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Patients with recessive dystrophic epidermolysis bullosa
(RDEB) have incurable skin fragility, blistering, and skin
wounds due to mutations in the gene that codes for type
VIl collagen (C7) that mediates dermal-epidermal adher-
ence in human skin. In this study, we evaluated if topically
applied human recombinant C7 (rC7) could restore C7 at
the dermal-epidermal junction (DEJ) and enhance wound
healing. We found that rC7 applied topically onto murine
skin wounds stably incorporated into the newly formed
DEJ of healed wounds and accelerated wound closure by
increasing re-epithelialization. Topical rC7 decreased the
expression of fibrogenic transforming growth factor-f32
(TGF-B2) and increased the expression of anti-fibrogenic
TGF-B3. These were accompanied by the reduced expres-
sion of connective tissue growth factor, fewer o smooth
muscle actin (o-SMA)—positive myofibroblasts, and less
deposition of collagen in the healed neodermis, consistent
with less scar formation. In addition, using a mouse model
in which skin from C7 knock out mice was grafted onto
immunodeficient mice, we showed that applying rC7
onto RDEB grafts with wounds restored C7 and anchor-
ing fibrils (AFs) at the DE] of the grafts and corrected the
dermal-epidermal separation. The topical application of
rC7 may be useful for treating patients with RDEB and
patients who have chronic skin wounds.
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INTRODUCTION

Chronic cutaneous ulcers are an enormous health care problem
consuming ~$20 billion per year in the United States.! The pre-
cise mechanisms involved in the healing of skin wounds are not
fully understood. Traditionally, the phases of wound healing have
been divided into (i) clot formation and inflammation, (ii) re-epi-
thelialization, (iii) granulation tissue formation by the processes
of fibroplasia and neo-angiogenesis, and (iv) tissue remodeling.?
Except for topical platelet-derived growth factor (GF), there are

no biological agents approved by the Federal Drug Administration
for the enhancement of skin wound healing. Topical PDGF has
been in use for several years, but is indicated only for diabetic skin
wounds, and it has proven to have only modest efficacy.*=

Patients with recessive dystrophic epidermolysis bullosa
(RDEB) have inherited skin fragility resulting in widespread
bullae and open erosive skin wounds that heal with scarring.®
Scarring results in many complications, such as a fibrotic fusion of
the fingers and toes, esophageal stenoses, joint contractures, poor
dentition, decreased ability to open the mouth, fixed tongue, and
nutritional deficiencies. The chronic cycles of wounding and heal-
ing in patients with RDEB, coupled with fibrosis, are thought to be
the reason that these patients develop aggressive skin squamous
cell carcinomas that often result in premature demise.

RDEB is due to a gene defect in COL7A1I that codes for type
VII collagen o chains.”* Type VII collagen (C7) is the major com-
ponent of anchoring fibrils (AFs), large 700-900 nm structures
that hold the epidermis and dermis of skin together.!!! patients
with RDEB have a paucity or complete absence of functional
C7 and functional AFs in the dermal-epidermal junction (DEJ)
of their skin, resulting in poor dermal-epidermal adherence.
Structurally, C7 is a composed of three identical o chains, each
consisting of a central collagenous triple-helical domain and two
flanking amino- and carboxy-terminal non-collagenous domains
NCI and NC2, respectively.'*"* Within the extracellular space, C7
molecules form antiparallel dimers, which aggregate laterally to
form AFs, wheat-stack shaped structures, that serve to anchor the
epidermis onto the underlying dermis.

Like patients with chronic skin wounds, the current treatment
of patients with RDEB is only supportive care because there is
no consistently effective treatment. Recently, several clinical tri-
als for RDEB have been initiated. Wang et al. demonstrated that
the intradermal injection of allogeneic fibroblasts into patients
with RDEB would result in increased endogenous mutated
C7 in their skin, fewer new skin bullae and improved dermal-
epidermal adherence." Wagner and coworkers have shown that
bone marrow/stem cell transplantation into patients with RDEB
results in increased C7 in the patients’ skin and improved clinical
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outcomes.” Although promising, neither therapy is consistently
effective or without risk.

Our laboratory has developed in vitro and in vivo strategies
geared to more direct RDEB therapy. We and others showed that
C7-deficient RDEB skin cells (keratinocytes and dermal fibroblasts)
when gene corrected to synthesize and secrete C7 (via infection
with a minimal lentiviral vector or a phi C31 integrase), revert
from the abnormal RDEB cellular phenotype and are normalized
with regards to cell growth, cell motility, and cell matrix attach-
ment.'*"” Using a mouse model with human RDEB skin equiva-
lents generated with RDEB fibroblasts and keratinocytes and
engrafted onto immunodeficient mice and a C7-knockout mouse
model (Col7al~~, which recapitulates features of RDEB), we intra-
dermally injected: (i) gene-corrected RDEB fibroblasts that could
now synthesize and secrete C7,'® (ii) lentiviral vectors expressing
C7,” and (iii) C7 protein itself.*?' All three strategies resulted in
new C7 and AFs in the RDEB skin and a reversal of the poor der-
mal-epidermal adherence. We recently developed an alternative
strategy using an intravenous approach with molecularly engi-
neered RDEB fibroblasts over-expressing human C7.2 We dem-
onstrated that intravenously injected fibroblasts homed to murine
skin wounds, continuously delivered C7, which then incorporated
into the healed wound’s DEJ, formed stable AFs, and accelerated
wound closure.

In the study described herein, we sought to determine if sim-
ply applying human recombinant C7 (rC7) topically would be
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useful in promoting wound healing. Using full-thickness wounds
in athymic nude mice, we found that topically applied rC7 stably
incorporated into the healing wounds’ DE]. Furthermore, topi-
cal application of rC7 to wounds promoted re-epithelialization
and dramatically accelerated wound closure. Moreover, in a sec-
ond animal model in which we grafted RDEB-like, C7-null skin
from C7-knockout mice onto athymic nude mice, we found that
topically applied rC7 incorporated into the DEJ of the RDEB skin
grafts and corrected the grafts’ poor dermal-epidermal adher-
ence and AF defect. These studies provide the first evidence for
the potential use of topically applied rC7 to improve skin wound
healing and reverse the molecular and structural defects in RDEB.

