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Development and Preclinical Evaluation of Acellular Collagen
Scaffolding and Autologous Artificial Connective Tissue
in the Regeneration of Oral Mucosa Wounds

Lady Espinosa, B.Sc.,? Alejandro Sosnik, Ph.D.2 and Marta R. Fontanilla, Ph.D!

This work assessed wound healing response in rabbit oral lesions grafted with autologous artificial connective
tissue or acellular collagen scaffolds. Autologous artificial oral connective tissue (AACT) was produced using
rabbit fibroblasts and collagen I scaffolds. Before implantation, AACT grafts were assayed to demonstrate the
presence of fibroblasts and extracellular matrix components, as well as the expression of characteristic genes and
secretion of chemokines, cytokines, and growth factors. AACT grafts were tested in the rabbits from which the
fibroblasts were obtained, whereas acellular collagen type I scaffolds (CS) were evaluated in a separate group of
rabbits. In both cases, contralateral wounds closed by secondary intention were used as controls. In a separate
experiment, AACT-grafted wounds were directly compared with contralateral CS-grafted wounds in the same
animals. Wound contraction and histological parameters were examined to evaluate closure differences between
the treatments in the three animal experiments performed. Contraction of wounds grafted with AACT and CS
was significantly lower than in their controls (p <0.05). Additionally, AACT significantly lowered wound
contraction when compared with CS (p <0.05). Intriguingly, it was observed that AACT-grafted wounds ini-
tially displayed a significantly higher (p < 0.05)—albeit transient—inflammatory response than seen in CS-
grafted wounds and secondary healed wounds. This suggests that an early inflammatory component may
contribute to tissue regeneration. Altogether, the results suggest that AACT- and CS-grafted wounds favor
regeneration of oral mucosa.

Introduction heal by secondary intention result in tissue contracture,
cosmetic deformity, functional compromise, and reduction of
donor tissue for further interventions.®® These drawbacks

B OTH ORAL AND DERMAL wound healing processes go
motivated the search for tissue engineering strategies to treat

through hemostasis, inflammation, proliferation, and

remodeling of the extracellular matrix." From a clinical per-
spective, oral mucosa wound healing is faster and scarring is
less pronounced. In terms of the cellular response, lower
levels of macrophage, neutrophil, and T-cell infiltration are
apparent in oral mucosa healing. Also, a more limited pro-
duction of inflammatory cytokines (e.g., IL-6) is observed,
indicating that constrained inflammation is a key difference
between both phenomena.! A common approach to treat
discontinuities in the oral mucosa is the use of autografts and
pedicle flaps.” Tissue grafting has been used for reconstruc-
tive surgery, vestibuloplasty, preprosthetic surgery, and
periodontal procedures.” Large oral mucosa defects can
stem from congenital (e.g., cleft palate) or pathological con-
ditions (e.g., malignant tumor resection). In this context, the
shortage of donor areas and the generation of wounds that

large mucosa defects using autologous engineered tissue. In
developing countries, there is a critical need for the devel-
opment of in-site methodologies for the generation of au-
tologous engineered mucosa to provide patients with the
most appropriate treatment at a reasonable cost, regardless
their socioeconomic status.

Our research group is presently focused on the develop-
ment of a cost-effective and highly accessible tissue substitute
that would improve the regeneration process of oral mucosa
defects through the modulation of contraction, inflammatory
response, cell migration, and proliferation. In this framework,
a three-dimensional in vitro-produced tissue based on the
combination of collagen type I scaffolds and second/third
passage autologous fibroblasts was developed.”! To gain
further insight into the regeneration process, in this study, oral
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connective autologous tissue-engineered implants autologous
artificial oral connective tissue (AACT) was produced using
rabbit fibroblasts and characterized in vitro. In addition, the
healing process of oral mucosa wounds covered with AACT,
acellular collagen type I scaffolds (CS), or left to heal by sec-
ondary intention was determined. The results suggest that
AACT maintains the ability to secrete a variety of proangio-
genic, tissue-remodeling, and immune-modulating effectors
and promoted tissue regeneration and wound healing to a
greater extent than CS. However, CS enhanced wound healing
when compared with secondary intention. Our observations
support the use and development of AACT for the therapy of
oral mucosa wounds.

Materials and Methods
Ethical considerations

Animal procedures were carried out following the
guidelines of the Colombian Ministry of Health. All surgical
procedures were performed in aseptic conditions and under
anesthesia (ketamine, 35 mg/kg; xylazine, 5mg/kg; local li-
docaine, 20 mg/mL; and epinephrine, 0.02 mg/mL).

Manufacture of CS

Collagen I was isolated from tendons taken from rat tails
supplied by the School of Veterinary Medicine Central Ani-
mal Facility (National University of Colombia). Rat tails were
washed and disinfected (2% sodium hypochlorite), and ten-
dons were removed and cut into small pieces. They were
suspended in 0.5 M acetic acid (4°C, 24 h), the suspension was
centrifuged, and the supernatant was neutralized (1M
NaOH). The precipitated collagen was dissolved in 0.1M
acetic acid to a final concentration of 2mg/mL, stirred and
poured in tissue culture dishes (60 mmx15mm), frozen at
—20°C, and freeze-dried to yield collagen scaffolds (4.5cm
diameter). The collagen scaffolds were rehydrated and then
crosslinked with glutaraldehyde (0.02%, 4°C, and 24 h). They
were subsequently washed with water until no crosslinker
residues were detected (24-dinitrophenylhydrazine test),
freeze-dried again, sterilized with ethylene oxide, and stored
at least 48 h prior to their evaluation.

