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ABSTRACT

At present, transplantation of multipotent mesenchymal stromal cells (MSCs) as cell therapy for radiation injuries has gained increasing \
attention since current medical management remains far from satisfactory.

THE PURPOSE of the study is to examine the efficacy of cryopreserved ex vivo expanded bone marrow-derived MSCs (rBM-MSCs) to the repair
of radiation injuries on rat models of total and local radiation exposure.

MATERIALS AND METHODS. The MSCs were derived from bone marrow of non-irradiated female albino rats aged 4 months, short-term ex
vivo expanded for two passages and cryopreserved under dimethyl sulfoxide cryoprotection for low temperature storage at —70 °C for 6-12
months. The cryopreserved samples from each batch of rBM-MSCs culture were tested for the viability and functional characteristics before
being transplanted to rats in experiments in vivo. The acute radiation damages in rats were modeled by total body irradiation (TBI) at doses
of 5.5 Gy (TBI 5.5) and 7.0 Gy (TBI 7.0) and locally irradiated in the right hip skin at a dose of 50 Gy. The cryopreserved rBM-MSCs (1.5-10°
and 0.5-10° cells/animal) were intravenously transplanted within 24 h following TBI and locally injected (twice 1.5-10° cells/animals) on days
15 and 21 following thigh irradiation. The efficacy of cryopreserved rBM-MSCs was assessed by survival and hematological study as well as
the irradiated skin wound healing assay.

RESULTS. The cryopreserved ex vivo expanded rBM-MSCs were characterized by high level of functional activity with cell viability about 80 %,
include at least 8.5 % of the colony forming MSCs and MSCs with ability to adipogenic and osteogenic differentiation In TBI 5.5 rats, cryopre-
served transplanted rBM-MSCs (1.5-10° cells/animal) prevented acute leukopenia in the first critical days of the radiation injury by increasing
the number of leukocytes by 3.7 times on day 2 and contributed to a more complete recovery of hematological disorders by increasing the
BM cells number and platelet count on day 22, which led to the increase of the increase of overall survival up to 100 % with a regain of body
weight. In TBI 7.0 rats, the lower transplanted dose of rBM-MSCs (0.5-10° cells/animal) was more effective in terms of general recovery and
extended the overall survival time for 6 days. The locally injected rBM-MSCs (twice 1.5-10° cells/animals) reduced the severity and promoted the
healing of radiation skin wounds according to the results of scoring and wound size assay.

CONCLUSION. The present study confirms that the cryopreserved ex vivo expanded rBM-MSCs were functionally complete for the therapeutic
use on rat models of experimental radiation damage and were effective for the recovery of hematopoietic system and severe skin wound after
radiation exposure.
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The radiation injury of normal tissues exposed to ionizing radiation  radiation accidents, but it also is the most limiting factor in radiotherapy
is an important problem of public health. Human exposure to ionizing ra-  of oncology patients. In addition, the contemporary world is facing a seri-
diation and the resulting radiation injury have often been associated with  ous risk usage of nuclear weapons and nuclear terrorism or war that may
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result to mass casualties of radiation damages. It is known that radia-
tion damages are more severe in organs and tissues where cells have a
high turnover rate, which include skin, hematopoietic system, gut and
cerebrovascular system [1]. The current medical management remains
far from satisfactory, especially none of proposed countermeasures are
ready to be implemented during a mass-casualty scenario. At present,
there are only few drugs such as G-CSF (Filgrastim and Pegfilgrastim)
and GM-CSF (Sargramostim) which are cytokines manufactured in vitro
and have been FDA-approved to control hematopoiesis and local inflam-
matory responses resulting radiation exposure. Unfortunately, they are
very costly and shown to be effective for a limited number of conditions
[2, 3]. Over the past decade the application of mesenchymal stromal cells
(MSCs) as cell therapy for the treatment of radiation injuries has gained
increasing attention [4,5]. Although the current clinical use of MSCs is
limited to trials for diseases other than radiation injuries, their unique bio-
logical features, such as migration, homing, multi-potency and minimal
host rejection enable their wider application in medical conditions requir-
ing tissue regeneration [6-10]. MSCs have been originally isolated from
bone marrow (BM) and now successfully obtained from different biologi-
cal sources, including the adult BM-MSCs, adipose tissue, placenta, am-
niotic fluid, cord blood and fetal tissues [11]. The International Society
for Cell & Gene Therapy has established the minimal criteria for defining
human multipotent MSCs in order to achieve the uniform characterization
of MSCs isolated from different sources [12, 13]. MSC therapy represents
an approach that is rapidly gaining acceptance and no other multipotent
stem cell therapy has established an extensive safety profile in clinical
practice [14]. So far, promising experimental data on the treatment of
radiation skin injuries using MSCs have been obtained [15]. The reported
advantages of using MSCs as therapeutic agent in cell therapy include
the possibility of ex vivo concentration and expansion with a differentia-
tion potential determined by the surrounding microenvironment, highly
adaptable transplantation by method of the intravenous infusion and rapid
distribution to the injury sites because of cell homing properties [16, 17].
One major concern is to stockpile a sufficient number of allogeneic MSCs
that would be readily available to provide timely administration in a clini-
cal setting. For this MSCs can be expanded for a relatively short period of
time and cryopreserved for point-of-care delivery. Cryopreserved MSCs
can be stockpiled and stored for a long time with minimal loss of their
potency. Both MSCs banking and testing of the cryopreserved cell quality
are necessary before their direct administration. Although human data
are normally preferred, the preclinical studies on adequate experimental
animal models are an important stage to assess the therapeutic potential,
efficacy and safety of MSCs.

