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The results of three-year research on the use of allogeneic mesenchymal stem cells of adipose tissue (AMSCs) in
the treatment of skin burns of Il-1ll degree are presented. in a complex with wounds dressing of nanofibers chitosan
and copolyamide, hyaluronic acid. It was found that with surgical necrectomy, introduction of AMSCs and substitu-
tion of defects with natural polymer coatings, the healing time is reduced by 89% (p < 0.05). Isolated administra-
tion of MSC reduces the healing period by no more than 5% (p > 0.05). The combined use of wounds dressings of
nanofibers chitosan and copolyamide with MSC accelerates the regeneration process by 26% (p < 0.05), with the
introduction of AMSCs accelerating the development of granulation tissue by the fifth day of observation by 83%
(p < 0.01). Joint use of wound coverings on the basis of hyaluronic acid with AMSCs is accompanied by an increase
in the number of vessels of the microcirculatory bed in the defect area by 185% (p < 0.01). Clinical evaluation of
the effectiveness of drugs with stem cells - a gel for topical application and a suspension of MSC LC for injection
administration demonstrate their ability to optimize regeneration in the burn zone. Application of gel with AMSCs
reduces the duration of epithelialization of border (dermal) burns by 2.2-2.4 times, with the final healing period
being reduced by 59% (p < 0.01) and the suppuration frequency by 30% (p < 0.05). The introduction of a suspension
of AMSCs into the zone of deep burn increases the frequency of engraftment of autografts, stimulates angiogenesis
and proliferation of fibroblasts in the superficial and deep layers of the dermis. In the area of MSC administration,
the LC perfusion level and the amplitude of blood flow fluctuation are twice as high as the values in the zones
without the introduction of cells.

Keywords: skin burns; treatment results; wound regeneration; wound coverages; skin restoration; new technologies;
mesenchymal stem cells; aliphatic copolyamide; chitosan; chitin nanofibrils; hyaluronic acid.
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MpuBeneHbl pesynbTaTbl TPEXNETHUX MCCNEAOBAHMI MO NMPUMEHEHWIO aNNIOTEHHbIX ME3EeHXWMMalbHbIX CTBOOBbIX
KneTok xuposoi TkaHu (MCK XT) npu neueHun oxoros koxu |-l cTeneHelt, B TOM uncne B KOMMNJeKce C paHe-
BbIMWU MOKPbITUSMKU M3 HAHOBOJIOKOH XMTO3aHa M COMONMAMMUAA, TMANYPOHOBOM KMCNOTbl. DKCMEPUMEHTANbHAA YacTb
McCcnenoBaHUs BbiNOSHEHA € yyacTneM 48 kpbic-camuoB nMHumn Wistar-Kyoto maccont 230-250 r. YcTaHOBNEHO, YTO
npu XWUpypruyeckom Hekpaktomuu, BeBepeHun MCK XT u annamkauumum Ha NoBepxXHOCTb LedeKTOB MOKPbITUIA M3
NPUPOAHbIX NOMMMEPOB CPOKM 3aXMBNeHus cokpawatTtca Ha 89 % (p < 0,05). M3onuposaHHoe BBeseHne MCK XT
cnocobCcTBYeT COKpaleHWo nepuopa 3axusneHus He 6onee yem Ha 5 % (p > 0,05). CoBMecTHOe MCNONb30BaHUE
paHEBbIX MOKPbITUA M3 HAHOBONOKOH XMTO3aHa M cononmammpa ¢ MCK XT yckopseT npoueccbl pereHepauuu Ha
26 % (p <0,05), npu atom BBepgeHne MCK XT yckopseT pa3BuTMe TrpaHynsuMOHHOM Tkauu Ha 83 % (p < 0,01).
CoBMeCTHOE MCMNOJIb30BaHME paHEeBbIX MOKPbITUM HA OCHOBE TrManypoHoBoi kucnoTel ¢ MCK XT conpoBoxpaeTcs
yBEeIUMYEHUEM YMCNa COCYNOB MUKPOLMPKYNATOPHOro pycna B obnactu pedekrta Ha 185 % (p < 0,01). Knuuunueckas
oueHka 3GdeKTUBHOCTU MpenapaToB CO CTBONOBbIMW KAeTKaMU — rens AN MeCTHOro NMPUMEHEHUS U CYCMeH3uu
MCK XK ong MHbeKLMOHHOTO BBEAEHUS — OEMOHCTPUPYET UX CNOCOOHOCTb CTUMYNMPOBATH pereHepauuto B 30He
oxora. Annaukaumsa reng ¢ MCK XT yckopsieT anuTenn3aumnio NorpaHnyHbIX (AepManbHbiX) 0Xoros B 2,2-2,4 pasa,
NMpyu 3TOM OKOHYATeNbHbIM CPOK 3aXMBNeHus cokpawaetcs Ha 59 % (p < 0,01) n yacToTa HarHOEHMN CHUXAETCH Ha
30 % (p < 0,05). B obnactn BBepenns MCK XK yposeHb nepdy3un n amnautyna konebaHus KpoBOTOKa B ABa pasa
Bbllle BE/IMYMHbI MoKa3aTeneln B 30Hax 6e3 BeeaeHns kneTok. Hapaay ¢ atum BeepeHue cycneHsmm MCK XT B 30HY
rnyboKOoro oXora noBbIWaeT YaCTOTY NPUXMBIEHUS ayTOTPAHCNIAHTATOB, CTUMYNMPYET aHrMoreHes u nponudepauuio
$dnbpobnacToB B MOBEPXHOCTHBLIX M rNybokMx cnoax gepmbl. K 7-mM cyTkamu nocne nHbekumm MCK XT akcnpeccus
MapKkepoB nponndepaumm 3NUTENNANbHbIX U COeAMHUTENbHOTKAHHbIX KNETOYHbIX NUHMIA pocturaeT 460 % (p < 0,05)
No CPaBHEHWUID C HOPMOW, MPU 3TOM 3KCNPECCUU MapKepoB MPOrpaMMMPOBAHHOM KNeTOYHOW rmbenun (anontosa) He
BbISIBNEHO.