Cell isolation and culture

Partial-thickness specimens were harvested from the up-
per incisive vestibules of male New Zealand rabbits. Each
sample was used to produce the fibroblast-loaded scaffold for
the animal that was the source of the cells. The interdental
papilla and the gingival margin were preserved intact. Six-
week-old animals (2-3kg) were kept under conditions ap-
proved by the Ethics Committee (Faculty of Sciences, National
University of Colombia). The samples were washed with
phosphate-buffered saline, 200 IU/mL penicillin, 200 pg/mL
streptomycin, and 0.5 pg/mL amphotericin. To promote sep-
aration of epithelial and connective tissues, cleaned tissues
were incubated overnight with 0.4% dispase (from Bacillus
polymyxa, 1.17 units/mg; Gibco/Invitrogen, Carlsbad, CA), at
4°C. Isolated connective tissue was cut into small pieces
(2mmx2mmx1mm) and used as explants for establishing
the fibroblast cultures in 25 cm? flasks. Explants were covered
with Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS), 1% nonessential amino
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acids, 1% sodium pyruvate, 1% vitamins, 100IU/mL peni-
cillin, 100 pg/mL streptomycin, and 100 pg/mL amphotericin.
Cultures were incubated (37°C, 5% CO,) and the culture
medium was replaced twice a week.

The fibroblast phenotype of cultured cells was determined
by assessing vimentin expression using a monoclonal mouse
antivimentin antibody (clone Vim 3B4, final concentration
0.25 ug/mL; Dako, Glostrup, Denmark). A biotinylated anti-
mouse immunoglobulin in phosphate-buffered saline con-
taining stabilizing protein and 0.015mol/L sodium azide,
and streptavidin conjugated to horseradish peroxidase con-
taining stabilizing protein and antimicrobial agents were
used as staining reagents.

Preparation and characterization of AACT

Collagen I scaffolds (35 mm diameter) were placed, one per
well, in six-well plates, preincubated with FBS overnight,
and seeded with second/third passage fibroblasts (3x10°
cells/mL Dulbecco’s modified Eagle’s medium). Cell-seeded
scaffolds were placed on a shaking plate (300 rpm) and in-
cubated at 37°C (5% CO,, 3h). Plates were left steady for 1
week under the described conditions. Acellular collagen
scaffolds were produced following the same procedure, ex-
cept for the seeding of the cells.

To analyze the AACT histological appearance after 1 week
in vitro, cultured scaffolds were fixed in 10% buffered for-
malin and embedded in paraffin. Sections were stained with
hematoxylin—eosin and alcian blue. Using trizol, RNA was
extracted from pieces taken from each individual AACT im-
mediately before grafting. This was done to qualitatively
assess the expression of elastin, collagen type I and III,
metalloproteinase-1, and metalloproteinase-2 genes at 7 days.
The integrity of the RNAs was verified using gel electropho-
resis. Oligonucleotide pairs were designed and synthesized
by Invitrogen (Table 1). A one-step SuperScript III Platinum
RT-PCR kit was used for evaluating the expression of studied
genes at 7 days, including B-actin as a control of the reaction.

Secretion of characteristic chemokines (MCP-3, MCP-4,
UPAR, PECAM-1), cytokines (IL-1A, IL-1B,IL-2, IL-4, IL-6, IL-
8, IFN-y, TNF-u), growth factors and their receptors (FGF-2,
VEGF, VEGF-D, VEGF-R2, VEGF-R3, PDGF-BB), and extra-
cellular matrix metalloproteinase inhibitors (TIMP-2) was
assessed in medium from AACT cultures at Oh, 4h, and 7
days postseeding using a protein array system (RayBio
Human Angiogenesis Antibody Array, C Series 1000; Ray-
Biotech, Norcross, GA), following the manufacturer’s in-
structions. Culture medium deprived of FBS was used in these
experiments. To assure that the secreted compounds were
exclusively produced by AACT fibroblasts, culture medium
and medium from CS incubated for 7 days were used as blank
and control, respectively.

Comparison of AACT- or CS-grafted oral mucosa wounds
with contralateral wounds left to heal
by secondary intention

Our experimental model only permits evaluation of two
contralateral wounds in one rabbit mouth. Therefore, thera-
peutic efficacy of AACT versus control and CS versus control
was evaluated in independent experiments utilizing three
different batches of 14 rabbits each, which were assessed at 2,
4, and 8 weeks for histomorphometric analyses. Clinical
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TABLE 1. OLIGONUCLEOTIDES USED FOR REVERSE TRANSCRIPTION—POLYMERASE CHAIN REACTION

Col 1A1 Forward
Reverse
Col3A1 Forward
Reverse
Elastin Forward
Reverse
MMP-1 Forward
Reverse
MMP-2 Forward
Reverse

CTG ACT GGA AGA GCG GAG AGT

ACG CTG TTC TTG CAG TGG TAG

TAC ACA GTT CTG GAG GAT GG

ATT TAG TTG GTC ACT TGT ACT GGT
GGC TTT TGC TGG AAT CCC A

ATG CCT CCA ATT CCA GGA A

CTG AAA CCC TGA AGA TGA TGA AG
CAA AGG GAG AAT TGT CAC GAT GA
AGA TCT TCT TCT TCA AGG ACC GGT T
GGC TGG TCA GTG GCT TGG GGT A

follow-ups of cicatrisation were carried out at 0, 4, 7, and 11
days.

