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Abstract: Transforming growth factor beta-3 (TGF-f3)
has been shown to decrease scar formation after scheduled
topical applications to the cutaneous wounds. This study
aimed to continuously deliver TGF-f3, during the early
phase of wound healing, by engineering a dermal equiva-
lent (DE) using TGF-f3 expressing bone marrow stromal
cells (BM-SCs) and human dehydrated amniotic membrane
(hDAM). To engineer a DE, rat BM-SCs were seeded on
the hDAM and TGF-f3 was transiently transfected into
the BM-SCs using a plasmid vector. Pieces of the dermal
equivalent were transplanted onto the full-thickness exci-
sional skin wounds in rats. The process of wound healing
was assessed by image analysis, Manchester Scar Scale
(MSS), and histopathological studies 7, 14, 21, and 85 days
after the excision. The results confirmed accurate construc-
tion of recombinant pcDNA3.1-TGF-f3 expression system
and showed that the transfected BM-SCs seeded on hDAM
expressed TGF-3 mRNA and protein from day 3 through

day 7 after transfection. After implantation of the DE, con-
traction of the wounds was measured from day 7 through
21 and analyzed by linear regression, which revealed that
the rate of wound contraction in all experimental groups
was similar. Histologic evaluation demonstrated that trans-
fected BM-SCs decreased retention and recruitment of the
cells during the early stage of wound healing, decreased the
formation of vascular structures and led to formation of
uniformly parallel collagen bundles. MSS scores showed
that TGF-p3 secreting cells significantly improved the cos-
metic appearance of the healed skin and decreased the scar
formation. From these results, it could be concluded that
transient secretion of TGF-f3, during the early phase of
healing, by BM-SCs seeded on hDAM can improve the
cosmetic appearance of the scar in cutaneous wounds with-
out negatively affecting the process of wound repair. Key
Words: Cicatrix—Keloid—Re-epithelialization—Scar—
Transforming growth factor beta-3.
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Scar tissue formation following the process of
cutaneous wound healing can lead to cosmetically
less acceptable appearance depending on the site
and extent of the wound. Several strategies have
been adopted to reduce the formation of scar tissue
during wound healing including manipulation of
the active biochemical factors participating in this
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process. In recent years, transforming growth factor
beta (TGF-f) signaling pathway has attracted much
attention as a suitable target for manipulation of
the process of cutaneous repair (1). The pattern of
expression and the temporal appearance of three
isoforms of TGF-p including TGF-f1, TGF-f2, and
TGF-f3, play an important role in regulation of the
mechanisms that lead to wound healing (2).

TGF-f1 and TGF-$2 act as homing factors for
inflammatory cells and fibroblasts, promote synthesis
and deposition of main extracellular matrix (ECM)
components, inhibit matrix metalloproteinases
(MMPs) to enhance accumulation of ECM, induce
fibroblast differentiation and angiogenesis, and regu-
late keratinocytes migration (3). TGF-$3 balances
the actions of TGF-f1 and TFF-f2 by decreasing the
fibroblast migration and differentiation, reducing the
ECM synthesis, promoting the activity of the MMPs
(see Pakyari et al., 2013 for review [4]), and decreas-
ing the density of wound epithelialization (5). In
summary, scar tissue formation is increased by TGF-
p1 and TGF-$2 and decreased by TGF-f3. The latter
is expressed at high levels in developing skin and is
the main factor responsible for scarless wound heal-
ing during the fetal period (6). Also, in oral mucosal
wounds, in which healing is characterized by minimal
scar formation, the proportion of TGF-$3/TGF-f1 is
much higher than cutaneous wounds (7). In other
words, the high proportion of TGF-f1 and TGF-f2
to TGF-f3 in adult skin wounds is the key regulatory
mechanism that favors scar formation (8,9). It should
be noted that in skin wounds, keeping the above pro-
portion, the level of TGF-f3 during the early phase
of healing is higher than other phases (10).

Local administration of TGF-f3 to decrease scar-
ring and improve the cosmetic appearance of the
healing wound has been studied in several animal
models with promising results (11-14). This led to
translation of these studies into the phase I/II clini-
cal trials by Renovo (Manchester, UK) (15). In
these clinical trials, the recombinant, active human
TGF-$3 (Avotermin) was intradermally adminis-
tered in healthy subjects to the margins of full-
thickness incisions before and after the operation.
The product has been shown to be effective for cos-
metic healing of the wounds. However, in the phase
III clinical trial, Avotermin failed to meet its effica-
cy endpoints and further evaluation of this product
has been discontinued (16).

In the above studies, TGF-f3 protein was locally
delivered to the site of injury at scheduled time inter-
vals. We hypothesized that this method does not
secure a continuous delivery of TGF-f3 in the wound

area over the prescribed period. As temporal varia-
tion in TGF-f3 levels in the healing tissue is a critical
determinant of the degree of scarring, we aimed in
this study to continuously deliver TGF-f3 by geneti-
cally engineered bone marrow stromal cells, which
transiently express this protein. In addition, these
genetically modified cells were used to engineer a
dermal equivalent using human dehydrated amniotic
membrane (hDAM) (patent pending).