KnioueBble cnoBa: 0XX0rn Koxu; pe3ynbTaTbl N€YEHUA; pereHepauna paH; paHeBble NOKPbITUA; BOCCTAHOBJIEHUE KOXXHOIO No-
KpOBa, HOBble TEXHONOIMNU; ME€3EHXNUMaJIbHbl€ CTBOIOBbIE KNETKU; aJ'IVICbaTIA"IECKMﬁ cononnamMunpa; XUTo3aH; HaHOCblAﬁpIAJ'IJ'IbI
XUTUHA; TManypoHOoBasa KNMCNoTa.

INTRODUCTION

In the Russian Federation, up to half a million
patients suffering from burns are registered each year.
Of these, around one in ten have deep lesions; in
one in seven or eight, the burns cover an area, ex-
ceeding 20 % of the body surface. Mortality for deep
burns is about 15 % with no tendency to decrease [2].

The treatment of patients with serious burns is one of
the most difficult tasks of surgery. At present, a wide
range of tools and techniques are available to com-
bustologists (burn specialists); nevertheless, in the vast
majority of the cases of burns (up to 99 %), various
methods of skin grafting are still used for restoring
the skin. Skin grafting is categorized according to the
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principle of its implementation, taking into account
the type of grafts and flaps used [12].

There has been a gradual introduction of biotech-
nological restoration of the skin to treat burns both
in the Russian Federation and abroad [1, 38, 39]. Au-
tologous skin cells grown in vitro were first used by
Medawar et al. [9, 37] with subsequent development in
studies on the transplantation of cultures of keratino-
cytes, fibroblasts, dermal equivalents, hysteobioplastic
materials, and scaffolds (three-dimensional matrices
based on natural polymers with living cells, which
undergo slow destruction or resorption) as well as cul-
tures of allogeneic and autologous stem cells [1, 34].
The development and application of artificial organs,
tissues, and scaffolds are considered a priority for
regenerative medicine. All of these methods acceler-
ate reparative regeneration in the transplantation zone
because of both the cellular elements (primarily the
adipose tissue mesenchymal stem cells) and products
of polymer degradation [11, 14].

Stem cells are immature cell units capable of di-
vision and differentiation into the specialized cells
of various organs and tissues [18, 33]. Based on the
source, stem cells can be embryonic or tissue-specif-
ic (such as mesenchymal and epidermal stem cells).
A characteristic of embryonic stem cells is their high
differentiation potential and their ability to act as a
source of virtually any type of body cell. However,
there are a number of difficulties associated with ob-
taining embryonic stem cells including ethical restric-
tions [11, 30]. In addition, controlling their status to
avoid the risk of their degeneration into tumor forma-
tion also causes difficulties. Researchers are currently
focusing on the possibility of using mesenchymal stem
cells (MSCs) isolated from sources, such as bone mar-
row, adipose tissue, the liver, and the spleen. However,
not all of these sources of MSCs are equally available;
for example, obtaining red bone marrow stem cells
requires aspiration biopsy, which is an invasive and
quite painful procedure [25, 26, 28, 29].

The most promising source for MSCs is adipose
tissue, which provides a safe, superficial source of cell
cultures [4, 5, 8]. Adipose tissue is widely distributed
in the human body and is conveniently located for
allowing a significant amount of adipose tissue mes-
enchymal stem cells (ATMSCs) to be obtained in a
single-step procedure with low trauma. A single gram
of adipose tissue can contain up to 2 x 10° cells, 90 %
of which are suitable for a heterogeneous population
for in vitro cultivation and differentiation into cells of
different lines including adipogenic, osteogenic, chon-
drogenic, and myogenic lines. ATMSCs are able to
form ten times more colony-forming units than MSCs
from bone marrow [37].

The unique immune profile of ATMSCs makes
them attractive for transplantation. Because of their
immunological characteristics, they show no expres-
sion of the main complex molecules of class II his-
tocompatibility, so they are less immunogenic than
other cell populations [24, 35]. In addition, ATMSCs
have immunomodulatory properties that reduce the
risk of graft rejection in graft versus host disease,
and they exhibit genetic stability during long-term
cultivation procedures [13, 21, 23, 24, 26, 36]. AT-
MSCs can also inhibit the proliferation of activated
T-cytotoxic lymphocytes and regulate the production
of proinflammatory cytokines by T-helpers [15-17,
27, 31].

Local and systemic routes of delivery of MSCs to
the zone of tissue defect have been proposed. Howev-
er, aspects of the administration of stem cells into the
vascular bed remain controversial. When Muehlberg
et al. administered ATMSCs intravenously to mice
with induced sarcoma, they observed an accumula-
tion of these cells in the neoplasm, which accelerated
the division of tumor cells [25, 32]. Conversely, an
in vivo study showed that ATMSCs expressed cytosine
deaminase, which has a suppressive effect on tumor
cells [20].

Allogeneic MSCs for therapeutic purposes can be
used both in isolation and in combination. Studies of
the joint transplantation of ATMSCs and Langerhans
islets for the treatment of diabetes mellitus showed
that the ATMSCs contributed effectively to the en-
graftment and revascularization of pancreatic donor
islets [14, 19]. The results of all the studies described
seem extremely promising for burns treatment. In ad-
dition, a number of authors believe that the efficiency
of grafting can be improved by the combined use of
ATMSCs and allo- or xeno-skin grafts when there is
a deficit of donor resources [3, 7].

ATMSCs have been shown to stimulate neovascu-
larization in response to hypoxia [19]. Their angio-
genic potential was demonstrated using a model of
limb ischemia in animals; an intravenous administra-
tion of a suspension of stem cells resulted in acceler-
ated tissue repair. Histological examination following
the administration of ATMSCs confirmed an increase
in the number of microvessels and a decrease in the
atrophy of striated myocytes in the area where they
were administered [18].

The possibility and feasibility of using ATMSCs
and products based on them for treating serious burns
has been studied by various researchers, including
Peng Liu, A.I. Kolesnikova, K.V. Kotenko, Liang Xue,
and others [10, 22, 28]. In particular, Kolesnikova
et al. have proposed a regeneration composition that
contains at least 10° cells/ml of human bone mar-
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row MSCs.! A disadvantage of this method is the
use of human red bone marrow as the source of the
stem cells, which requires a highly complex process.
A cell preparation based on multipotent mesenchymal
stromal cells has been developed for the treatment of
radiation burns of the skin for local infiltrative admin-
istration into the zone of the lesion [10].

