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ABSTRACT

Background. The healing of skin wounds having various etiologies is known to involve a mul-
tistep process characterized by certain intercellular interactions affecting dermal cells, their at-
tachment, migration, and differentiation. Here, recovery is interpreted as the return of dermis to
its original state. The fact is, however, that the dermal extracellular matrix (ECM) is structurally
impaired, which suppresses the regulatory and repository functions of the dermis, leading to
the formation of a scar that inhibits several biological functions in the affected area and causes
aesthetic problems associated with mobility.

Objectives. To evaluate the structural features of dermis during wound healing using a calci-
um-containing biodegradable implant.

Methods. The study used 60 rats that were inflicted with a third-degree burn injury (partially
damaged dermis). The selected animals were divided into two groups: experimental and
control. On post-burn day 14, a calcium-containing biodegradable implant was administered
to rats from the experimental group, while a sterile saline solution was used in the control
group. Material was sampled at two months (74 days) and four months (134 days). In order to
assess the morphological state of the burn area, its sections were stained with hematoxylin
and eosin, according to Mallory and Van-Gieson. For the selective detection of collagens, im-
munohistochemical tests using antibodies to collagen types | and Il (Abcam, England) were
employed. To characterize dermal cells, the authors used antibodies to vimentin (LabVision,
USA), as well as to CD-68 (cluster of differentiation 68), a-SMA (alpha-smooth muscle actin),
CD-105 (cluster of differentiation 105), and VEGF (vascular endothelial growth factor) recep-
tors (Abcam, England). The obtained results were processed using the Statistica 6 software
(StatSoft, USA).

Results. The administration of a calcium-containing biodegradable filler during the burn
healing process was found to ensure local fibroblast activation with the formation of colla-
gen types | and lll. When the implant residence time was prolonged up to four months, an
increase in the number of macrophages expressing CD-68 receptors was observed. Of note
is that these cells retained their localization, while a-SMA-expressing cells were localized in
both the superficial and deep dermal compartments. The number of cells expressing CD-105
and VEGEF rose as well.

Conclusion. The use of the biodegradable filler is found to be promising in terms of post-burn
dermal regeneration, as well as providing a dermal ECM, whose collagen network composi-
tion and assembly are similar to the original. Here, macrophages act as the primary synthesis
regulators of the dermal ECM and stimulate fibroblasts, which ensures re-epithelialization and
angiogenesis of the inflicted area.
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JKCNEPUMEHTAJIbHOE PAHLIOMIA3IIPOBAHHOE NCCJIEIOBAHVE
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AHHOTALUMUA

BeeaeHue. V13BeCTHO, YTO 3aXMBMEHME KOXHbLIX paH pasfMyYyHOWM 3TMOMOrMNU — MHOTOCTY-
neH4YaThbll NPOLECC, XapaKTepusyoLLMNCs onpeaeneHHbIMU MEXKNeTOYHbIMU B3aMMOOencT-
BUAMU, BNUSAIOLWMMUK Ha KNETKU AepPMbl, X MPUKpPEnneHne, Murpaumio u anddepeHLmnpoBKy.
OTan BOCCTaHOBINEHMUS €r0 MHTEPNPEeTUPYeTCA Kak BO3BpaT AePMbl K UCXOAHOMY COCTOSIHUIO.
OpgHako Ha camoM Aere 9KCTpauennonAapHbIA MaTPUKC AepMbl UMeeT HapyLLEHHYO OpraHu-
3auuio, YTO NOAABNAET PErynupytoLLYo 1 Peno3MTOpHY OYHKLIMIO AepMbl, TPUBOONUT K (Op-
MUPOBaHUIO pybLa, KOTOPbLIN NULIAET Y4acTOoK NOBPEXAeHUs psaaa 6MoNornyecknx yHKLUmn
1 Bbl3blBaET acTeTUYECKME NPOBIEeMbI, CBA3aHHbIE C MOBUMBHOCTbLIO.

Llenb uccneaoBaHnUsi — OLEHUTb CTPYKTYPHbIE OCOBEHHOCTY AEPMbl MPU 3aXXMBINEHUN KOX-
HbIX paH B YCINOBUSIX UCMONb30BaHUs BroaerpaampyemMoro kanbLmMncoaepallero MmMniaHTa.