The PURPOSE of the present study was to examine the efficacy of
cryopreserved ex vivo expanded bone marrow-derived MSCs in the repair
of radiation injuries on rat models of total and local radiation exposure.

MATERIALS AND METHODS

Animals. Female outbred albino rats the age of 4 months (160-180 g)
were used for the experiments. The rats were housed under standard con-
ditions in animal rooms at 21 £ 2 °C, 50 + 10 % of humidity and 12-h light/
dark cycle. Commercial rodent diets and water were available ad libitum.
Only healthy rats were used for the irradiation. All animal studies were
carried out in accordance with the international principles of «European
Convention for the protection of vertebrate animals used for experimental
and other scientific purposes» (Strasbourg, 1998) and norms of biomedi-
cal ethics according to the Law of Ukraine «On the Protection of Animal
from Cruelty» (Kyiv, 2006) under the control of the Committee for Medical
ethics of State Institution «Grigoriev Institute of Medical Radiology and
Oncology of National Academy of Medical Sciences of Ukraine».

Isolation and ex vivo expansion of rBM-MSCs. Bone marrow aspirate
was obtained from femurs of rats (n = 10) which were euthanized with
an overdose (50 mg/kg) of sodium thiopental (Brovapharma, Ukraine).
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The cell suspensions were collected by flushing the marrow cavity with
199 Medium (Biowest, France) and centrifuged at 300x g for 10 min. The
cell pellets were resuspended in 3 mL of physiological saline (Yuri Farm,
Ukraine) and the total nucleated bone marrow cells number was counted.
Cells were seeded at 4-10° nucleated cells/cm? to cultured flask (SPL,
Korea) into the growth medium aMEM supplemented with L-glutamine
2 mM (Biowest, France), fetal bovine serum 15 % (FBS; Biowest, France),
streptomycin 50 pg/mL and penicillin 50 U/mL (Sigma-Aldrich, USA) for
cultivation under a humidified atmosphere of 5 % CO, at 37 °C. After 3
days non-adherent cells were removed and culture medium was changed
every 3 or 4 days. The belonging of isolated cells to MSCs was confirmed
by the criteria of the cells ability to adhere to plastic, form colonies un-
der standard cultivation conditions and differentiate into adipocytes and
osteoblasts in induced culture medium [18]. The adherent cells were
passed up reaching 80 % confluence of monolayer and MSCs colonies
were identified morphologically. All experiments were performed using
cells in their 2 passages. At each passage the number of seeded and
harvested rBM-MSCs was counted. Population doubling level (PDL) was
determined by formula [11]:

PDL =log N/N,x 3.3

N, — number of seeded cells;
N — number of harvested cells.

Cryopreservation of rBM-MSCs ex vivo expanded. The cultured rBM
MSCs from the 2" passage were harvested and slowly mixed with aMEM
medium supplemented with FBS 15 % and cryoprotectant dimethyl sulf-
oxide (DMSO) (neoFroxx GmbH, Germany) in a final concentration of
DMSO0 1.4 M. The cell suspensions which included 1-2-109 cells/mL were
placed into cryotubes (Nunc, USA) and put into a container NalgeneMr
Frosty Cryo 1 °C Freezing (Thermo Scientific, USA). The container was
placed in the freezing camera (=70 °C). The cryopreservation process
provided a slow cell cooling at a rate of 1 °C/min to t = =70 °C and
low-temperature storage of rBM-MSCs expanded ex vivo lasted for 6-12
months before their use in experiments in vivo.

The thawing of the cryopreserved rBM-MSCs suspensions was car-
ried out in a water bath (+ 37 °C). The removal of DMSQ was performed
by slow dilution of the cryopreserved cell suspensions with Hanks solu-
tion (Biowest, France) in the volume ratio of 1:5 and centrifugation at
300x g for 10 min. The cell pellets were resuspended in physiological
saline to reach a final concentration for the injections. After cryopreser-
vation the viability and functional characteristics of the ex vivo expanded
rBM-MSCs were examined.

