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Abstract

Because there are few reports using gene delivery in clinically-approved synthetic matrices, we
examined the feasibility of using a noninvasive imaging system to study the kinetics of luciferase
gene expression when delivered in an adenoviral vector. Using a mouse model of full thickness injury,
we quantified the kinetics of gene expression, determined the optimal dose of particle delivery, and
established the temporal importance of drug delivery in obtaining optimal gene expression.
Specifically, we found that the ideal time to deliver adenovirus to a graft is during the early phase of
graft wound closure (days 0-3 post-operatively) for a peak of gene expression to occur 7 days after
delivery. Under these conditions, there is a saturating dose of 6 x 108 adenoviral particles per graft.
In light of these findings, we examined whether the efficacy of delivery could be increased by
modulating the composition of the grafts. When a collagen gene-activated matrix (GAM) containing
basic fibroblast growth factor (FGF2) was compared to matrix alone, a significant increase in gene
expression is observed when identical amounts of vector are delivered (p < 0.05). Taken together,
these results show how a noninvasive and quantitative assessment of gene expression can be used to
optimize gene delivery and that the composition of matrices can dramatically influence gene
expression in the wound bed.
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1. Introduction

Cutaneous wounds are a significant clinical problem in acute and chronic injury and, because
they are often associated with unsatisfactory outcomes for patients, there have been numerous
efforts to develop optimized biomaterials to promote tissue repair. While advances in wound
care technologies have increased the range of treatment options, there remains a significant
clinical need to accelerate healing, limit infection, and reduce scarring. Partial or full thickness
excisions followed by grafting are among the most widely used treatments for cutaneous
wounds, including burns, and chronic wounds. To date however, the deployment of gene-based
medicines in conjunction with these grafts has not been fully exploited in the post-genomic
era. Accordingly, while the benefit of specific cellular and acellular graft matrices is clinically
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accepted [1-3], the delivery of genes to the wound bed has largely focused on strategies using
incisional and punch wounds [4-9] that are distinct from accepted clinical protocols for severe
burn injury and wound healing. With the widespread use of biosynthetic grafts, advances in
noninvasive imaging, and a better understanding of the cell biology of synthetic graft models
[2,10], we are now able to better examine gene delivery to the wound bed through quantitative
and noninvasive techniques.

Recently, several strategies have been tested to restrict foreign genes to the wound bed [4-7,
9,11,12]. One approach, for example, is to embed gene delivery vectors in a porous degradable
matrix prior to implantation [9,11,13]. In this approach, matrices stabilize vectors for the
purpose of gene delivery and likely serve the dual function of also promoting the recruitment
and infiltration of host cells adjacent to the wound to stimulate the internalization and
expression of the gene of interest [3,14,15]. We have recently characterized the kinetics of
vascular remodeling in a synthetic graft model and identified distinct phases of vascular leak
that precedes re-epithelialization (early phase) vs. neovascularization and re-epithelialization
(late phase) that likely influences gene transduction in vivo [16]. Using a full thickness
cutaneous wound grafted with a synthetic cross-linked collagen—glycosaminoglycan matrix
(Integra™) in mice, full wound coverage and healing occurs within 7-10 days, followed by
contraction and vascular consolidation (i.e. reduced vascular permeability and stabilized
angiogenesis) of the wound bed by 21 days [16]. We propose that these biosynthetic grafts
provide a protected wound microenvironment suitable for the delivery of genes and growth
factors. While the topical treatment of wounds with various gene products has been shown to
lead to accelerated wound closure in many animal models [9,17-19], the clinical outcomes
following these therapies has been generally poor.

Evaluation of the host response to various treatments and biomaterials has traditionally
involved excision of the area of interest and ultimately, the loss of the animal. Noninvasive
techniques, such as bioluminescence, which uses a cooled CCD camera to quantify photons of
light emitted from specific molecules, allows investigators to evaluate the response to a
treatment over time in each animal. Not only can this be more cost-effective by limiting the
materials and time needed for tissue analysis, but it can also be tailored to test specific
therapeutic strategies. The gene for luciferase, the enzyme which converts D-luciferin to
oxyluciferin thereby emitting photons of light [20], can be incorporated into various vectors
for delivery to target tissues [21,22]. Using firefly luciferase as an in vivo reporter that we can
measure noninvasively, we were able to assess the localization and quantify the expression
levels dynamically over an extended time (up to 40 days post-operative). These studies
establish the preclinical parameters for the design and delivery of adenovirus vectors, a gene
delivery system with a generally well-tolerated profile in animal models and humans [23-
25].