RESULTS

Topical rC7 incorporated into the regenerated BMZ
We purified milligram quantities of rC7 from conditioned media of
gene-corrected RDEB fibroblasts as described earlier'”** and used
it to evaluate the feasibility of topical rC7 application for healing of
skin wounds and RDEB treatment. We made 1.0 cm? full-thickness
excision wounds on the mid-back of athymic nude mice (n = 20)
and topically applied 30 ug of rC7 in a 10% carboxymethylcellulose
vehicle to the wound site. Skin biopsies were obtained from healed
wounds at various time points after the topical application and
subjected to immunostaining with an antibody specific for human
C7. As shown in Figure 1a, the topically applied rC7 incorporated
into the DEJ of the healed skin wounds as early as 2 weeks and was
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Figure 1 Topically applied rC7 stably incorporated in the regenerated DEJ in the mouse skin. (@) Immunofluorescence staining of the mouse skin
was performed with an antibody specific for human C7 at 2 weeks after the topical application of 30 ug of rC7, NC1, or vehicle alone. Note that the
healed wounds treated with rC7 (n = 30 mice) demonstrated a linear pattern of C7 deposition at the DE| (panel A). In contrast, no human C7 was
detected in mice treated with vehicle alone (n = 20 mice) or NC1 (n = 10 mice) (panels B and C). Panel D shows the stable incorporation of human
rC7 at the mouse DE] at 8 weeks after the initial topical application of rC7. (b) Immunofluorescence staining of mouse skin was performed 2 weeks
after the topical application of rC7. The skin sections were labeled with either a monoclonal antibody specific for human C7 (green, panel o-H) or a
rabbit polyclonal antibody that recognizes both mouse and human C7 (red, panel a-M+H). Merged images demonstrate colocalization of topically
applied human rC7 with endogenous mouse C7 at the mouse DE|. The lower panel depicts staining of wounds treated with the vehicle (VE) alone.
(c) Dose-dependent deposition of human rC7 at the mouse DE] after topical rC7 application. Immunofluorescence staining of biopsy specimens
were performed with an antibody specific for human C7 after the animal’s wounds were treated with 8 ug (A), 16 ug (B), or 32 ug (C) of topical rC7,
respectively. Scale bar: 200 um. (d) Sera were taken from mice at the time indicated after topically applied with 30 ug rC7 and subjected to 4-15%
SDS-PAGE followed by immunoblot analysis using an anti-NC1 antibody. Purified rC7 of 10 ng was run as a control (Con). The positions of full-length
290kDa C7, 50kDa mouse IgG heavy chain (mlgGH), and molecular weight markers are indicated. d, dermis; e, epidermis.
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persistent for at least 2 months after a single application (panels A
and D). In contrast, wounds treated with vehicle (n = 20) lacked
human C7 at the DEJ (panel B). Interestingly, wounds treated with
the NC1 domain of C7 (the amino-terminal half the C7 molecule)
(n = 10 mice) did not have NCI at their DE], suggesting that the
ability of rC7 to incorporate into the DEJ requires full-length C7
(panel C). These experiments demonstrated that rC7 applied topi-
cally onto full thickness skin wounds was able to incorporate stably
into the DE]J of the healed skin.

To confirm that the human C7 was correctly localized within
the DEJ of the healing mouse skin, we colabeled the same vertical
sections with a polyclonal antibody that recognizes both mouse
and human C7 (o-H+M) and our human specific anti-C7 anti-
body (o-H). As shown in Figure 1b, these two antibodies showed
perfect colocalization in the mouse’s DE] when the images were
merged. Therefore, the topically applied rC7 incorporated to the
same location of the DE] as the mouse’s endogenous C7. Note that
wounds treated with the vehicle alone (VE in Figure 1b) showed
the presence of mouse but not human C7.

After demonstrating the ability of the topical rC7 to incorpo-
rate into the mouse’s DEJ, we wished to determine the minimal
concentration of protein required for DE]J deposition. We applied
8, 16, and 32 ug of rC7 topically on the wounds. As shown in
Figure 1c, there was a dose-dependent increase in the incorpora-
tion of rC7 into the mouse’s DEJ.

Because rC7 was administered deeply into the wounds, it was
important to determine if the topical rC7 was transported into the
animals’ circulation. To examine this issue, we performed immu-
noblot analysis on sera obtained from treated mice at 6 hours, 24
hours, 48 hours and 1 week after topical application of rC7. As
shown in Figure 1d, 10 ng of rC7 running as a control was readily
detected by our immunoblot analysis. However, we did not detect
any rC7 in the blood stream.

Topical rC7 promoted wound healing via
re-epithelialization of the epidermis

After having shown the incorporation of topically applied rC7
into the DEJ of healed wounds, we wished to determine if the
topical application of rC7 accelerates the closure of skin wounds.
Following full-thickness skin excision, we monitored wound clo-
sure over a 14-day period and found that rC7-treated wounds
exhibited marked acceleration of wound closure compared with
vehicle-treated wounds (Figure 2a,b).

Re-epithelialization is a crucial part of wound healing and is
primarily mediated by migrating keratinocytes. We previously
showed that C7 strongly promotes human keratinocyte migration
in vitro.” To determine whether rC7-driven migration of the kera-
tinocytes across the wound bed contributed to re-epithelialization
and enhanced wound healing, as shown in Figure 2¢c, we com-
pletely excised the entire wounds plus some normal unwounded
surrounding skin 7 days after treatment and subjected the tissue
to H&E staining, microscopic analyses, and measurements. The
percent of re-epithelialization across each wound was measured
by light microscopy using a reticle to measure the proportion of
each wound that was covered by a neo-epidermis in relation to
the entire original open wound length. As shown in Figure 2c,
wounds that were treated with rC7, compared with those treated
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with vehicle alone, exhibited a significant reduction in the epi-
dermal gap, which is the length of the un-re-epithelialized open
wound. Conversely, the rC7-treated wounds exhibited signifi-
cantly more re-epithelialization than vehicle-treated wounds
(Figure 2c, dotted yellow lines). The re-epithelializing tongue
(ReT) can be clearly visualized in the enlarged images on both
sides of the wounds.