The animals were anesthetized and two contralateral split-
thickness upper wounds (~1.5cmx0.8cm) were made on
both vestibular sides of the mouth in the alveolar mucosa
from the mucogingival line toward the apical zone of the
incisors and premolars. Randomly, one of the generated
wounds was covered with one of the two types of substitutes
(AACT or CS, seven animals for each kind of graft) and the
contralateral wound was left to heal by secondary intention
as a control. Vicryl® 5-0 (Ethicon GmbH, Norderstedt, Ger-
many) horizontal and vertical suspensory sutures, one in
each corner of the implant, were used to stabilize it. The
medium of artificial connective tissue cultures was replaced
by serum-free medium 24 h before grafting. After the surgi-
cal procedure, animals were treated with a single dose of
oxytetracycline (11 mg/kg, intramuscular [i.m.]) and melox-
icam (1.5mg/kg, i.m.). Antiseptic clorhexidine solution was
sprayed daily to prevent infections. Except for fibroblast
seeding, both scaffold substitutes were subjected to identical
treatments during manufacturing and during the prepara-
tion for grafting. Digital images of grafted and control areas
were taken at 0 (procedure day), 4, 7, and 11 days post-
surgery, using a metallic ruler for reference. Images were
analyzed using Scionlmage (version beta 4.0.3.2; Scion Cor-
poration, Frederick, MD) to determine wound area contrac-
tion. The percentage of wound contraction (W) was
calculated using the following equation: W= (A—B/A)x100,
where B is the wound area at 4, 7, and 11 days and A is the
wound area at 0 days.

To perform the histomorphometric analysis, the animals
were sacrificed at 2, 4, and 8 weeks postsurgery with sodium
pentobarbital (390 mg/mL, i.v., 1mL/kg body weight) and
sodium diphenylhydantoin (50 mg/mL). Samples of central
and peripheral parts of the wounds including a margin of
3 mm of healthy surrounding mucosa were harvested. Biopsies
were fixed with 10% formaldehyde, dehydrated, embedded in
paraffin, sectioned, and stained with hematoxylin—eosin. The
analyses were carried out by two pathologists who were not
informed about the origin of the tissue. Stained cuts were
examined under a light microscope outfitted with a digital
camera (DSF 1-U2; Nikon, Tokyo, Japan). Epithelium and
connective tissues were evaluated qualitatively and quanti-
tatively. Quantitative analysis was used to assess epithelium
thicknesses, blood vessels, and inflammatory infiltration of
healing wounds. Digital images of each histological cut were
analyzed using the program NIS ELEMENTS AR2.30 Build
309 (Nikon). The epithelium thicknesses were measured in the
grafted and control wounded areas, as well as in the healthy

surrounding mucosa. Ten epithelium thickness measure-
ments were carried out randomly in each wound cut image
(magnification: 100x), and mean values of grafted wounds
were compared with the mean values of the controls. A
comparison of grafted and control areas with healthy sur-
rounding mucosa was also performed. Three consecutive
regions of the grafted wounded area were examined for
counting blood vessels (magnification: 400 x) and mean values
were compared with the control mean values. Inflammation
was graded at 1000 x magnification, counting inflammatory
cells/field in the wounded area and healthy surrounding
mucosa; five fields were counted and the cell number mean
value was used for the analysis. Normal tissue was consid-
ered to have less than 10 inflammatory cells/field, mild in-
flamed tissue to have 10-30 cells/field, moderately inflamed
tissue to have 30-50 inflammatory cells/field, and severe in-
flamed tissue to have more than 50 cells/field.'? For the cal-
culation of the parameters described above, all the 84 wounds
monitored (2 per animal) in this study were evaluated.

Comparison of AACT- with CS-grafted oral
mucosa wounds

A further comparison of AACT- and CS-grafted wound
closure in the same animal was undertaken to test whether
grafting wounds with AATC leads to a more adequate closure
than that of CS-grafted oral mucosa wounds. Assays were
performed on nine animals following the protocols previously
described. Clinical follow-ups of cicatrisation at 0, 4, 7, and
11 days and histomorphometric analyses at 2 weeks were
performed as described when AACT or CS were grafted and
compared with their controls.

Statistical analysis

The statistical significance of differences in contraction,
number of newly formed blood vessels, epithelium thick-
ness, and inflammation was determined by a Wilcoxon
signed rank test for paired samples using Statgraphics (ver-
sion 5.1) and [R] software. Wilcoxon signed rank test for
paired samples is recommended when normality and ho-
mogeneity of variances cannot be established, as in biological
data. In all cases, a p-value of <0.05 was considered to be
statistically significant.