It has been known for a long time that synthetic
(17), semisynthetic (18-20), and natural scaffolds
(21) can enhance the regenerative process in the
injured tissues. Of natural scaffolds, amniotic mem-
brane has been successfully used to promote skin
wound healing. It has been shown that hDAM con-
tains detectable levels of several different cytokines
which affect wound healing (see Koob et al., 2015
for the list [22]). The main cytokines reported in
hDAM include: (1) cytokines that promote homing
of stem cells such as stromal cell-derived factor 1
(SDF-1) (23); (2) cytokines that increase prolifera-
tion and migration of keratinocytes such as epider-
mal growth factor, basic fibroblast growth factor,
TGF-«, and hepatocyte growth factor (23); (3) cyto-
kines that attenuate inflammatory response such as
interleukins 4, 6, 8, and 10 (22); (4) cytokines that
increase deposition of extracellular matrix such as
TGF-f1 (4); (5) cytokines that inhibit matrix metal-
loproteinases such as tissue inhibitors of metallo-
proteinases 1, 2, and 4 (24). The effects of
extracellular matrix of hDAM, including basement
membrane (25), on wound healing is of importance
as well. The main ECM components of amniotic
membrane are laminin, fibronectin, types I, III, IV,
V, VI, and VII collagens, decorin, biglycan, hyalur-
onic acid, and elastin (26). These components regu-
late the wound healing process including cell
proliferation, migration, angiogenesis, and deposi-
tion of ECM. Their effects on reduction of scar for-
mation has also been reported (27). These
properties of the amniotic membrane make it an
excellent scaffold for engineering of a dermal
equivalent. Here, we aim to engineer a dermal
equivalent with TGF-f3 expressing bone marrow
stromal cells and amniotic membrane to modulate
cosmetic healing of full-thickness skin wounds.

MATERIALS AND METHODS

Isolation and culture of bone marrow-derived
stromal cells

Bone marrow-derived stromal cells (BM-SCs)
were isolated from femur and tibia of male Wistar
rats, weighing 200 g. The animals were maintained in
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TABLE 1. Transforming growth factor 3 (TGF-f3) and beta actin primers

Marker Forward primer Reverse primer Amplicon size
TGF-p3  TAGCTAGCATGGTGAAGATGCACTTGCAAAG CACTCGAGTCAGCTACATTTACAAGACTTC 1239 bp
Beta actin TTCTACAATGAGCTGCGTGTGG GTGTTGAAGGTCTCAAACATGAT 115 bp

accordance with the local Animal Care Committee
guidelines in the Animal House of Iran University of
Medical Sciences. Briefly, the rats were sacrificed by
CO, asphyzxiation and the tibia and femur bones were
harvested. Then, both ends of the bones were asepti-
cally cut off by scissors, and bone marrow was flushed
into 25 cm? cell culture flasks by Low-Glucose Dulbec-
co’s Modified Eagle’s Medium (DMEM-LG; Gibco,
Eggenstein, Germany) supplemented with 10% (v/v)
fetal bovine serum (FBS; Sigma, St. Louis, MO, USA),
penicillin (100 U/mL), and streptomycin (100 pg/mL)
(Biosera, Sussex, UK). The flasks were then taken into
a humidified incubator (37°C, 5% CO,) and passaged
at 80% confluency using trypsin-EDTA 0.25% (Bio-
sera). The cells were transfected at passage 4.

Construction of recombinant pcDNA3.1-TGF-$3
expression system

PCR amplification of rat TGF-3 cDNA
sequence was performed from the cloning vector
pGEM-T-TGF-$3 (Sino Biological Company, Bei-
jing, China) using the primers presented in Table 1.
The PCR amplification was performed in
GeneAmp PCR system 9600 (PerkinElmer Life
and Analytical Sciences, Wellesley, MA, USA)
with 25 cycles of denaturation (at 95°C for 30 s),
annealing (at 60°C for 30 s), and elongation (at
72°C for 1 min). Then, pcDNA3.1 plasmid vector
(Invitrogen, Carlsbad, CA, USA) and the PCR
product were digested with Nhel and Xhol
(Fermentas, Burlington, ON, Canada) restriction
enzymes. To construct the recombinant vector
pcDNA3.1-TGF-f3, the TGF-f3 full-length cDNA
was ligated to pcDNA3.1 using the T4 DNA ligase
enzyme (Roche, Mannheim, Germany). The accu-
racy of ligation was confirmed by PCR using the
primers presented in Table 1. Following successful
ligation, the pcDNA3.1-TGF-$3 was transformed
into the competent FEscherichia coli bacteria
(Sinnagen, Tehran, Iran) using heat (42°C) and
cold (0°C) shocks. The success of transformation
was confirmed by extraction of plasmids from the
transformed bacteria by plasmid extraction kit
(Roche), and PCR confirmation with the same pri-
mers presented in Table 1. Finally, using the primer
pair presented in Table 2, the cloned pcDNA3.1-
TGF-p3 vector was sequenced (Microgen, Seoul,
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South Korea) to verify the accuracy of the reading
frame of TGF-f3 inside the vector.