To confirm the H&E results and also to analyze for the pres-
ence of keratinocytes and the presence of blood vessel forma-
tion in wounds treated with either rC7 or vehicle, we performed
immunohistochemistry on the biopsy specimens with antibod-
ies specific for keratinocytes and endothelial cells. As shown in
Figure 2d, anti-pan keratin antibody staining clearly labeled the
ReT (Figure 2d, red lines and arrows, left panels). There were no
differences in the numbers of endothelial cells or blood vessels, as
assessed by anti-PECAM-1 antibody staining (Figure 2d, arrows,
middle panels), between vehicle- and rC7-treated wounds.

Re-epithelialization depends upon keratinocyte migration
and cellular division. To evaluate if rC7 affects cellular prolifera-
tion, we conducted immunohistochemistry on biopsy specimens
with an antibody specific to PCNA, a marker for cell proliferation.
As shown in Figure 2d, there were no significant differences in the
numbers of PCNA positive cells between vehicle- and rC7-treated
wounds. We also compared the thickness of the epidermis (mea-
sured from basement membrane layer to the stratum corneum
of the epidermis) in the healing wounds at days 7 and 19 after
wounding (Table I). At each time point, no significant differences
in epidermal thickness were observed in wounds treated with
rC7 or vehicle. Taken together, these data indicate that the accel-
eration of wound healing by rC7 is likely mediated by promoting
re-epithelialization rather than by increasing wound angiogenesis
or cellular proliferation.

We previously showed that the non-collagenous NC1 domain
of C7 failed to promote keratinocyte migration in vitro.* To see
if the ability of C7 to promote skin cell migration is critical for
its ability to enhance skin wound closure in vivo, we performed
wound healing experiments using topically applied NC1 domain
at the same molar concentration as full-length rC7. As shown in
Figure 3, the wounds of mice treated with topical NC1 exhibited
similar wound healing rates as wounds treated with vehicle at days
9,12, and 14 (Figure 3a,b). Collectively, these data suggest a direct
correlation between the ability of C7 to promote keratinocyte
migration and its ability to accelerate wound closure.

Topical rC7 inhibited fibrosis of the wounded skin

During the course of our experiments, we consistently noticed that
rC7-treated wounds appeared less scarred than vehicle-treated
wounds. To determine if rC7 has anti-contraction activity, we
performed a standard fibroblast-populated collagen I lattice con-
traction assay.”* Previously, we have shown that collagen lattices
are contracted by human dermal fibroblasts pulling on a specific
domain of type I collagen, the slightly unraveled telopeptides.”
In this experiment, we performed this assay with and without the
presence of purified rC7 or its NC1 domain. As expected, maxi-
mum contraction occurred in the presence of serum GFs while
there was no contraction without them (Figure 4a). Interestingly,
full-length rC7 inhibited contraction of the collagen lattices, while
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Figure 2 Topical application of rC7 promoted wound healing. A 1.0cm? (1 x1cm) square full-thickness excision wound was made on the mid-
back of 8- to 10-week-old athymic nude mice, and rC7 (30g) was applied topically once on day 0 (n = 20 mice per group). (a) Representative days
0, 7, 11, and 14 wounds are shown. (b) Mean + SD open wound area measurements at days 0, 7, 9, 11, and 14 after wounding (n = 20 mice for
each group). (c¢) On day 7, excisional biopsies of full-thickness wounded skin with a portion of unwounded skin were obtained from wounds treated
with topical vehicle (VE) or rC7 (C7). The biopsy specimens were stained by H&E and photographed with a light microscope. Independently, photo-
graphed images with identical magnifications were reconstituted to show the unhealed areas of the wounds. Red dotted lines indicate the unhealed
wound area. Yellow dotted lines mark the newly re-epithelialized epidermis. The fronts of newly re-epithelialized epidermis were enlarged, as shown
in higher magnified images. Scale bars: 0.33mm. (d) Immunohistochemistry analysis of biopsy specimens of day 7 full-thickness wounds treated
with either vehicle (VE) or rC7 (C7) with anti-pan keratin (keratinocytes), anti-PECAM-1 (endothelial cells), and anti-PCNA antibodies. Ten randomly
selected images per each condition from three independent experiments were analyzed for consensus. Representative images are shown. Scale bars:
0.3mm (left column); 0.2 mm (middle and right columns). In the left column, arrows point to the keratin-labeled, re-epithelializing tongue (ReT); in
the middle column, the arrows point to blood vessels; in the right column, the circles point to proliferating keratinocytes.

the NC1 domain did not. As we showed previously that the NC1 Table 1 Epidermal thickness of wounds in rC7- and vehicle-treated

domain of C7 was unable to promote skin cell migration in vitro wounds

or accelerate wound closure in vivo, our data suggest that the Epidermis thickness (days after treatment)
domain of C7 that promotes cell migration resides within the Day 7 Day 19
same domain of C7 that is required for the inhibition of collagen 7 (n=+6) 61.07+7.02 59.22+6.72
lattice contraction. Furthermore, rC7 inhibited collagen lattice  ¢oni01 (1 = 6) 68.85+7.82 63.82+7.85

contraction in a dose-dependent manner with maximum levels of
inhibition at a concentration of 25 pg/ml (Figure 4b).
The transformation of fibroblasts to oc smooth muscle actin

Epidermal thickness (measured from the basement membrane to the stratum
corneum) of days 7 and 19 wounds of C7- and vehicle-treated control mice
was measured using Northern Eclipse software. No significant changes in the
epidermal thickness were observed on days 7 and 19 between wounds treated