Results

AACT evaluation in vitro

As the essential part of this study was the development
of fibroblast-containing collagen I scaffolds (AACT), the
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FIG. 1. Characterization of iso-
lated oral cells. The phenotype of
cells isolated from rabbit oral mu-
cosa was determined by evaluating
cell morphology and assessing vi-
mentin expression by immunohis-
tochemistry. Cultured NCTC 929
fibroblasts incubated with anti-
vimentin antibody (A). Cultured
NCTC 929 fibroblasts without anti-
vimentin antibody (B). Cultured
oral fibroblasts incubated with anti-
vimentin antibody (C). Cultured
oral fibroblasts without anti-
vimentin antibody (D). Scale

bar =50 pm. Arrows in both panels
(A, C) point to immune-stained cells.
Color images available online at
www liebertonline.com/ten.

nature of the cells used for scaffold seeding was assessed.
Immunostaining of second-passage oral autologous fibro-
blasts and a fibroblast cell line used as control showed the
characteristic fibroblast morphology and the expression of
the structural protein vimentin (Fig. 1). Figure 2A and B

FIG. 2. Autologous artificial con-
nective tissue (AACT) evaluation.
AACT section stained with H&E
(A); AACT section stained with
alcian blue for glycosaminoglycan
detection (B). (C) AACT reverse
transcription (RT)-PCR extracellular
matrix products made from total
RNA extracted at 7 days: molecular
weight marker (MW), B-actin (Lane
1), AACT RNA at 7 days (Lane 2).
AACT, autologous artificial oral
connective tissue; CS, collagen type I
scaffolds; F, fibroblasts; H&E,
hematoxylin and eosin. Scale

bar =100 pm (A), 500 um (B). Color
images available online at www
liebertonline.com/ten.

shows histological cuts of AACT grafts stained with hema-
toxylin—eosin and alcian blue at the time of implantation,
revealing the presence of fibroblasts and extracellular matrix
components (e.g., glycosaminoglycans). In both micrographs,
cell migration into the porous structure of the scaffold and

C Collagen 1
MW Lane 2
246bp 214Dy
123bp
Collagen 111
MW Lane 1 Lane 2
246
bp 207
123bp
Elastin
MW Lane 1 Lane 2
246bp 275by
123bp
MMP-1
MW Lane 1 Lane 2
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e = o
MMP-2
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246bp 225bp)
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TABLE 2. AACT SECRETED PROANGIOGENIC, T1SSUE-
REMODELING, AND IMMUNE MODULATING EFFECTORS

AACT arbitrary units/ug

of protein
4h 7 days
Growth factors and receptors
FGF-2 0.0 227
PDGEF-BB 15.0 19.9
VEGF 0.0 550.5
VEGEF-D 50.8 379
VEGF-R2 56.9 66.6
VEGF-R3 0.0 44.0
Tissue inhibitor matrix 15.0 513.1
metalloproteinase TIMP-2
Cytokines
IL-1a 0.0 43.6
IL-1p 0.0 239
IL-2 0.0 33.0
IL-4 73.1 61.0
IL-6 0.0 0.0
IL-8 0.0 0.0
IL-10 0.0 0.0
IFN-y 33.0 0.0
TNF-a 82.3 0.0
Chemokines
MCP-3 0.0 37.6
MCP-4 124.1 52.3
PECAM-1 0.0 16.9
UPAR 64.3 43.9

AACT, autologous artificial oral connective tissue.
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adhesion to the collagen-based substrate were apparent.
Expression of matrix synthesis and matrix remodeling genes
was qualitatively assessed in vitro by reverse transcription
(RT)-PCR. Figure 2C shows representative RT-PCR products
of total RNA extracted from an AACT cultured for 1 week. As
observed, fibroblasts expressed RNAs encoding for elastin,
collagen I and III, metalloproteinase-1, and metalloproteinase-
2, indicating the maintenance of the expected phenotype and
suggesting fibroblast remodeling of the collagen scaffold. Data
from detection of growth factors, cytokines, chemokines and
some of their receptors, and metalloproteinase inhibitors
present in medium from cultured AACT at 4h and 7 days are
shown in Table 2. Secretion of FGF-2, VEGF, VEGF-R3, TIMP-
2, IL-1a, IL-1PB, IL-2, MCP-3, and PECAM-1 increased at 7
days, whereas secretion of IFN-y, TNF-o, and MCP-4 were
reduced. Secretion of PDGF-BB, VEGF-R2, 1L-4, and UPAR
were unaltered. These compounds were not detected in cul-
ture medium and medium from CS incubated for 7 days used
as blank and control, respectively. It is noteworthy that albeit
TNF-o expression was initially detected (4 days), its secretion
decreased to undetectable levels at 7 days. Additionally, IL-6
and IL-8 did not accumulate in the supernatants of AACT
cultures at any studied time. Taken together, these results
suggest that at the moment of implantation (7 days), fibroblasts
in AACT systems secrete proangiogenic, tissue-remodeling,
and immune-modulating effectors, while the production of
TNF-o and IFN-y is decreased.