Cell seeding on human dehydrated amniotic
membrane

A commercially available human dehydrated amni-
otic membrane (hDAM) (AmnioFix, MiMedx Group,
Inc., Marietta, GA, USA) was aseptically cut into 2 X
2 cm pieces and placed in 6-well plates (Orange Scien-
tific, Brussels, Belgium). One day before cell seeding,
pieces of the membrane were soaked with culture
medium and kept in a humidified incubator (37°C, 5%
CO,). Then, 4 X 10° BM-SCs in 100 pL of culture
medium were loaded on each piece of the membrane,
and the pieces were put in the incubator for 2 h. Final-
ly, the wells were filled with 2 mL of DMEM, supple-
mented with 10% FBS (v/v), penicillin (100 U/mL),
and streptomycin (100 pg/mL), and maintained in the
incubator for 48 h.

Transfection of BM-SCs with pcDNA3.1-TGF-3

The day before transfection, BM-SCs-seeded mem-
branes were incubated in DMEM (without antibiot-
ics). The transfection process was performed by
incubating the cells in the DNA transfection complex
containing 500 pL of DMEM without antibiotics, 2 pig
pcDNA3.1-TGF-f3, and 9 pL Lipofectamin 2000
transfection reagent (Invitrogen, Karlsruhe, Germany).
Following 4 h of incubation at 37°C in a humidified 5%
CO; incubator, transfection complex was replaced with
DMEM, supplemented with 10% FBS (v/v), 100 U/mL
penicillin, and 100 pg/mL streptomycin. From the first
day after transfection (day 1) through day 9, the cells
were harvested daily for RT-PCR and Western
blotting to confirm expression of TGF-f3 at mRNA
and protein levels.

RT-PCR

The BM-SCs transfected with pcDNA3.1 empty
vector and those transfected with pcDNA3.1-TGF-
3 were subjected to RNA extraction using Trizol
(Roche). Total cDNA was generated from 1 ug of
the extracted total RNA using cDNA synthesis kit
(Invitrogen, Carlsbad, CA, USA). To determine
the TGF-$3 mRNA levels, RT-PCR was carried
out using the primers in Table 1. Beta-actin was
used as an internal control.
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TABLE 2. The cloned pcDNA3.1-TGF-f3 vector primers

Primer name Primer sequence Amplicon size

T7 promoter, forward primer
BGH, reverse primer

TAATACGACTCACTATAGGG
TAGAAGGCACAGTCGAGG

1239 bp

BGH, bovine growth hormone terminator.

Western blotting

The secretome of the cells transfected with
pcDNA3.1-TGF-f3 and of those transfected with
pcDNA3.1 empty vector was concentrated by
Vivaspin concentrator (Sartorius Stedim Biotech,
Goettingen, Germany), loaded on a 12% SDS-
polyacrylamide gel, and transferred onto a PVDF
membrane through semidry blotting. The membrane
was subsequently incubated in rabbit anti-TGF-f3
polyclonal primary antibody (1:200, Signalway, Nan-
jing, China) at 4°C overnight. Then, the membrane
was covered with goat anti-rabbit HRP-conjugated
secondary antibody (1:5000, Signalway). Finally, ECL
chemiluminescent substrate (Abcam, Cambridge,
UK) was added to the membrane, and the expected
protein bands were visualized by the ChemiDoc MP
imaging system (Biorad, Hercules, CA, USA). Rabbit
anti-beta-actin polyclonal antibody (1:3000, Abcam)
was used for detection of beta-actin, as an internal
control.

In vivo studies

Forty-eight 10-week-old male Wistar rats
(200 — 220 g) were maintained in individual cages
in accordance with the local Animal Care Commit-
tee guidelines in the Animal House of Iran Univer-
sity of Medical Sciences. The animals were
acclimatized for one week before the experiment
under environmentally controlled conditions (22—
23°C temperature on a 12:12 h light:dark cycle).

Full-thickness excisional skin wound model

At the time of the experiment, the rats were
anesthetized by intraperitoneal injection of a keta-
mine:xylazine (70:7 mg/kg) cocktail. Under deep
anesthesia, the upper back region of all rats was
shaved and prepped with 10% povidone iodine.
Then, the skin was marked 5 cm below the skull
base by a square of 2 X 2 cm and the epidermis,
dermis, and panniculus carnosus muscle were total-
ly removed using a sterile scalpel. As human lacks
the panniculus carnosus at the base of the dermis
and this muscle leads to the contraction of the
wound bed in rats, it has been removed to properly
simulate the human full-thickness skin wound.

All animals were randomly assigned into four
groups (n=3) of (1) control (C), in which the

defect area was only washed with phosphate-
buffered saline (PBS); (2) amniotic membrane (A),
in which the defect area was implanted with human
dehydrated amniotic membrane (hDAM) alone; (3)
amniotic membrane seeded with untransfected
BM-SCs (AUB), in which the defect area was
implanted with hDAM seeded with untransfected
rat BM-SCs; and (4) amniotic membrane seeded
with transfected BM-SCs (ATB), in which the
defect was implanted with the hDAM seeded with
TGF-f3-expressing rat BM-SCs. To avoid the possi-
ble postoperative infection, all animals were given
an oral daily dose of cephalexin (5 mg/10 mL
water) from the day of operation through the fifth
postoperative day.