The cell viability express-test of the cryopreserved rBM-MSCs was
carried out with Trypan blue (0.2 %) staining. Cell viability was esti-
mated as the percentage of viable (non-stained) cells to the total cell
number in the Goryaev chamber. The colony-forming efficiency (CFE) of
the cryopreserved rBM-MSCs was estimated in culture at low seeding
dose (10° cells/cm?) into 25 cm? culture flask (SPL, Korea) with aMEM
supplemented with 20 % FBS with fixed in 96 % ethanol and stained with
Giemsa’s azur-eosin-methylene blue solution on day 14. MSCs colonies
were counted under inverted microscope (Leica, Germany). CFE was de-
termined by formula:

CFE =nN x 100 %

n — number of MSCs colonies,
N — number of the seeded rBM-MSCs.

Adipogenic and osteogenic differentiation of the cryopreserved
rBM-MSCs. For adipogenic differentiation rBM-MSCs were seeded at
1-10* cells/cm? in 24-well plate (SPL, Korea) in inductive adipogenic
differentiation medium: aMEM (Biowest, France) supplemented with
L-glutamine 2 mM (Biowest, France), isobutylmethylxanthine 0,5 mM
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(Sigma, USA), insulin 10 pg/mL (Sigma, USA), indomethacin 200 pM
(Sigma, USA), dexamethasone 1 pM (Sigma, USA), FBS 10 % (Biowest,
France). For osteogenic differentiation rBM-MSCs were seeded at 3-103
cells/cm?in 24-well plate (SPL, Korea) in inductive osteogenic differentia-
tion medium: aMEM (Biowest, France) supplemented with L-glutamine
2 mM (Biowest, France), ascorbic acid 0.05 mM, beta-glycerophosphate
10 mM (Sigma, USA), dexamethasone 0.1 yM (Sigma, USA), FBS 10 %
(Biowest, France). The media were changed twice a week. The cultivation
was carried out for 3 weeks. Then the cultures were carefully rinsed with
Hanks solution and fixed in Ga-formol for 30 min (+4 °C) and stained.
Adipogenic cells were detected by intracellular accumulation of neutral
lipids after staining with Qil Red O. Differentiating osteogenic cells were
detected after staining with Fast Blue RR Salt (Sigma, USA) for alkaline
phosphatase expression.

THE RAT MODELS OF RADIATION INJURY

Total body irradiation. The rat model of acute radiation injury was
carried out by bilateral total body irradiation (TBI) on a CLINAC (6 MeV)
linear accelerator (Varian Medical System, Inc., USA) at a sublethal dose
5.5 Gy (TBI 5.5) and absolute minimum lethal dose 7.0 Gy (TBI 7.0).
The rats were irradiated in a special 15x15 ¢m plastic box with holes
for ventilation at room temperature. TBI were delivered through 5-mm
plastic for homogeneous dose distribution. The dose rate in the center
of the plastic box was 0.76 Gy/min and the dose delivery was calibrated
with a UNIDOS universal dosimeter along with an ionization chamber TW
30001-2127 by physicist-dosimetrists. In a survival study the irradiated
rats were randomly divided into control TBI 5.5 (n = 20), TBI 7.0 (n = 20)
rats and rats treated with transplanted cryopreserved rBM-MSCs (n = 55).
The cryopreserved allogeneic rBM-MSCs at a conventional dose (1.5-10°
cells/animal) were administered into the tail vein within 24 h following
the TBI 5.5 (n = 20) and TBI 7.0 (n = 20). In additional study with TBI 7.0
(n =15), a lower dose of transplanted rBM-MSCs (0.5-10° cells/animal)
was also used. The control TBI rats were injected with the 1 mL of physi-
ological saline as vehicle at the same time points. The overall survival rate
and mean survival time with median (Me) within 30 days were evaluated.
The clinical symptoms of radiation damage (the weight loss, mobility,
body posture, diarrhea, facial oedema) were monitored in each rat daily
up to 30 days. At the end of the experiment the rats were euthanized with
an overdose (50 mg/kg) of sodium thiopental (Brovapharma, Ukraine).
In hematological study, TBI 5.5 rats were used only. The hematological
parameters were monitored on days 0, 2, 15 and 22 on surviving rats
both in control TBI 5.5 and TBI 5.5 with transplanted rBM-MSCs groups.
The peripheral blood samples (20 pL) were collected from the tail vein of
rats (n = 5-8 on each time point in both groups) into 1 pL of 0.5 M EDTA
(Sigma, USA) coated blood collection tubes (Sarstedt, Newton, USA) to
automatically count leukocytes, platelets and erythrocytes on a hemato-
logy analyzer RT-7600 (Rayto, China). In addition to studying with TBI 5.5
(n =45), the BM cells number was counted. For BM cell number analyses,
the rats were euthanized with an overdose (50 mg/kg) of sodium thiopen-
tal (Brovapharma, Ukraine) on days 0, 2, 15 and 22 after TBI 5.5. The BM
cells were obtained from femurs of euthanised rats (n = 5 on each time
point in both groups) by the method described above. BM cells number
counting was carried out in a Goryaev chamber by the standard method
with acetic acid 3 %. The native control rats (n = 25) were shame irradi-
ated and used in hematological study as well.