AACT B

Control

Day 0

FIG. 3. (A) Cicatrisation follow-
ups of AACT-grafted and control
wounds. Comparison of AACT-
grafted and control wounds at 0, 4,
7, and 11 days posttreatment. Ar-
rows in both panels point to the
following: wound (W), AACT-
grafted, Vicryl stitches (V), wound
contracture (C), granulation tissue
(GT), wound edges (WE), repaired
wound (RW). Scale bar =0.5cm.
(B) Cicatrisation follow-ups of CS-
grafted and control wounds. Com-
parison of CS-grafted and control
wounds at 0, 4, 7, and 11 days
posttreatment. Arrows in both pan-
els point to the following: wound
(W), grafted acellular-CS, Vicryl
stitches (V), wound contracture (C),
GT, WE, and RW. Scale bar =0.5 cm.
(C) Cicatrisation follow-ups of
AACT-grafted and CS-grafted
wounds. Comparison of AACT-
grafted (A) and CS-grafted (B)
wounds at day 11 is presented. Ar-
rows in both panels point to RW.
Scale bar =0.5 cm. Color images
available online at www
liebertonline.com/ten.
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Grafts follow-up

Figure 3A shows the follow-up of the cicatrisation pro-
cess in wounds grafted with AACT versus those healed by
secondary intention (controls). After AACT grafting, no de-
hiscence between the implant and the resection borders was
found. Moreover, AACT hemostatic activity and ability to
tolerate suturing were also visible. At 4 days, AACT was
partially degraded and replaced by granulation tissue, while
stitches remained in place. Control wound appeared whiter
and thicker than the surrounding healthy mucosa and borders
were higher than those seen in the grafted region. By 7 days,
AACT was replaced and a white region circumscribed by the
margins of the wound was seen in the grafted area. The
control wounds appeared whiter and thicker than the grafted
region and showed higher wound margins. On 11th day, the
grafted wounds appeared to be epithelialized and they pre-
sented similar red coloration and volume as the surrounding
healthy mucosa, suggesting neovascularization. No wound
contractures or edges were apparent in the grafted wounds. In
addition, healed tissue was soft and resilient under palpation.
In contrast, in the control, wound contracture was clearly
apparent.

Similar hemostatic function, lack of dehiscence, and suture
tolerance were found during the follow-up of CS-grafted
wounds (Fig. 3B). Clinically, evidence of contracture was
observed in both the CS-grafted and the control wound at 11
days. However, contracture appeared to be less pronounced
in the grafted area than in the control. A head-to-head
comparison of AACT- and CS-grafted wounds revealed that
the former (Fig. 3C; panel A) were epithelialized, presented
similar red coloration and volume as the surrounding heal-
thy mucosa, and no wound contractures or edges were vis-
ible, whereas in the latter (Fig. 3C; panel B), scarring and
contracture were evident.

Evaluating wound contraction

Figure 4A and B reveals that the progressive wound con-
traction at 4, 7, and 11 days gradually reduced the wound
area. In the AACT- and CS-grafted wounds, contraction was
significantly lower than in defects closed by secondary in-
tention (p < 0.05). Figure 4C shows that when AACT and CS
were compared, a statistically significant increase in contrac-
tion percentages was seen in CS-treated areas versus AACT
grafts (p <0.05).

Histological analysis of healing wounds

Figure 5 shows representative images stained with hema-
toxylin—eosin of the biopsies taken from wounds grafted with
AACT and controls at 2, 4, and 8 weeks after surgery. At 2
weeks, all wounds grafted with AACT (panel A) showed
pseudoepitheliomatous hyperplasia, high cellularity, and
graft remains. Additionally, inflammatory infiltrates and the
presence of granulation tissue having numerous blood vessels
indicated an acute—albeit moderate—inflammatory response
according to the inflammation grading scale used in this study.
In contrast, in the control wound (Panel B) the acute inflam-
matory reaction was mild, connective tissue was profuse, and
coagulum remains were observable as well as parakeratosis
and hyperkeratosis. At 4 weeks, AACT-grafted wounds con-

ESPINOSA ET AL.

A o0 x
80 *
70 4
(=
S 60 -
= *
g s0-
k=]
g 40 -
B
g 30
-]
20 4
=~AACT
10
~~Control
0 T T T T T
4 7 11
Time (days)
B o0 *
80 4
70 * |
ls? 60 4
E 50 -
2 40 - ¥
=
g 30 1
-
20
<
10 4 Ccs
=~ Control
0 T
4 7 11
Time (days)
C = *
70 -
60 -
=
= 50 -
.O
b5
g 407
=
=
S -
A ~
% %/ = AACT|
10 - =-==CS
0
4 7 11
Time (Days)

FIG. 4. Contraction percentages at 0, 4, 7, and 11 days
posttreatment. Contraction of oral mucosa wounds grafted
with AACT versus control, oral mucosa wounds grafted with
CS versus control, and oral mucosa wounds grafted with
AACT versus CS was determined in three different experi-
ments as described in Materials and Methods section. (A)
Contraction percentages of AACT-grafted wounds and their
controls (p=0.001). Contraction percentages of CS-grafted
and control wounds (p=0.002) are presented in (B). Con-
traction percentages of AACT and CS-grafted regions
(p=0.009) are shown in (C). Wound contraction percentage
mean values + standard error of both treatments are shown.
*Significant difference in each single time for the pooled data
was established using a Wilcoxon signed rank test.
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tinued to show pseudoepitheliomatous hyperplasia and lax
fibroconnective tissue. The grafted area showed parakeratosis,
elongated rete ridges, collagen fibers randomly oriented, and
no contraction (panel C). In contrast, in control healed tissue at
4 weeks, the collagen fibers were oriented parallel to the
wound surface and contraction was noticeable. Acanthosis,
muscular entrapment, dense fibroconnective tissue, and low
cellularity were also observed in control wounds (panel D). At
8 weeks, the grafted area was covered by stratified epithelium
exhibiting a stratum corneum layer and showing para-
keratosis, pseudoepitheliomatous hyperplasia, and elongated
rete ridges. Mucous glands, lax fibroconnective tissue, colla-
gen fibers randomly oriented, and no contraction were ap-
parent (panel E). In contrast, in 8-week-old control wounds,
muscular tissue was sparse and it appeared entrapped within
fibroconnective tissue. The epithelium covering the control
wound was devoid of rete ridges, flattened and thinner than
the normal surrounding epithelia. Lastly, thick fibers of hya-
linized collagen parallel-oriented to the wound surface were
found in control wounds (panel F). A higher magnification of
this figure is presented in Supplemental Fig. S1; supplemental
figure S1 available online at www.liebertonline.com/ten.
Figure 6 shows representative histological samples stained
with hematoxylin-eosin from the areas grafted with CS and