(0i-SMA)-positive myofibroblasts is responsible for converting
granulation tissue into a permanent scar. Therefore, the upregula-
tion of SMA is associated with fibrosis.?® To determine if rC7 also
inhibits wound fibrosis in vivo, we performed immunohistochem-
istry on healed skin wounds with antibodies specific for o-SMA
at 2 weeks after the topical application of rC7 or vehicle. As
shown in Figure 4c, there was a significant decrease in the quan-
tity of myofibroblasts in wounds treated with topical rC7- versus
vehicle-treated wounds. Connective tissue GF (CTGF/CCN2) is
required for TGF-B-induced transdifferentiation of fibroblasts
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with rC7 or vehicle alone. Data represent epidermal thickness in micrometers; n,
number of animals used at each time point/group.

to myofibroblasts.”” As shown in Figure 4c, rC7 also reduced the
expression of CTGF/CCN2 protein at 2 weeks in comparison
with vehicle control. Histological evaluation of healed skin tis-
sues stained with Masson’s trichrome and Picrosirius red stain
revealed less dermal collagen deposition in rC7-treated wounds
compared with vehicle-treated wounds (Figure 4d). In addi-
tion, rC7-treated wounds revealed collagen fibers organized in
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Figure 3 Topical application of NC1 did not promote wound heal-
ing. A 1.0cm? (1x1cm) square full-thickness excision wounds were
made on the mid-back of 8- to 10-week-old athymic nude mice and
purified NC1 domain (30g) (n = 10 mice) or vehicle (VE) (n = 10 mice)
were applied topically once on day 0. (a) Representative days 0, 7, 12,
and 14 wounds are shown for wounds treated with NC1 or vehicle alone
(VE). (b) Mean * SD wound size measurements at days 0, 7, 9, 12, and
14 after wounding treated with NC1 (n = 10 mice for each group).

a parallel fashion compared with vehicle-treated wounds which
showed a haphazard, disarrayed arrangement of collagen fibers.
Collectively, the in vivo data showed that the topical application
of rC7 to skin wounds resulted in a significant reduction in fibro-
blast-to-myofibroblast differentiation, CTGF expression and col-
lagen deposition, suggesting that C7 may inhibit excessive fibrosis
that leads to scar formation.

Transforming GF-f3 (TGF-B) is a multifunctional GF involved
in many aspects of wound healing.” However, an excess of TGF-f
can lead to pathological scar formation. There are three mamma-
lian TGF-f isoforms: TGF-B1, TGF-B2, and TGF-f3. TGF-B1 and
TGF-P2 isoforms exhibit pro-scarring properties, whereas TGF-
3 displays anti-scarring properties.”® To determine the effects of
topical application of rC7 on the expression of TGF isoforms, we
performed immunostaining on healed skin wounds with antibod-
ies specific for TGF-B1, TGF-B2, and TGF-f33 at 2 weeks after the
topical application of rC7 or vehicle. As shown in Figure 4e, the
expression of pro-fibrogenic TGF-f2 was significantly reduced
while the expression of anti-fibrogenic TGF-B3 was significantly
increased in healed wounds treated with topical rC7- versus vehi-
cle-treated wounds. We did not detect any significant difference
in the expression of TGF-B1 (data not shown). These data indicate
that one mechanism by which C7 affects the fibrotic pathway is by
regulating the expression of TGF-f isoforms.

We also assessed the effect of topical rC7 on the healing wounds
in human skin grafts. We grafted 1.5 x 1.5 cm pieces of human skin
onto the backs of athymic nude mice as previously described.” Eight
weeks after grafting, the human skin grafts were wounded with an
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8mm punch biopsy tool. We then topically applied rC7 or vehi-
cle onto the wounds. As shown in Figure 5, human skin wounds
healed significantly faster when treated with topical rC7 compared
with vehicle controls. Taken together, these data indicate that topi-
cally applied rC7 to healing wounds accelerates the closure of skin
wounds in both murine and human skin graft model systems.

Topical rC7 restored C7 expression in engrafted RDEB
mouse skin in vivo

Patients with RDEB manifest with widespread open wounds
and chronic erosions. To evaluate the efficacy of topical rC7 for
a murine model of RDEB wounds, we transplanted skin from
C7-knock out mice onto the backs of the athymic nude mice.
These COL7A1-null mice have no C7 at the DE] of their skin, and
they entirely lack AFs.*® Clinically, these newborn mice exhibit
extensive blisters and die within the first week of life. Thus, these
C7-null mice recapitulate many of the clinical, genetic, and ultra-
structural features of severe patients with RDEB. Because these
RDEB mice are very fragile and small and die within a few days
after birth, it was not technically feasible to apply rC7 topically
onto these mice. As an alternative, we killed these mice and
transplanted their skin onto the backs of adult athymic nude
mice. After engraftment of the transplanted RDEB mouse skin,
we made a 6 mm punch biopsy wound in the transplanted RDEB
graft and topically applied rC7. As shown in Figure 6a (panels A
and D), RDEB skin grafts before treatment showed histological
evidence of dermal-epidermal separation and entirely lacked C7
at the DEJ, characteristic of RDEB-diseased donor skin. Similarly,
vehicle-treated wounds displayed dermal-epidermal separation
and exhibited no C7 at the DE]J (Figure 6a, panels B and E). In
contrast, RDEB skin grafts that received topical rC7 exhibited
improved dermal-epidermal adherence and had C7 restored at
the DEJ in a linear distribution (Figure 6a, panels C and F).

Full-thickness, skin wounds are much different from the
superficial bullous wounds of RDEB skin, which occur at the
dermal-epidermal interface. Having shown that topical rC7 incor-
porated into the DEJ of full-thickness, skin wounds, we wished
to evaluate if topical rC7 would be able to incorporate into the
engrafted RDEB skin wounds by performing experiments without
wounding the RDEB skin grafts. As shown in Figure 6a, the rC7-
treated RDEB skin grafts displayed dermal-epidermal separation
and lacked C7 expression at the DE]J (Figure 6a, panels D and H).
These results indicate that wounding the RDEB skin is a prerequi-
site for topical rC7 to incorporate into the DE].

