treg (Fox3+) cells in the spleen of animals of 
all experimental groups was determined on a flow cytometer FACS Calibur 
(Becton Dickinson, USA) using PE-conjugated anti-mouse monoclonal 
antibodies FОXP3 (BD Pharmingen, USA) according to manufacturer’s 
protocol. Isotype-antibodies (BD Pharmingen, USA) were used as a nega-
tive control. To minimize errors, 10,000 events per samples were ana-
lysed. The FACS data were analysed using WimMDi 2.8 software (Joseph 
Trotter, Scripps Institute, La Jolla, USA).

Isolation of СD4+ fraction of spleen cells was performed by immu-
nomagnetic sorting using anti-mouse CD4 Magnetic Particles-DM (BD 
IMag™, USA) on a magnetic sorter BD IMagnet (BD IMag™, USA) accord-
ing to the manufacturer’s protocol.

DETERMINATION OF THE NUMBER OF FOXP3 GENE  
TRANSCRIPTS IN СD4+ FRACTION OF SPLEEN CELLS
Isolation of RNA. The total RNA was isolated from 1•105 cells using 

Diatom RNA Prep 100 kit (Sintol, Russia) according to the manufacturer’s 
instructions. To purify RNA samples from DNA contamination, the treat-
ment with DNase (Synthol, Russia) was used. Samples were incubated 
with DNase (activity 2 U/μl) at 37 °С for 30 min. Inactivation of DNase was 
carried out by heat the reaction mixture at 75 °C for 10 min.

Reverse transcription reaction. To synthesize the first DNA chain on 
the RNA matrix, a kit «Reverta L» containing a mix of random-oligonu-
cleotides and reverse transcriptase (CRIE, Russia) was used, according 
to the manufacturer’s instructions (Sintol, Russia). Samples were incu-
bated at 37 °С for 30 min. After completion of the reaction, the tubes were 
heated to 92 °C to inactivate the revertase and incubated for 3-5 minutes.

Polymerase chain reaction. In the multiplex PCR, two pairs of 
primers were used (Table 1): foxp3 gene (NCBI Reference Sequence: 
NM_054039.2) and housekeeping β-actin gene (NCBI Reference Se-
quence: NM_007393.3), which were constructed using the database Gen-
Bank of the National Centre of Biotechnological Information (NCBI BLAST, 
USA) and synthesized at Medbioservice company (Ukraine).

The cDNA amplification was performed by PCR using a GenePakTM 
PCR Core reagent kit (Laboratory Isogene, Russia) containing Taq DNA 
polymerase inhibitor (1 u), deoxynucleosidetriphosphate (200 μM) and 
magnesium chloride (2.5 mM) for “hot start” and an optimized buffer 
system for standard PCR. Using a mix of both primers, we performed a 
common «step-by-step» PCR [29], in which the synthesis of fragments 
specific to each target occurred. The number of cycles for each gene was 
selected in previous experiments by adding primers at different cycles in 
PCR, which avoids competition between the PCR of each gene, the loss 
of exponential amplification, and the decrease in the level of synthesized 
products. As a result, 40 cycles were performed for foxp3 gene, 20 cycles –  
for β-actin. The amplification was carried out in a thermostat Tertsik  
(NVF DNA-technology, Russia). The denaturation was carried out at  
94 °C for 30 seconds; the hybridization of the matrix with the primer at  
60 °C was 30 seconds, the elongation – at 72 °C for 60 seconds. Negative 
control was a reaction mixture without cDNA.

Detection of amplification products was performed by capillary elec-
trophoresis in a 2100 Bioanalyzer system (Agilent, USA). Preparation 
of chips was carried out in accordance with the instructions for the kit 
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«DNA 1000» (Fermentas, Lithuania). PCR products were transferred into 
the chips and automatically registered in the microchannels. The con-
trol was the marker of the fragments’ length, which was transferred into  
a separate well.

The number of gene transcripts (nmol/L) was presented based on the 
division of amplification products in the chip, the level of foxp3 mRNA 
expression was normalized to the level of β-actin mRNA expression and 
presented as a percentage [29].

Statistical data processing was performed using SPSS Statistics 17.0, 
software (SPSS, USA). Obtained experimental data are presented as the 
mean ± standard deviation. The reliability of the differences between the 
groups was evaluated by Mann-Whitney U-test. Differences were consi- 
dered statistically significant at p < 0.05. Survival analysis was performed 
using Kaplan-Meier method.