MeToabl. iccnegoBaHue BbINONTHEHO Ha Kpbicax (60 ocoben). XKMBOTHbIM Gblfnn HAHECEH OXOT
Illa cTeneHun, 3aTeM XMBOTHLIX pasgenunu Ha 2 rpynnbl: OnNbITHAA U KOHTponbHasa. Ha 14-i
AEeHb MOCIe HaHeCeH)s OXOora Kpblicam OMNbITHOW rpynnbl BBOAMNM BuogerpagmpyemMbin Karnb-
umncogepxawmm uMnnaHT. B KOHTPONbHOM rpynne Ucnonb3oBasnu CTePUSbHbIN U3NOM0rn-
yeckun pacteop. MaTtepuan 3abupanun B CpOKK, COOTBETCTBYHOLWME 2 MecsauaM (74-11 OeHb)
n 4 mecsauam (134-n geHb). [1nsa oueHkM MOpPdONOrM4eckoro COCTOSIHMUS 30HbI OXOra cpesbl
OoKpaluMBanu reMaToKCUITMHOM M 303MHOM, No Mannopu n BaH-In3oHy. [na nduparensbHo-
ro BbISIBMIEHWNS KOJareHoB MCMNofib30BaHbl MMMYHOTMCTOXMMUYECKNE TECTbI C aHTUTEeNnamm
k konnareny | n lll Tuno (Abcam, AHrnus). na xapakTepPUCTUKN KNETOK AEPMbl UCMOSb-
30Banu aHtutena kK BumeHTuHy (LabVision, CLUA), a Takxe peuentopam CD-68 (cluster of
differentiation 68), a-SMA (alpha-smooth muscle actin), CD-105 (cluster of differentiation 105),
VEGF (vascular endothelial growth factor) (Abcam, Anrnus). O6paboTKy pesynbLTaToB OCYy-
LLEeCTBNANM C MCNOSb30BaHMeEM nporpamMmmbl Statistica 6 (StatSoft, CLUA).

Pe3synbTaTtbl. YCTaHOBMEHO, YTO BBeAeHWe Ouogerpagvpyemoro KanbLUncoaepKallero
dunnepa B CPOK, COOTBETCTBYHOLLMI NPOLECCY 3aXMBMEHU oxora, obecneymBaeT nokasnb-
Hyl0 akTuBaumto ombpobnacToB ¢ obpasoBaHuem konnareHa | v Il Tunos. MNpu nponoHru-
poBaHWM BpeMeHu npebbiBaHns umniaHTa go 4-x MecsiLeB NPOUCXOAUT YBEMNUYEHNE Yncrna
Makpodaros, akcnpeccupytowmnx CD-68 peLenTopbl, TpUYEM KNETKN HE MEHSAIOT CBOEN No-
Kanusauuu, B TO BpeMS Kak KNeTKu, aKkcnpeccupyowwme a-SMA, nokanmaylTcst Ha yvyacTke
Kak MOBEPXHOCTHOrO, TaK 1 ryboKkoro KOMnapTMEHTOB AepMbl. YMCNO KNETOK, 3KCnpeccupy-
towmx CD-105 n VEGF, Takxe yBenuunBaeTcs.
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3akntoyeHue. [NonyyeHHble JaHHble NMO3BOSSAOT CYMTATb, YTO MCMONb30oBaHne buogerpagu-
pyemoro cunnepa npeacTaBnseTcs NepCnekTMBHbIM B acnekTe pereHepauumm gepMbl Nocrne
oXora U MoxeT obecneunTb NonyvyeHne IKCTPaLEnINSPHOro MaTpmKca 4ePMbI, UMEHOLLErO
cocTaB M COOpKY KOnnareHoBOW ceTun, NpUBMXEHHON K ucxogHon. Makpodharm BbicTynatoT
B POV rMaBHbIX PErYNMPOBLUNKOB CMHTE3a IKCTPALLENONSPHOro MaTprKkca AepMbl, CTUMYU-
pytoT cbnbpobnacTbl, 4TO obecnevmBaeT Pe3aNnUTENN3aLNI0 N aHTMOreHe3 30HbI MOBPEXOEHUS.