Implantation

The implants were used 3 days after transfection
of BM-SCs. Immediately after full-thickness skin
removal, the implant was immersed in sterile PBS
solution, grafted to the wound area and covered by
a transparent wound dressing (Comfeel Plus, Colo-
plast, Humlebak, Denmark) (28). Finally, the rats
were maintained in individual cages and received
daily check-ups until tissue sampling.

Skin evaluation and tissue sampling

The defect areas were examined by taking photo-
graphs at different time points (day of surgery [0]
and days 7, 14, 21, and 85). In each photograph, the
area of the defect was measured by the measure-
ment tool of Adobe Photoshop CS6 (v.13.0.1
Extended) software (Adobe System, Inc., Seattle,
WA, USA). Before taking photographs, a ruler was
placed across the defects to confirm the accuracy of
measurements. The percentage of wound contrac-
tion was calculated using the formula suggested by
Shenoy et al., 2011 (29):

Wound Contraction (%)=
Initial Wound Size—Specific Day Wound Size

X
Initial Wound Size 100

The scar tissue was assessed using the Manchester
Scar Scale (MSS) proposed by Beausang et al.,
1998 (30) and reviewed by Fearmonti et al., 2010
(31). MSS evaluates the following parameters
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including: color (perfect [score 1]; mismatch to sur-
rounding tissue: slight [score 2], obvious [score 3],
gross [score 4]), glossiness (matte [score 1], shiny
[score 2]), levelness with surrounding (flush [score
1], slightly proud/indented [score 2], hypertrophic
[score 3], keloid [score 4]), distortion (none [score
1], mild [score 2], moderate [score 3], severe [score
4]), and texture (normal [score 1], just palpable
[score 2], firm [score 3], hard [score 4]).

As we aimed to decrease the scar tissue and the
effects of interventions that affect the formation of
scar tissue in rat skin will be detectable only after the
80th postoperative day (32), the animals were evalu-
ated on day 85 for Manchester Scar Scale. The scores
of individual parameters were added to obtain the
overall MSS score, which ranged from 5 (perfect) to
18 (poor). The assessments were performed by three
independent observers in blinded fashion.

Full-thickness skin samples were taken from
wound areas on days 7, 14, 21, and 85 following sur-
gery. Tissue specimens were then fixed in 10%
formaldehyde, dehydrated in graded alcohol solu-
tions of 50, 70, 90, 96, and 100%, cleared in xylene
(Merck, Darmstadt, Germany), and embedded in
paraffin (Merck). Next, tissue specimens were cut
into 5-um thick slices, mounted onto glass slides,
and underwent hematoxylin and eosin (H&E)
staining. The number of cells and vessels in the
healing tissue were counted using 40X magnifica-
tion on days 7, 14, and 21. In each slide, three fields
(middle, top, and bottom) were counted and aver-
aged. The cells were counted by enumeration of
the cell nuclei. The vessels were identified by
lumen-like structures filled by erythrocytes (33).
Masson’s trichrome staining was also performed to
visualize the formation and orientation of collagen
fibers on days 21 and 85.

Statistical analysis

Linear regression has been used for analysis of
wound contraction. The contraction values were
plotted against the days of measurement and a line
was fitted to the data in each experimental group.
The best fit lines were compared by linear regression
analysis using GraphPad Prism (Prism 5, v5.03, 2009,
GraphPad Prism Software Inc., San Diego, CA,
USA). The goodness of fit of each line was accepted
when R” was higher than 0.80. The slopes and eleva-
tions of the trendlines were considered to be signifi-
cantly different when the P value was less than 0.05.
For comparison of means, the normality of distribu-
tion of the data was assessed by the Shapiro-Wilk
test. For data with normal distribution, the Levene
Statistic was used to confirm homogeneity of
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of pGEM-T-TGF-B3
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pcDNA3.1-TGF-B3

1239 bp

¢) TGF-B3 PCR amplification
of pcDNA3.1-TGF-3

FIG. 1. Subcloning of TGF-$3 into pcDNA3.1 vector. (a) PCR
amplification of the full-length TGF-$3 cDNA; TGF-$3 was suc-
cessfully isolated from pGEM-T-TGF-$3 vector (lane 1). (b)
Electrophoresis of pcDNAS3.1-TGF-f3; lane 1: empty pcDNA3.1
vector, lane 2: pcDNA3.1-TGF-$3. pcDNA3.1-TGF-$3 moved
slower than empty pcDNA3.1 on agarose gel. M: 1000 bp DNA
marker. (c) PCR amplification of TGF-$3 sequence of
pcDNA3.1-TGF-3 plasmid vector isolated from the trans-
formed E. coli bacteria; lane 1: empty pcDNA3.1, lane 2:
pcDNAS3.1-TGF-$3. The 1239 bp PCR product confirmed the
insertion of TGF-f3 into the pcDNA3.1 vector.

variances. The means with equal variances were
compared by one-way ANOVA followed by Tukey’s
post hoc test. The means with unequal variances
were compared by one-way ANOVA weighted by
Dunnett’s T3 post hoc test. For the data deviated
from normal distribution, Kruskal-Wallis one-way
ANOVA with “all pair-wise” comparisons was used
for comparison of means. The data were analyzed
by IBM SPSS Statistics (v21, IBM Corp., Armonk,
NY, USA). The means were considered to be signif-
icantly different when the P value was less than 0.05.

