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The transforming growth factor-p (TGFf) family plays
a critical regulatory role in repair and coordination of
remodeling after cutaneous wounding. TGFB1-mediated
chemotaxis promotes the recruitment of fibroblasts to
the wound site and their resultant myofibroblastic trans-
differentiation that is responsible for elastic fiber deposi-
tion and wound closure. TGFP33 has been implicated in
an antagonistic role regulating overt wound closure and
promoting ordered dermal remodeling. We generated a
mutant form of TGFB3 (mutTGFB3) by ablating its bind-
ing site for the latency-associated TGFf binding protein
(LTBP-1) in order to improve bioavailability and activity.
The mutated cytokine is secreted as the stable latency-
associated peptide (LAP)-associated form and is activated
by normal intracellular and extracellular mechanisms
including integrin-mediated activation but is not seques-
tered. We show localized intradermal transduction using
a lentiviral vector expressing the mutTGFf3 in a mouse
skin wounding model reduced re-epithelialization den-
sity and fibroblast/myofibroblast transdifferentiation
within the wound area, both indicative of reduced scar
tissue formation.
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INTRODUCTION

The application of gene therapy for scar-free repair of dermal
wounds is a relatively untapped area of regenerative medicine.
Elective and emergency surgeries involve incision wounds that
under most instances will leave a permanent scar that can have
significant psychological consequences to the patient. In addi-
tion, the treatment of keloids and diabetic ulcers are major
therapeutic targets. Emerging protocols seek to combine either
gene-,'* cellular-,*° or molecular-based approaches’ ' to facili-
tate scar-free wound closure. The modulation of growth factors,
most notably the transforming growth factor-p (TGF) family,

at the site of cutaneous wounding has been a major area of
investigation.”!>2

The role of TGFB1 in mediating rapid wound closure and fibrotic
scars is well documented."*~¢ Local TGFp1 activity promotes fibro-
blast migration to the dermal wound site followed by transdifferen-
tiation of these cells to myofibroblasts, which secrete elastic fibers
resulting in rapid contraction and wound closure followed by scar
tissue formation.'”"* We have sought to modulate this profibrotic
response using a gene therapy approach to overexpress the TGFf1
antagonist TGFpB3 in order to reduce scarring. The relative ratios of
the two family members have been shown to be critical in regulat-
ing ordered dermal regeneration or disordered repair.’*-*

The application of recombinant active TGFP3 to the site of
dermal wounds is already in human trials and has proved to be safe
and efficacious.” However, active TGFp is known to have a half-life of
only2-3 minutesin plasma compared to ~100 minutes for thelatency-
associated peptide (LAP) bound inactive form.** Furthermore, the
TGFpP3 LAP contains an integrin binding RGD domain that is now
known to activate the LAP-associated cytokine.>*

We present data describing the development of a lentiviral
vector system to deliver maximal quantities of TGFP3 in a form
that will have the greatest therapeutic effect. We have designed a
mutant TGFP3 (mutTGFp3) variant ablating the binding site of
the sequestering protein, latency-associated TGF( binding pro-
tein (LTBP-1), but retaining the activating RGD integrin-binding
domain. Overexpression of this mutant resulted in greater bio-
availability of active cytokine assayed by reporter gene assays and
scrape assays in vitro. Furthermore, we show that the gene therapy
approach was able to mediate a reduction in markers of scar tissue
formation in a mouse skin wounding model possibly by a mecha-
nism mediated by integrin-LAP activation of TGF{3.

RESULTS

Vector construction

Lentivectors expressing either wild-type LAP-TGF3 (Lnt-TGFp3)
or containing a C25G mutation within the LAP protein
(Lnt-mutTGFP3) were generated. The transgenes were expressed
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from a bicistronic foot-and-mouth disease virus-derived 2A
cassette co-expressing green fluorescent protein (GFP) to mark
transduced cells.?®*

Ablation of LTBP-1 binding to the mutTGFf33

To first confirm expression of TGFB3 in transduced cells, we per-
formed a western blot using a TGFB3 antibody on transduced
murine dermal fibroblast (MDF) cell lysates under nonreducing
conditions to retain noncovalent associations [Figure la(i)]. A
strong 50-kDa band was present corresponding to heterodimers
of LAP-TGF-f3 in TGFB3- and mutTGFp3-expressing cell lysates.
A weaker band was observed at 25kDa corresponding to the acti-
vated homodimer and a still weaker band at 75kDa, which is con-
sistent with uncleaved heterodimers of GFP.2A. TGF-B3. This was
confirmed by the presence of this band on reprobing the blot with
a GFP antibody (data not shown). Importantly, blots consistently
showed a band present at ~200-250kDa for the TGFB3 but not
the mutTGFpB3-transduced cells, the correct size range for the
LAP-TGFp3/LTBP-1 complex. A separate western blot for LTBP-1
on the same cell lysates showed the same >200-kDa band indicat-
ing that this band represents LTBP-1 [Figure 1a(ii)]. These data
confirm that the C25G mutation ablates or significantly reduces
mutTGFpB3 binding to LTBP-1.