Liu et al. have used an animal model to evalu-
ate wound dressings containing MSCs [22]. A deep
skin burn was reproduced in rats and treated using
MSCs, comparing the outcome with the effect of us-
ing a collagen scaffold without stem cells. At the end
of the first month of observation, there was contrac-
tion and a reduction in the area of the wound lesion
by 50 % in the animals treated with MSCs, whereas
the reduction was only 20 % in the group of animals
without treatment. Histological studies demonstrated
that the use of stem cells stimulated angiogenesis; at
fourth week, biopsy samples of the wounds treated
with MSCs showed a 21 % increase in the number of
newly formed microvessels (p <0.05) [22].

Xue et al. injected MSCs isolated from bone mar-
row into burn lesions in mice, resulting in a decrease
by 38 % of the wound surface area after one week
(p <0.05), with the total area of the burn decreasing
by 68 % by the end of second week (p <0.05) [28].
In addition, the administration of MSCs increased an-
giogenesis in the affected area.

From these reports, it can be concluded that there
is no consensus on the feasibility of using MSCs in
burns treatment. This remains a matter of discussion
and serves as an incentive for further research.

MATERIALS AND METHODS

This study comprised two parts. The first tested
ATMSCs in an animal model and the second involved
clinical tests with burns patients.

The animal experiment used 48 male Wistar Kyoto
rats weighing 230-250 g. All manipulations were per-
formed under inhalation anesthesia (using ether) and
under aseptic conditions.

Third-degree skin burns (ICD10) with an area of
10 % of the body surface were produced using our
own original method. Stem cells were isolated and
cultivated from the subcutaneous fatty tissue of rats
in the Polymeric Materials for Tissue Engineering
and Transplantology Laboratory of Peter the Great
St. Petersburg Polytechnic University. The fifth pas-
sage of the cells was used for administration in the
experiments.

The animals were divided into six groups accord-
ing to the method of treatment. In group I, the agents

! Patent No. 2455354 of the Russian Federation, December 29, 2010.

were applied immediately after the burn; in groups
IL, I, IV, and V, this was preceded by necrectomy.
Group VI, the control group, did not receive treat-
ment.

In group I, 4 ml of a suspension of ATMSCs
(1 x 10° cells/ml) was administered 60 min after the
burn by injection under the eschar (Fig. 1). In groups
I and III, necrectomy was performed and then 4 ml
of the ATMSC suspension was injected under the
fascia of the back. The lesion was then closed with
wound dressings based on either a hyaluronic acid
hydrogel (G-group, Russian Federation) or chitosan-
copolyamide (Institute of High Molecular Compounds
of the Russian Academy of Sciences, Russian Fe-
deration). The same wound dressings were used in
groups IV and V, but without the prior administra-
tion of ATMSCs. In group VI, the control group, the
wounds were not treated.

The effectiveness of the treatment was evaluated
daily. The wounds were inspected and photographed,
and the nature of the discharge, the presence and type
of granulations, any eschar rejection, and epithelization
were recorded. The area of the wound was measured
using the planimetric method of L.N. Popova, and the
index of healing was calculated. Biopsy samples for
histological examination were obtained on days 3, 7,
12, 15, 21, 28, and 60. Paraffin sections were stained
with hematoxylin and eosin and examined under light
microscopy.

The clinical part of the study included two stages
to study the efficacy and safety of two biomedical
cell products based on ATMSCs: Collagen—Cell Com-
plex Product (CCCP™) and Multipotent Mesenchymal
Stromal Cells (MMSC™). The first preparation is a
collagen biodegradable gel that includes a suspension
of multipotent human mesenchymal stromal cells.
The second preparation contains multipotent human

M b
Fig. 1. Stage of injection of a suspension of adipogenic mesen-
chymal stem cells subfascially in the area of skin burn
of Il degree
Puc. 1. tan BBeAeHMA CyCneH3UM aaUNOreHHbIX Me3eHXUMHbBIX
CTBOMOBbIX KNETOK cy6dacuuanbHO B 061acTb 0XKOra KOXu
Il crenexu
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mesenchymal stromal cells cultured in vitro in a to-
tal concentration of (5.0 + 0.25) x 10° cells. The study
included 30 patients with second- or third-degree der-
mal burns, divided into three groups of 10 patients.
In groups I and II, CCCP™ gel was applied twice
at concentrations of either 0.05 ml/cm? (group I) or
0.1 ml/em? (group II); in group III, the control group,
Ointment Levomekol was applied instead. MMSC™
was administered twice to patients with severe burns
after early necrectomy and simultaneous subfascial au-
todermografting around the perimeter of the wound,
to the depth of the wound lesion, at equal distances
from each other, fractionally, at 0.05 ml/cm? of the
wound area. This technique was approved by the local
ethics committee.

Objective and subjective data describing the pa-
tient’s condition and laboratory parameters were re-
peatedly evaluated; these included the leve of pain,
thermometry, blood pressure, heart rate, total blood
and urine analyses, and levels of glucose, bilirubin,
alanine aminotransferase, aspartate aminotransferase,
creatinine, and urea. The healing time, frequency of
wound suppuration, and degree of engraftment of skin
grafts were recorded, and the wound surface area was
measured by applying a planimetric method. In ad-
dition, a microbiological examination of the inocu-
lation, histological examinations of biopsy samples,
and a histochemical analysis of proliferation markers

(EGFR, Ki 67) and apoptosis (bcl2, p53) were per-
formed. The condition of the wound after ATMSC
transplantation was evaluated using Doppler flowm-
etry (LAKK Apparatus, Russian Federation).

The results obtained were processed in accordance
with generally accepted methods of variation statistics.
A value of p <0.05 was considered to indicate statisti-
cal significance.