Local irradiation. The rats (mean mass 170 g) were anesthetized by
intraperitoneal injection of sodium thiopental 12.5 mg/kg (Brovapharma,
Ukraine) and aminazin 12.5 mg/kg (Arterium Corp., Ukraine) and the
right hip skin was locally irradiated at a single dose of 50 Gy (dose rate
725 cGy/min) on a MultiRad 225 (Faxitron Bioptics LLC, USA). Hair from
the dorsal surface of the rat legs was removed 24 h before local irra-
diation. The irradiation area for each rat was 25x25 mm?, the distance
«source - object» 51 ¢cm and the Cu filter 0.3 mm was used. The rats were
randomly divided into control irradiated (n = 20) and treated with injected
cryopreserved rBM MSCs (n = 25). In the experiment we used the twice
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injection of rBM-MSCs at identical doses 1.5-10° cells/animal on days 15
and 21 within manifestations of acute radiation reactions consistent with
[19]. For rBM-MSCs delivery, 1 mL of cells suspension (1-108cells/mL in
saline) was injected with 1 mL syringe subcutaneously at each site around
the entire skin wound. As a control, 1 mL PBS was injected into each rat
in the control group.

The irradiated skin wound score and wound healing assay. The ra-
diation damaged skin was assessed by visual scoring of the acute skin
reaction estimated every three days until 8 weeks after irradiation and
data were presented as means. For scoring, the modified an in-house skin
score system was used as follows: 0 — the skin shows no change; 0.5 -
slight erythema; 1.0 — mild erythema; 1.5 — true porphyritic erythema;
2.0 — dry desquamation and reduced sweat; 2.5 — dry desquamation in
more than 50 % of the area; 3.0 — moist desquamation in a small area
and moderate edema; 3.5 — the confluent moist desquamation in most
of the area, pitting edema and brown crusts; 4.0 — the bleeding erosion,
ulceration and necrosis. Our scoring scale for preclinical study on rat
model was based on recommendations of the International Union Against
Cancer for clinical assessment the severity of skin radiation injury to more
closely align with scoring used clinically. Unlike the Kumar scale [20], our
scoring system has a more compressed scale with only four-point-range
scoring scale (0—4) and does not include open wound, full thickness skin
loss as a score of 5 point. For wound size analysis, the irradiated area of
each rat was photographed with a digital camera at each time point. From
these images, the percentage of the wounded area was determined by
calculating the ratio of the ulcerated area to the total irradiated area using
Imaged, version 1.47 (NIH, Bethesda, MD, USA). The ulcerated area was
defined as scabbing, crusting, or desquamation. The irradiated area was
defined as the area where hair loss was observed. The wound healing for
each rat was assayed and data was averaged.

Statistical analysis. For survival data the Kaplan-Meier survival analy-
sis was used and the difference between the survival curves was esti-
mated by log rank test. The other data were compared and evaluated by
unpaired Student’s t-test and nonparametric Mann-Whitney U-test using
SigmaStat 5.0 statistical software (Systat Software Inc., USA). All the data
were presented as mean and standard deviation (M = m). The difference
between the studied parameters was considered statistically significant at
avalue of p < 0.05.

RESULTS AND DISCUSSION

Characterization of the cryopreserved ex vivo expanded rBM-MSCs

It was determined that rBM-MSCs approximately doubled at each cul-
tivation passage according to the calculation of PDL as (1.79 + 0.26) at
passage 1 and as (1.64 £ 0.29) at passage 2. The cryopreserved samples
from each batch of cultured rBM-MSCs were characterized by a high level
of cell viability (81.7 + 1.3) % and CFE (8.5 = 1.4) %. Thus, after low-
temperature storage (-70 °C) for 6-12 months cryopreserved rBM-MSCs
at a low seeded dose of 106 cells/cm? formed discrete colonies of various
sizes on day 14 of cultivation (Fig. 1 A) and kept the ability to be induced
to adipogenic (Fig. 1 B) and osteogenic (Fig. 1 C) differentiation. These re-
sults confirmed that cryopreservation conditions ensured the high viabil-
ity and functional activity of extended rBM-MSCs intended for therapeutic

administration to rats with radiation damage in the experiments in vivo.
A

Fig. 1. Micrographs of colony (A) and differentiating adipogenic (B) and osteogenic (C)
cells derived from cryopreserved rBM-MSCs (passage 2). The cultures were stained with (A).
Giemsa’s azur-eosin-methylene blue solution; (B) with Oil Red O on lipid accumulations in
vacuoles (red) and (C) with Fast Blue RR salt on expression of alkaline phosphatase activity
(dark). Scale bar = 50 ym