TGFB3/mutTGFP3 expression after lentiviral
transduction of murine fibroblasts provide
Smad-specific responses

In order to quantitatively analyze transgene functional activity, we
generated novel cell lines containing Smad-specific bioresponsive
transgenic elements. Enhancer/promoter elements specific and
responsive to TGFp [CAGA ] or alternatively bone morpho-
genic protein (BMP) responsive element (BRE) as a control have
been described in the literature.”**! We engineered these elements
driving the luciferase reporter gene into a lentiviral backbone and
generated viral preps for each. Adult primary MDFs and mouse
fibroblast 3T3 cells were transduced and clonal populations, con-
taining on average a single viral integration (data not shown),
were amplified. The CAGA ,-Luc and BRE-Luc MDF cell lines
were validated by the application of exogenous TGF33 and BMP4
followed by luciferase assay after 6 hours (Figure 1b). Both ele-
ments responded specifically to the appropriate cytokine and were
broadly nonresponsive in all other conditions although there was a
low but unexpected response above background from the BRE-Luc
MDF cells exposed to TGFP3. Next, we used these cells as an assay
platform to quantify TGFB3 secreted into conditioned medium
from MDFs transduced with either Lnt-TGFB3 or Lnt-mutTGFp3.
MDFs were transduced at a multiplicity of infection of 10 and
grown for a further 72 hours. These cells were then cocultured at
aratio of 1:1 with our CAGA |, -Luc and BRE-Luc MDF cell lines.
Cells were lysed after 48 hours and luciferase expression mea-
sured (Figure 1c). In coculture experiments, cells transduced with
TGFpP3- and mutTGFP3-expressing constructs generated a TGFp-
specific luciferase response >30,000- and >40,000-fold higher than
background whereas the BMP-specific response, although signifi-
cantly above background, were only 13- and 71-fold, respectively.
There was no substantial difference in CAGA, -Luc stimulation

between TGFP3- or mutTGFp3-expressing cells.
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Figure 1 Transduction of murine fibroblasts with lentiviruses encod-
ing TGFB3 results in efficient transgene expression and functional
activation of specific bioresponders. (a) To confirm the presence of
transgenic protein in transduced murine dermal fibroblast (MDF) cells,
lysates were subjected to western blot under nonreducing conditions with
a murine TGFB3-specific antibody. A strong 50-kDa band was evident in
MDEF cells transduced with the TGFB3 containing lentivectors and not in
control-transduced cells. This band corresponds to heterodimers of latency-
associated peptide-TGFf33. (i) There were also bands at 25 kDa correspond-
ing to the active homodimer of TGFP33 and a weaker band at 75 kDa, which
corresponds to the predicted size of the uncleaved bicistronic precursor
protein GFP.2A.TGFB3 or GFP.2A.mutTGFf3. (ii) A >200-kDa band cor-
responding to the size expected for the TGFB3/LTBP-1 complex is evident
in the wild-type TGFB3-transduced cells but not the mutant. To confirm
this to be the TGFB3/LTBP-1 complex lysates were blotted with LTBP-1
antibody. (b) Transgenic cell lines were generated from NIH-3T3 cells and
primary adult MDFs that contain a single stably integrated copy of either
the TGFB-specific enhancer elements controlling a murine minimal pro-
moter (CAGA ,) or a bone morphogenic protein-specific Id1 enhancer
elements (BRE) Eoth driving the luciferase reporter gene. These cells were
validated by exogenous application of either TGFf33 or BMP4. Cells were
lysed 6 hours after cytokine application and assayed for luciferase activity
(n =4 £+ SEM). (c) MDF cells, MDF/CAGA(m-Luc cells, or MDF/BRE-Luc
cells were transduced with either Lnt-TGFB3, Lnt-mutTGF(33, or Lnt-GFP
at 10 MOL. Cells were lysed after 48 hours and luciferase activity assayed
(n=4 £ SEM). LTBP, latency-associated TGF3 binding protein; RLU, relative
light units; TGF, transforming growth factor.