The first goal of this study was to define the parameters (i.e. Kinetics of expression, dosing,
and timing) of gene delivery using aqueous Ad-luc as a sensitive, quantitative, and noninvasive
reporter in the grafted wound bed. The second goal was to assess the potential for growth factor
inclusion (i.e. FGF2) within lyophilized type | collagen matrices to mediate a more efficient
gene expression with a stabilized gene-activated matrix (GAM). Previous studies with GAMs
have shown the capacity to mediate the delivery of growth factors in several models of healing
[26-29], but they have not been previously tested in a grafted wound model.

2. Materials and methods

2.1. Reagents

Replication-deficient adenovirus (Ad5) expressing either firefly luciferase (Ad-luc) was
amplified in 293 cells and purified to obtain titers of at least 2 x 1010 particles per mL that

Biomaterials. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peterson et al. Page 3

were subject to serial dilution for the various assays. FGF2 (R & D Systems, Minneapolis,
MN), and type I collagen (PureCol, 3.1 mg/mL) were obtained from INAMED (Fremont, CA).
Silicone-backed Integra™ was used in all graft studies (Integra Life Sciences, Plainsboro, NJ).

2.2. GAM preparation

To prepare a1 mL GAM (i.e. the volume used to prepare a lyophilized GAM for one mouse),
0.1 mL of 10x PBS was added to 0.8 mL bovine type I collagen and mixed. pH was adjusted
to 7.4 with 0.1 N NaOH and 0.05 mL of Ad-luc (2 x 1011 particles/mL) added with or without
FGF2 to promote invasion of host cells into the GAM (4 ng/mL final concentration). Following
flash freezing in liquid nitrogen, samples were lyophilized and administered to the animal by
insertion under the graft.

2.3. Mouse graft model

All procedures were approved by the UCSD Institutional Animal Care and Use Committee.
Male C57BL/6 mice, ranging in age from eight to sixteen weeks old, were used for the
experiments. Mice were anesthetized with isoflurane, the dorsum of the animal was removed
of hair and the surgical site prepared using aseptic technique. A full thickness circular wound
measuring 1.5 cm in diameter was marked to the right of midline using a standard template
and the skin, subcutaneous tissue, and fascia was excised. Grafts of 1.5 cm in diameter were
secured with approximately seven silk sutures. Animals received 1.4 mL normal saline
resuscitation and 0.05 mg/kg buprenorphine subcutaneously post-procedure. Animals were
recovered and returned to the vivarium with twelve hours of light/dark cycles and free access
to food and water. At the completion of the study, animals were euthanized and tissue was
collected for analysis. Aqueous Ad-luc was injected (50 pl of 2 x 101 particles/mL diluted to
a total volume of 150 ul sterile PBS) with a 0.5 mL low void volume syringe three days after
grafting surgery (Figs. 1 and 2), or at various days following surgery (Fig. 3). Alternatively,
lyophilized GAM containing Ad-luc was placed under the graft immediately following the
grafting as the last step before closing the wound site (Fig. 4).

2.4. Noninvasive in vivo imaging of wound healing

Mice were anesthetized with isoflurane and subjected to intraperitoneal injection with the
substrate D-luciferin (1.5 mg in avolume of 150 pl in saline) (Caliper Life Sciences, Hopkinton,
MA). Following a five-minute incubation to obtain steady state kinetics of substrate
distribution, mice were imaged on a Lumina CCD Imaging System (Caliper Life Sciences,
Hopkinton, MA) according to manufacturer recommendations. Exposure-matched images
were acquired and analyzed with Living Image software (Version 3.0) (Caliper Life Sciences,
Hopkinton, MA). All animal images shown in this study were exposure-matched (i.e. matching
color bar upper and lower limits in each panel). Regions of interest with bioluminescence in
the wound area vs. a matched size in the flank were used as controls for image acquisition.
Each image was quantified in units of photons/s/cm?/steradian to obtain a fold change of wound
area signal over control area signal (i.e. Fold Change Over Control), as plotted in the figures.