FIG. 5. Comparison of AACT-
grafted and control wound tissue
samples stained with H&E. Grafted
and control wounds at 2 weeks
(A and B, respectively), and grafted
and control wounds at 4 weeks
(C and D, respectively) and at 8
weeks (E and F, respectively).
Dotted lines mark the wound
edges. BV, blood vessels; C, con-
traction; CR, coagulum remains;
FE, flattened epithelium; FT, fi-
broconnective tissue; GT, granula-
tion tissue; H, hyperkeratosis; IC,
inflammatory cells; MF, muscular
tissue; MG, mucous glands; P,
parakeratosis; PH, pseudoepithe-
liomatous hyperplasia; RR, rete
ridges; SC, stratum corneum; WE,
wound edges. Scale bar =500 pm.
Color images available online at
www liebertonline.com/ten.

controls at 2, 4, and 8 weeks after surgery. At 2 weeks, CS-
grafted wounds showed elongated rete ridges, parakeratosis
and hyperkeratosis, mild inflammation, granulation tissue,
lax fibroconnective tissue, collagen fibers randomly oriented,
and no contraction (panel A). In wounds healed by second-
ary intention the epithelium was devoid of rete ridges and
exhibited parakeratosis and hyperkeratosis. Also, contraction
was evident, the granulation tissue was abundant, coagulum
remains were still observed, and the inflammation was gra-
ded as none (panel B). In general, CS-grafted wounds (panels
C and E) displayed similar histological patterns to those
found in AACT-grafted wounds at 4 and 8 weeks (panels D
and F). A higher magnification of this figure is presented in
Supplemental Fig. S2; supplemental Fig. S2 available online
at www.liebertonline.com/ten.

Figure 7 presents the histological comparison of contralat-
eral healed wounds grafted with AACT (panel A) and
CS (panel B) at 2 weeks. Both grafted areas exhibited stratified
epithelium and parakeratosis; however, rete ridge elongation
was more pronounced in AACT grafts. Lax fibroconnective
tissue and granulation tissue were observed in both graft
types; however, scaffold remains were only present in the CS-
grafted wounds. Curiously, acute inflammation appeared to
be higher in AACT grafts than in CS-grafted regions.
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2 WEEKS

FIG. 6. Comparison of CS-grafted
and control wound tissue samples
stained with H&E. Grafted and
control wounds at 2 weeks (A and
B, respectively), 4 weeks (C and D,
respectively), and 8 weeks (E and F,
respectively). Dotted lines mark the
wound edges. BV, blood vessels; C,
contraction; CR, coagulum remains;
FT, fibroconnective tissue; GT,
granulation tissue; H, hyperkerato-
sis; IC, inflammatory cells; ME,
muscular entrapment; MT, muscular
tissue; P, parakeratosis; PH, pseu-
doepitheliomatous hyperplasia; RR,
rete ridges; WE, wound edges. Scale
bar =500 pm. Color images avail-
able online at www liebertonline
.com/ten.

4WEEKS

Evaluating epithelium thickness, inflammation,
and newly formed blood vessels

Figure 8 shows the average thickness of the epithelium
covering the wounds at 2, 4, and 8 weeks of AACT-treated
(panel A), CS-treated (panel B), and their respective control
areas. Statistical analysis demonstrated that the thickness of
epithelial tissue was significantly different in wounds treated
with AACT versus control wounds at 4 weeks (p =0.0227). In
contrast, epithelium thickness was not significantly different

FIG. 7. Comparison of AACT and
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WOUNLD

in wounds treated with CS versus control wounds (p =1000).
Comparison of AACT- and CS-grafted wounds at 2 weeks
showed that AACT-treated wounds had thicker epithelium
than CS-grafted wounds (p =0.003; data not shown).