mutTGFp3 retards fibroblast migration

and facilitates Smad2/3 intracellular signaling

in an integrin-specific manner

To assess whether transgenic expression of TGFB3 has an effect
on fibroblast migration, we carried out scrape assays on MDF
cells transduced with lentivector expressing either wild-type or
mutTGFp3 or GFP at multiplicity of infection = 10 (Figure 2a and
Supplementary Movie S1A). Over a period of 48 hours, there was
no significant difference between cells transduced with a control
GFP virus and those expressing wild-type TGFB3. However, there
was a significant retardation of migration between cells trans-
duced with Lnt-GFP, Lnt-TGFp3, and Lnt-mutTGFp3 [Figure 2b;
one-way general linear model (GLIM), GFP versus TGFB3 ver-
sus mutTGEp3: P = 0.045]. We hypothesized that this retardation
of migration was mediated through increased bioavailability of
mutTGF(3 and its interaction with integrin. The main integrin
heterodimer by which TGFp is known to interact is avP6 so we
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Figure 2 Expression of mutTGFP3 retards wound closure of in vitro
scrape assays in murine dermal fibroblasts (MDFs). (a) MDF cells
were transduced with lentivectors expressing either wild-type or mutant
(C25G LAP) TGFB3 or GFP control (10 multiplicity of infection) then
seeded on plastic and grown to 90% confluence. A single midline
scrape was made in each well and real-time imaging carried out every
10 minutes over 48 hours full data stream is shown in Supplementary
Movie STA. (b) Migration rates for each group were derived by per-
forming linear regression on the data set from each well (n = 3 £ SEM).
mutTGFf33, mutant transforming growth factor 3.

carried out scrape assays with the f6-transfected VB6 cell line that
overexpresses p6 and its parental cell line C1 when transduced with
our expression constructs at multiplicity of infection = 10. VB6
cells have been modified to express high levels of avp6 and have
been shown to migrate toward LAP using avp6 alone.” The differ-
ential effect upon cell migration of TGFB3 and mutTGFp3 was sta-
tistically significant and this was fundamentally different between
VB6 and C1 cell types (two-way GLIM,; first factor: control versus
TGEF3 versus mutTGFB3: P = 0.034; second factor: VB6 cells ver-
sus C1 cells: P = 0.055; factor interaction: P = 0.014). Migration of
VB6 cells expressing mutTGFB3 was significantly retarded com-
pared with the control group (Bonferroni simultaneous test: P =
0.01; Figure 3 and Supplementary Movie S1B (VB6),GLIM (C1)).
To test whether an interaction with integrin increased intracel-
lular signaling, we designed an experiment where CAGA ,-Luc
MDF cells transduced with Lnt-mutTGFB3 or control Lnt-GFP
(multiplicity of infection = 10) were cocultured 1:1 with 293T
cells or 293T cells stably expressing B3 integrin (293TB3). There
was a significant increase in luciferase activity from mutTGFf3-
expressing CAGA, |, -Luc MDF cells when cocultured with {3 inte-
grin overexpressing cells (Figure 4). This effect was particularly
impressive given that, in contrast, in the control group of Int-GFP-
transduced CAGA(12)-Luc MDF cells, coculture with 293TB3
cells reduced luciferase expression compared with 293T parental
cells. Collectively, these data suggest that mutTGFp3 interacts with
integrins and mediates intracellular Smad2/3 signaling.

Intradermal injection of Lnt-mutTGFp3 at the site

of cutaneous wounding in vivo results in a reduction
of re-epithelialization density

In order to assess therapeutic potential, a single dose of Lnt-
mutTGFp3, Lnt-TGF3 (1 x 10° virus particles), or vehicle control
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Figure 3 mutTGFB3 retardation of wound closure is mediated by
integrin. (a) Scrape assays were set up with the VB6 cell line that over-
expresses 36 VB6 integrin compared to their parental line C1. Cells were
transduced with lentivectors expressing wild-type or mutant TGF@3
or GFP control. Imaging was carried out as described over 48 hours
(Supplementary Movie S1B). (b) Migration rates for each group were
derived by performing linear regression on the data set from each well
(n = 2-3 + SEM). GFP, green fluorescent protein; mutTGFf3, mutant
transforming growth factor 33.

was applied intradermally to opposing flanks of adult CD1 mice
(n = 6). Four hours later a single full-thickness cutaneous inci-
sion 2cm in length was made across the site of injection. Mice
were killed after 14 days and the site of wounding assessed by
histological, immunohistochemical, and molecular analyses.
Successful transduction was confirmed by staining sections
from the center of the wound area with an anti-GFP antibody
(Figure 5a). There was no staining apparent in the vehicle control
[Figure 5a(i)] but widespread GFP staining in the GFP.2A. TGFp3-
[Figure 5a(ii)] and GFP.2A.mTGFpB3 [Figure 5a(iii)]-transduced
wounds. The majority of cells transduced were fibroblastic in
morphology although there was also evidence of transduction of
other cell types such endothelial cells and follicular cell types (as
identified by histology). Quantitative PCR analysis of tissue dis-
sected from the wound site revealed that there was a higher level
of GFP expression in animals transduced with the TGFB3 vector
compared to mutTGFP3 consistent within data sets suggesting a
slight difference in transduction efficiency (Figure 5b).