Confirmation of the acute GVHD induced by the injection of histoin-
compatible BM with lymph node cells is splenomegaly, which characte-
ristic feature was an increase in the spleen index (Fig. 1). In the recipients 
of syngeneic BM (group 3), the spleen index was not significantly differ-
ent from that of intact mice (group 1). When injecting histoincompatible 
BM (group 4), the spleen index increased by 30 % compared to the rate 
of recipients of syngeneic BM (group 3), which indicates the development 
of GVHD. 

 One of the clinical signs that characterizes the severity of the GVHD 
is the survival rate of experimental animals. At the transplantation of his-
toincompatible BM, a statistically significant decrease in the number of 
animals that survived till the 16th day of the experiment compared to the 
recipients of group 3 (Fig. 2) was established.

In evaluating the immunoregulatory effect of FNCs in animals with 
GVHD (groups 5 and 6, respectively), a decrease in the spleen index was 
established, and in the application of cryopreserved cells – to the level 
of group 3 (Fig. 1). The transplantation of FNCs contributed to the higher 
number of surviving animals during the observation period (Fig. 2). After 
administration of both native and cryopreserved FNCs (groups 5 and 6), 
this parameter was 1.4 and 1.6 times higher than in group 4.

The development of GVHD after the injection of histoincompatible BM 
is associated with the development of autoimmune disease, that is, with 
the presence of the autoreactive clone of T-effector cells, which are dif- 
ferentiated from donor hematopoietic stem cells in the recipients’ body 
[2]. Experimental models of GVHD showed that donor effector T-cells 
attack various tissues of the recipient’s body, including the thymus, de-
stroying its architectonics, which leads to thymic involution and lympho-
penia [30, 31]. Moreover, this leads to a violation of the central positive 
and negative selection of potentially autoreactive effector T-cells [32]. At 
the same time, there is a decrease in the ability of the thymus of the re-
cipient with GVHD to the production of cells with suppressor activity. In 
addition, Miura Yu et al. showed that Treg in the recipients with GVHD with 
aplasia of the hematopoietic system after irradiation is formed precisely 
from the donor bone marrow [30]. It is obvious that a correction of Treg 
immunity is required at the GVHD.

As shown above, the transplantation of syngeneic BM to recipients 
(group 3) did not cause the development of GVHD (see Fig. 1). In the 
spleen of animals in this group, there was no statistically significant de-
crease in the number of FOXP3 cells compared to group 1 (Fig. 3).

Chen X. et al. showed the reduction of the number of CD4+FOXP3+ 
cells in the spleens of mice with acute GVHD, which was modelled simi-
lar to our method [33]. In a clinical trial, in patients with an increased 
severity of acute GVHD after allogeneic transplantation of hematopoietic 
stem cells, a decrease in the Treg CD4+CD25+FOXP3+ number in peripheral 
blood was confirmed [34]. This is consistent with the data we received on 
the decrease in the number of FOXP3+ cells in 3.8 times in animals with 
GVHD (group 4) compared with group 3.

RESULTS AND DISCUSSION
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GENE NAME AND NUMBER IN GENBANK FORWARD (F) І REVERSE (R) PRIMERS PRODUCT LENGTH

foxp3, Mus musculus forkhead box P3 (Foxp3)
NM_054039.2

F:CCTCTCGGACCCGGCCCAAG
R:CCCAGTGATGGGAAGGAACA 220 bp

β-actin, Mus musculus actin
NM_007393.3

F: CACTGCCGCATCCTCTTCCT
R: AGGAAGGCTGGAAAAGAGCC 113 bp

Table 1. Primers  
of genes: foxp3  
and housekeeping  
gene – beta actin

Fig. 1. Spleen index of experimental animals.

Note: group 1 – intact mice (СВА/НхС57Вl)F1;  
group 2 – irradiated mice (СВА/НхС57Вl)F1,  
(no data – n/d); group 3 – irradiated mice  
(СВА/НхС57Вl)F1, which were injected with 
syngeneic BM; group 4 – irradiated mice 
(СВА/НхС57Вl)F1, which were injected with 
histoincompatible СВА/Н bone marrow; group 
5 – irradiated mice (СВА/НхС57Вl)F1, which were 
injected with histoincompatible BM and native 
FNCs; group 6 – irradiated mice (СВА/НхС57Вl)F1, 
which were injected with histoincompatible BM  
and cryopreserved FNCs; (n = 10).
* – the differences are statistically significant 
compared to the group 3, p < 0.05.

Fig. 2. Survival rate of animals until the 16th day, per group.