RESULTS AND DISCUSSION

Table 1 shows the timing of the final healing of
the experimental wounds, compared between the six
animal treatment groups. The wound healing time for
the control group was 59 days, and the area of scarring
at that time was 4.5 cm? The fastest wound healing
time, 44 days, was found in the group treated with
necrectomy followed by the administration of ATMSC,
supplemented with the application of wound dressings
based on chitosan-copolyamide. The healing time was
15 days less than that for the control group (p < 0.05).
This group also showed the smallest area of scarring
at day 60 (0.8 cm?). In comparison, the group that
underwent necrectomy, the administration of ATMSC,
and the application of wound dressings based on hy-
aluronic acid had a wound healing time of 47 days
and an area of scarring on day 60 of 1.2 cm? In the
groups that did not receive ATMSC but were treated
only with the application of wound dressings of hy-

Table 1 (Tabnuya 1)

Planimetric evaluation of treatment results for experimental wounds
MnaHnMeTpuyeckas oueHKa pe3ynbTaToB EYEHUSI IKCMEPUMEHTaNbHbIX paH

Term of healing Rumen area at
> 60" day, cm? /
Groups of research / days / N 6
r C ) nomaab pyona
PYIIIIBI UCCIIEIOBAHUS POK 3a3KUBIIC
Ha 60-e cyTKH,
HUSl, CYTKU >
cM
Control group (no treatment) / KontponsHas rpynmna (6e3 gedeHus) 59.1+23 45+19
AMSC without necrectomy and application of wound dressings /
> 574+ 1.9 30+1.1
AMCK, 6e3 HEKpIKTOMHH M aNTlJIUKAIIUN PAHEBBIX MOKPBITHH
AMSC after necrectomy and application of chitosan-copolyamide wound dressings / L3
. 443+ 120> 1.2+0.7
AMCK 1nociie HEeKpIKTOMUH, alIUIHKALMH PAHEBBIX TOKPBITUH XHUTO3aH-COMOIUAMKIa
AMSC after necrectomy and application of hyaluronic acid wound dressings / L2
. . 472+ 1.5" 0.8+0.9
AMCK 1ocie HeKpIKTOMHH, aNnUIMKAI[MKA PAHEBBIX MOKPHITHI THATYPOHOBOH KHCIOTHI
Necrectomy and application of chitosan-copolyamide wound dressings / 517417 25415
HexpskTomus, anminkanus paHeBbIX MOKPBITUH XUTO3aH-CONOIUAMU 1A ’ ) ) )
Necrectomy and application of hyaluronic acid wound dressings /
o o 542+ 1.1 20+1.3
HekpaKTOMHUSL, allIUIMKALUS PAHEBBIX MOKPBITHH THalyPOHOBOH KHCIOTHI

genic mesenchymal stem cells.

AIUTIOT€HHBIC ME3CHXHUMAJIbHBIC CTBOJIOBBIC KJICTKH

Note: 'significant (p < 0.05) in comparison with the control group (without treatment); ?significant (p < 0.05) in comparison with the
results of the introduction of AMSC without necrectomy and application of wound dressings; 3significant (p < 0.05) in comparison
with results of performance of a necrectomy with application of wound dressings of hyaluronic acid without AMSC; AMSC — adipo-

Ipumeuanue: ' nocroepHo (p < 0,05) M0 CpaBHEHUIO ¢ KOHTPOIBHOHN rpymoii (6e3 neyenust); 2 1octoBepHo (p < 0,05) M0 CpaBHEHHIO
¢ pesynbratamu BBeraeHHe AMCK 6Ge3 HEKpIKTOMHHU M alIUIMKAllMK PaHEBBIX MOKPBITHIL, *mocToBepHO (p < 0,05) o cpaBHEHHIO
C pe3yJbTaTaMy BBITIOJIHEHUSI HEKPIKTOMUU C alIUIMKAIe PaHEeBBIX MOKPBITHH rHailypoHoBoil kucioTel 6e3 AMCK; AMCK —
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aluronic acid and chitosan-copolyamide, the healing
times were 54 and 51 days, respectively, which were
9% (p > 0.05) and 13 % (p <0.05) less than in the
control group.

Table 2 summarizes the histological examination of
wound biopsy samples obtained on day 60. The high-
est number of blood vessels in the microvasculature
in granulation tissue (37 microvessels in the field of
vision) was observed in the animals treated with ne-
crectomy, ATMSCs, and hyaluronic acid-based dress-
ings (p <0.05). Those treated with necrectomy, AT-
MSCs, and dressings based on chitosan-copolyamide
had 26 microvessels, 3.6 times the number for the
animals treated only with ATMSCs without dress-
ings (p <0.05). The application after necrectomy of
only the dressings based on natural polymers (hya-
luronic acid and chitosan-copolyamide) contributed
to the stimulation of angiogenesis, resulting in about
double the number of microvessels than in the con-
trol (p <0.05). The smallest number of vessels in the
field of vision (10 microvessels) was observed in the
group of animals treated only with ATMSCs without
necrectomy.

The thickness of coarse fibrous connective tissue
in the scar area also varied according to the treat-
ment (Table 3). The greatest thickness (2002.1 pm)

was observed in the group of animals treated with
ATMSCs without necrectomy. Using ATMSCs in com-
bination with the natural polymer dressings resulted
in granulation tissue an average of 1.66 times thicker
than that of the control group (p <0.05). The appli-
cation of only chitosan-copolyamide-based wound
dressings after necrectomy resulted in the newly
formed granulation tissue being 1676.2 pm thick,
which was 35 % thicker than that of the control group
animals.

A microbiological study of wound discharge on
day 7 found the minimum level of microorganism
vegetation in the group of animals treated with ne-
crectomy, ATMSCs, and wound dressings based on
chitosan-copolyamide (Table 4). Moderate growth of
pathogenic microflora was observed in the animals
treated with necrectomy, ATMSCs, and dressings
based on hyaluronic acid as well as in those treated
only with the application of the dressings. The highest
growth of microflora was observed in those treated
with ATMSCs without necrectomy.

The first stage of the clinical study involved an
in-depth assessment of the efficacy and safety of the
local application of the CCCP™ gel with ATMSCs to
the dermal burn zone. The time taken until the final
healing of the burn wounds was one of the primary

Table 2 (Tabnuua 2)

Number of vessels of microcirculatory bed in granulation tissue at 60™ day
Yucno cocynoB MUKpPOLMPKYNSITOPHOMO pyc/ia B rPaHyNSILMOHHON TKaHU Ha 60-e cyTKM

The number of microvessels,
Groups of research / units in sight /
I'pynnsl uccnenoBanus KonuuecTBo MUKpOCOCY 0B,
/1. B I0JIe 3PSHMUSI

Control group (no treatment) / 13+1
Kontponbsnas rpynna (6e3 nedeHus)
AMSC without necrectomy and application of wound dressings / 102
AMCK, 6e3 HEeKpPIKTOMHY U alIUINKalUA PAHEBBIX IMOKPBITHI
AMSC after necrectomy and application of chitosan-copolyamide wound dressings / 264312
AMCK nocne HEKpIKTOMUH, aNIIMKALUK PAHEBBIX MOKPBITUH XUTO3aH-CONOINAMUIA
AMSC after necrectomy and application of hyaluronic acid wound dressings / 374412
AMCK nocne HeKpIKTOMUH, alIUIMKAIIUN PAHEBBIX NOKPHITHH rHalypOHOBON KHCIOTHI
Necrectomy and application of chitosan-copolyamide wound dressings / 264312
HekpaKTOMHUSI, alllUIMKALKs PAHEBBIX MOKPBITHI XUTO3aH-CONOIHAMU A
Necrectomy and application of hyaluronic acid wound dressings / 284102
HexpakTomusi, anTtuIuKamus paHeBEIX MOKPHITHH THAaTypPOHOBON KHCIOTHI

AMSC - adipogenic mesenchymal stem cells.