We analyzed wound re-epithelialization area on hematoxylin
and eosin stained sections taken at 50-pm intervals from the center
of each wound site [Figure 5c(i-iii)] and quantified using image
analysis software (Image J; NIH, Bethesda, MD) (Figure 5d).
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Figure 4 mutTGFpB3-activated intracellular Smad2/3 signaling is
increased in the presence of integrin. (@) Murine dermal fibroblast
(MDF) cells stably expressing a single copy of the Smad2/3 responsive
element CAGA,,, and minimal promoter driving luciferase were trans-
duced with Lnt-mutTGFB3 or Lnt-GFP (multiplicity of infection = 10).
These cells were cocultured with 293T cells overexpressing 33 integrin
293TB3 or 293T parental cells were. Overexpression of integrin could
increase activation of mutTGF@3 in an RGD-specific manner. The green
jagged cells represent the reporter MDF/CAGA,,, -Luc cells, the circular
cells represent integrin overexpressing (top panef) or their parental line
(bottom panel). The blue squares represent activated TGF(3, the open
squares represent inactive latency-associated peptide (LAP)-associated
TGFB3. LAP association with integrin activates a tethered form of TGF(3.
(b) Cocultures were grown for 48 hours then lysed and luciferase activ-
ity quantified. There was a significant increase in luciferase activity in the
presence B3 integrin (n = 4 £ SEM). mutTGF3, mutant transforming
growth factor 3.

Vector treatment had a significant effect on wound healing [one-
way GLIM, phosphate-buffered saline (PBS) versus Lnt-TGFB3
versus Lnt-mutTGFB3: P < 0.001]. Vehicle- and Lnt-TGF(3-
treated wound closure resulted in a thickened epidermal layer but
Lnt-mutTGFp3-treated animals showed a substantial reduction
in epidermal thickness at the wound site. In many instances, the
wound site was indiscernible from the peripheral continuum. The
epidermal area of Lnt-mutTGFp3-treated wounds was signifi-
cantly smaller than either Lnt-TGFf3- or vehicle-treated wounds
(Bonferroni simultaneous test: P < 0.001 for both).

Lnt-mutTGFpB3 transduction results in a reduction

of fibroblast to myofibroblast differentiation

We further investigated the migration of fibroblasts at the wound
site and their subsequent transdifferentiation to myofibroblasts.
Sections were immunostained for the presence of vimentin, a fibro-
blast-specific marker (Figure 6a) and smooth muscle actin (SMA),
a myofibroblast marker (Figure 6b). Furthermore, representative
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Figure 5 Mice were treated with a single intradermal injection of
1 x 10°vp of lentivirus expressing either TGFf3, mutTGFB3, or a sham
PBS injection. This was followed by a full-thickness midline incision of
the skin over the injection site 4 hours later. After 14 days, the animals
were sacrificed and the incision site was dissected out and analyzed by
immunohistochemistry and real-time gPCR. (a) Sections were stained for
GFP (i) PBS, (ii) Lnt-TGF3, (iii) Lnt-mutTGFB3 which showed GFP posi-
tive fibroblasts (white arrow) and other cell types such as endothelium
(yellow arrows). Images are representative for each treatment (n = 6).
(b) Relative levels of GFP were quantified using qPCR with an n of three
samples carried out duplicate. (¢) H&E stained sections were analyzed
for re-epithelialization area at the site of incision (i) PBS, (ii) Lnt-TGFf3,
and Lnt-mutTGFB3. (d) Quantification of re-epithelialization using Image
J analysis software of at least 10 sections cut at 50 micron intervals across
the wound site for each treatment group and expressed in microns sq.
(n =4, 3, 4, respectively). mutTGFB3, mutant transforming growth fac-
tor B3; PBS, phosphate-buffered saline; qPCR, quantitative PCR; vp, virus
particles.

wound site tissues were analyzed by semiquantitative reverse
transcription-PCR for the presence of mRNA for the same mark-
ers (Figure 6¢). There was no significant difference between the
treatment groups for expression of vimentin. This would suggest
that TGFP3 does not act on the recruitment of fibroblasts to the
dermal wound site. However, there was a significant effect of vec-
tor injection on SMA expression (one-way GLIM, PBS versus
Lnt-TGFpB3 versus Lnt-mutTGFp3: P = 0.023). There was a sig-
nificant decrease in the quantity of myofibroblasts evident from
SMA staining at the wound site in mutTGFB3 compared with PBS
injection (Bonferroni simultaneous test: P = 0.037). Collectively,
the in vivo data show that transgenic expression of the mutant
LAP(C25G)-TGFp3 at the site of cutaneous wounding results in a
significant reduction in re-epithelialization density and fibroblast
to myofibroblast differentiation, both markers of scarring.