KnroueBble croBa: gepma, 0Xkoroeasi paHa, UMMmaHT, HeEOKOsnareHoreHes, rmapokcmanaTumT
Kanbuus, punnep
KoHchnUKT nHTepecoB: aBTOpbI 3asBMSAOT 00 OTCYTCTBUM KOH(SIMKTA MHTEPECOB.

Onsa umtnpoBanuma: MorunsHaa M., domnyesa E.B., MenkoHsaH K.N. OcobeHHOCTM 3axnB-
NEeHNss TePMUYECKON paHbl B YCNOBUSIX CTUMYNSILMM HEOKOSNareHoreHesa: OKIMHUYeckoe
3KCnepMMeHTanbHOe paHAOMU3MpPOBaHHOE nccnenoBanue. KybaHckul Hay4YHbIU MeOUUUH-
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INTRODUCTION

The healing of skin wounds having various etiolo-
gies is known to involve a multistep process charac-
terized by certain intercellular interactions affecting
dermal cells, their attachment, migration, and dif-
ferentiation [1-8]. In this case, the healing process
comprises four successive stages: coagulation and
homeostasis, inflammation, proliferation, and re-
modeling [9-12].

The first stage involves wound surface closure fol-
lowed by the formation of a fibrin plug and extracel-
lular matrix (ECM) by fibroblast cells. Here, recovery
is interpreted as the return of dermis to its original
state. The fact is, however, that the dermal ECM is
structurally impaired, which suppresses the regula-
tory and repository functions of the dermis, leading
to the formation of a scar that inhibits several biolog-
ical functions in the affected area and causes aes-
thetic problems associated with mobility [13—18].

Although current advances in biomaterial science
and tissue engineering have yielded various skin
substitutes, it remains to solve the specified prob-
lems associated with the activation of repair rather
than regeneration mechanisms [19-22].

The current strategy of tissue engineering advo-
cates the use of the patient’s cells in order to create
in vivo vascularized ECM characterized by the ab-
sence of exogenous material, for it can trigger the
process of physiological recovery [24—-28].

The article aims to evaluate the structural fea-
tures of dermis during wound healing using a calci-
um-containing biodegradable implant.

METHODS

Experimental animals

The experiment used 60 male outbred rats weigh-
ing 250 + 30 g that were provided by the Rappolovo
Laboratory Animal Breeding Facility of the National
Research Center Kurchatov Institute (NRC Kurcha-
tov Institute).

Accommodation and maintenance of animals

The animals were kept under observation at the
vivarium laboratory of the Education Department
of the Kuban State Medical University (KubSMU)
where a standard food ration was provided with free
access to food and water".

Study design

A randomized controlled study was conducted us-
ing male rats inflicted with burn wounds as a model.
The experiments were carried out at the Depart-
ment for Histology and Embryology of the Kuban
State Medical University. The design of this study is
presented in Fig. 1.

Sample size

The animals were divided into two groups: con-
trol (n = 30) and experimental (n = 30). All of them
were inflicted with third-degree burn injuries (partial-
ly damaged dermis)?. Test subjects from the exper-
imental group were injected with a calcium-contain-
ing biodegradable filler (Radiesse, Germany), while
those from the control group received a sterile 0.9%
isotonic sodium chloride solution. The preparations
were administered once at 14 days post burn, with

" GOST 33044-2014 Principles of Good Laboratory Practice approved by Order No. 1700-st (November 20, 2014) of the Federal

Agency for Technical Regulation and Metrology

2 Pavlenko S.G., Shablin D.V., Khuranov A.A., Zobenko V.Ya., Evglevskii A.A. A device for modeling an experimental burn injury in
animals. Utility patent No. 151026, registered on Feb. 11, 2015. Patent holders: Pavlenko S.G. and Shablin D.V.
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1 day Division of animals into the control (n = 30) and experimental groups (n = 30).
\1, Infliction of a burn injury \1’
14 days Experimental group (n = 30) Control group (n = 30)
I |
Administration of the preparation
2 v
0.9% isotonic sodium chloride solution Cglmum-contam_mg
biodegradable filler
v v
74 days Division into subgroups
¥ ) ¥ ¥
CS1(n=15) CS2 (n=15) ES 1 (n=15) ES 2 (n=15)
v [ ¥ I
Removal of animals from the experiment.
Material collection. Analysis of the obtained data
v
134 days CS2(n=15) ES 2 (n=15)