Immunoelectron microscopy showed that topically applied
rC7 restored the formation of AFs in the grafted RDEB skin
(Figure 6b), suggesting correction of the major ultrastructural
disease abnormality. Taken together, these data suggest that
protein-based therapy by topical application of rC7 may correct
the defects in RDEB skin, namely lack of C7, lack of AFs and com-
promised dermal-epidermal adherence.

DISCUSSION

In this study, we used a murine wound healing model and a
RDEB skin transplant model to evaluate the feasibility of topi-
cally applied rC7 to treat RDEB and normal skin wounds. Our
studies showed that topical rC7 stably incorporated into the DE]J
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Figure 4 C7 inhibited the contraction of collagen lattices in vitro and reduces the presence of myofibroblasts, connective tissue growth factor
(CTGF) expression, and collagen deposition in vivo. (a) Early passage, human dermal fibroblasts were isolated and mixed with serum and type | col-
lagen. Collagen lattices, with size of 0.6cm? and cell density at 100,000 cells/cm?, were released and floated in 1mlI DMEM. rC7 (C7) or NC1 of 30 pg
were added to the serum containing medium and incubated at 37 °C for 24 hours. Contraction assays were also carried out without serum added
(GF-) or with serum added (GF+). Contraction of the lattices was determined by measuring the gel weight. These data represent the mean + SD of
triplicate determinations in one representative experiment. Similar results were obtained in two other independent experiments. (b) Dose-dependent
inhibition of contraction of collagen lattices by rC7. rC7 at the indicated concentrations were added to the contraction assays. These data represent
the mean + SD of triplicate determinations in one representative experiment. Similar results were obtained in two other independent experiments. (c)
Immunohistochemistry staining of healed mouse skin was performed with the antibodies specific for oo smooth muscle actin (a-SMA) and connective
tissue growth factor (CTGF) at 2 weeks after topical application of vehicle (VE) and rC7 (C7). Ten randomly selected images per condition from three
independent experiments were analyzed. The representative images are shown. Scale bars: 0.2mm. Note that the wounds treated with topical rC7
showed significantly diminished o-SMA-positive fibroblasts (myofibroblasts) as well as decreased CTGF expression. (d) Collagen deposition was assessed
by Masson’s trichrome staining and Picrosirius red staining of healed wounds at 14 days after topical application of rC7 (C7) or vehicle (VE). Ten randomly
selected images per condition from three independent experiments were analyzed. The representative images are shown. Scale bars: 0.2mm. Note that
rC7-treated wounds have less collagen deposition in the dermis by both staining methods compared with vehicle-treated wounds which show perturbed
fiber architecture. (e) Immunofluorescence staining of healed mouse skin was performed with the polyclonal antibodies specific for TGF-B2 and TGF-33
at 2 weeks after topical application of vehicle (VE) and rC7 (C7). Ten totally randomly selected images per condition from three independent experiments
were analyzed. The representative images are shown. Scale bars: 0.2mm. Note that the wounds treated with topical rC7 display reduced expression of
TGF-B2 and increased expression of TGF-33.

of healing wounds and accelerated wound closure by increasing
re-epithelialization. Furthermore, we observed that C7-mediated
acceleration of wound closure was accompanied by decreases in
the expression of CTGF and the presence of o.-SMA myofibro-
blasts, markers associated with scar formation. In addition, our
results indicated that there is a correlation between the domain of
C7 that promotes keratinocyte migration and the domain of C7
that accelerates wound closure. With the RDEB skin transplanta-
tion model, we demonstrated that topical rC7 incorporated cor-
rectly into the DEJ of RDEB skin, formed AFs and corrected the
RDEB clinical phenotype.

Numerous GFs and other agents that could potentially enhance
tissue regeneration have been identified, but their therapeutic appli-
cation has been limited in clinical medicine for several reasons.
These include difficulty in maintaining bioactivity of locally applied
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therapeutic agents in regenerating tissue because of a lack of reten-
tion of the agent, poor tissue penetration, and instability of thera-
peutic proteins in the protease-rich environment of a healing skin
wound. It is thought that for these reasons GFs, such as PDGF-BB
(Regranex, Healthpoint Biotherapeutics, Fort Worth, TX), have
only a modest effect on wound healing and need to be administered
daily. C7 is a large, stable collagen molecule with a molecular mass
of 900kDa. It is a stable molecule that is relatively resistant to prote-
ase degradation. In fact, we have left purified C7 in neutral buffer at
room temperature for up to 3 months or at 4 °C for up to 6 months
and found no degradation or loss of biological activity (data not
shown). The stability of C7, and its large size may offer advantages
over GFs for use as a wound healing agent.

As for treatment of RDEB, our data demonstrate that topical
rC7 stably incorporated into the mouse DE] for up to 2 months. The
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actual turnover time of C7 in human skin is not known. Our study
with human RDEB skin equivalents transplanted onto immunode-
ficient mice shows that human rC7 administered to skin equiva-
lents endures for at least 3 months.” We also know that one does
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Figure 5 Topically applied rC7 promoted wound closure of human
skin. A 0.5cm? (8mm diameter punch biopsy) full-thickness excision
wound was made in human skin grafted onto the mid-back of 8- to
10-week-old athymic nude mice. The wounds were then treated with
topically applied 30 pg rC7 (C7) or vehicle (VE) (n = 5 mice per group).
(a) Representative days 0, 5, 7, and 10 wounds are shown. Wound sizes
were reduced in wounds treated with rC7 compared with vehicle control
at 5, 7, and 10 days after wounding. (b) Mean + SD wound size mea-
surements at days 0, 5, 7, 10, 12, and 14 after wounding (n = 5 mice
for each group).
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not have to have 100% of the normal complement of AFs to have
physiological normal dermal-epidermal adherence, and in fact,
only about 35% of the normal AF complement is needed to prevent
clinical skin fragility and blistering.** With regards to patients with
RDEB, it may be possible to apply topically rC7 and improve the
patient’s skin fragility and bullae/erosion formation with periodic
applications. This will be determined by future clinical trial.