SURVIVAL ANALYSIS

In survival study the mortality of TBI 5.5 rats was observed within
7-14 days and TBI 7.0 rats within 3-20 days that corresponded with
20 % (LD20/30) and TBI 7.0 with 67 % (LD67/30) over the course of 30
days. The mean survival time of TBI 5.5 rats was (11.0 £ 1.2, Me = 10.5)
days and TBI 7.0 lowered to (8.7 + 0.9, Me = 7.0) days, respectively. In
TBI 7.0 rats a significant drop in body weight and diarrhea coincided with
the increased lethality between days 5 and 14. As shown in the Fig. 2A, B
the transplanted cryopreserved rBM-MSCs improved the survival of the
lethally irradiated rats, but the effect was determined by the dose of radia-
tion exposure and the cell doses of transplanted rBM-MSCs. The greatest
therapeutic effect was observed in TBI 5.5 rats with the rBM-MSCs at
a transplanted dose 1.5-10° cells/animal. The overall survival rate was
increased to 100 % and all of the irradiated rats survived for up to 30 days
(Fig. 2 A). In our study no mortality of the TBI 7.0 rats with the transplan-
ted rBM-MSCs were recorded in the critical period within the first 7 days
of acute radiation injury development. In this time point the survival effect
was observed with the both cell doses of the transplanted rBM-MSCs
(Fig. 2 B). In the follow-up observation (up to the 30" day of the ex-
periment) the rBM-MSCs at the lower transplanted dose (0.5-10° cells/
animal) were more effective than at the higher dose (1.5-10° cells/ani-
mal) in terms of survival rate and general recovery of the irradiated rats
(Fig. 2 B). Nonetheless, the mean survival time in TBI 7.0 rats with the
both transplanted doses of rBM-MSCs was extended by around 6 days to
(13.0+1.1, Me =12.5) days and (14.0 = 1.0, Me = 13.0) days, respectively.
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Fig. 2. The survival rate of TBI rats with cryopreserved rBM-MSCs
transplantation. (A) TBI 5.5 and cryopreserved rBM-MSCs (1.5+10° cells/animal);

(B) TBI 7.0 and cryopreserved rBM-MSCs (1.5+10° cells/animal) (D1) and
(0.5+106 cells/animal) (D2)
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HEMATOLOGICAL ASSAY

Based on survival data the hematological parameters were moni-
tored only in the TBI 5.5 rats because all of the rats with transplanted
rBM-MSCs survived under this dose of radiation exposure and it was
possible to evaluate the hematology recovery over a 30-day period. It is
generally known that the radiation damage of the hematopoietic system
is the principal cause of mortality and could be directly associated with
lethality in radiation exposure doses from 1to 10 Gy [1]. In our study the
severe hematological disorders in control TBI 5.5 rats were observed. As
shown in the Fig. 3 A, the leukocyte number at the acute period on day 2
dropped rapidly by 4.1 times (p = 0.001) and then on day 22 decreased by
3.2 times (p = 0.001) compared to non-irradiated level (Fig. 3 A). Platelet
numbers dropped slower by 1.8 times (p = 0.027) on day 8 and did not
recover completely at the endpoint of observation (Fig. 3 B). Moreover,
a primary BM depletion was detected. The total BM cells number was
dramatically decreased by 4.3 times (p = 0.005) on day 2 and then by
7.4 times (p = 0.001) on day 4 (Fig. 3 C). Compared to the irradiated
control, early treatment by cryopreserved rBM-MSCs at a dose of 1.5-10°
cells/animal within 24 h after exposure prevented acute leukopenia in the
TBI 5.5 rats over the crucial first few days in the radiation damage develop-
ment and enhanced the total BM cells number as well as the platelets level
at the recovery period. In rats with transplanted rBM-MSCs the leukocytes
number on day 2 was 3.7 times higher (p = 0.003) and platelet num-
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ber on day 22 increased 2.1 times (p = 0.001) relative to TBI 5.5 control
(Fig. 3 A, B). Respectively a complete recovery of BM cell number was
found starting from day 15 (Fig. 3 C). Thus, these results suggested that
the transplanted rBM-MSCs contributed to a more rapid and sustained
recovery of hematological parameters with increasing the overall survival
time to respond the exposure.
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Fig. 3. The leukocytes number (A), the platelet number (B) in the peripheral
and the BM cells number (C) in TBI 5.5 rats with cryopreserved rBM-MSCs
transplantation (1.5¢10° cells/animal). Each data point represents the mean + SEM
(n =5-8), p <0.05 compared to control TBI 5.5.