DISCUSSION

We have designed a proof-of-principle gene therapy strategy
based on TGFf3 transgenic expression for the reduction of scar
tissue formation after cutaneous wounding. There are currently
Phase II/III clinical trials underway using application of exog-
enous active TGFP3 but the cytokine is unstable in this form used
in these trials and as such the therapeutic window is limited. Such
treatment is viable for incisional wounds in elective surgery but
less so for trauma, keloids, or diabetic ulcers. We hypothesized
that gene delivery of the complete latency-associated TGFp3
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Figure 6 Transgenic overexpression of TGFB3 decreases fibroblast
to myofibroblast differentiation at the site of cutaneous wounding
in vivo. (a,b) Wound sections were stained immunohistochemically for
fibroblast (a: vimentin) and myofibroblast (b: SMA) markers after treat-
ment with [a and b(i)] PBS, [a and b(ii)] Lnt-TGF(33, or [a and b(iii)]
Lnt-mutTGFpB3. Representative images from at least three sections from
each animal (n = 6). (c) Real-time reverse transcription-PCR showed that
there was a small but nonsignificant increase in vimentin expression but
a significant decrease within both TGFB3 application groups and the
PBS control (n = 4) as well as a significant decrease between the Lnt-
mutTGFB3 and Lnt-TGFB3 treatment groups. PBS, phosphate-buffered
saline; SMA, smooth muscle actin; TGF, transforming growth factor.

could provide a stable supply of endogenously activated cytokine
at the site of cutaneous wounding if LTBP-mediated sequester-
ing could be ablated. Furthermore, the LAP is known to con-
tain an RGD motif that associates with integrin subunits 3/p6
that activates the tethered form of TGFP3.2*” We believe that
this component of TGFP3 activation is critical in cell:cell and
cell:extracellular matrix communication that mediates coordi-
nated wound closure.

We generated two lentiviral expression vectors containing
either the murine LAP-TGF3 or a mutant version with a C25G
amino acid substitution in the LAP protein designed to remove
the Cys residue that forms a disulfide bridge between LAP and
LTBP-1. Primary MDFs transduced with these lentivectors were
analyzed for expression of TGFB3 by western blot under nonre-
ducing conditions. The expected expression profile of active and
inactive heterodimers was observed, but importantly a band
was evident at >200kDa for the TGFp3-expressing cells but not
mutTGFP3 which was consistent in size with the LAP-TGFp3/
LTBP-1 complex. We further confirmed this by reprobing the blot
with an LTBP-1 antibody and the same sized band was apparent.

To test the functional activity of these vectors, we generated
novel bioresponsive MDF cells containing a single stably express-
ing copy of the firefly luciferase gene under the control of either
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a TGFp (Smad2/3) or BMP (Smad1/5/8) responsive promoter/
enhancer element. These were compared to the 3T3 mouse fibro-
blast cell line. Previous analyses with such responsive elements
have been conducted by transient transfection on permissive cell
lines*~*¢ or using a mink lung epithelial cell line, which may bear
little phenotypic resemblance to clinically relevant cell types.”” All
four of our cell lines were strongly responsive to specific growth
factor activation. The primary MDF-CAGA ,-Luc (Smad2/3)
and MDF-BRE-Luc (Smad1/5/8) cells were used to assay the bio-
logical activity of our TGFB3-expressing lentivectors. Both vectors
efficiently activated the Smad2/3 responsive reporter in MDFs.
The Smad1/5/8 responsive reporter was also activated above back-
ground but many thousand-fold less. This low level of activation
could be due to diverse crosstalk between the two signaling path-
ways or nonspecific activation at high concentrations of TGFB3
but would require further investigation.

Having shown evidence that LTBP-1 sequestering is ablated
in our mutant, we designed experiments to show that the LAP
and mutated LAP (C25G) of TGFp3 interacted with and were
activated by integrins. Our initial analysis was to assess cell migra-
tion using scrape assays as integrins are known to be involved in
cell motility.*® We initially used primary MDFs transduced with
the mutant and wild-type TGFB3 constructs compared to GFP
control-transduced cells. Interestingly, there was no significant
difference in scrape closure for wild-type TGFp3-expressing cells
versus controls but a significant retardation in cell migration was
observed in the mutTGFB3-expressing cells. Thus, we conclude
that the mutTGFp3 is interacting with MDFs via a mechanism
that retards migration and is biologically more available than the
wild-type protein. We carried out further scrape assays with the
VB6 cell line that overexpresses 36 integrin, which has been shown
to interact with TGFp family members.”*” In VB6 cells but not
the parental cell line, C1 migration was significantly perturbed in
cells expressing the mutant when compared to the wild-type form
of TGFP3 or control cells. This retardation in cell migration would
suggest that TGF(B3 does interact with integrin but that TGFp3
interaction with LTBP-1 masks any phenotypic effect possibly by
reducing bioavailability. We would have ideally liked to corrobo-
rate our data by using integrin inhibitors; however, the real-time
imaging is a closed system and inhibitors would have to be added
multiply over the imaging time frame to be effective.