AMCK — anunoreHHbIe ME3€HXHUMAJIbHBIE CTBOJIOBBIE KIIETKH

Note: 'significant (p <0.05) in comparison with the control group (without treatment); 2significant (p < 0.05) in comparison with
the results of the introduction of AMSC without necrectomy and application of wound dressings; 3significant (p <0.05) in com-
parison with results of performance of a necrectomy with application of wound dressings of hyaluronic acid without AMSC;

Ipumeuanue: ' nocrosepro (p < 0,05) 110 CpaBHEHHUIO C KOHTPOJIbHOM rpymoii (6e3 euenus); 2 gocrosepro (p < 0,05) o cpasue-
HUI0 ¢ pesyibratamu BBegeHrne AMCK 6e3 HEKpIKTOMUHU M alIUIMKAI[MU PaHEBBIX MOKPBITUH; > nocTtoBepHo (p < 0,05) 10 cpas-
HCHHUIO C PEe3yJIbTaTaMH BBITIOJHCHUS HEKPIKTOMHH C alllJIMKAIMCH PaHEBBIX MOKPBITHH T'UaiypoHOBOM KucinoTel 6e3 AMCK;
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integral indicators of the efficacy of the treatment.
Table 5 presents the results of planimetric estimates
of the time of epithelialization of the dermal burns
with the application of the gel with ATMSCs at vari-
ous concentrations. These results indicate the high
efficiency of the gel, showing that the double local
use of the gel with ATMSCs at various concentra-
tions shortened the healing period for second- or
third-degree burns by 49 %53 % (p <0.01). There
was no significant difference in the healing time be-
tween the concentrations of 0.05 and 0.1 ml/cm? of
CCCP™ gel. When the gel was used, the epitheliza-
tion of the dermal burns was completed by day 5-6,
which was 59 % shorter than the time taken in the
group of patients treated with Ointment Levomekol
(10-11 days, p <0.05).

Suppuration frequently occurs when a burn is con-
taminated with any of a wide range of pathogenic
microorganisms (Fig. 2). When CCCP™ gel was used,
only two cases (<10 %) experienced a complicated
course of the wound process. In comparison, the de-
velopment of suppurative inflammation of the dermal
wounds was observed in almost 40 % of cases treated
with Ointment Levomekol.

In the second stage of research, MMSC™ at a dose
of 0.05 ml/cm? was used for infiltrative administration
into deep burns zones after early necrectomy with
simultaneous autodermografting. We present three
clinical cases.

Thickness of newly formed granulations at the 7t day
TonwmnHa HOBOOOPA30BaHHbIX FPAHYNALMIA HA 7-€ CYTKK

Case 1. A 49-year-old patient was hospitalized be-
cause of deep burns of the lower extremity covering
6 % of the body surface area (BSA). Early radical
necrectomy of the fascia was performed on day 2
after the injury, followed by single-step autodermo-
grafting. ATMSCs were administered to an area of
up to 1.5 % BSA. At the time of the first dressing,
there was no lysis and the autografts showed complete
engraftment (Fig. 3).

Case 2. A 34-year-old severely burned patient,
flame burn of 78 % (67 %) of 1lla, b degree of trunk,
limbs. The patient had also suffered a first-degree in-
halation injury, and the third-degree burn had resulted
in sepsis shock. On day 3, fascial necrectomy of the
lower extremity was performed on an area of 15 %
BSA, with single-stage autodermografting and the ad-
ministration of ATMSCs in the lesion area across 5 %
BSA. In the postoperative period, severe sepsis devel-
oped, with significant disorders of homeostasis and
refractory hypothermia (to 32 °C-33 °C). Despite these
adverse conditions, there was no lysis and the auto-
dermal grafts showed engraftment (Fig. 4).

Case 3. A 46-year-old patient was hospitalized
because of flame burns of 36 % (16 %)/I1I a, b de-
gree of the head, neck, torso, and upper extremities.
The patient suffered sepsis shock from the third-
degree burns and was resuscitated from clinical
death (Fig. 5). The general condition of the patient
from the time of admission was extremely severe

Table 3 (Tabnuya 3)

Groups of research /
['pyIibl HCCIIe0BaAHUS

Thickness of fabric, mkm /
TonmuHa TKaHU, MKM

Control group (no treatment) /
KonTtponpHas rpynma (6e3 nedeHus)

1090.4 + 149.7

AMCK, 6e3 HEKPIKTOMHH M aNTlIUKAIUN PAHEBBIX MOKPBITHHA

AMSC without necrectomy and application of wound dressings /

2002.1 £256.2"2

AMSC after necrectomy and application of chitosan-copolyamide wound dressings /
AMCK mnociie HEeKpIKTOMUH, aNIJIUKALIMU PAHEBBIX IMOKPBITHI XUTO3aH-CONOIUAMU /1A

1810.1 + 181.5"2

AMSC after necrectomy and application of hyaluronic acid wound dressings /
AMCK 1ocne HEKpIKTOMUHY, alMJIMKallMK PAHEBBIX HOKPBITUN T'HaTypPOHOBON KHCIOTHI

1783.3 £195.7"2

Necrectomy and application of chitosan-copolyamide wound dressings /
HekpakToMHsI, anUINKALHsI PAHEBBIX MOKPBITHI XHUTO3aH-COMOTHAMUIA

1676.2 £ 166.8!

Necrectomy and application of hyaluronic acid wound dressings /
HekpoKkToMusi, allIMKAIKs PAHEBBIX MOKPBITHI THATYPOHOBON KHUCIOTHI

1273.4 + 151.3

genic mesenchymal stem cells.