At present, rBM-MSCs have been studied more extensively for thera-
peutic use in hope of understanding the mechanisms of their recovery ac-
tivity [21]. It was proved that transplanted rBM-MSCs protect the hema-
topoietic cells from apoptosis and induce proliferation and differentiation
of stem and progenitor hematopoietic cells reduced after irradiation [22].
Complete recovery of the hematopoietic microenvironment destroyed by
irradiation is complex and occurs slowly. It was demonstrated that trans-
planted rBM-MSCs reconstitute the hematopoietic microenvironment in
BM without significant engraftment into BM. Both in vitro and in vivo
(including clinical) data indicate that the addition of MSC therapy to stan-
dard care can promote more rapid recovery of the hematopoietic system.
MSCs achieve their therapeutic effects by constitutively secreting a broad
range of hematopoietic cytokines, such as IL-6, IL-7, IL-8, IL-11, IL-14,
IL-15, macrophage colony-stimulating factor, FIt-3 ligand, and stem-cell
factor, IL-1a induces MSC production of IL-1a, leukemia-inhibiting factor,
G-CSF, and GM-CSF. In vitro evaluations have provided detailed evidence
that these factors, as well as other members of the MSC secretome (the
array of proteins produced and secreted by MSCs), induced the growth
of hematopoietic stem cells (HSCs) and their progenitors in an ex vivo
environment [23, 24]. It is generally believed that the radiation damage
results in the lethality of rats within a period of 30 days that can be di-
rectly attributed to the hematopoietic system complications. In our study,
the 100 % survival rate of sublethally irradiated rats with cryopreserved
rBM-MSCs at transplanted dose to 1.5-10° cells/animal was related to
preventing leukopenia and accelerated platelet and BM cell number re-
covery. Nonetheless, in the survival rate of rats irradiated by the high le-
thal dose with cryopreserved rBM-MSCs transplanted at a dose of 0.5-108
cells/animal showed no statistically significant difference relative to ir-
radiated control. The increasing of transplanted dose 1.5-10° cells/animal
led to the worsening of the survival results. This finding is consistent
with the data from studies on animals by other authors [25, 26]. Taken
together, data suggest that the therapeutic efficacy of BM-MSCs is limited
at high lethal doses of whole body irradiation. One explanation for this
may be that MSCs have immunomodulating activity [27, 28]. For these
reasons, the over dosage of BM-MSCs can enhance the intense immuno-
suppression that is typically characterized by the manifestation of acute
radiation injury by a high lethal dose of irradiation [29].

RADIATION SKIN WOUND

The cryopreserved rBM-MSCs expanded ex vivo were also examined
for the treatment of acute radiation skin wounds following local irradia-
tion. In general, the human skin response to ionizing radiation is highly
complex and dependent on the conditions of the exposure. Early skin ra-
diation effects are characterized by the damage to epidermis while late
effects arise from the injury to the dermal vasculature [30]. Acute skin
radiation reactions begin within hours as a transient erythema which
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subsides after 1 to 2 days and then a more intense erythematous reaction
follows. The dry and moist desquamation is typically a reaction manifest
of acute radiation skin damage within 2 to 6 weeks, which may occur with
a secondary ulceration at 6 weeks or longer. Between 8 and 16 weeks the
dermal ischemia and dermal necrosis may develop 19]. In our model the
first observable changes true erythema (hyperemia of 1.5) and hair loss
were observed in control irradiated rats on day 7. Then the dry desquama-
tion with peeling and appearance of yellow crusts (scores 2.0 — 2.5 units)
developed. By day 14 the depilation, swelling, mild erosion and slight
seepage were presented. The peak of radiation wound manifestation was
observed from day 28. The moist desquamation was indicated through-
out the entire skin layer of the irradiated area in all of control rats and skin
scores ranged from 3 to 3.5 (Fig. 4 A, B).

The irradiated skin was erosive with red edema, moist areas of
seepage, which further formed ulcers in the individual rats. The severe
radiation ulceration with necrotic changes (scores 4.0) were exhibited in
22.2 % rats in the irradiated control. At the endpoint of study the wounded
skin began to heal gradually, but the healing was slow and still incom-
plete after 8 weeks (Fig. 4 C, D). The twice local injection of cryopreserved
rBM-MSCs at a dose 1.5-10° cells/animal on days 15 and 21 reduced the
manifestation of acute reactions and severity of the radiation skin wound
and promoted healing of the irradiated skin. On day 28 the wound scores
decreased to 2.5-3.0 and the skin was presented by the appearance of
yellow crusts without pronounced inflammation. The scabs in the irradi-
ated area were thinner, lighter and superficial (Fig. 4 E, F). At the follow-up
period the irradiated skin had exudation and erosion, but the depth and
area of the wounded skin was significantly milder in comparison with
that in the control irradiated rats. In the rats with injected rBM-MSCs, the
skin reactions were limited by only moist desquamation without evolving
to ulceration and displayed an important healing. On day 42 weeks after
the irradiation new epithelial growth was observed at the damage site
(Fig. 4 G, H).

