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Abstract
Background—Chronic wounds are characterized by a wound healing and neovascularization
deficit. Strategies to increase neovascularization can significantly improve chronic wound healing.
Insulin like growth factor (IGF-1) is reported to be a keratinocyte mitogen and is believed to
induce angiogenesis via a vascular endothelial growth factor (VEGF) dependent pathway. Using a
novel ex vivo human dermal wound model and a diabetic impaired wound healing murine model,
we hypothesized that adenoviral over expression of IGF-1 (Ad-IGF-1) will enhance wound
healing and induce angiogenesis through a VEGF dependent pathway.

Author Manuscript

Methods—Ex vivo: 6 mm full thickness punch biopsies were obtained from normal human skin,
and 3 mm full thickness wounds were created at the center. Skin explants were maintained at air
liquid interface. Db/db murine model: 8 mm full thickness dorsal wounds in diabetic (db/db) mice
were created. Treatment groups in both human ex vivo and in vivo db/db wound models include
1×108 PFU of Ad-IGF-1 or Ad-LacZ, and PBS (n=4–5/group). Cytotoxicity (LDH) was quantified
at days 3, 5 and 7 for the human ex vivo wound model. Epithelial gap closure (H&E; Trichrome),
VEGF expression (ELISA) and capillary density (CD 31+ CAPS/HPF) were analyzed at day 7.
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Results—In the human ex vivo organ culture, the adenoviral vectors did not demonstrate any
significant difference in cytotoxicity compared to PBS. Ad-IGF-1 over expression significantly
increases basal keratinocyte migration, with no significant effect on epithelial gap closure. There
was a significant increase in capillary density in the Ad-IGF-1 wounds. However, there was no
effect on VEGF levels in Ad-IGF-1 samples compared to controls. In db/db wounds, Ad-IGF-1
over expression significantly improves epithelial gap closure and granulation tissue with a dense
cellular infiltrate compared to controls. Ad-IGF-1 also increases capillary density, again with no
significant difference in VEGF levels in the wounds compared to control treatments.
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Conclusions—In two different models, our data demonstrates that adenoviral mediated gene
transfer of IGF-1 results in enhanced wound healing and induces angiogenesis via a VEGFindependent pathway. Understanding the underlying mechanisms of IGF-1 effects on angiogenesis
may help produce novel therapeutics for chronic wounds or diseases characterized by a deficit in
neovascularization.
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Introduction
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Chronic wounds, including diabetic ulcers, are characterized by the disruption of normal
healing process which results in a pathological state of non-healing cutaneous inflammation
and delayed wound closure1,2. These wounds account for an increasingly significant
economic burden as their prevalence is raising commensurate with an aging population, and
an increase in obesity and diabetes3,4. Chronic diabetic ulcers are responsible for more than
42,500 non-traumatic lower-limb amputations and 27% of diabetic health care costs in the
United States annually5,6. Despite standard treatment protocols and active investigation on
several fronts including novel cell, gene and molecular therapies7,8, successful treatment of
diabetic ulcers is limited, and currently there is no effective therapy.

Author Manuscript

Although the pathogenesis of impaired diabetic wound healing is multifactorial,
dysfunctional angiogenesis is a primary contributing factor, which is characterized by
hyperglycemia-related microvascular changes and deficiencies in both endothelial cells9,10
and endothelial progenitor cells (EPC)2,11–14, which leads to impaired diabetic wound
healing. The development of novel therapeutics that promotes angiogenesis has the potential
to improve diabetic tissue repair and would be a boon for patients suffering with chronic
non-healing wounds. Diabetic wounds are also known to have reduced growth factor
levels12,15–17, some of which promote the angiogenic response to injury. Many groups have
demonstrated that supplementation of exogenous growth factors via recombinant growth
factor therapy or gene transfer at the cellular and molecular level has vulnerary effects and
improves wound healing outcomes2,18–21. Amongst the several growth factors studied,
insulin-like growth factor (IGF-1) levels have been shown to be reduced in diabetic wounds
and are associated with delayed wound healing22–24. Streptozotocin-induced diabetic rats
demonstrated reduction in wound fluid IGF-I levels. Normal induction of IGF-1 mRNA is
delayed and impaired in diabetic mice25. Importantly, endothelial dysfunction observed in
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diabetes has been shown to be associated with a blunted insulin/IGF signaling response in
endothelial cells26.
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IGF-1 is a 7.6 KDA molecule that has 70 amino acids in a single chain with three
intramolecular disulfide bridges. In the skin, IGF-1 is produced by cells of mesenchymal
origin, such as fibroblasts of the dermis and dermal papilla27,28. IGF-1 has several roles in
skin homeostasis. It is recognized as a proliferation and survival factor for the skin and hair
morphogenesis29,30. Deficiency in IGF-1 is associated with decreased epidermal thickness
and sparse hair growth31. The importance of IGF-1 signaling in the skin is evident from the
original studies with IGF-1 receptor null (Igf-1r−/−) mice, which exhibited hypotrophic skin
with reduced number and size of the hair follicles32. IGF-1 also has an important role in
wound healing. It is a keratinocyte mitogen, motogen and morphogen33,34. IGF-1 was
shown to stimulate keratinocyte proliferation and migration, as well as collagen production
by fibroblasts34–36. In addition, IGF-1 is a potent stimulator of hair follicle morphogenesis
and cycling, and of re-epithelialization of skin wounds37. IGF-1 has also been shown to
increase angiogenesis in several different models of tissue injury, potentially through an
increase in HIF-1α and VEGF dependent mechanisms38–42. Further, it has been shown that
the addition of IGF-1 to diabetic wounds using non-viral gene transfer in combination with
cell therapy improves diabetic wound closure significantly43. However, the underlying
mechanism of how IGF-1 enhances angiogenesis and wound healing are not completely
understood.
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The limited data available supports the concept that IGF-1therapy has the potential to
improve diabetic wound healing. One of the inherent challenges of developing novel
therapeutics for wound healing clinical trials is the species specific differences between
preclinical animal models and humans. To address this, we have developed a novel model
that utilizes wounded human skin that is maintained in culture ex vivo to screen candidate
therapeutics for toxicity and wound healing effects in a rapid and efficient manner. These
data can then be compared to in vivo data in animal models to develop a more complete
understanding of the translational capability of the therapeutic agent. For diabetic animal
studies, the best available model for type-II diabetic wound healing is the leptin receptor
deficient db/db murine model. Wounds created in db/db wounds demonstrate increases
protease activity and have a significant impairment in neovascularization and wound
healing1,2, similar to the impaired wound healing phenotype observed in diabetic patients.
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Taken together, we hypothesize that over expression of IGF-1 via a VEGF dependent
pathway will enhance angiogenesis and improve wound healing. To test this hypothesis we
will first screen adenoviral overexpression of IGF-1 in a novel human ex vivo skin organ
culture wound model to assess toxicity and vulnerary effects. We will then validate this data
in a known diabetic impaired wound healing murine db/db mouse for similar end points.