We have not done parallel systematic studies to compare
experiments comparing the delivering of rC7 by the three differ-
ent potential administration routes; topical application, intrave-
nous infusion and intradermal injection. We showed previously
that the intradermal injection of 20 ug of rC7 was sufficient to
restore C7 and reverse the RDEB phenotype in a square centi-
meter of RDEB skin equivalent.” In a recently published paper
using an intravenous injection approach, we showed that func-
tional correction and clinical benefit was achieved using 60 pg of
rC7 in ~1 square centimeter of grafted RDEB mouse skin.*? In the
topical rC7 study herein, 30 ug of topical rC7 was used to achieve
reversal of the RDEB phenotype. It appears that topical and intra-
dermal routes of delivery may require less rC7 in comparison with
intravenously administration of rC7. As we have not compared
systematically all three approaches at the same time, we cannot
extrapolate and say which route will be the most efficient and effi-
cacious in actual patients with RDEB.

We previously showed that the wounds of mice intravenously
injected with gene-corrected RDEB fibroblasts over-expressing
C7 demonstrated accelerated wound healing compared with
control mice injected with uncorrected RDEB cells.?? In the pres-
ent study, we demonstrated that rC7 topically delivered to skin
wounds accelerated their wound closure. How exogenously deliv-
ered rC7 promotes healing is unknown. It is known that the pro-
cess of wound healing involves a series of synchronized events,
namely clot formation, inflammation, re-epithelialization, pro-
duction of granulation tissue, fibroplasia, angiogenesis, and
connective tissue remodeling.? The migration of keratinocytes
is the first essential step for wound re-epithelialization. When
the skin is wounded, the keratinocytes come into contact with
collagens and dermal glycoproteins, such as fibronectin, and

Figure 6 Topical application of rC7 incorporated into the DEJ of RDEB mouse skin grafts and forms AFs in vivo. (a) Histological appearance
(A-D) and immunofluorescence staining (E-H) of engrafted RDEB mouse skin using a polyclonal antibody to the NC1 domain of C7. Panels A and E,
2 weeks after grafting of RDEB mouse skin and before treatment (n = 30 mice); panels B and F, wounded and engrafted RDEB skin 2 weeks after topi-
cally applied vehicle (n = 4 mice); panels C and G, wounded and engrafted RDEB skin 2 weeks after 30 ug of rC7 was applied topically (n = 15 mice);
panels D and H, unwounded engrafted RDEB skin 2 weeks after 30 ug of rC7 was applied topically (n =4 mice). (b) Immunogold labeling of engrafted
murine RDEB skin topically applied with 30 ug rC7 (C7) or vehicle (VE) was performed using an anti-NC1 polyclonal antibody and revealed that the
topical rC7 incorporated into the RDEB skin grafts and formed AFs. Note restoration of numerous arching AFs depicted with arrows and labeled with
gold particles decorating the DE] in rC7-treated RDEB skin grafts. AF, anchoring fibrils; d, dermis; e, epidermis; Scale bar: 1700 nm.

Molecular Therapy vol. 21 no. 7 july 2013 1341



Type VII Collagen for Wound Healing

start to migrate across the wound bed.**** Our previous stud-
ies demonstrated that C7 is the most potent pro-motility matrix
among other extracellular cellular matrices (including collagens
type I and IV, and fibronectin) for driving human keratinocyte
migration. However, during the normal wound healing process,
C7 was detected very late and appeared at the DE]J on day 7
after wounding.” It is possible that exogenously delivered rC7
by topical application during early wound healing will provide
a matrix that promotes cell motility and allows keratinocytes
to migrate and close the wounds. Consistent with this notion,
we showed in this study that rC7-treated wounds demonstrated
increased re-epithelialization. This notion is further supported
by our data showing that the NC1 domain of C7 that was unable
to promote keratinocyte migration in vitro also failed to acceler-
ate skin wound closure in vivo.

Our data in this study showed that rC7 inhibits collagen lattice
contraction in vitro. In addition, topical rC7 reduces the number of
myofibroblasts, the expression of CTGF and disorganized collagen
deposition in the neodermis of healed skin wounds. Myofibroblasts
and CTGF are key players in fibrotic processes. These observations
raise the question of whether exogenous rC7 topically applied to skin
wounds could result in wounds with less scarring and fibrosis. There
are several lines of evidence to support this notion. First, patients with
RDEB who lack functional C7 heal wounds with significant scarring.
Second, hypomorphic RDEB mice that only express C7 at 10% of
the normal level exhibit enhanced fibrotic processes with excessive
contraction and deposition of extracellular matrix.* This fibrosis is
associated with an upregulation of TGF-8 and CTGE neoexpression
of o-SMA-positive cells, and induction of tenascin C. Third, when
fetuses in utero are subjected to skin wounds within the first trimes-
ter, the skin wounds heal without scars, so-called “scarless healing”
It is interesting to note that during fetal life, the fetus is bathed in
amniotic fluid and surrounded with an amniotic membrane that is
very rich in C7 and laminin 332, two large matrix molecules that
improve wound healing.*® In concordance with these observations,
amniotic membranes have been used topically on burn wounds,
corneal abrasions, and skin wounds to promote re-epithelialization
and healing.* One could speculate that the molecular basis for these
clinical observations is that the C7 within amniotic membranes pro-
motes scarless healing in fetal skin wounds.

Many soluble factors participate in wound repair. One fac-
tor that has been implicated in scar formation is TGF-f. The
TGEF-B family of proteins consists of several structurally related
but functionally distinct isoforms. In mammals, three isoforms,
TGF-B1, -B2, and -B3, have been identified. These isoforms play
distinct roles in the modulation of wound repair.? TGF-B1 and
TGEF-P2 possess pro-fibrogenic activities, while TGF-B3 exhibits
anti-fibrogenic activity.?® In this study, we showed that topical rC7
induced the upregulation of TGF-[33 (anti-fibrogenic isoform) and
downregulation of TGF-B2 (the pro-fibrogenic isoform). These
data, taken together with the reduction of several scarring param-
eters (0-SMA expression, collagen deposition and CTGF expres-
sion), suggest that rC7 not only accelerates wound closure but also
contributes to improve wound healing quality with less scarring
by modulating the expression of the TGF-J family.