RESULTS

Isolation and culture of bone marrow-derived
stromal cells

The isolated bone marrow cells that formed adher-
ent cultures and showed a spindle-shaped morphology
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were cultured and passaged for four times. At passage
4, the cells were harvested and seeded on the dehy-
drated amniotic membrane.

Construction of recombinant pcDNA3.1-TGF-f3
expression system

In this stage, the TGF-f3 gene was sub-cloned into
the pcDNA3.1 vector. Figure la shows the PCR
product amplified from pGEM-T-TGF-f3 vector.
The amplicon size of 1239 bp conforms to the size of
TGF-p3 cDNA. After restriction enzyme digestion
and ligation of TGF-3 cDNA to pcDNA3.1, the
accuracy of ligation was confirmed by electrophoresis
of pcDNA3.1-TGF-f3 and pcDNA3.1 empty vector
in 1% agarose gel (Fig. 1b). The slower movements
of relaxed circular, supercoiled, and circular single-
stranded pcDNA3.1-TGF-$3 compared with the
empty plasmid indicated insertion of the TGF-f3
cDNA into the pcDNA3.1 vector.

PCR amplification of TGF-f3 sequence of
pcDNA3.1-TGF-3 plasmid vector isolated from
the transformed E. coli bacteria (Fig. 1¢) detected
an amplicon size of 1239 bp, which conformed to
the size of TGF-f3 cDNA. The result of sequencing
of the cloned pcDNA3.1-TGF-f3 vector confirmed
that TGF-$3 cDNA was accurately inserted in the
vector.

Cell seeding on the hDAM and transfection

As shown in Fig. 2, seeding of the rat BM-SCs on
the human dehydrated amniotic membrane
(hDAM) was successfully carried out and the cells
were evenly distributed on the hDAM. After

2
(&]
&
'_
o
1 2
£ - 13 kDa TGF-B3
|5
§ s ——— 42 kDa B-actin

FIG. 2. Cell seeding on dehydrated amniotic membrane.
Phase-contrast inverted micrograph showing attachment of rat
bone marrow stromal cells on human dehydrated amniotic
membrane after 24 h of culture; scale bar 100 um.

transfection of BM-SCs with pcDNA3.1-TGF-f3,
the RT-PCR and Western blotting were carried out
to confirm TGF-3 mRNA and protein expression
by the transfected cells. The cells were harvested
for analysis until day 9 after transfection. The
results showed that the transfected cells express
TGF-$3 mRNA and protein from day 3 through
day 7 after transfection. The cells transfected with
pcDNA3.1 empty vector showed no band formation
at the expected band size. Figure 3 shows a repre-
sentative gel of the RT-PCR and the representative
Western blot bands of these studies.

1239 bp TGF-B3

115 bp B-actin

FIG. 3. RT-PCR and Western blot analysis of transfected cells. The TGF-$3 mRNA and protein were detected by RT-PCR and West-
ern blot analyses of rat bone marrow stromal cells transfected with pcDNA3.1-TGF-f3 vector. The representative RT-PCR bands show
expression of TGF-$3 mRNA from day 3 through 7 after transfection (M molecular marker, E control cells transfected with empty vec-
tor, lanes 1 through 8 represent the corresponding days after transfection). The Western blot bands show the representative bands on
day 3 after transfection (lane 1 control cells transfected with empty vector, lane 2 day 3 transfected cells). Beta-actin was used as an

internal control.
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In vivo studies

Macroscopic evaluation of wound closure

None of the rats entered into the study showed
any sign of wound infection postoperatively. Figure
4 shows the representative photographs of the
defect areas in the animal groups from the day of
surgery (day 0) through day 85. The measurement
of the wound contractions from day 7 through 21
was plotted in a scatter chart (Fig. 5) and a linear
regression line was fitted to the dataset in each
group. As presented in Table 3, linear regression
analysis showed that the difference in slopes and
elevations of the lines are not statistically
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ATB

FIG. 4. Macroscopic photographs of
the rat skin wounds. Photographs
were taken to measure the wound sur-
face areas in the experimental animal
groups on the day of surgery (day 0)
and postoperative days 7, 14, 21, and
85. Photographs on day 85 indicated
a cosmetically more acceptable
appearance of the healing wound in
the ATB group compared to others.
Dimensions of the wounds are mea-
sured by the ruler shown in each pho-
tograph. The smallest division of the
ruler depicted in the photos is 1 mm.
C, control group with no implantation;
A, group implanted with human dehy-
drated amniotic membrane (hDAM)
alone; AUB, group implanted with the
hDAM seeded with untransfected bone
marrow stromal cells (BM-SCs); ATB,
group implanted with the hDAM seed-
ed with the transfected BM-SCs.

significant (P >0.05). This means that the rate of
wound contraction in all four experimental groups
was similar.