2.5. Statistical analysis

The fold change of bioluminescence in the wound vs. control was analyzed in at least four
animals in each group at each time point to obtain statistical significance. The Mann-Whitney
U test was used to analyze the data and data with a p-value of less than 0.05 was deemed
significant.
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3. Results

3.1. Quantification of adenovirus-mediated gene expression

To quantify the kinetics of adenoviral-mediated gene delivery in a full thickness wound graft,
we examined the persistence of firefly luciferase gene expression over an extended time. Mice
(C57BI/6) were subjected to full thickness wounds and grafted on Day 0 with Integra™ matrices
as previously described [16]. On the third day post-surgery, animals were injected with aqueous
Ad-luc (5 x 108 particles/graft) under the graft and the effects of the biomaterial on gene
expression were evaluated. Following incubation for various time points (3, 7 and 10 days
post-injection), mice were anesthetized and imaged with a deep-cooled CCD camera imaging
system as described in Materials and methods. Representative exposure-matched images of
the same mouse demonstrate the capacity to serially image the same subject, quantify gene
expression, and localize expression to the grafting site (Fig. 1A). Quantification of the response
over an extended time of up to 42 days post-injection revealed a significant increase in gene
expression that, when expressed as fold increase in the local wound bed vs. control flank tissue,
showed a maximum increase of >700 fold at 7 days (Fig. 1B, p < 0.05). This gene expression
decreased to a steady and lower level of 10-fold for up to 42 days. These findings suggest that
a high initial gene expression (i.e. within 7 days of injury) is compatible with a likely optimal
therapeutic window and correlates with the kinetics of graft re-vascularization and subsequent
wound closure previously shown in this graft model [16].

3.2. Determination of the optimal dose of adenovirus vector

We next determined the optimal dose of adenovirus in the full thickness wound graft model.
Serial dilutions of Ad-luc were injected under the graft on the third day after wounding and
imaged over 4-14 days post-injection. Gene expression was quantified as described in
Materials and methods. By 4 days post-injection, the dose of 6 x 108 particles led to a similar
transduction level as doses up to 9 x 10, suggesting saturation of this model at 6 x 108 particles
per graft. This response was generally maintained when imaged and quantified at days 7 and
14 after injection (Fig. 2). Lower concentrations of Ad-luc (i.e. 3 x 107 to 1 x 108 particles/
graft) lead to decreased transduction levels throughout the 14-day time course.

3.3. Establishment of the optimal time of adenovirus injection after wounding

We have previously shown that extensive vascular remodeling occurs in the first 7 days
following graft placement on a full thickness excisional wound [16]. Therefore, we examined
whether administration of adenoviral particles at different days following the surgical grafting
would influence gene delivery. While studies in Figs. 1 and 2 evaluated the effects of injecting
virus under the graft at day 3 post-grafting, we examined the response if mice were injected
either immediately after grafting at day O (i.e. Post-Grafting Day (PGD) 0), day 3 (PGD 3), or
day 7 post-graft (PGD 7, Fig. 3), Images were taken at 4, 7, 14 days after the injection of
adenovirus. Significant increases in adenoviral-mediated gene delivery of luciferase over
control flank regions were observed in the PGD 3 group (Fig. 3, p < 0.05), similar to levels
observed when the virus was injected immediately after grafting (PGD 0). In contrast, there
was a substantial decrease in gene transduction when the injection was performed 7 days after
placement of the graft (i.e. PGD 7). These data suggest that the early time points (i.e. PGD 0
or 3), which are associated with tissue remodeling rather then consolidation, are most amenable
to adenoviral-mediated gene transduction.