The mice we used for the wound healing studies are athymic
nude mice that are unable to produce T cells, and are therefore
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immunodeficient. We chose these mice simply because they can-
not mount an immune response and produce anti-C7 antibod-
ies after topical application of human C7. In addition, they do not
reject grafted human skin or RDEB mouse skin. However, the rC7-
mediated accelerated wound closure and reduced expression of
0-SMA and CTGF were also observed when wound healing experi-
ments were conducted with immunocompetent mice (data not
shown).

Various therapeutic strategies for RDEB are under investi-
gation, including gene, cell and protein therapies, but to date, no
consistently low risk, effective treatment is available.* Currently,
there are several “proof-of-principal” clinical studies that have been
planned or initiated to study therapeutic approaches for RDEB.
Bone marrow/stem cells have been administered to a limited num-
ber of patients with RDEB with some success, but also with con-
siderable mortality.”® The intradermal injection of C7-producing,
allogeneic, human dermal fibroblasts into patients with RDEB
has increased the expression of patients’ own mutated C7 at their
DEJ and improved their dermal-epidermal adherence." However,
the injected cells did not persist longer than 2 weeks in the skin of
the patients with RDEB’ Using two preclinical animal models, we
showed that intradermal injection of C7 expressing fibroblasts, C7
protein and lentivectors expressing C7 into RDEB mice all restored
C7 and AFs at the DE] and significantly prolonged the survival of
the RDEB mice.”"?' In a more recently study, we showed that rC7
administered intravenously to mice homed to engrafted RDEB
mouse skin, incorporated into the DEJ of the grafts, and restored
C7, AFs and dermal-epidermal adherence.*

If topically administered rC7 improves the health of patients
with RDEB, it would have many advantages over other treat-
ments such as lack of exposure to live cells, exogenous DNA or
RNA or viral vectors and local application. Compared with bone
marrow/stem cell transplantation and intravenous or intrader-
mal injection of C7, topically applied rC7 would likely be painless
and logistically simple. It would not require sophisticated medi-
cal expertise or equipment. Lastly, the topical application of rC7
could promote the closure of the existing wounds of the patient
with RDEB. Nevertheless, there are several limitations associ-
ated with the topical approach. This includes the inability to treat
esophageal lesions that are common in the most severely affected
patients with RDEB. In addition, as rC7 does not penetrate intact,
unwounded skin and only works locally in existing open wounds,
another limitation is that topical rC7 will not prevent the onset of
new skin blisters when applied to non-lesional RDEB skin. Lastly,
protein replacement therapy requires lifelong repeated adminis-
tration of rC7 regardless of the mode of administration: intrader-
mal injection, topical application, or intravenous injection.

In summary, our studies demonstrate that rC7 applied topi-
cally onto skin wounds stably incorporated into the newly regen-
erated DE]J of healed wounds and accelerated wound closure. In
addition to being a therapy for chronic skin wounds, this strategy
may be particularly useful for patients with RDEB who have mul-
tiple open wounds and often die from metastatic squamous cell
carcinomas arising in chronic skin wounds. The topical applica-
tion of rC7 may provide a feasible treatment option for not only
accelerating wound healing, but also normalizing the devastating
cutaneous phenotype of RDEB. These preclinical results are very
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encouraging though additional studies are needed to determine
the safety and efficacy in humans.

MATERIALS AND METHODS

Purification of rC7. Recombinant C7 was purified from serum-free media
from RDEB dermal fibroblasts stably transduced with a lentiviral vector
coding for full-length C7 as described.” Briefly, serum-free media were
equilibrated to 5 mmol/l EDTA, 50 pmol/l PMSE and 50 pmol/l NEM and
precipitated with 300 mg/ml ammonium sulfate at 4 °C overnight with con-
stant stirring. Precipitated proteins were collected by centrifuging at 1.2 x 10°
g/minute for 1 hour, resuspended, and dialyzed in Buffer A (65 mmol/l
NaCl, 25 mmol/l Tris-HCI, pH 7.8). Following dialysis, insoluble mate-
rial was collected by centrifugation at 8,600g for 20 minute, and the pellet
redissolved in Buffer B (50 mmol/l Tris-HCl pH 7.5, 150 mmol/l NaCl, 5
mmol/l EDTA, 2 mmol/l NEM, 2 mmol/l PMSEF). The solution was clarified
as above, and the supernatant, S1; was passed over a Q-sepharose column
(Pharmacia, Piscataway, NJ) equilibrated in the same buffer. Elution was
then carried out with a linear gradient from 0.2 to 1.0mol/l NaCl of appro-
priate volume size. The rC7 eluted at 0.7-1mol/l NaCl. The NC1 domain of
C7 was purified from 293 cells stably transfected with cDNA encoding for
NC1 as described.*!

Topical application of rC7 onto mice. We first made a 1.0x1.0cm full-
thickness excisional wound by lifting the skin with forceps and removing
full thickness skin with a scissors on the mid-back of 8- to 10-week-old
athymic nude mice (Simonsen Laboratory, Gilroy, CA). Immediately after
wounding, 8-32 pg of rC7 or 30 pug NCI in a 10% carboxymethylcellu-
lose gel were applied to the wound surface. We then covered the wound
with a band-aid and a Coban self-adherent wrap, to prevent desiccation.
We treated 30 mice with topical rC7, 10 mice with NC1, and 20 mice with
the vehicle as a negative control. Two to 8 weeks after topical application,
biopsies from the wounds were obtained and subjected to immunostaining
using an antibody specific for human C7 (clone LH 7.2; Sigma, St Louis,
MO) or a rabbit polyclonal antibody that recognizes both human and
mouse C7.* To measure the wound size, standardized digital photographs
were taken of the wounds at various days after wounding and open wound
areas determined with an image analyzer (AlphaEase FC version 4.1.0;
Alpha Innotech, Johannesburg, South Africa) on a personal Macintosh
computer. The total pixels that covered the unhealed areas were drawn onto
the digital photographs using a pattern overlay in Image] (http://rsbweb.
nih.gov/ij/). The number of pixels covering an open wound area on a given
day was divided by the number of pixels spreading over the initial wound
on day 0 to obtain the percentage of closure.