AMCK — aaunoreHHble Me3eHXHMaIbHbIE CTBOJIOBBIC KICTKH

Note: 'significant (p <0.05) in comparison with the control group (without treatment); significant (p < 0.05) in comparison with
results of performance of a necrectomy with application of wound dressings of hyaluronic acid without AMSC; AMSC — adipo-

Ipumeuanue: ' nocropepro (p < 0,05) Mo CpaBHEHHIO ¢ KOHTPOJBHOM rpynmoii (6e3 neuenwust); > rocroepro (p <0,05) o cpas-
HEHWIO C pe3yJbTaTaMH BBINOJTHEHHS HEKPIKTOMHHM, aNIUINKAIMHM PAHEBBIX MOKPBITHH THATypoHOBON KuciIOTH 6e3 AMCK;

@ Tlegmarp. 2018.T. 9. Boin. 4 / Pediatrician (St. Petersburg). 2018;9(4)

ISSN 2079-7850



ORIGINAL STUDIES / OPUTUHANBHBIE CTATbU

19

Table 4 (Tabnuya 4)

Number of colony forming units in wound exudate on day 7 (nutrient medium - blood agar) translation
Yncno KonoHMeobpasyoLWwmx eAnHNUL, B pAHEBOM 3KCCYAATe Ha 7-e CYTKM (MUTaTeNbHas cpefa — KPOBSIHOM arap)

Groups of research /
I'pynmsl uccaenoBann

Growth of microflora, in +/
Poct Mukpoduiopsl, B +

Control group (no treatment) /

HerBKTOMI/I}I, alIInKanus paHEBbIX HOKpLITI/Iﬁ rHaHypOHOBOﬁ KHCJIOTBI

++++
KonTtponbshas rpynmna (6e3 iedeHus)
AMSC without necrectomy and application of wound dressings / St
AMCK, 6e3 HEKpPIKTOMHHY ¥ allUINKallHH PAaHEBBIX ITOKPBITHI
AMSC after necrectomy and application of chitosan-copolyamide wound dressings / n
AMCK nocne HEKpIKTOMUH, aNIJIMKALUKA PAHEBBIX MOKPBITUH XUTO3aH-CONONINAMUIA
AMSC after necrectomy and application of hyaluronic acid wound dressings / —
AMCK nocne HEKpIKTOMUH, alIUIMKAIlNH PAHEBBIX HOKPHITHI T'HaTypOHOBOW KUCIOTHI
Necrectomy and application of chitosan-copolyamide wound dressings / —
HexpakTomus, anmiInKaus paHeBbIX MOKPBITHH XUTO3aH-COMONIHAMUIA
Necrectomy and application of hyaluronic acid wound dressings / 4y

senchymal stem cells.

AMCK — agunoreHHble ME3eHXHUMabHbIE CTBOJIOBBIC KIETKHU

Note. The growth of microorganisms: + — weak, ++ — moderate, +++ — significant, ++++ — intensive; AMSC — adipogenic me-

Ipumeuanue. POCT MUKPOOPraHU3MOB: + — cnalblii, ++ — yMepeHHBIH, +++ — BBIpaKEHHBIN, ++++ — WHTCHCUBHBIN;

Timing of healing of dermal burn wounds in case of the application of gel with AMSC

Table 5 (Tabnuya 5)

CpOKVI 3aXUBNIEHNA OEPMANIbHbIX OXXOroBblIX paH Ha CbOHe nNpUMEHeEHNa renqg ¢ aaMnoreHHbIMM Me3eHXmMManbHbIMU CTBO-

NNOBbIMU KNETKaMU

Groups of research / I'pynmbsl uccienoBanus Term of healing, day / Cpok 3aHBJICHHS, CYTKH
Levomecol ointment / Ma3b JIeBOMEKOIIb 10.1 £2.7
CCCP gel (0.05 ml per 1 cm?) / Tens KKKIT (0,05 mut Ha 1 cm?) 52+ 1.5"
CCCP gel (0.1 ml per 1 cm?) / T'enp KKKIT (0,1 ma Ha 1 cm?) 4.8 +£1.2!

CCCP - collagen cell complex product.

ManbHble cTBoJIOBbIe KileTkH; KKKII — konnareH-kiaeTouHblil KOMIJIEKCHBIN MPOAYKT

Note. 'significant (p < 0.05) in comparison with the use of the levomecol ointment; AMSC — adipogenic mesenchymal stem cells;

Ipumeuanue. ' noctroepro (p <0,01) Mo cpaBHEHUIO C MCIOJIb30BaHUEM Masu JieBoMekoiib; AMCK — ajunoreHHble ME3eHXHU-

. 50
R
£% 40
2% 30
g8
5 2 20
g8
g s 10
==
2
T 0-
Levomecol ointment / CCCP gel 0.05 / CCCP gel 0.1/
Masb neBoMeKoNb lfenb KKK 0,05 lfens KKKIM 0,1

Fig. 2. The frequency of purulent inflammation in case of injection of gel with AMSC (adipogenic mesenchymal stem cells):

CCCP — collagen cell complex product

Puc. 2. Yacrora pa3BuUTUA rHOMHOrO BOCNaneHus npu npyuMeHeHuu renq ¢ agunoreHHbiIMu Me3seHXuMasZibHbIMU CTBOJIOBbIMU KNETKaAMU:

KKK — konnareH-KneTouHblii KOMNAEKCHbIA NPOAYKT
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Fig. 3.

Puc. 3.

Fig. 4.

Puc. 4.