The extent of inflammation is described in Table 3. At 2
weeks, a significant increase in the number of inflamma-
tory cells in wounds grafted with AACT (p =0.0025) or CS
(p=0.0025) was observed in comparison to their controls.
Additionally, the number of inflammatory cells was signifi-
cantly higher (p =0.0010) in AACT healed tissue than in CS

CS-grafted wound tissue samples
stained with H&E. AACT-grafted
and CS-grafted wounds at 2 weeks
are shown in (A) and (B), respec-
tively. Dotted lines mark the wound
edges. BV, blood vessels; FT, fi-
broconnective tissue; GT, granula-
tion tissue; IC, inflammatory cells; P,
parakeratosis; PH, pseudoepithelio-
matous hyperplasia; RR, rete ridges;
WE, wound edges. Scale bar: 500 pm
(A and B), 10 um (A and B, insets).
Color images available online at
www liebertonline.com/ten.
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FIG. 8. Epithelial thickness of wounds grafted and their
respective controls at 2, 4, and 8 weeks posttreatment. (A)
Epithelial thicknesses of AACT-grafted wounds and their
controls (p <0.05). Epithelial thicknesses of CS-grafted
wounds and their controls are presented in (B) (p > 0.05).
*Significant difference in each single time for the pooled data
(p <0.05) established using Wilcoxon signed rank test.

healed tissue. Applying the grading scale stated in the table,
inflammation in the AACT-grafted wounds was moderate,
inflammation in the CS-grafted wounds was mild, and the
controls did not display signs of inflammation. By 4 and 8
weeks, inflammation in AACT- and CS-grafted wounds had
decreased and was not significantly different from control
wounds. Table 4 shows the number of newly formed blood
vessels in healed tissues. A significant increase in the number
of vessels was observed in wounds grafted with AACT
compared with their controls at 4 and 8 weeks (p =0.0089 and
p =0.0158, respectively). Similar results were observed when
CS-grafted wounds were compared with their controls at 4
weeks (p=0.0178). When a comparison between AACT and
CS-grafted contralateral wounds was conducted, AACT-
treated regions showed a significantly higher number of
blood vessels (p =0.0010).

Discussion

Although oral mucosa heals sooner than skin''® the treat-
ment of large oral mucosa defects, such as cleft-lip palate and
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cancer-originated ones, without significant scarring and wound
contraction, still constitutes a scientific and clinical Challenge.14
Currently, the autograft of split-thickness oral mucosa is the
desired treatment, though autologous oral mucosa can be lim-
ited. When autologous oral mucosa for grafting is scarce (e.g.,
large defects), tissue-engineered products can be an alternative
tissue source. In fact, epithelial sheets,’® 2! acellular dermal
allografts,22_27 oral mucosa equivalents,4’5’28 bioabsorbable
polyglactin meshes,** collagen-glycosaminoglycan mem-
branes,” hyaluronic acid,** collagen and silicon bilayer mem-
branes, and collagen scaffolds’* ™ have been preclinically
and clinically evaluated. Each of the aforementioned ap-
proaches has advantages and disadvantages, and depending
on the characteristics of the oral wound, one product might be
preferred over the others.?? In one report, collagen type I gels
seeded with autologous gingival fibroblasts were used to cover
partial-thickness gingival wounds and found to augment at-
tached gingiva and promote regeneration of keratinized tis-
sue®®: however, the low mechanical strength of this type of gel
required gauze and foil to implant and secure the scaffold.

This preclinical study evaluated autologous tissue-en-
gineered implants (AACT), based on collagen type I scaffolds
and gingival fibroblasts, and acellular CS in the treatment of
partial-thickness gingival open wounds. As suggested by the
AACT characterization results, it was observed that oral fi-
broblasts cultured onto collagen type I scaffolds penetrated
and adhered to collagen fibers, synthesizing an eosinophilic
glycosaminoglycan-containing extracellular matrix with the
potential for extracellular matrix remodeling. Additionally,
antibody array data showed that at the moment of implan-
tation the fibroblasts in AACT secrete proangiogenic growth
factors, tissue-remodeling effectors, and immune modulators
and decrease the production of TNF-a and IFN-y. Interest-
ingly, it has been reported that excessive concentrations of
TNF-o result in impaired wound healing.*® It is important to
point out that the decrease in TNF-a and interferon-y pro-
duction in AACT does not imply that these two factors—or
other immune-modulating cytokines—are not being ex-
pressed in the wound site. The above data suggest that at the
time of implantation, AACT produces proangiogenic and
immune-modulating effectors that may contribute to tissue
regeneration.37—39

An added advantage of the evaluated products is their
mechanical stability, which allows their trimming with sur-
gical scissors and their suturing to the wound bed, thereby
overcoming the need for gauze and foil. Additionally, it was
observed that wound contracture was higher in secondary
healed than in grafted wounds and in CS- than in AACT-
treated areas. Histological analysis revealed the existence of
important differences between grafted and secondary inten-
tion healed areas and suggested that rete ridge formation,
neovascularization, and early inflammation were enhanced in
AACT- compared with CS-grafted contralateral wounds.
Moreover, although both products decrease wound contrac-
tion compared with secondary intention, AACT was signifi-
cantly better at reducing wound contraction than CS. Based
on our in vitro observations (antibody array) showing AACT
secretion of reepithelialization, angiogenesis, and inflamma-
tion mediators, it is tempting to speculate that the paracrine
component of this scaffold contributes to the observed ther-
apeutic benefit. However, additional experiments are needed
to evaluate this hypothesis.


http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2008.0571&iName=master.img-007.jpg&w=229&h=351

10

ESPINOSA ET AL.