Removal of animals from the experiment.
Material collection. Analysis of the obtained data

Fig. 1. Schematic diagram of the research design

Note: CS1— control subgroup 1; CS2 — control subgroup 2; ES1— experimental subgroup 1, ES2 — experimental

subgroup 2.
Puc. 1. briok-cxema Ou3atiHa uccrie0o8aHus.

lNpumeyvarue: KI'1 — koHmponbHas nodepynna 1; KI'2 — koHmponbHas nodepynna 2; O1 — onbimHas

nodepynna 1; OI'2 — onbimHas nodepynna 2.

material sampled at two (74 days) and four months
(134 days). Different residence times of the prepa-
ration in the dermis were used as a criterion for di-
viding the animals into subgroups. The subgroups
were formed at two months (74 days) following drug
administration, with 15 animals randomly allocated
to each group (experimental and control).

Eligibility criteria
Inclusion criteria

Male outbred rats exhibiting no external signs of
diseases and anatomical abnormalities were select-
ed for this experiment.

Exclusion criteria

No female subjects or subjects whose weight dif-
fered by more than 50 g were entered into the ex-
periment.

Removal criteria

If animals were to injure the implantation area at
any stage of the study, wound abscess would also
prevent them from further participating in the exper-
iment.
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Randomization

The randomization was conducted using a closed
envelope method. Taking the inclusion criteria into
account, 60 rats were selected to be divided into
two groups: experimental (30 animals) and control
(30 animals).

Data anonymity assurance

We divided the animals into groups and analyzed
the results without the input of other individuals.

Resulting indicators (outcomes) of the study

We primarily intend to assess the activation of der-
mal cells with them entering neocollagenogenesis,
as well as the remodeling of dermal ECM in accor-
dance with the original matrix, as the result of using
the calcium-containing biodegradable implant.

The criteria for ascertaining dermal activation
which involves its cells entering neocollagenogen-
esis are as follows: presence of dendritic dermal
fibroblasts exhibiting high expression of procolla-
gen, type lll collagen, and vimentin; emergence of
vimentin-positive structures in the connective tissue

Ky6aHckun Hay4HbIi meguumnHckun BecTHuk / Kuban Scientific Medical Bulletin




Galina M. Mogilnaya, Evgeniya V. Fomicheva, Karina I. Melkonian.
Thermal injury healing in the context of neocollagenogenesis induction: preclinical randomized experimental study

matrix; macrophage migration into the burn area;
emergence of cells having CD-68 and a-SMA recep-
tors in the superficial layer of the dermis.

Experimental procedures

Burn injuries were modeled by means of a brass
cylinder having a surface area of 706 mm? and
weighing 300 g, which was heated to 100 degrees
in boiling water. The cylinder was applied to the
depilated skin of animals at the top of shoulders
for 15 s, resulting in the formation of a third-de-
gree burn (partially damaged dermis). In this case,
Sevorane inhalation anesthetic (Abbott, England)
was used for anesthesia. The test subjects were
then divided into two groups: experimental (30
animals) and control (30 animals). As part of the
experiment protocol, Radiesse was administered
to rats in the experimental group at 14 days post
burn. The filler was injected subdermally at a vol-
ume of 0.05 mL per experimental unit [29] at the
border of visually defined intact skin. This day was
considered the starting point of the experiment.
In order to standardize preparation administration
in the control group, a sterile saline solution was
used; it was injected subdermally at a volume of
0.05 mL per experimental unit.

Skin fragments collected from the center of the
wound, as well as from intact skin areas at the
wound periphery, were used as the subject matter
in the study. The specified biological material was
sampled at two and two months. Tissue processing
and embedding were performed in Tissue-Tek VIP-
5Jr. processors (Japan); the resulting paraffin blocks
were used to make 4-5 um thick sections using an
HM 340 E Rotary Microtome (MICROM Laborgerate
GmbH, Germany).