Patient A., 49 years old, flame burn 6% (5.5%)/llla-b degree of right thigh, lower leg, knee joint: a - the third day after
the burn, before the operation; b - intraoperative injection of AMSC after necrectomy and autodermoplasty; ¢ - graft on
the first dressing

MaumeHT A., 49 nert, oxor nnameHeM 6 % (5,5 %)/llla, 6 cteneHu npaBoro 6eapa, roneHu, KOJIGHHOTO CycTaBa: d — TPETbU
CYTKM MOCJIe 0XOra, nepep, onepauumeii; b — nHTpaonepauMoHHOe BBeleHMEe ME3EHXUMaJIbHbIX CTBOJIOBbIX KIETOK XXUPOBOWA
TKaHM MOC/Ie HEKPIKTOMMU M ayTOAEPMONIACTUKM; € — TPAHCMNAHTAT HAa NepBOii NepeBsske

a b c
Patient B., 37 years old, burn with a flame of 78% (67%)/llla-b degree of the head, trunk, extremities: a - the third day
after the burn, before the operation; b - intraoperative injection of AMSC after necrectomy and autodermoplasty; ¢ - graft
on the first dressing
MNauueHT b., 37 nert, oxor nnameHem 78 % (67 %)/llla, 6 cteneHu ronoBbl, TYNOBULLA, KOHEYHOCTEN: d — TPETbU CYTKM Mocne
oXora, nepea, onepauueil; b — UHTpaonepauMoHHOe BBEAEHUE ME3EHXUMaJIbHbIX CTBOMOBbIX KIETOK XXMPOBOI TKaHU nocne

HEKP3KTOMUU U ayTOAEePMONNAaCTUKU; € — TPAHCM/IAHTAT Ha nepBoﬁ nepesfske

because the aspects of medical care at the prehospi-
tal stage, postresuscitation disease, postponement of
anti-shock therapy, and early development of mul-
tiple organ failure. The wounds showed as exposed,
painful dermis with whitish-gray, in places brown,
eschar, which lacked pain sensitivity. Decompression
necrectomy of the upper extremities was performed.
Under resuscitation conditions, the patient underwent
catheterization of the central vessels, intensive in-
fusion-transfusion therapy, correction of the water—
electrolyte balance, and antibacterial, antisecretory,
anticoagulant, metabolic, and symptomatic therapy.
In addition, nutritional support and dressings with
antiseptic solutions were provided, and a fluidizing
unit was applied. On day 2, early fascial necrectomy
of 8 % BSA was performed in the area of the right
upper limb with single-stage autodermografting on
an area of 5% BSA with a perforation ratio of 1:3
and a subfascial injection of a suspension of allo-

geneic MSCs (20 x 10°¢ cells in 20 ml). The same
dose of allogeneic MSCs was administered into the
zone of primary transplantation at the first dressing
and on day 5 after the injury. In the postoperative
period, there was no lysis and 100 % engraftment
of autodermal grafts. The patient died because of
the severity of the injury, aspects of care, clinical
death experienced at the prehospital stage, progres-
sion of multiple organ failure, and development of
septic shock. The death was not associated with the
successful recovery of the skin area.

Histological examination of biopsy samples taken
from the area of ATMSC transplantation for all the
patients revealed the presence of pronounced vascu-
larization with the perifocal proliferation of fibro-
blasts in both the superficial and deep layers of the
dermis (Fig. 6, 7). An immunohistochemical study
revealed that the use of ATMSCs resulted in a 5.6-
fold increase in the expression of proliferation mark-
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Fig. 5.

Puc. 5.

a

Patient B., 46 years old, flame burn 36% (16%)/llla, b degree of the head, neck, trunk, upper limbs: a - the third day after
the burn, early surgical necrectomy; b - intraoperative injection of AMSC after necrectomy and autodermoplasty; ¢ - graft
on the first dressing

MaumeHT B., 46 nert, oxor nnameHeM 36 % (16 %)/llla, 6 cteneHu ronoBbl, Weu, TyOBULLA, BEPXHUX KOHEYHOCTEN: a4 —
TPETbU CYTKM MOC/E OXKOra, paHHEWH XUPYPruuecKoi HEKPIKTOMMU; b — UHTpaonepaLMoHHOe BBEAEHME MEe3EHXMMaJbHbIX

CTBOJIOBbIX KNETOK }KMPOBOI TKaHU MOC/IE HEKPIKTOMUU M ayTOAEPMONIACTUKU; C — TPAHCNNIAHTAT HA NEepBOii NepeBasKe

el
Patient D., 34 year sold, 5% day of observation. Active
marginal epithelization. A wide band of the forming epi-
dermal layer. Color in gof hematoxylin-eosin. Zoom x400
Puc. 6. MaumenT I, 34 ropa, 5-e cyTkn HabnoaeHua. AKTMBHas
KpaeBas anutenusauums. LLiupokas nonoca popmupytowse-
rocs anuaepmanbHoro cnos. OKpacka reMaToKCMIMHOM

1 3031HOM. YBenuueHue x400

Fig. 6.

ers of epithelial and connective tissue cell lines in
the injection area (p <0.01) (proliferation 2.1-2.2),
and that apoptotic activity was completely suppressed
(Fig. 8, 9). Laser Doppler flowmetry assessment of
the microcirculation in the area of stem cell injection
on day 7 after early necrectomy, skin grafting, and
the administration of MMSC™ showed double the
average level of perfusion and mean square devia-
tion of the amplitude of blood flow oscillations than
for areas where MMSC™ was not used (p <0.05)
(Table 6).

These findings showed that the use of cellular prep-
arations containing ATMSCs was a promising method
for treating patients with dermal and deep burns. Us-
ing CCCP™ gel accelerated the processes of reparative
regeneration in wounds by 59 % (p <0.05) and the
frequency of infectious complications decreased by
41 % (p <0.05). The histological, immunohistochemi-
cal, and flowmetric findings showed that the adminis-

ST

formed vessels with perifocal proliferation of fibroblasts.
Color in gof hematoxylin-eosin. Zoom x400

Puc. 7. Naument A., 49 nert, 5-e cytku HabnopeHus. HoBoo6-
pasoBaHHble cocyabl ¢ nepudokanbHoit nponudepaumein
¢pubpobnacroB. OKpacka reMaToKCMIMHOM U 303UHOM.
YBenuuenne x400

tration of MMSC™ suspension to patients with deep
burns reliably stimulated the proliferation of fibro-
blasts and angiogenesis in the area of the lesions.
Including the administration of ATMSCs in clinical
practice should improve the results of treatment of
patients with burns.

CONCLUSIONS

The preliminary results obtained in this study
provide convincing evidence that the administra-
tion of ATMSCs can increase the efficacy of the
local treatment of superficial burn wounds as well
as enhancing the surgical restoration of skin with
deep burns. In the animal experiment, the great-
est efficacy (measured by the time taken to heal)
was observed in the treatment of deep skin burns
with necrectomy, the administration of ATMSCs,
and the application of dressings based on aliphatic
copolyamide and chitosan. In the animals treated
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Fig. 8. Patient D., 34 years old. Significant expression of the
proliferation marker of Ki 67 cells of an autologous cu-
taneous graft on the 5™ day after the AMSC injection.
Zoom x600

MauueHt I, 34 ropa. BoipaxkeHHas 3kcnpeccus Mapkepa
nponudepauum Ki-67 kneTkaMu ayTonorMyHoro KOXKHoro
TpaHCNnaHTaTa Ha 5-e cyTKu nocne BBeAEHUS ME3EHXU-
Ma/bHbIX CTBOJIOBbIX K/IE€TOK YXMPOBOWM TKaHWU. YBenuue-
Hue x600

Puc. 8.