The scrape assays show that mutTGFp3 significantly decreases
cell migration in integrin overexpressing cells, which is indicative
of direct interaction between cytokine and integrin but does not
provide evidence of the activation of downstream intracellular
signaling. In an attempt to resolve this, we designed a coculture
experiment where MDF-CAGA ,-Luc Smad2/3 reporter cells
were transduced with Lnt-mutTGFpB3 or control vector and mixed
with 293T cells or 293T cells overexpressing p3 integrin (293Tf3).
We observed a significant increase in Smad2/3-mediated luciferase
reporter expression 293TP3 cocultures compared to controls. In
combination, these data provide strong evidence that mutTGFpB3
is more bioavailable than the wild-type; it interacts with and is
activated in the presence of integrin.

In order to evaluate the efficacy of lentiviral delivery of
mutTGFp3 as a gene therapy for cutaneous wounding, we admin-
istered a single dose of 1 x 10° virus particles to the flanks of mice
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before a full-thickness cutaneous incisional wound. Mice were
killed after 14 days and the wound site assessed for markers of scar
tissue formation. We chose this time frame as full-thickness der-
mal wounds in mice are known to repair quicker than in humans.
A 14-day period has previously been shown to encompass wound
closure and re-epithelialization.*** Transduction efficiency was
assessed by GFP expression using GFP antibody staining of sections
and quantitative reverse transcription-PCR on mRNA prepared
from tissue surrounding the wound site. We observed consistently
higher levels of transduction in the GFP2A. TGFp3-treated group
than the GFP.2A.mutTGFpB3 group even though both viral prepa-
rations had been normalized by physical titer before application.
A possible explanation for this anomaly is that there was a higher
comparative biological titer (infectious units) for the LNT-TGFp3
than the Lnt-mutTGFp3 despite the physical titers (viral particles)
being the same. However, despite this difference, it was starkly
apparent on analysis of hematoxylin and eosin stained histologi-
cal sections that the re-epithelialized epidermis was significantly
smaller in area above the wound site in mutTGFpB3-treated skin
compared to TGF[3- or PBS control-treated wounds. There was no
significant difference between TGFB3- and PBS-treated wounds.
It was apparent from multiple sections that re-epithelialization
in the mutTGFp3-treated wounds was similar and in some cases
indiscernible to that of the surrounding skin. We conclude that
coordinate wound re-epithelialization is enhanced by the over-
expression of mutTGFpB3.

Having observed a more coordinated re-epithelialization at
the wound site in mutTGFp3-transduced skin, we analyzed other
aspects of wound healing. Wound closure is characterized by
fibroblast migration to the site of injury followed by fibroblast to
myofibroblast transdifferentiation. To assess whether TGFB3 over-
expression negatively affects this process, we stained treatment and
control group wound sections and quantified vimentin and aSMA
mRNA from tissue: markers of fibroblasts and myofibroblasts,
respectively. There was no significant difference in the amount of
vimentin in each sample group, which leads us to believe that the
overexpression of either mutant or wild-type TGF(3 at 14 days
does not lead to a reduction in fibroblast number. However, of great
significance is the pronounced reduction in levels of the myofibro-
blast marker aSMA the mutant but not wild-type TGFp3 treatment
compared to PBS controls. This provides strong evidence that the
presence of mutTGFB3 at the wound site significantly reduces the
amount of myofibroblasts present.

In conclusion, we have shown proof-of-principle for a gene
therapy treatment strategy for coordinated wound closure and
reduction of scar tissue formation after cutaneous wounding. Our
data corroborates the clinical efficacy shown by Ferguson’s team
that TGFpB3 is a viable antiscarring treatment.® We have shown
that the TGFB3 LAP has therapeutic significance by controlling
cytokine release and integrin-mediated activation. By mutating
the TGFB3 LAP’s LTBP-1 binding domain while retaining the
integrin-binding RGD domain, we have retained the activation
component of LAP while increasing bioavailability at the wound
site. We believe that this activity is instrumental in controlling
fibroblast to myofibroblast transdifferentiation. Significantly, this
component is lacking in current therapeutic strategies. This study
was designed using lentiviral vectors as they have been shown

Molecular Therapy vol. 18 no. 12 dec. 2010

TGFB3 Reduces Markers of Scar Tissue Formation

to elicit comparatively low immune and localized inflammatory
responses.*"** An ideal preclinical strategy would be to combine
these attributes with transient expression as therapeutic strategies
for chronic wound closure would involve a treatment window of
weeks and not months. Although we have used integrating len-
tivirus vectors in these proof-of principle studies, in future stud-
ies we aim to utilize novel integration defective lentivectors***
to effect transient expression and avoid adverse events associated
with genome integration.*