The Shapiro-Wilk test showed normality of dis-
tribution of MSS scores (P > 0.05) and the Levene
Statistic confirmed equality of variances (P > 0.05).
Therefore, one-way ANOVA followed by Tukey’s
post hoc test were used for statistical analysis. Fig-
ure 6 and Table 4 show the means and comparison
of MSS scores in the experimental groups on day
85. MSS scores showed that TGF-f3 secreting cells
significantly improved the cosmetic appearance of
the healed skin and decreased the scar formation.
On the other hand, no significant difference was
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FIG. 5. Wound contraction in the experimental groups. The percentage of wound contraction has been plotted from day 7 through 21
as a scatter plot with linear regression lines fitted to each experimental group. C, control group with no implantation; A, group
implanted with human dehydrated amniotic membrane (hDAM) alone; AUB, group implanted with the hDAM seeded with untransfected
bone marrow stromal cells (BM-SCs); ATB, group implanted with the hDAM seeded with the transfected BM-SCs.

observed between the group treated with the
hDAM and the group treated with hDAM seeded
with untransfected BM-SCs (P = 0.630).

Histological results

Morphologic evaluation of the histological sec-
tions detected epithelialization of the wounds in all
experimental groups from the first day of sampling
on seventh postoperative day. The fragile epitheli-
um identified on day 7 progressed to a more stable
and multilayer epithelium in subsequent samplings
from day 14th (Fig. 7). Wound epithelialization fol-
lowed the same pattern in all experimental groups.
Representative photomicrographs of the healing
dermis in all experimental groups are presented in
Fig. 8. From day 7 through 21, the cell numbers
and vascularity decreased progressively in the heal-
ing tissues. The pattern was fairly uniform in all
experimental groups.

Figure 9 represents the 40X magnification of the
microscopic field used for counting of cell nuclei
and vascular structures. For cell nuclei counting
data, on day 7, one-way ANOVA weighted by the

TABLE 3. Details of the linear regression lines fitted to
the dataset in each experimental group

Experimental

group R? Slope Y-intercept

C 0.88 2.93+1.07 36.13+16.21
A 0.85 2.39+0.98 50.53 = 14.90
AUB 0.82 2.04+0.94 57.37 =14.28
ATB 0.81 2.82*+1.36 45.03 £20.52
P value 0.93 0.63

C, control group with no implantation; A, group implanted
with human dehydrated amniotic membrane (hDAM) alone;
AUB, group implanted with the hDAM seeded with untrans-
fected bone marrow stromal cells (BM-SCs); ATB, group
implanted with the hDAM seeded with the transfected BM-SCs.

Welch method and followed by Dunnett’s T3 post
hoc were used for analysis of data. For days 14 and
21 nuclei counting data, one-way ANOVA fol-
lowed by Tukey’s post hoc test were used for statis-
tical analysis. Figure 10 shows the result of nuclear
counting and the significant differences. On day 7,
the total number of cells in AUB group is higher
than all others and in ATB group is lower than the
other groups. On day 14, total cell numbers in
AUB and ATB groups are lower than control and
A groups. Also, the cell number in the A group is
lower than the controls. Cell counting on day 21
does not show any statistically significant difference
between the experimental groups.

*
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FIG. 6. The mean scores of Manchester Scar Scale. The
appearance of the wounds in four experimental groups were
compared 85 days postimplantation. Except the difference
between A and AUB, the differences of other groups were sta-
tistically significant (indicated by asterisks, see Table 4). The
best cosmetic appearance was achieved by application of ATB.
MSS, Manchester Scar Scale; C, control group with no implan-
tation; A, group implanted with human dehydrated amniotic
membrane (hDAM) alone; AUB, group implanted with the
hDAM seeded with untransfected bone marrow stromal cells
(BM-SCs); ATB, group implanted with the hDAM seeded with
the transfected BM-SCs.
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TABLE 4. Pair-wise comparison of MSS scores in exper-
imental groups by Tukey’s post hoc test

Comparing groups Mean difference P value
Group C versus
Group A 5.00 0.001
Group AUB 6.00 < 0.001
Group ATB 9.00 < 0.001
Group A versus
Group C —5.00 0.001
Group AUB 1.00 0.630
Group ATB 4.00 0.005
Group AUB versus
Group C —6.00 < 0.001
Group A —1.00 0.630
Group ATB 3.00 0.026
Group ATB versus
Group C —9.00 < 0.001
Group A —4.00 0.005
Group AUB —3.00 0.026

MSS, Manchester Scar Scale; C, control group with no
implantation; A, group implanted with human dehydrated amni-
otic membrane (hDAM) alone; AUB, group implanted with the
hDAM seeded with untransfected bone marrow stromal cells
(BM-SCs); ATB, group implanted with the hDAM seeded with
the transfected BM-SCs.

For the counts of vascular structures on days 7
and 21, the statistical analysis was performed by
one-way ANOVA followed by Tukey’s post hoc
test. For the day 14 vascular counts, Kruskal-Wallis
one-way ANOVA with “all pair-wise” comparisons
was employed. The results showed no statistically
significant difference between the groups on day 7
(P>0.05); a significantly lower number of vessels
in AUB group compared to controls on day 14
(P <0.05); and a significantly lower number of ves-
sels in groups A, AUB, and ATB compared to con-
trols on day 21 (P < 0.05) (Fig. 11).