Note: group 1 – intact mice (СВА/НхС57Вl)F1; group 2 – irradiated mice 
(СВА/НхС57Вl)F1, (no data – n/d); group 3 – irradiated mice  
(СВА/НхС57Вl)F1, which were injected with syngeneic BM; group 
4 – irradiated mice (СВА/НхС57Вl)F1, which were injected with 
histoincompatible СВА/Н bone marrow; group 5 – irradiated mice (СВА/
НхС57Вl)F1, which were injected with histoincompatible BM and native 
FNCs; group 6 – irradiated mice (СВА/НхС57Вl)F1, which were injected 
with histoincompatible BM and cryopreserved FNCs; n = 10.

The transplantation of native or cryopreserved FNCs (group 5 and 6) 
in animals with GVHD caused an increase in Treg number compared to 
animals with this pathology development (group 4) (Fig. 3). At the same 
time, the stimulating effect of cryopreserved FNCs (group 6) on FOXP3+ 
cells was 1.34 times as much as the effect after the injection of native 
FNCs (group 5). This indicates a greater ability of the cryopreserved fetal 
cells to exhibit an immunoregulatory effect on Treg, as evidenced by the 
survival of animals up to 16 days in group 6 (Fig. 2).

The ability of cryopreservation to act as a factor regulating the cell 
functions has been identified in our previous studies. It was found that 
after certain cryopreservation regimes in the fetal liver cells of the 18th 
day of gestation, there was a significant increase in the expression of the 
ido gene compared with native cells of this gestation period, which gave 
them more pronounced immunoregulatory properties [35]. The enhance-
ment of the therapeutic potential of fetal liver cells after cryopreservation 
was confirmed at the local GVHD development, where the injection of 
these cells resulted in an increase in the expression of the tgf-β gene in 
recipients’ regional lymph nodes [36].

Meijerink M. et al. found that cryopreserved monocytes and immature 
dendritic cells have an abnormal ability to produce cytokines. In particu-
lar, after cryopreservation of immature dendritic cells, the ability to pro-
duce anti-inflammatory cytokine IL-10 increased 3.6 times [37].

A similar effect of low-temperature preservation factors, namely, the 
stimulation of ido gene expression and the production of anti-inflamma-
tory mediators transforming growth factor β and IL-10, was also detected 
on FNCs [16, 38]. The use of the specific cryopreservation regime con-
tributed to the redistribution of FNCs subpopulation into the glial cells, 
which, under the impact of one of the most powerful inflammatory me-
diators, IFN-γ, could increase the gene expression and the production of 
IDO [16]. The effect of this enzyme may enhance expression of FOXP3 
transcription factor in naive CD4+ cells and differentiation of Treg [21]. 
Since in FNCs of the 12th day of gestation, which are transplanted for the 
treatment of GVHD, in addition to the micro- and macroglia as a potential 
IDO producers, there are also dendritic cells [39], whose participation in 
the differentiation of FOXP3+ Treg in the recipient is not excluded.

Treg activity is under the close supervision of foxp3 gene responsible 
for the synthesis of the FOXP3 transcription factor. Linked to DNA pro-
moter, FOXP3 acts as a transcription repressor, as an antagonist of an-
other transcription factor – the nuclear factor of activated T-lymphocytes 
(NFAT). Under the impact of FOXP3, the transformation of the СD4+ cells 
into an active Treg occurs by suppressing the transcription of the proin-
flammatory cytokines that are regulated by NFAT [40].
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The generation of FOXP3+ Treg occurs on the periphery and can be 
controlled by dendritic cells using several mechanisms, including the 
IDO-dependent pathway [41]. In particular, produced by IDO kynurenine 
binds to the aryl-hydrocarbon receptor (AhR) (Fig. 4), which is a cytosolic 
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transcription factor and is usually found in the cytoplasm of T-cells in an 
inactive state, which is provided by its association with chaperone HSP90 
[42]. The binding of kynurenine to AhR results in the dissociation of the 
AhR-HSP90 complex and transfer of AhR to kynurenine into the nucleus, 
followed by dimerization with aryl hydrocarbon receptor nuclear trans-
locator (ARNT). This complex kynurenine-AhR-ARNT due to conforma-
tional rearrangements binds to the promoter region of a number of genes, 
namely: DNA methyltransferase (DNMT), which demethylated Foxp3 
promoter, allowing the synthesis of Foxp3 protein; a gene that regulated 
the production of IL-10; as well as genes that ensure the production of 
the AhR, provide its self-regulation. There are all prerequisites to assume 
that, in such a way, other IDO-producing cells, namely macrophages, mi-
cro- and macroglia, can realize these functions as part of the heteroge-
neous population in the fetal brain (Fig. 4).