Intensity of microcirculation in the area of MMCS injection

R Y ) ke ‘q‘(_’ s
JREeRt LR R A
XL :: 3 \d \.\. A 3 AL
—\ "«“\ S \ 1 ‘_‘ﬁ~l
S J (" N “‘.‘.‘
"/f 3 al %
Patient E., 49 years old. Significant expression of the
proliferation marker of Ki 67 cells of an autologous cu-
taneous graft on the 5t day after the AMSC injection.
Zoom %600
MaumenT A., 49 net. BoipaxkeHHaa 3kcnpeccusi Mapkepa
nponudepaumm Ki-67 knetkamm ayToNormyHoOro KOXXHoro
TpaHCM/IaHTaTa Ha 5-e CyTKM nocsie BBeAEHUSA Me3eHXU-
ManbHbIX CTBOJIOBbIX K/ETOK XXUPOBOM TKaHW. YBenuye-
Hue x600

Al RES

Fig. 9.

Puc. 9.

Table 6 (Tabnuya 6)

MHTEHCMBHOCTb MUKpOUMPKYNnAUnUn B 30HE BBEAEHUA MYNBbTUNOTEHTHbIX ME€3€HXUMabHbIX CTPOMAJIbHbIX KNETOK

Research zone / M 5 KV, %
O6nacTh UCCIETOBAHUS
AMSC /
MCK KT 9.17 0.68 7.39
Transplantation zone / | Graft center / 579 0.32 561
3ona TpancmmanTanuu | LleHTp TpaHcmianTara
Periphery of the graft / [lepudepus 426 0.28 6.64
TpaHCIIJIaHTaTa
A health): symmetrical 51ti: / 424 055 13.00
310pOBBIH CHMMETPHYHBIH y4acTOK
Note. IIM — microcirculation index); 6 — mean square deviation of blood flow fluctuation amplitude; KV — the coefficient of varia-
tion; AMSC — adipogenic mesenchymal stem cells.
Ipumeuanue. [IM — 1moka3zaTeab MEKPOLUPKYISAIUN; O — CpeaHee KBaJApaTHIHOE OTKIOHEHNE aMILIUTY bl KOJICOAHUS KPOBOTO-
ka; KV — koaddunuent Bapunanum; MCK KT — mMe3eHXnMaabHBIE CTBOJIOBBIE KJICTKH KHPOBOH TKaHU

in this way, the healing time decreased by 89.6 %
(p <0.05) compared with that of the control group.
In the animals treated with necrectomy and wound
dressings based on aliphatic copolyamide and chito-
san, but without use of ATMSCs, the healing time
was reduced by only 25 % compared with the con-
trol group (p > 0.05).

The smallest area of scarring (0.8 cm?) was ob-
served in the animals treated with stem cells and
wound dressing based on hyaluronic acid. The ap-
plication of dressings from natural polymers without
administering stem cells reduced the total area of scar-
ring to 2 cm?, which was 56 % smaller than that of
the control group (4.5 cm? p < 0.05).

In the microbiological estimates of the number of
colony-forming units of microorganisms in wounds on
day 7 of the experiment, the fewest colony-forming
units were recorded in the animals treated with ne-
crectomy, ATMSCs, and wound dressings based on
polymers. In the animals treated with necrectomy and
the subsequent closure of the wounds with hyaluronic
acid or chitosan-copolyamide, without ATMSC treat-
ment, the number of colony-forming units of patho-
genic microflora did not exceed 30 %.

The histological examination of wound biopsy
samples from the animals found the greatest devel-
opment of the microvasculature bed by the end of the
fourth week in the animals treated with necrectomy,
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ATMSCs, and dressings based on hyaluronic acid. In
these animals, 37 microvessels were counted in the
field of vision, which was 3.7 times the number ob-
served when the treatment was with ATMSCs alone
(p <0.05).

The findings of the experimental studies suggest-
ed that the use of ATMSCs with wound dressings
based on natural polymers provided highly efficient
treatment for burns. This may benefit from further
research in this field including the development of
tissue-engineering structures with living cells.

The clinical study of the efficacy of the CCCP™
gel showed that its application reduced not only the
healing time of dermal burns but also incidence of
infectious complications. Applying the allogeneic
mesenchymal stem cell gel at the two concentra-
tions investigated in this study accelerated the epi-
thelization of burns degree II and Illa, which was
established by day 5 (about half the time taken
in the comparison group), and the frequency of
complications of the wound process did not exceed
10 % of cases (compared with 40 % in the control
group).

The positive properties of MMSC™ result from
the ability of its constituent ATMSCs to differenti-
ate into cells of tissues of mesenchymal origin and
other germ layers. The ATMSCs produce cytokines,
including interleukins, growth factors, fibronectin,
type 1 and IV collagen, laminin, thromboplastin,
and other substances. The overall effect of this is
normalization of the expression of proinflammatory
cytokines, stimulation of the production of growth
factors, reduction of the activity of matrix metallo-
proteinase 9, and, as a result, the stimulation of the
regeneration of damaged tissues and scar formation.
This cell type also has immunosuppressive properties
and high histocompatibility [6].

The results of the clinical evaluation of the effi-
cacy of the MMSC™ preparation demonstrated that its
administration into a deep burn zone after performing
early necrectomy and single-stage autodermografting
accelerated the formation of blood vessels in the newly
formed tissues, increased the incidence of engraftment
of the split skin graft, stimulated the epithelialization
of the wound surface, and optimized the reparative
regeneration processes. The preparation did not cause
any adverse events or changes in clinical, biochemical,
blood test, or urine analysis results.

In conclusion, the preparations containing ATMSCs
(CCCP™ gel and MMSC™ suspension) can signifi-
cantly improve the results of the treatment of patients
with dermal and deep burn lesions.

This work was supported by a grant from the Rus-
sian Science Foundation (No. 14-33-00003).
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