Masson’s trichrome staining of scar tissue on
postoperative days 21 and 85 (Fig. 12) showed the

Day 7

formation and organization of the collagen bundles.
As expected, the bundles were more organized on
day 85 compared to day 21. On day 21, the organi-
zation of collagen bundles was similar in all groups.
However, on day 85, the bundles showed higher
organization in the rats that received an implant. In
the control group with no implantation, the colla-
gen bundles were extended in all directions. The
wounds implanted with human dehydrated amniot-
ic membrane (hDAM) only, or hDAM seeded with
untransfected stromal cells, showed a higher organi-
zation of bundles as compared with the control
group. The best histological result was obtained in
the group implanted with TGF-f3 expressing cells
in which collagen bundles were uniformly parallel
and organized.

DISCUSSION

This study shows that continuous delivery of
TGF-p3 during the initial days of wound healing by
an engineered marrow stromal cell improves the
cosmetic appearance of the scar without negatively
affecting the process of tissue repair. Local delivery
of recombinant, active TGF-f3 to the wound mar-
gins was approved for a phase III clinical trial.
However, the trial has been discontinued as it was
not as effective as it was expected (16). This could
be attributed to the low half-life of the active TGF-
f3, which is only 2-3 min in plasma (34). On the
other hand, it has been shown in a mouse model
that if the level of active TGF-$3 is highly
increased following a lentiviral gene delivery to the
site of skin wound, it decreases the wound re-
epithelialization in addition to reduction of scar tis-
sue formation (5). We hypothesized that temporary

Day 14

FIG. 7. H&E staining of epithelialized wound area. The wounded skin started to epithelialize from the margins in all groups. On day 7,
a fragile epithelium was identified which progressed to a multi-layer and more stable epithelium from day 14 onwards. Arrow heads
show the newly formed and the arrow indicates the untouched epithelia (40X magnification; control group with no implantation).
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Cc A

Day 14 Day 7

Day 21

AUB

FIG. 8. H&E staining of the healing dermis. The granulation tissue was observed on the first postoperative sampling on day 7 and
matured in subsequent days. From days 7 through 21, the cellularity and vascularity of the healing dermis decreased, but the pattern
was fairly the same in all experimental groups. Arrows show the vascular structures; (10X magnification). C, control group with no
implantation; A, group implanted with human dehydrated amniotic membrane (hDAM) alone; AUB, group implanted with the hDAM
seeded with untransfected bone marrow stromal cells (BM-SCs); ATB, group implanted with the hDAM seeded with the transfected

BM-SCs.

and continuous delivery of TGF-f3 by marrow stro-
mal cells on amniotic membrane can modulate the
negative effect of high level of TGF-$3 on wound
healing while keeping the scar reduction effects of
this growth factor.

We  constructed a recombinant plasmid
pcDNA3.1-TGF-f3 expression system by isolation
of TGF-$3 cDNA from pGEM-T-TGF-f3 cloning
vector and its subcloning into pcDNA3.1 plasmid
vector. The accuracy of construction was confirmed
by electrophoretic movement of the construct, and
the PCR amplification and sequencing of the subcl-
oned TGF-f3. Then, we transfected the bone mar-
row stromal cells seeded on amniotic membrane
and confirmed the success of transfection by RT-
PCR of TGF-$3 mRNA and Western blotting. As
expression of TGF-f3 mRNA and protein were
detectable from day 3 through 7 after transfection,
the transfected marrow stromal cells-amniotic
membrane constructs were implanted at day three
post-transfection.

Our in vivo experiment demonstrated that this
construct does not negatively affect the rate of
wound contraction, epithelialization, and formation
of granulation tissue. Counting of the cells in the
healing dermis on day 7 showed a high number of
cells in AUB group, which is due to delivery of
stromal cells to the wound in this group. In the

wounds implanted with the transfected cells, the
number of the cells on day 7 were lower than other
groups, even the controls. This shows that TGF-£3
decreases the retention of the cells in the wound
area during the early phase of healing. The
decrease of cell numbers in the AUB group on day
14 and very slight increase in ATB indicated that in

FIG. 9. H&E-stained field for counting cell nuclei and vascular
structures. The representative photomicrograph of the field
used for counting cell nuclei (arrow) and vascular structures
(arrowhead) (40X magnification; day 21 of the sample
implanted with the hDAM seeded with the transfected BM-
SCs). In each slide, the nuclei and vascular structures were
counted in three fields and averaged for statistical analysis.
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FIG. 10. The mean cell nuclei counts in healing dermis. Total number of cells were counted by enumeration of nuclei in day 7, 14,
and 21 samples and presented by mean = SEM. Statistically significant differences are marked by an asterisk. C, control group with
no implantation; A, group implanted with human dehydrated amniotic membrane (hDAM) alone; AUB, group implanted with the hDAM
seeded with untransfected bone marrow stromal cells (BM-SCs); ATB, group implanted with the hDAM seeded with the transfected

BM-SCs.

this microenvironment, bone marrow stromal cells
decrease recruitment of cells (including inflamma-
tory cells) to the healing area but TGF-f3 retain
the engrafted cells in the area. Lack of significant
difference in cell counting between the experimen-
tal groups on day 21 shows that our engineered der-
mal equivalent may not affect the dynamics of cell
movements during the late stage of wound healing.
Although we do not report the type of the cells,
including inflammatory cells, further studies to