Irradiated skin

Irradiated skin + BM MSCs

Time after irradiation, days

Fig. 4. The photo of rats skin wounds following local irradiation (50 Gy)
only (A-D) and local irradiation with cryopreserved rBM-MSC injections (E-H).
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The wound scores significantly decreased (Fig. 5 A) as well as the
wound sizes on day 28 were 1.5 times smaller (p = 0.034) and on day
42 — 1.9 times (p = 0.013) than those in the control irradiated rats
(Fig. 5 B). Thus, it was confirmed that the locally injected cryopreserved
rBM-MSCs led to accelerated and more complete healing of radiation-
induced skin injury. The efficacy of MSC treatment in wound healing
has been shown in preclinical study on different models, including ra-
diation exposure [31]. It is reported that BM-MSCs differentiate into the
cell type that has been damaged and thus promote the repair of wounds
[32]. Francois et al. found that human BM-MSCs injected into irradiated
mice migrate towards the damaged skin [33]. However, another study
demonstrated that the paracrine mechanisms such as the production of
cytokines and proangiogenic factors have contributed to MSC promotion
of radiation skin wound healing [34-36].
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PPN Fig. 5. The radiation wound score and wound healing assay in skin following
local irradiation 50 Gy (A) and local irradiation with cryopreserved rBM-MSCs
injections (B).

To sum up, the present study confirm that the cryopreserved rBM-
MSCs (1.5-10° cells/animal) demonstrated the beneficial effect on the
recovery of hematopoietic system and overall survival at a sublethal
dose 5.5 Gy of whole body irradiation as well as the severe radiation skin
wound at their twice injection after 50 Gy local irradiation. However, to
fully explain the therapeutic potential of cryopreserved ex vivo expand-
ed rBM-MSCs the further studies using different radiation doses, time
points, and BM-MSCs dosage are needed.
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1. Cryopreserved ex vivo expanded rat BM-MSCs had functionally complete cell viability of 80 %, CFE of 8.5 % and potential to adipogenic/
osteogenic differentiation. It is indicated by the feasibility of their therapeutic use in preclinical studies on rat models.

2. Cryopreserved ex vivo expanded rBM-MSCs demonstrated the therapeutic effect at transplanted dose of 1.5+10° cells/animal in rats with a
sublethal dose 5.5 Gy of whole body irradiation by preventing leukopenia and accelerated platelets and bone marrow cells number recov-
ery resulted in an increase of the overall survival up to 100 %. In rats with absolute minimum lethal dose 7.0 Gy the therapeutic efficacy
of rBM-MSCs at a transplanted dose 1.5+10° and 0.5+10° cells/animal was limited.

3. The twice injection of cryopreserved rBM-MSCs (1.5-10° cells/animal) on days 15 and 21 after 50 Gy of local irradiation reduced the
K severity and promoted the healing of radiation skin wounds. j
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EdekTuBHICTh KPiOKOHCEPBOBAHMX MiCIs €KCITAHCIT
ex vivo MyIbTUIIOTEHTHUX Me3€eHXIMaTbHUX
CTPOMAJIbHUX KIITHH 3 KICTKOBOTO MO3KY Lypa
IIpM BifHOB/IEHH] pafialifiHUX YpaKeHb y IYypiB

YanenkoBa H., Ckopoboratosa H., Kpusko A., Kpacuocenbcpkuit M.

AY «Incmumym meduunoi padionozii ma onxonoeii im. C. II. Ipueop’esa Hayionanvroi akademii meduunux nayx Ykpainu,
Xapxis, Yxpaina

B pauwii yac 3actocyBaHHs My/bTUMOTEHTHUX ME3EHXIMATbHNX CTpOManbHuxX knitud (MCK) sik KniTuHHOI Tepanii pagiauiiHnx yLuKOKEeHb
MpUBEPTAE BCE OINbLLY yBAry, TOMY LU0 NOTOYHI MOXIIMBOCTI JIIKYBAHHS JAHOI MaToOri| 3annLLakoThCs JANIEKUMU Bif 30BIIbHUX.

N

META JOCJIIAXEHHA: nonsrana y BUB4YEHHI eqheKTUBHOCTI KDIOKOHCEPBOBAHMX Nic/is excrnaHcii ex vivo MCK, oTpumanux 3 KicTKOBOro Mo3ky
LYypiB, /151 BIAHOBNEHHA PAJiaLifiHuX ypaXxeHb Ha MOLENX TOTalbHOrO Ta JIOKAbHOI0 ONPOMIHEHHS y LLYDIB.