In order to assess the morphological status of the
burn area, the sections were stained with hematox-
ylin and eosin, according to Mallory, Van-Gieson,
and Masson. For the selective detection of colla-
gens, immunohistochemical tests using antibod-
ies to collagen types | and Ill (Abcam, England)
were used. To characterize dermal cells, we used
antibodies to vimentin (LabVision, USA), as well
as CD-68 (cluster of differentiation 68), a-SMA
(alpha-smooth muscle actin), CD-105 (cluster of
differentiation 105), VEGF (vascular endothelial
growth factor) receptors (Abcam, England). The
immunohistochemical tests were performed ac-
cording to the protocol using positive and negative
controls to adjust the staining.

The obtained micropreparations were subject-
ed to visual examination in hematoxylin and eo-
sin stains according to Mallory, Van-Gieson, and
Masson.
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Care and monitoring of the animals

The animals were kept under observation while
receiving a standard food ration with free access
to food and water. No adverse effects were noted
during the study. The test subjects were removed
from the experiment using the most humane meth-
od according to World Animal Protection, i.e., by
administering an anesthetic overdose (a dose three
times the usual amount of the drug).

Statistical procedures

Principles behind sample size determination
The sample size was not determined in advance.

Statistical methods

A descriptive medical study was conducted for a
series of cases, i.e., we used the calcium-containing
biodegradable implant for several rats, achieving the
activation of dermal cells with them entering neo-
collagenogenesis, which resulted in the remodeling
of the dermal ECM in accordance with the original
matrix. The sample size was determined according
to the number of animals required for an adequate
immunohistochemical study. In order to assess the
statistical significance of the difference between
experimental parameters factoring in the effect
produced by the calcium-containing biodegradable
implant on the connective tissue in the context of
thermal injury healing, we used the fourfold contin-
gency table method. In this case, the difference was
considered significant at p < 0.05. The obtained re-
sults were processed using the Statistica 6 software
(StatSoft, USA).

RESULTS

The study of micropreparations sampled from the
control group of animals at the first day of eschar
detachment, i.e., at 14 days post burn, indicates that
the inflicted area is epithelialized; the epidermis has
from three to five cellular lines (even though poorly
contoured); cell nuclei are vacuolated. The dermis
comprises short, irregularly arranged collagen bun-
dles.

When stained using a standard set of conven-
tional histochemical reactions according to Mallo-
ry and Van-Gieson, the burn area of experimental
animals containing filler in the dermis is typable as
an implant with microspheres surrounded by a cap-
sule at two months of the filler residence. In the
area above and below the implant, the dermis is
organized as dense connective tissue. In the im-
munohistochemical detection of collagen type |
(Fig. 2), the reaction reveals dermal fibroblasts in
the form of dendritic cells exhibiting a high level of
procollagen expression (indicated by the arrow in
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Fig 2. Dermis in the burn area two months following the
filler administration. Immunohistochemical staining for
type I collagen (x400 magnification).

Puc. 2. Yyacmok depMbl 8 30HE OX0ea 4Yyepes 2 Me-
csauya riocne eeedeHusi ¢hunnepa UmMmyHo2ucmoxu-
MuYecKkas oKpacka Ha KonnaegeH | muna. YeenuyeHue
x400.

Fig 3. Dermis in the burn area two months following the
filler administration. Immunohistochemical staining for
type Il collagen (%400 magnification).

Puc. 3. Yyuacmok Oepmbi 8 30He oxo2a yepes 2 Mecs-
ua nocrne egedeHus unnepa. IMmyHo2ucmoxumu-
yeckasi OKkpacka Ha konnaeeH Il muna. YeenuueHue
x400.

the figure). These cells are localized in the deep
dermal compartment.

When detecting type Il collagen, a thin fibrillar
network is typable in ECM with predominant lo-
calization in the superficial compartment. Fibro-
blasts showing high expression of type Il colla-
gen are also observed here (Fig. 3, indicated by
the arrow).