TABLE 3. EXTENT OF INFLAMMATION IN WOUNDS GRAFTED WITH AACT or CS, AND CONTROLS

Week 2 (n=7)
AACT

Inflammation Control

Week 4 n=7) Week 8 m=7)

AACT

Control AACT Control

Non — 7
Mild — —
Moderate
Severe — —
p-Value 0.0025

N

7 7 7 7

1.000 0.1282

Week 2 (n=7)

Inflammation CS Control

Week 4 n=7) Week 8 (m=7)

CS Control CS Control

Non — 7
Mild
Moderate — —
Severe — —
p-Value 0.0025

N
|

7 7 7 7

0.3051 0.3173

Week 2 (n=9)

Inflammation AACT CS

Non — —
Mild — 9
Moderate —
Severe — —
p-Value 0.0010

O

CS, collagen type I scaffolds.

Grafting of AACT or CS appears to be better than sec-
ondary oral wound healing because of the diminishing of
wound contraction. Epithelial thickness, neovascularization,
histological characteristics, and the quality of healed con-
nective tissue indicate that AACT grafting more effectively
promotes the regeneration of physiologic oral mucosa. These
findings are in full agreement with previous reports by Yan-
nas on skin wound healing where grafting of appropriate
extracellular matrix analog templates privileged tissue re-
generation over repair.*’ The significant differences in epi-
thelium thickness found at 2 weeks suggest that AACT forms
connective tissue in vivo capable of supporting further epi-
thelium regeneration. These results are in agreement with
data found by others.*"** Because cross-talk between wound

keratinocytes and fibroblasts is important during reepithe-
lialization of an injured region,**** the AACT fibroblast se-
cretion of reepithelialization chemoattractants such as FGF-2,
MCP-4, and UPAR at the time of implantation may stimulate
epithelium growth and maturation.*>*® In addition, because
fibroblast migration from the wound bed during natural
wound healing also leads to the synthesis and remodeling of
the provisional matrix and to the formation of a disorganized
collagen network,*” it will be interesting to investigate in vivo
the importance of these cells in AACT promoted tissue re-
generation.

Inflammation is an important phase of the wound healing
process,** ™ and the present work demonstrates that at 2
weeks the wounds grafted with AACT or CS display in-

TaBLE 4. NUMBER OF NEWLY FORMED BLoOD VEssiLs IN HEALED Ti1ssUEs

Acellular collagen scaffolds® AACT?
Weeks Scaffold Control p-Value Scaffold Control p-Value
2 62+25 49+15 >0.05 5.6+2.1 49+1.6 >0.05
4 12.6 £3.8 77+1.7 <0.05 10.1+24 59+15 <0.05
8 109 £4.6 9.3+3.6 >0.05 9.8+1.5 74+19 <0.05
Acellular collagen scaffolds versus AACT®
Cs AACT p-Value
2 21.8+3.2 299439 <0.05

*n=42. Data are reported as mean + SD.
’1=9. Data are reported as mean + SD.
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creased numbers of inflammatory cells compared with con-
trols. Thereafter, inflammation decreased and the differences
between grafted and control areas were not significant at
4 and 8 weeks. Moreover, when AACT- and CS-grafted
wounds in the same animals were compared, the number of
inflammatory cells observed was also significantly higher in
the AACT grafts than in the CS-treated wounds. These re-
sults support the notion that the extent of mucosal regener-
ation is associated with an inflammatory response early in
the healing process.

Mechanistically, collagen, collagen-derived peptides from
the scaffolds, and fibroblasts are modulators of inflammation
during wound healing and repair. Indeed, collagen activates
platelet release and aggregation. The role of collagen I scaf-
fold grafts in improving healing processes by promoting
interactions with cells from the wound bed and cell hapto-
taxis, cell invasion, and matrix remodeling has been
reviewed elsewhere.***®*° As this work demonstrated, au-
tologous fibroblasts cultured into collagen I scaffolds syn-
thesize and secrete growth factors and cytokines that may
orchestrate the recruitment and the activation of inflamma-
tory cells, additional fibroblasts, and epithelial and endo-
thelial cells from the wound bed.”>>* After migration and
proliferation, these cells likely synthesize proteins involved
in deposition and remodeling of the extracellular matrix
contributing to the enhancement of the healing process.
Thereafter, our results suggest that the number of inflam-
matory cells in the regenerating tissue decreases, perhaps
avoiding the establishment of an undesired chronic inflam-
mation process.***>** It is important to note that a similar
acute but not sustained inflammation response in oral
wounds implanted with collagen-based scaffolds in palatal
mucosa has been previously reported.’ Although the
mechanisms orchestrating this regulated immune response
remain to be elucidated, a recent report suggests that
acute and transient infiltration of inflammatory cells pro-
motes the regeneration of mucosal epithelium via IL-11 and
IL-22-dependent activation of epithelial STAT3.” It would be
of great interest to determine if a similar mechanism is op-
erative in the observed AACT and CS regenerative effects.

In conclusion, the data presented here demonstrate that
treatment of oral mucosa wounds with AACT promotes
tissue regeneration and minimizes wound contraction to a
greater extent than CS, although both scaffolds demonstrate
far superior wound healing capacity than secondary inten-
tion and possess adequate mechanical properties for surgical
manipulation. The therapeutic effects of AACT may be me-
diated by a paracrine component that favorably modulates
the immune response, promotes the recruitment of epithelial
and endothelial cells, and supports neovascularization of the
mucosal tissue. Taken together our results lend support to
the clinical use of AACT for the therapy of oral mucosa
wounds.
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