MATERIALS AND METHODS

Construction, production, and validation of lentiviral constructs. For the
production of pseudotyped lentivector, third-generation human immuno-
deficiency virus-1 cassettes based on those originally described by Dull
et al. were used.”® Latency-associated TGFB3 plasmid pTGFp3 (GenBank:
NM_009368) was obtained from ATCC (Manassas, VA). TGFp3 was PCR
amplified from pTGF3 including flanking EcoRI and Sall sites using the
following primers 5’-gaattctatgcacttgcaaagggctctgg-3’, 5’-gtcgacttattatcaget
gcacttacac-3" and cloned downstream (and in-frame) of the 2A sequence in
pSP72-2A. Subsequently, enhanced GFP was PCR amplified with NotI/Xhol
flanking sites using the following primers 5’-gcggccgeatggtgageaagg-3,
5’-ctegagecttgtacagetegtecatgee-3” and cloned upstream of and in-frame
with the 2A sequence by a NotI/Xhol digest creating the bicistronic vec-
tor pSP72-GFP-2A-TGFP3. GFP-2A-TGFP3 was subsequently excised
using a NotI/Sall digest and inserted into our K2 lentivector to provide
K2cmvGFP-2A-TGFB3 (Lnt-TGFP3). mutTGFP3 was produced from
pSP72-2A-TGFp3 by site-directed mutagenesis (Stratagene, Amsterdam,
Netherlands) of the 25th residue of the TGF3 LAP mutating a Cys->Gly
by a single T->G base change with the following mutagenesis primers; 5"-cc
actggcaccacgttggacttcggccacatcaagaagaagag-3'; 5'-ctcttcttcttgatgtggecgaag
tccaacgtggtgecagtgg-3” to produce the vector Lnt-mutTGFf3.

Lentiviral vector expressing GFP under the cytomegalovirus
promoter and the plasmid expressing the vesicular stomatitis G protein
have been previously described.*”* Lentivectors expressing Smad-specific
promoter driven luciferase vectors were constructed as follows. Both the
PCAGA,;, -Luc and the pBRE2-Luc inserts (plasmids were a kind gift from
Louise Reynolds, QMUL and based on a pGL3 background) were excised
by cutting with MIul/Xbal and ligated directly into MIul/Nhel sites of
the K2 lentivector multicloning site. All positive clones were validated
by sequencing. Lentivectors were prepared as previously described.”
Viral titers were determined by transduction and flow cytometry of
GFP expression in 293T cells, or by p25 enzyme-linked immunosorbent
assay (Beckman Coulter, High Wycome, UK) or colorimetric Reverse
Transcriptase assay (Roche Diagnostics, Burgess Hill, UK).*

Evaluation of TGFf33 transgene expression and function

Smad-activated luciferase assay: MDF were isolated as previously described
by DiPersio et al.®* MDF or NIH-3T3 cells were expanded to ~60%
confluence and transduced with an human immunodeficiency virus-1
based third-generation lentivirus expressing a luciferase reporter gene
under the control of either a Smad 2/3-specific CAGA, ,, enhancer® or a
Smad 1/5-specific BRE2 promoter® combined with a minimal promoter.
Clonesthat contained, onaverage, asingleintegration of transgenicreporter
were isolated. Integrations were analyzed by quantitative PCR on an ABI
Prism 7000 real-time PCR machine using the following primers for viral
integrations (WPRE: 5’-tggattctgcgcggga-3"; 5'-gaaggaaggtccgetggatt-3”)
and the mouse-specific primers for estimating cell number (Titin M
ex5: 5'-aaaacgagcagtgacgtgage-3'; 5 -ttcagtcatgetgetagege-3” primers and
plasmid standard were a kind gift from Anne Galy, Genethon, France).
Cells were then replated 72 hours later in the absence of serum and either
subjected to exogenous TGFf3, BMP4 (both R&D Systems, Abingdon,
UK) and lysed after 6 hours or cocultured with MDFs transduced with
LntTGFB3/Lnt-GFP and lysed 48 hours later. Cell lysate was assayed
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for luciferase expression using the Promega luciferase assay kit and
a Berthold Flashn’'Glow LB955 (Berthold, Herts, UK) luminometer.
Relative luciferase activity was expressed in arbitrary units with respect to
total protein measured by standard Bradford assay as by manufacturer’s
instructions (Bio-Rad, Herts, UK).

Western blot: Rabbit anti-TGFpP3 antibody and sc-83 rabbit polyclonal
IgG were supplied by Santa Cruz Biotechnology (Santa Cruz, CA) rabbit
anti-GFP polyclonal antibody was supplied by AbCam (Cambridge,
UK). LTBP-1 antibody was a kind gift from Sarah Dallas, University of
Missouri, USA. Nondenaturing western blots were carried out using
standard protocols.