An analysis of the cellular composition of dermis
in experimental animals as affected by the use of a
biodegradable scaffold revealed that its residence in
the dermis at two and four months can be interpret-
ed as the most active period of fibroblast stimulation
in collagen synthesis. By this time, the proliferative
stage is induced in the burn area involving the mi-
gration of macrophages that produce cytokines stim-
ulating fibroblast proliferation. This phase occurring
in the context of contact between macrophages and
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fibroblasts can be regarded as a transduction signal
between these cells.

At two months, immunohistochemical detection of
vimentin revealed that the implant area is surround-
ed by a well-defined connective tissue capsule.
Structures exhibiting a high level of vimentin expres-
sion are as follows: the wall of microspheres formed
by thin vimentin-positive fibrils; large fibroblasts ex-
hibiting a high level of vimentin expression, as well
as groups of cells located between microspheres;
some of these cells (possibly macrophages) have
a moderately active vacuolated cytoplasm (Fig. 4).

Cells exhibiting high vimentin expression can also
be detected in the dermis outside the implant area
(papillary layer, i.e., the superficial compartment of
the dermis); these cells are small in size and spin-
dle-shaped.

The vimentin level increases at four months of the
scaffold residing in the dermis; this phenomenon is
observed for cells localized in the superficial com-
partment of the dermis, i.e., in the papillary layer,
with some of these cells migrating to the epidermis.
Typable cells grow in size, specifically cells border-
ing the epidermis, while the level of vimentin expres-
sion remains high.

A distribution study of cells expressing CD-68 re-
ceptors revealed that two months following Radiesse
administration, CD-68-positive cells accumulate in
large numbers in the superficial layer of the dermis.
These cells are small and dendritic, exhibiting a
moderate or even high level of CD-68 expression.
In the implant area, a small number of CD-68-posi-
tive cells are detected, while a homogeneous mass
exhibiting a high level of CD-68 expression can be
observed inside the microspheres (Fig. 5).

When the implant residence time is prolonged
up to four months, the migration of macrophages
expressing CD-68 receptors is observed. Howev-
er, the cells retain their localization, colonizing an
area of the superficial dermal compartment. The ap-
pearance of CD-68-positive macrophages may be
associated with an increase in the height of dermal
papillae. In the deep compartment, they are orga-
nized individually, retaining a high level of CD-68
expression.

When identifying a-SMA two months following
Radiesse administration, a-SMA-positive cells are
detected in the area of the preserved implant: be-
tween the microspheres and in the area of the cap-
sule surrounding the implant (Fig. 6).

When the filler residence is prolonged up to four
months, the implant is no longer present, with the
cells expressing a-SMA localized in both the super-
ficial and deep dermal compartments. Stress fibers
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exhibiting high a-SMA levels can also be observed
(Fig. 7).

A distribution analysis of the CD-105 marker,
which acts as a cell proliferation regulator, re-
vealed that a small number of CD-105-positive
cells emerge in the superficial compartment of the
dermis two months following Radiesse administra-
tion. CD-105-positive cells are small and dendrit-
ic, exhibiting low-to-medium levels of expression.
With the prolonged residence of the filler in the der-
mis, an increase is observed in the density of this
receptor on the membrane of some cells located in
the deep dermal compartment. It is possible that
these large cells exhibiting a high level of CD-105
expression can regulate the functional activity of
tissue macrophages.

When identifying cells expressing VEGF receptors
during the first two months of implant residence, the
number of these cells rises in all areas of the deep
and superficial compartments. In some cases, such
cells are primarily localized in the superficial com-
partment. At four months, the number of VEGF-ex-
pressing cells increases dramatically in both the
superficial and deep dermal layers. In the papillary
layer, the cells are small, whereas in the deep com-
partment area, the cells are large and dendritic. The
level of VEGF expression is moderate in the cells
of the superficial compartment and intensive in the
deep compartment.

Tables 1 and 2 present the results of analyzing
the primary outcomes of the experiment at two and
four months in terms of how the calcium-containing
biodegradable implant affects the connective tissue
in the context of thermal injury healing.

DISCUSSION

Interpretation/scientific merit

The current strategy of tissue engineering using
the patient’'s endogenous cells to create an in vivo
ECM similar to the original matrix could provide an
alternative to skin repair in the post-burn healing
process. This approach can reduce the difference
between reparative and healthy tissue.