3.4. Evaluation of the effects of matrix-stabilized adenovirus with fibroblast growth factor-2

If the results above point towards the importance of the time of delivery to observe gene
expression, they also infer the importance of administering virus during the proliferative phase
of tissue remodeling. This in and of itself suggests that the biomaterials used to construct the
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grafts could be modified to enhance gene delivery. Indeed, whereas aqueous gene delivery is
the most common approach for administering viral vectors in vivo, lyophilized (i.e. stabilized)
preparations of adenovirus can also be formulated in collagen for stabilization and sustained
gene delivery to the wound bed [30]. If, as predicted, the proliferative induction by biomaterials
is critical for gene expression, we reasoned that growth factor supplementation of the
biomaterial would enhance gene delivery by providing a chemotactic gradient promoting host
cell infiltration. Lyophilized GAMs consisting of bovine type | collagen and adenovirus were
prepared with and without the growth and angiogenic factor, FGF2. When the grafted
biomaterial is placed into a full thickness excisional wound immediately after grafting, we
observed a 40-fold increase in gene delivery to the wound bed (Fig. 4, p < 0.05) that is directly
attributable to FGF2 and confirms that the formulation of mixed biomaterials can be further
designed for increased—and optimized—gene expression.

4. Discussion

Gene delivery is an emerging technology in the field of tissue repair and is being used to
administer genes that promote the natural physiologic response to injury [31-33].
Unfortunately, because there are few technologies to evaluate the efficacy of biomaterials in
gene delivery, there is very little information defining the kinetics and dosing of the gene
payloads in graft microenvironments. To this end, we investigated whether noninvasive
imaging techniques that can monitor gene expression in vivo could be deployed with a murine
biomaterial grafting model of tissue repair to assess drug effectiveness, graft patency, and
define the parameters of optimal gene delivery.

In previous work, we showed that the early phase of tissue repair (post-grafting days 0-3) was
characterized by extensive vascular leak and minimal angiogenesis, while in the later phase
(post-grafting days 7 and later), there was minimal vascular leak and extensive re-
vascularization, re-epithelialization, and contraction [16]. We hypothesized that, although the
cellular composition of the early phase appears highly unorganized, there were a high number
of target cells accessible to gene delivery vectors. In the results reported here, we tested this
hypothesis by delivering adenovirus containing the luciferase gene to grafts and quantifying
the kinetics of expression, defining the optimal dosing, and establishing the optimal timing of
delivery post-operatively. As predicted, adenovirus administered either immediately following
the graft surgery or 3 days post-operatively was superior to delivery at later time points. The
peak of expression was observed 3-7 days post-injection when cell proliferation is at its highest.
To exploit this observation, we then showed that a stabilized adenovirus formulated in a
collagen-based biomaterial can be significantly improved by the inclusion of a growth factor
like FGF2 that is capable of stimulating tissue remodeling.

The application of noninvasive CCD imaging technologies to monitor gene expression in
vivo has been applied in many experimental systems including oncology [34,35], stem cell
tracking [36], infectious disease [37], and wound healing [38—40]. The sensitivity and
reproducibility of noninvasive CCD imaging is well established in these model systems and
enables the monitoring of disease progression over time in the same cohort of animals,
generally requiring fewer animals per time point [41]. Here we apply bioluminescent imaging
to examine a classic gene delivery system based on the well-characterized and generally well-
tolerated Ad5 vector in a clinically-relevant model of a full thickness wound followed by
grafting, a common surgical procedure in severe burns as well as in select cutaneous trauma
and chronic wounds [42,43]. Although this study focused on grafts in healthy young animals,
we define the parameters for gene delivery in a complex grafted wound bed and provide
quantifiable endpoints for quantification of gene delivery over an extended time course. We
predict that bioluminescence can be used to optimize gene delivery systems to the wound, such
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as the testing of new formulations that accelerate the normal wound healing process while
minimizing scar formation.