Materials and Methods
Human ex vivo model
Human skin was obtained from National Disease Research Interchange (NDRI,
Philadelphia, PA). All human tissues were obtained according to the guidelines set forth by
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Cincinnati Children’s Hospital Medical Center and under a protocol approved by the
Institutional Review Board. Surgically discarded skin from de-identified donors was
immediately collected and shipped overnight in hanks buffer. The samples used in this study
were obtained from Caucasian female donors between 31–46 yrs. Skin was disinfected in
70% ethanol, and several changes of DMEM buffer containing penicillin/streptomycin (Life
Technologies, Carlsbad, CA, USA).
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Subcutaneous fat was carefully removed with iris scissors. 6 mm full thickness punch biopsy
samples were created. In the middle of each biopsy samples, 3 mm full thickness wound was
created by using a 3 mm punch biopsy. The skin discs with wounds were embedded in rat
tail collagen I gel matrix (2.5 mg/ml) (BD Bioscience, San Jose, California). The cell culture
media consisted of serum-free Dulbecco’s Modified Eagle’s medium (Life Technologies,
Carlsbad, CA, USA), supplemented with 10 mm HEPES, 50 lg/ml ascorbic acid, 100 lm
adenine, 0.5 lm hydrocortisone, 0.1 nm cholera toxin, 100 IU/ml penicillin and 10 lg/ml
streptomycin (Sigma-Aldrich, St. Louis, MO). The ex vivo organ cultures were maintained
at the air-liquid interface and kept in the cell culture incubator at 37 °C with 5% CO2. The
media was changed every other day.
Db/db murine model
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All animal procedures were performed using protocols approved by Cincinnati Children’s
Hospital Institutional Animal Care and Use Committee. 8–10 weeks old BKS.Cg-m+/
+Leprdb/J (db/db) mice with confirmed serum glucose levels >400 mg/dl were used.
(Jackson Laboratories, Bar Harbor, ME). Under isoflurane (0.5 ml titrated) inhalational
anesthesia, the dorsal skin was shaved, scrubbed with betadine, and two full-thickness
excisional skin wounds were created on the back of mice using an 8 mm dermal biopsy
punch, leaving the underlying panniculus carnosus muscle intact. Wounds were covered
with a sterile adhesive dressing (TegadermTM, St Paul, MN). 1×108 PFU Ad-IGF-1 or AdLacZ (in 50 μl total volume) or 50 μl PBS was then injected on to the wound between the
panniculus carnosus layer and the dressing using a Hamilton syringe and 30 ½ gauge needle.
Analgesics were administered and the mice were monitored daily for food consumption,
pain and distress and general health.
Experimental Design
To determine if adenoviral mediated overexpression of IGF-1 improves wound healing and
neovascularization, we used an ex vivo human organ culture wound model and an in vivo
diabetic wound healing model. Wounds from both models were measured for epithelial gap
closure, neovascularization and VEGF levels.
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Ex vivo organ culture—At 24 hours after implanting the skin organ cultures, the media
was changed and treatments were added to the wound well. 1×108 PFU of Ad5 CMV IGF-1
vector (n=4) or Ad5 CMV LacZ (n=4) (in 20 μl total volume) or 20 μl PBS (n=4) were
added and maintained for 2 days. The Ad5 CMV LacZ served as a control for the effects of
the adenoviral vector. Virus was removed by gentle washing with several changes of media.
Thereafter the samples were maintained in the cell culture incubator, with the media
changed every other day. Samples were harvested at 7 days, bisected on the longitudinal
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diameter of the wound, and fixed in 10% neutral buffered formalin for histological analyses.
In addition to epithelial gap closure, basal keratinocyte migration was quantified in the ex
vivo samples. The media was assessed by 1) LDH assay to determine the sample viability
and investigate any cytotoxic effects of the viral particles, and 2) VEGF ELISA to determine
VEGF expression levels.
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Db/db murine model—One wound received either Ad5 CMV IGF-1 solution (1×108
PFU prepared in 50 μl PBS) or Ad5 CMV LacZ solution (1×108 PFU prepared in 50 μl
PBS) (n=5 animals/group). The second wound (internal control) received 50 μl of sterile
PBS. In an additional control group (n=5 animals), both wounds received 50 μl of PBS. The
animals were killed and wounds were harvested at 7 days post wounding (proliferation
stages of wound healing). Wounds were bisected on the longitudinal diameter of the wound,
one half was fixed in 10% neutral buffered formalin for histological and immunostaining
analyses. The other half was frozen at −80 °C for protein quantification.
Adenovirus production