Research limitations
Not identified.

Generalizability/extrapolation

Thus, the obtained data indicate that the admin-
istration of a biodegradable filler during the burn
healing process, i.e., at 14 days following the wound
infliction, ensures local fibroblast activation. This
phenomenon is related to the well-known neocollag-
enogenesis-inducing properties of a calcium-con-
taining filler. The filler is characterized by biodeg-
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Fig. 4. Dermis in the burn area two months following the
filler administration. 1 — microsphere wall formed by
thin vimentin-positive fibrils; 2 — vimentin-positive cells.
Immunohistochemical reaction (x400 magnification).
Puc. 4. Yqacmok 0epMbl 8 30He 0xx02a Yeped 2 mecsua
riocrne egedeHus chunnepa. 1 — cmeHka Mukpocahep,
chopmuposaHHasi MOHKUMU — 8UMEHMUH-MOIOXU-
menbHbiMU pubpunnamu; 2 — BUMEHMUHIMTOM0XU-
mersbHbie Knemku. UMmMyHo2ucmoxumu4yeckasl peak-
yus. YeenuyeHue x400.
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Fig. 5. Dermis in the burn area. CD-68+ macrophages
(indicated by the arrows) in dermal cells two months fol-
lowing the filler administration. Immunohistochemical
reaction (x400 magnification).

Puc. 5. Yyacmok Oepmbi 8 30He oxo2a. CD-68+ ma-
Kpoghaecu (0603Ha4yeHO cmperikamu) 8 Kremkax oep-
Mbl Yepe3 2 mecsiya nocne egedeHusi gunnepa. Vim-
MyHo2ucmoxumudeckas peakyus. YeenudeHue x400.

radation involving the formation of calcium and
phosphorus ions followed by the utilization of these
substances; of note is that the prolonged effect of
neocollagenogenesis for dermal cells (specifically
for fibroblasts) is maintained with the formation of
both collagen type | and lll. The synthesized colla-
gen serves as the foundation for dermal cells rec-
reating the effect of a stiff and porous frame, which
ensures an assembly of the de novo synthesized
ECM.

In the burn wound healing process, macro-
phages are considered to act as the primary reg-
ulators that activate fibroblasts, keratinocytes,
and endothelial cells. They serve as grafts, reg-
ulators of dermal ECM synthesis, as well as se-
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Puc. 6. Yuacmok Oepmbl 8 30He Oxoea. a-SMA+
Knemku 4yepe3 2 mecsiya riocne egedeHus gurnnepa.
1 — mukpocgpepbl 2 — a-SMA+ knemku. UmMmyHoeu-
cmoxumudeckas peakyus. YeenudeHue x400.

Fig. 6. Dermis in the burn area. a-SMA+ cells two
months following the filler administration. 1 — micro-
spheres 2 — a-SMA+ cells. Immunohistochemical re-
action (x400 magnification).
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Puc. 7. Yyuacmok Oepmbl 8 30He oOxoea. a-SMA+
Knemku (0bo3Ha4yeHO cmpernikamu) yepes 4 mecsuya
rocne geedeHusi punnepa. IMmyHo2ucmoxumuye-
CKas peakyus. YeenuyeHue x400.

Fig. 7. Dermis in the burn area. a-SMA+ cells (indicated
by the arrows) four months following the filler adminis-
tration. Immunohistochemical reaction (x400 magnifi-
cation).

creting various growth factors that promote the
proliferation and migration of fibroblasts, thus en-
suring the re-epithelization and angiogenesis of
the inflicted area.

The revealed dynamics of fibroblasts in the in-
flicted area can yield a dermis having collagen
network composition and assembly characteristic
of that in vivo. In this context, the normalization of
intercellular communication in the dermis can also
be expected.

The final stage of burn wound healing involves
dermal remodeling, with the formation of a fibrous
capsule. The granulation tissue fibroblasts are
activated and acquire a-SMA expression, which
indicates the transition of these cells into myo-
fibroblasts. The contractile activity of cells leads
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to an increase in the stiffness and mechanical
stress of the ECM. The relatively low density of
this marker in dermal cells found in the studied
areas suggests that the transition of fibroblasts
into myofibroblasts occurs gradually here, which
may indicate dermal remodeling without rough
scar formation.