In vitro scrape assays: MDE, VB6, C1 cells were transduced with
lentivector either expressing TGF-f3, mutTGFEp3, or a GFP control and
allowed to reach 80-90% confluence. Twenty-four hours later, cells were
serially washed in PBS to remove serum and grown in Advanced Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
ITS+1 (Sigma-Aldrich, St Louis, MO). Scratches (1mm) were made
across the diameter of each well using CytoSelect inserts (Cell Biolabs,
San Diego, CA). Scratch closure was measured using a Cell-IQ (Chipman
Technologies, Tampere, Finland) real-time imaging platform and data
managed using Chipman Technologies software.

In vitro coculture assays: 293TP3 and the parental 293T cells were
transduced with lentivirus either expressing TGF-f3, mutTGFp3, or
a GFP control were mixed 1:1 with MDF-CAGA ,-Luc cells. Cells
were cocultured for 48 hours in serum-depleted Advanced Dulbecco’s
modified Eagle’s medium (Invitrogen) medium supplemented with ITS+1
(Sigma-Aldrich). Cells were subsequently lysed and luciferase expression
quantified.

Intradermal injection and full-thickness dermal wounding in vivo:
Male CD1 mice (Harlan UK, Wyton, UK) were used in this study. Mice
were anesthetized by inhalation of isofluorane (Abbot Laboratories,
Maidenhead, UK). For full-thickness cutaneous incision, a 2-cm line was
drawn on the underside midline of each animal and at the midpoint of that
line a single, intradermal injection of high titer lentivirus (25 pul volume)
was administered. The resultant bleb was softly massaged into the skin
and the animals allowed to recover. Thirty minutes later a single 2-cm,
full-thickness dermal incision was performed along the midline and a
single 5/0 Mersilk suture (Ethicon, Brussels, Belgium) placed ~3 mm from
each end to secure the wound. Animals were kept in a warmed cage in
an undisturbed environment until awake and active. Animals were killed
at defined time points, the wound site excised, dissected, and halved.
Half was frozen at —80°C for isolation of mRNA, the other half fixed in
4% paraformaldehyde and analyzed histologically. All animal work was
carried out under United Kingdom Home Office regulations and was
compliant with the guidelines of the Imperial College London ethical
review committee.

Real-time semiquantitative PCR: Total RNA was extracted from
frozen dermal tissue using the RNeasy kit (Qiagen, Crawley, UK) as per
manufacturer’s instructions. RNA preparations were subjected to DNase I
treatment (1 U/pg total RNA) (Invitrogen) for 30 minutes at 37 °C before
complete denturation of the enzyme by heating to 70°C for 15 minutes.
First strand complementary DNA was synthesized from 2 pg total RNA
using MoMLV Reverse Transcriptase (Roche Applied Science) and random
hexamer primer as per manufacturer’s instructions. Real-time PCR was
carried out using a SYBR Green qPCR kit (Eurogentec, Liege, Belgium)
and ABI Prism (Applied Biosystems, Warrington, UK). Primers were as
follows; GFP 5'-taaacggccacaagttcagegtgt-3’, 5'-ttctegttggggtctttgetcag-3’,
vimentin 5’-aagagaactttgccgttgaa-3’, 5'-gtgatgctgagaagtttcgt-3’, SMA 5'-ag
attgtccgtgacatcaagg-3’, ttgtgtctagaggeagage-3’, GAPDH 5’ - tgcaccaccaactge
ttag-3’, 5'-ggatgcagggatgatgttc-3”.

Histochemistry and immunohistochemistry: Excised skin tissue sections
were fixed in 4% paraformaldeyhde for 16 hours at 4°C and 4-um paraffin
sections cut at 50-um intervals. Sections were stained for the following
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polyclonal antibody markers, all raised in rabbit, and counterstained with
hematoxylin and eosin: anti-GFP (AbCam), anti-mouse SMA, anti-mouse
vimentin, and anti-mouse pancytokeratin (all Santa Cruz Biotechnology).
Antibody was detected using the Envision+ system-HRP kit (Dako, Ely,
UK) and slides analyzed by differential interference contrast imaging on
an Olympus BX51 microscope (Olympus, Southend-on-Sea, UK). When
comparing sections, positively stained cells were counted and confirmed
by the presence of a single localized nucleus. All animal experiments
were carried out on cohorts of six mice and for every mouse at least four
independent sections were counted with at least 100 pm between any
serial sections to avoid counting cells twice.

Statistical analyses. For analysis of scrape closure (Figures 2 and 3) each
cell migration data set was normalized to zero starting point and a linear
regression performed to derive a rate of migration (line gradient) for
each well. This provided a single data point for each well. For comparison
between multiple groups with either one or two levels, a GLIM was used.
For pairwise comparisons, Bonferroni simultaneous tests were subse-
quently performed (Figures 2 and 3). All analysis was performed using
Minitab software (Minitab, Myerstown, PA).

SUPPLEMENTARY MATERIAL

Movie S1. Images were captured every 10 minutes over a period of
48 hours using a x10 objective and digital zoom on a Cell-IQ (Chipman
Technologies) imaging platform.
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