For RDEB mouse skin transplantation studies, 1.2 by 1.2cm of skin
from 2 to 5 days old, newborn RDEB mice was transplanted onto the
back of athymic nude mice. At 12-14 days after skin transplantation and
engraftment, the RDEB skin grafts were either unwounded or wounded
with a 6mm punch biopsy instrument. We then topically applied 30 pg
of rC7 (n = 15 mice) or vehicle (n = 4) to the wounded RDEB skin or
unwounded RDEB skin (1 = 4) as described above.

For evaluating wound healing of human skin, a 1.5x1.5cm square
of full-thickness human skin was grafted onto athymic nude mice as
previously described.” Eight weeks after grafting the engrafted human
skin was wounded using an 8 mm punch biopsy tool. We then topically
applied rC7 (30 ug) or vehicle to the wounds and bandaged as described
above. The assessment of wound healing was then performed using area
planimetry, as described above for the murine wounds. All animal studies
were conducted using protocols approved by the University of Southern
California Institutional Animal Use Committee.

Immunofluorescence staining and ultrastructural analysis of tissue. Five-
micrometer thick sections of OCT-embedded frozen tissues were cut on a
cryostat, fixed for 5 minutes in cold acetone, and air-dried. Immunolabeling
of the tissue was performed using standard immunofluorescence methods
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as described previously.'”?° Briefly, for single- and double-immunofluores-
cence staining, sections were blocked with M.O.M. Mouse IgG Blocking
Reagent (Vector Laboratories, Burlingame, CA) for 1 hour at room tem-
perature. Primary antibodies were diluted in phosphate buffered saline
with 1% bovine serum albumin. For C7 staining, we used monoclonal
antibodies against human C7, clone LH 7.2 (Sigma), or a rabbit poly-
clonal antibody that recognizes both mouse and human C7.*> For double-
immunofluorescence staining, we incubated the mouse monoclonal
anti-human C7 antibody together with a rabbit polyclonal antibody to both
human and mouse C7. For TGF-J} staining, we used polyclonal antibod-
ies against TGF-P1 (sc-146, Santa Cruz Biotechnology, Santa Cruz, CA),
TGF-P2 (s¢-90, Santa Cruz Biotechnology), or TGF-B3 (sc-82, Santa Cruz
Biotechnology). All primary antibody dilutions were 1:200. After incuba-
tion for 1 hour at room temperature, sections were washed in phosphate
buffered saline three times and stained for 1 hour with FITC-conjugated
goat anti-mouse IgG1 with or without Cy3-conjugated goat anti-rabbit
IgG (Sigma) diluted 1:300 in phosphate buffered saline with 1% bovine
serum albumin. Slides were mounted with 40% glycerol. Photographs of
stained sections were taken using a Zeiss Axioplan fluorescence micro-
scope equipped with a Zeiss Axiocam MRM digital camera system (Carl
Zeiss International, Gottingen, Germany).

Immunogold electron microscopy was performed on the engrafted
RDEB mouse skin using a standardized method as described previously.***
To assess human AF formation and ultrastructure, 40 micron sections
were fixed in 0.1% glutaraldehyde, rinsed in 0.15mol/l Tris pH 7.5, then
incubated in our polyclonal anti-NC1 antibody followed by 5nm gold
secondary antibody and enhancement as described.**

Histological analysis of tissues. The mice whose wounds were treated with
topical rC7 or vehicle were euthanized at 7 or 14 days after treatment. The
wounds, together with unwounded skin margins, were excised and put into
10% formaldehyde. H&E staining was carried out as previously described.*
To show the entire wound, multiple overlapping photographs were taken
under a microscope (Nikon, Eclipse TE2000-U, x4; Nikon, Tokyo, Japan)
and used to reconstitute the entire wound. A standard immunohisto-
chemistry staining procedure was carried out as described.” We used a
mouse monoclonal antibody to pan keratin (Clone 80; Abcam, Cambridge,
MA), a rabbit polyclonal antibody to PECAM-1 (Clone M-20; Santa Cruz
Biotechnology), a mouse monoclonal antibody to o-SMA (Clone 1A4;
Dako Denmark A/S, Glostrup, Denmark), a mouse monoclonal antibody to
PCNA (Clone PC10; EMD Millipore, Billerica, MA), and a rabbit polyclonal
antibody to CTGF (Abcam). All antibodies were used in 1:100 dilutions.

Collagen lattice contraction assay (FPCL). Type I collagen (Sigma) lattices
were prepared as previously described.” Human dermal fibroblasts were
cultured in Dulbeccos modified Eagle’s medium (Invitrogen, Carlsbad,
CA) containing 10% fetal bovine serum with antibiotics. The lattices were
prepared with a final fibroblast density of 100,000 cells/ml in a 0.6 ml vol-
ume per well in 24-well, non-tissue culture plates (Becton Dickinson, Le
Pont De Claix, France). After polymerization of the collagen (VitrogenTM,
Cohesion Technologies, Palo Alto, CA), the lattices were incubated in 1.0 ml
Dulbecco’s modified Eagle’s medium with or without fetal bovine serum.
Either NC1 or rC7 was added to the individual dishes at concentrations
ranging from 6.25-30 pg. The collagen lattices were incubated at 37 °C with
5% CO, and the contraction of the lattices was measured by weight** All
experiments were carried out in triplicate and repeated three times, and
data points and error bars in the figures represent averages and SDs.
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