The current strategy of tissue engineering using
the patient’s endogenous cells to create an in vivo
ECM similar to the original matrix may provide an al-
ternative to skin repair in the post-burn healing pro-
cess. At any rate, this approach would probably re-
duce the distinction between reparative and healthy
tissue. The use of endogenous fibroblasts for ECM
synthesis in the lesion area can yield dermis having
collagen network composition and assembly char-
acteristic of the in vivo dermis. In this case, it can be
expected that communications between such cells
as fibroblasts, macrophages, and keratinocytes will
also be properly regulated.

In the process of dermal regeneration, the most
promising approach involves activating the syn-
thesis of collagen, which serves as a frame for
dermal cells. By creating a stiff or porous frame
effect, it is possible to control the assembly of
the de novo synthesized EMC. This factor can
bring the properties of the synthesized dermis
into compliance with those of the patient’s skin,
minimizing, or at least decreasing, the structural
differences between the restored dermis and the
surrounding sKkin.

When using various skin substitutes in the treat-
ment of thermal injuries, the regulatory role of en-
dogenous cell-derived ECM is compromised since
growth factors synthesized by fibroblasts are not
provided to other cell types (such as keratinocytes
and endothelial cells) as usual, with a disruption of
intercellular signal transduction. This fact primarily
affects the formation of the boundary between the
dermis and the epidermis.

Tissue-engineered skin is known to form a flat der-
mal-epidermal border. When fibroblasts are used to
synthesize endogenous ECM, a profile of the ridge
is formed, having epithelial invaginations and follicu-
lar structures, which are typical for the physiological
dermal-epidermal border.

CONCLUSION

Thus, the innovative idea consists in allowing
old fibroblasts to partially restore their functions,
while modifying molecular indicators of biological
age in a group of cells newly emerged in the pro-
cess of mitosis. This approach may well ensure
ECM modulation yielding a dermis similar to that
available.
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Table 1. Number of animals providing primary outcomes in groups and their percentage depending on the group
(observation period of two months)
Tabnuya 1. Konuyecmeo )Xu8omHbiX C OCHOBHbIMU Ucxodamu 8 2pyrnnax u ux 0osiu 8 3agucuMocmu om epynnbl
(cpok HabntodeHus 2 mecsiya)

Experimental (n = 15)

80

Control (n = 15)

6 20 0.026

Note: The difference is significant at p < 0.05.
Ipumeuanue: pazauque sHawumo npu p < 0,05.

Table 2. Number of animals providing primary outcomes in groups and their percentage depending on the group
(observation period of four months)
Tabrnuya 2. Konuyecmeo XU80MHbIX C OCHOBHbLIMU UcXod0aMu 8 epynnax u ux 0onu 8 3agucumMocmu om epynribl
(cpok HabrrodeHus 4 mecsya)

Experimental (n = 15)

14 93

Control (n = 15)

0.031

Note: The difference is significant at p < 0.05.
Ipumeuanue: pazauque sHawumo npu p < 0,05.

FURTHER INFORMATION

Protocol registration

The study protocol (including research topic, key
design features, and analysis plan) was prepared
prior to the study and approved by the Independent
Committee for Ethics of the Kuban State Medical
University (Ministry of Healthcare of the Russian
Federation).

Data access

Data on the conducted study can be freely ac-
cessed in machine-readable form to be used and re-
published without copyright and patent restrictions,
as well as other control mechanisms.

COMPLIANCE WITH ETHICAL STANDARDS

The study content and design were approved by
the Independent Committee for Ethics (Minutes
No. 54 as of October 11, 2017) of the Kuban State
Medical University (Mitrofana Sedina str., 4, Kras-
nodar, Russia). The maintenance and handling of
animals were consistent with the principles of the
Declaration of Helsinki on Humane Treatment of
Animals and Directive 2010/63/EU of the Europe-
an Parliament and of the Council of September 22,
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2010 on the protection of animals used for scien-
tific purposes.
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