MATEPIAJIN TA METOAN: MCK 6ynn oTpumani 3 kictkoBoro mo3ky (KM-MCK) HeonpomiHeHnx camok 6innx LyypiB Bikom 4 micsaui, Ko-
POTKOYacHO KyJIbTUBOBAHI NPOTArOM [BOX MACaxiB i KPIOKOHCEPBOBAHI Mif 3axXCTOM AUMETUNCYIIbGOKCURY AN HU3bKOTEMIEPATyPHOIro
36epiranHs npu —70 °C npotarom 6-12 micayiB. KpiokoHcepBoBaHi 3pasku 3 KOxHoi napTii kynbtypu KM-MCK nepeBipsisin Ha XUTTE3AATHICTb
74 (OYHKLIOHAbHY aKTUBHICTb MEPES TPAHCNNAHTALIER LLypaM B eKCiepuMeHTax in vivo. [ocTpi pagialiviHi ypaxxeHHs y LLypiB MOAETOBanN
LUJIAXOM TOTanbHOro ONPOMIHEHHS BCbOro Tina y Josax 5,5 p i 7,0 [p 1a /10kasbHOro ONPOMIHEHHS LWKIpW npaBoro crerHa y Josi 50 Ip.
KpiokoxcepsoBari KM-MCK y 5o3i 1,5-10° i 0,5-10° knituH/TBapuHy TpaHCHNAHTYBAaIM BHYTPILLIHEOBEHHO Y€Pe3 24 rofuHy nicsis T0TanbHOro
0nPOMIHEHHS Ta BBOAWN MicLieBO (ABiYi 1,5-10° knituH/TBapuHy) Ha 15-i i 21-1f A6Hb NIC/IS TOKASIbHOI0 0MPOMiHEHHS. OLiHKY eQheKTUBHOCTI
KpiokoHcepsoBaHnx KM-MCK npoBogun 3a nokasHukamu neTanbHOCTI Ta reMatosaoridyHnX JOCIgKeHb, a TakoX aHasisy 3ar0€HHs 0npo-
MIHEHUX JINSAHOK LKIPU Y LLyPIB.

PE3YJIbTATU. KpiokoHcepsoBaHi nicnsi excrnancii ex vivo KM-MCK xapakTtepu3yBanncsi BUCOKUM PIBHEM QOYHKLIOHanbHOI aKTUBHOCTI 3 XXUT-
TE34atHICTIO KNITUH 67113bK0 80 %, 3 KOJIOHIEYTBOPIOIOYOK eheKTUBHICTIO 8,5 % Ta 3i 34aTHICTIO 4O aANNOreHHO0 | 0CTEOreHHOI0 ANGhepeH-
yitoBaHHs. Y wypis, onpomiHeHnx y 4o3i 5,5 [p, TpaHcnnaHToBaHi kpiokoHcepsosaHi KM-MCK y fosi 1,5-10° knituk/TBapuHy nonepesxanm
rOCTPY NENKOMNEHIt0 B NMEPLLi KPUTNYHI AHI PAJIALIIHOTO YPaXKeHHS LUSXOM 30iNbLUIEHHS HA 2 J0OY KinlbKOCTi neiikoynTiB y 3,7 pasu 1a Ha 22
106y cripusnu GiflbLU MOBHOMY BifHOBJIEHHIO KilIbKOCTI K/iTUH KICTKOBOrO MO3KY | TPOMOOLMTIB, LYO MPU3BOANII0 [0 3POCTAHHSA 3arajibHoi
BmxwmBaHocTi 4o 100 % i3 BifHOBIGHHAM Macy Tifla TBapuH. Y LjypiB, onpomineHnx y fo3i 7.0 [p, meHwa TpaHcnnantoBana goda KM-MCK
0,5-10° knitnH/TBapUHy 6yna 6inbLu eCheKTUBHOK 3a 3HUKEHHAM IETA/IbHOCTI Ta NOJOBXEHHAM CePEAHbOI TPMBAOCTI XNTTA Ha 6 AHiB. Mic-
yee BBefeHHs KM-MCK aBidi no 1,5-10° KnitukH/TBapUHy 3MEHLLYBA0 TSXKICTb PafiaLiiHOro ypaxeHHs LWKIpY Ta NPUCKOPHOBA/IO 3ar0EHHS
OIMPOMIHEHUX JINAHOK LLKIPK Y Lypi.

BUCHOBKMN. Lle focnigxeHHs MigTBEPAXYE, L0 KDIOKOHCEPBOBaHI nicns ekcraxcii ex vivo KM-MCK 6ynn ¢hyHKLiOHaIbHO MOBHOLIHHUMUY [J151
TepPaneBTNYHOr0 BUKOPUCTAHHSA HA €KCEPUMEHTAIbHUX MOLESISAX PAjIauiiHnX ypaxeHsb y LypiB Ta Oyn eqekTMBHUMY LJIS BIHOBNIEHHS
KPOBOTBOPHOI CUCTEMU Ta ONPOMIHEHUX JINIIHOK LKIPY MICTIS TOTA/ILHOTO | IOKA/bHOI0 OMPOMIHEHHS.

KJIHOYO0BI CJI0BA: mynbTUNOTEHTHI ME3eHXIMasbHi CTPOMArbHI KIITUHN KICTKOBOr0 MO3KY; EKCMAaHCIs KIITUH eX ViVo,; KpIOKOHCepBauis KITiTuH,
pagiauyiiti ypaxeHHs
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