12

10

Average number of vascular structures
per microscopic field

Day 7

determine the types of the inflammatory cells and
their dynamics in the wound after application of
this dermal equivalent will provide valuable data.
Count of vascular structures showed that amniot-
ic membrane alone (day 21) and that seeded with
untransfected stromal cells (days 14 and 21) and
transfected cells (day 21) (Fig. 11) decrease the for-
mation of vascular structures in the healing dermis
as compared to controls. Our findings are in line
with previous studies, which reported that

Oc
OaA
W AuB
B AtB

Day 14 Day 21

FIG. 11. The mean vascular structure counts in the healing dermis. The number of vascular structures were counted in days 7
through 21 and presented by mean += SEM. Statistically significant differences are marked. *Significant difference shown by Kruskal—
Wallis one-way ANOVA with “all pair-wise” comparisons; tsignificant difference shown by one-way ANOVA followed by Tukey’s post
hoc test; C, control group with no implantation; A, group implanted with human dehydrated amniotic membrane (hDAM) alone; AUB,
group implanted with the hDAM seeded with untransfected bone marrow stromal cells (BM-SCs); ATB, group implanted with the

hDAM seeded with the transfected BM-SCs.
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Day 21

Day 85

FIG. 12. Masson’s trichrome staining of the healing dermis. The staining shows the orientation of the collagen fibers on days 21 and
85 after operation. The most organized and parallel collagen bundles are observed in ATB experimental group on day 85; (10X magni-
fication). C, control group with no implantation; A, group implanted with human dehydrated amniotic membrane (hDAM) alone; AUB,
group implanted with the hDAM seeded with untransfected bone marrow stromal cells (BM-SCs); ATB, group implanted with the

hDAM seeded with the transfected BM-SCs.

reduction of wound vascularity is associated with
decreased scar formation (35) and that higher level
of angiogenesis is observed in hypertrophic scars
(36). As a result, it has been suggested that anti-
angiogenesis would be a possible modality for scar-
less wound healing (37). However, it should be not-
ed that a minimum level of angiogenesis is essential
for wound healing. There are several studies that
have linked inadequate angiogenesis with poor
wound healing, especially in chronic conditions
such as diabetes (38,39) and venous stasis (40).
Although our dermal equivalent has decreased
angiogenesis in the wound, the decrease was not to
the level that negatively affected the process of
healing and instead, contributed to reduction of
scar formation.

The other effect of our engineered dermal
implant was the formation of uniformly parallel
and organized collagen bundles, which led to a high
improvement of the cosmetic appearance of the
scar. The relationship between organization of col-
lagen bundles and appearance of the scar has been
described in earlier reports (see Wolfram et al.
[41], Armour et al. [42], and Xue et al. [43]). These
results conform to the earlier reports that show the
ratio of TGF-f1 and 2 to TGF-$3 is an important
determinant of scar formation. For example, by
administration of TGF-f1 and 2 neutralizing anti-
bodies and exogenous TGF-f3 during the first 48
hours after wounding, Shah et al. (11) demonstrat-
ed that decreasing the ratio of TGF-£1,2/TGF-f3
reduces the ECM deposition, improves the archi-
tecture of neodermis and reduces the scar forma-
tion . Interestingly, a report published by Wu et al.
(12) shows that if the ratio of TGF-f1,2/TGF-f3 is

not decreased to a certain point, the process of scar
formation will not be affected.

The safety of plasmid gene delivery method used
in the current study is higher than the viral methods
in terms of immunogenicity and insertional muta-
genesis (see Wang et al., 2014 for review [44]). The
transient nature of transfection and increased
expression of TGF-f3 only during days 3-7 post-
transfection provides an additional index of safety.
In recent years, several studies have been per-
formed to examine the effects of growth factors on
microenvironmental modulation (45-48) and the
role of marrow stromal cells in wound healing. It
has been shown that these can attenuate the inflam-
matory response in the wound by suppressing the
proliferation of natural killer cells (49) and T cells
(50), and modulating the response of immune cells
to increase the secretion of anti-inflammatory cyto-
kines such as IL-10 and IL-35 and decrease the
secretion of pro-inflammatory cytokines such as
TNF-o and interferon-y (51). Additionally, these
cells secrete factors like vascular endothelial growth
factor, which stimulates angiogenesis and promotes
the development of granulation tissue (52). These
cells promote wound re-epithelialization by a cross-
talk with keratinocytes and activation of a number
of signaling pathways including KGF signaling (53).
Secretion of anti-fibrotic factors like IL-10 and
hepatocyte growth factor (54) is another mecha-
nism of contribution of these cells to the wound
healing. Although, in the present study, the mecha-
nism of regulation of wound healing may be signifi-
cantly different from the studies aforementioned, it
could be speculated that the marrow stromal cells
have modulated the effects of TGF-$3 on the

Artif Organs, Vol. 40, No. 12, 2016



E278 A. SAMADIKUCHAKSARAEI ET AL.

wound healing and re-epithelialization and contrib-
uted to the timely closure of the wound while keep-
ing the fibrosis at the minimum possible level.

CONCLUSION

In summary, the results of the current study
showed that a surgically created experimental skin
wound heals with minimal scarring if implanted
with a construct made up of human dehydrated
amniotic membrane and genetically modified mar-
row stromal cells, which temporary secrete
transforming growth factor beta-3 protein during
the early phase of wound healing.
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