To this end, we have explored the use of GAMs as a tool to deliver growth factors in a variety
of formulations. Growth factors (i.e. generally FGF2 and PDGF) have been widely applied to
the wound bed as a stand-alone therapeutic, either as a recombinant protein [44,45] or as a
cDNA in an adenovirus vector [17,46]. Fewer studies have explored their utility when
adenovirus delivery is targeted to the extracellular matrix of the wound [5], infiltrating
fibroblasts [47,48], or in combination with matrix proteins [3,23]. Aqueous type | collagen can
be used to enhance gene delivery of adenovirus [3]. For this reason, we explored whether we
could enhance gene delivery by incorporating recombinant FGF2 into GAMs, not as a factor
to accelerate wound closure in and of itself, but as an adjunct to gene delivery that would act
as a chemo-attractant in the wound bed to enhance the recruitment of cells to the wound (i.e.
angiogenic endothelium, fibroblasts, epithelium or inflammatory cells) [19]. In our comparison
of FGF2-containing collagen:Ad-luc GAMs vs. collagen:Ad-luc GAMs lacking FGF2, we
observed a significant increase in the efficacy of gene delivery over 7 days, a critical period in
the kinetics of re-vascularization, re-epithelialization and wound closure in this and other
models of wound healing in general [10,16,49]. This is further supported by recent in vitro
research that showed collagen-based gelatin matrix particles bind exogenous FGF2 and release
it slowly over a course of 14 days to stimulate proliferation [50]. Whereas appropriate
formulations of biomaterials for tissue repair have always been expected to meet the spatial
needs that characterize the injury response, their combination with gene delivery opens the
possibility of introducing temporal and cell-specific control of drug delivery within these 3-
dimensional matrices.

Finally, it is important to note that the noninvasive imaging of gene delivery can be extended
to evaluate the efficacy of bio-therapeutics for wound healing in preclinical models of tissue
repair. In these paradigms, the luciferase gene is controlled by specific promoters that are
associated with angiogenesis (vascular endothelial growth factor receptor 2), inflammation
(NF-xB), and scarring (TGF-B) for example, and introduced into transgenic mice [39,40]. The
spatio-temporal effects of drug-candidates, including growth factors, new biomaterials, stem
cells and small molecule drugs, can be directly assessed in terms of gene expression both within
and distant to the wound. The deployment of these noninvasive methodologies to the study of
tissue repair and wound healing has the promise to transform the preclinical assessment of
potential therapeutics.

5. Conclusions

In this study we have shown that adenovirus-mediated delivery of luciferase to the wound bed
has several characteristics: maximal gene transduction occurs at seven days after injection of
the virus, and injection within three days after grafting results in the highest gene transduction.
Furthermore, we have demonstrated that the addition of a collagen GAM containing FGF2
facilitates more efficient gene transduction to the target tissues. These studies establish the
application of a straightforward and stable formulation of a gene delivery vector that is
compatible with clinically established synthetic graft matrices (i.e. Integra™) used in the
treatment of full thickness cutaneous wounds. We propose that this Ad-luc reporter model can
be used to identify combinations of other growth factors and matrix proteins that can deliver
genes of interest with better persistence of expression and control of spatio-temporal specificity
in the wound bed. Additionally, the noninvasive imaging techniques measuring reporter gene
expression in vivo presented here could be used to evaluate the efficacy of potential
biotherapeutic agents and improve the treatment of cutaneous wounds.
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Fig. 1.

Kinetics of adenovirus-mediated gene delivery in grafts of a full thickness wound. (A)
Noninvasive whole animal image of adenoviral-mediated delivery of firefly luciferase (Ad-
luc) following injection under an Integra™ graft placed in a full thickness excisional wound
using a cooled CCD imaging system. (B) Quantification of luciferase expression kinetics
following injection of Ad-luc. Each time point is the average of noninvasive imaging in
anesthetized animals with matched acquisition settings as described in Materials and methods
(n > 4 per time point, *p < 0.05 compared to background luminescence).
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Optimization of Ad-luc dosing in grafts of a full thickness wound. Serial dilutions of Ad-luc
particles were assessed for gene transduction under a graft in a full thickness wound. Ad-luc
injections were performed three days after the wound and graft surgery, and imaged after an

additional incubation of 4, 7 or 14 days.
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Fig. 3.

Optimization of timing of adenovirus injection following grafting. Ad-luc was injected at a
fixed dose (1 x 1010 particles/graft) under the graft immediately following the surgery (PGD
0), 3 days post-grafting (PGD 3), or 7 days post-grafting (PGD 7). Bioluminescence was
monitored in each surgical group for an additional 4, 7 or 14 days (n > 4 per time point, *p <
0.05 compared to background luminescence).
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Fig. 4.

Matrix-stabilized adenovirus-mediated delivery of reporter gene in grafting. Ad-luc in
lyophilized type I collagen GAMs with and without FGF2 were placed under the full thickness
wound graft. (A) Representative images were collected after a 7 day incubation (B) and
quantified (n > 4 per time point, *p < 0.05 compared to background luminescence).
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