The level of foxp3 gene expression in the СD4+ fraction of the spleno-
cytes in animals with GVHD before and after transplantation of FNCs was 
evaluated. It was found that the level of foxp3 gene expression during 
the development of GVHD (group 4) was significantly lower than that of 
groups 1 and 3 (Fig. 5). This is confirmed by the well-known postulate 
that this disease develops at a decrease in the foxp3 gene expression, 
namely in Treg cells (group 4), resulting in a severe form of the immune 
conflict, which causes the maximum death of animals in this group  

(Fig. 2). The obtained results are consistent with the data of Miura Yu. et al. 
on the negative correlation of the level of foxp3 gene expression in peri-
pheral blood mononuclears with the severity of the GVHD in humans [30].

After administration of native or cryopreserved FNCs to recipients 
with GVHD (groups 5 and 6), in the СD4+ cells of the spleen, there was the 
increase of not only the FOXP3+ cells number (Fig. 2), but also the level 
of foxp3 gene expression in them (Fig. 5). Cryopreserved FNCs (group 6) 
had a higher immunomodulatory activity than these parameters in ani-
mals with GVHD (group 4). This was manifested as a larger parameter of 
the number of animals surviving for 16 days after the administration of 
FNCs, whereby cryopreserved FNCs (group 6) had in this case an advan-
tage over the use of native cells (group 5) (Fig. 2).

The obtained results contradict the data of Moll G. et al. concerning 
the reduction of immune modulating and regulatory properties of bone 
marrow MSCs immediately after thawing, which leads to their reduced 
response to pro-inflammatory stimuli, and the abnormality of anti-inflam-
matory mediator production compared to native cells [43]. The authors 
associate this with activation of congenital immune attack, under the 

Fig. 3. FACS histograms of FOXP3+ cells in the spleen of 
experimental animals.

Note: group 1 – intact mice (СВА/НхС57Вl)F1;  
group 2 – irradiated mice (СВА/НхС57Вl)F1, (no data – n/d); 
group 3 – irradiated mice (СВА/НхС57Вl)F1, which were injected 
with syngeneic BM; group 4 – irradiated mice (СВА/НхС57Вl)
F1, which were injected with histoincompatible СВА/Н bone 
marrow; group 5 – irradiated mice (СВА/НхС57Вl)F1, which 
were injected with histoincompatible BM and native FNCs; 
group 6 – irradiated mice (СВА/НхС57Вl)F1, which were injected 
with histoincompatible BM and cryopreserved FNCs.

Fig. 4. A possible mechanism for activating foxp3 gene through  
the IDO-dependent pathway.

Note: cited by Cannon M. J. (edited by authors).
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impact of cryopreserved MSCs; that is called an instant blood-mediated 
inflammatory reaction, which is implemented in the vessels and whose 
purpose is prevention the engraftment and activity of cells after their  
systemic administration. This may be the reason for the decrease in im-
munomodulatory properties of cryopreserved MSCs.

However, in our work, we used cryopreserved FNCs, which, after 
thawing, had been pre-cultured in vitro with IFN-γ, which allowed them to 

restore their functional potential for the production of ido gene [16] and 
allowed to realize immunosuppressive properties in vivo.

Thus, the conducted studies allow to broaden the understanding of 
the pathogenesis of GVHD development and to determine the mecha-
nisms of immunoregulatory effects of native and cryopreserved fetal 
neural cells.

Fig. 5. Relative mRNA expression level of foxp3 gene in СD4+ fraction  
of splenocytes of the experimental animals.

Note: group 1 – intact mice (СВА/НхС57Вl)F1; group 2 – irradiated mice 
(СВА/НхС57Вl)F1, (data were not determined –n/d); group 3 – irradiated 
mice (СВА/НхС57Вl)F1, which were injected with syngeneic BM; 
group 4 – irradiated mice (СВА/НхС57Вl)F1, which were injected with 
histoincompatible СВА/Н bone marrow; group 5 – irradiated mice  
(СВА/НхС57Вl)F1, which were injected with histoincompatible BM and 
native FNCs; group 6 – irradiated mice (СВА/НхС57Вl)F1, which were 
injected with histoincompatible BM and cryopreserved FNCs; n = 10.

* – the differences are statistically significant compared to the group 3, 
p < 0.05.
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The study was carried out on the project № 2.2.6.78 «Study of the molecular mechanisms of regulation of bone marrow immunoreactivity by fetal cells» 
within the framework of the National Academy of Sciences of Ukraine program «Fundamental research on the most important problems of natural sciences».
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