Author Manuscript

All constructs used in this study were first generation recombinant replication defective,
type 5 adenovirus vectors. All adenoviral genomes had either E1 or both E1 and E3 regions
deleted and were driven by a cytomegalovirus (CMV) promoter. The parental adenovirus for
Ad-IGF-I used in the db/db model was Ad-Easy and the parental adenovirus for Ad-LacZ
was dl7001. Both viruses were prepared using 293 cells, purified by double cesium chloride
density centrifugation, desalted using a DG-10 column (Bio-Rad Laboratories, Hercules,
CA) and stored in 10% glycerol at −80 °C. Viral titers were determined by measuring
absorbance at 260 nm using a DU-640 spectrophotometer (Beckman Instruments, Fullerton,
CA). Viral preparations were diluted at least 1:10 with phosphate buffered saline (PBS)
prior to use in animals in order to prevent glycerol toxicity. The adenoviral construct for
IGF-I was generously supplied by Dr. Lee Sweeney (University of Pennsylvania,
Philadelphia, PA). The recombinant adenovirus containing the β-galactosidase transgene
(Ad-LacZ) was obtained from Dr. James Wilson (University of Pennsylvania, Philadelphia,
PA). Ad-IGF-1 and Ad-LacZ constructs used in the ex vivo organ culture model were
obtained from Dr. Meenhard Herlyn (Institute for Human Gene Therapy, University of
Pennsylvania). We have previously reported their functional ability to induce efficient gene
transfer and significantly increase IGF-1 levels44.
Cytotoxicity assay
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The release of lactate dehydrogenase (LDH) into the supernatant (medium) of organ culture,
which was collected every two days, was measured as an indicator of cytotoxicity. The LDH
assay was executed according to manufacturer’s instructions (Cytotoxicity Detection Kit;
Roche, Indianapolis, Indiana).
Histological structure
5 μm wound sections were cut from paraffin embedded blocks from both models. Epithelial
gap and granulation tissue deposition were studied from hematoxylin and eosin (H&E)
stained sections and morphometric image analysis using Nikon Elements (Nikon
Instruments, Melville, NY). Entire wound was scanned. It is well established that open
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wound re-epithelialization occurs via circumferential lateral inward movement of the
keratinocytes to close the wound. Keratinocytes migrate in a leapfrog pattern at the
migrating epidermal tail to establish closure45. Therefore, on a 4X edge-to-edge scanned
image of the wound, epithelial gap closure was measured as the remaining gap (in μm)
between the encroaching epithelial tails. In the ex vivo skin wounds, the basal keratinocyte
migration is measured as the length (in μm) of the migrating basal cells on either sides of the
encroaching epithelial tails, which demonstrate a distinct elongated morphology compared
to the spindle shaped cells at the unwounded margin. In addition, the height of the epidermis
increases along this distance. Wound extra cellular matrix composition was determined
using Masson’s Trichrome staining as per the manufacturer’s protocol (Polyscientific, Bay
Shore, NY). Analysis was performed by a reviewer who was blinded to the treatment
groups.
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Immunohistochemistry
Serial sections were immunostained with rat CD31 (1:20; BD Pharmingen, Franklin Lakes,
NJ), followed by biotinylated goat anti-rat antibodies (1:200; Vector laboratories,
Burlingame, CA). In the ex vivo organ culture wound model, capillary lumen density was
measured as the average number of CD31-positive lumens from 8 randomly chosen 20X
sections across the organ culture sample. Capillary lumen density in db/db wounds was
measured as the average number of CD31-positive lumens from 6 HPF (high powered
fields, 40X) per section, chosen just above the panniculus carnosus and equally distributed
between the epithelial margins. Analysis was performed by a reviewer who was blinded to
the treatment groups.
ELISA and quantification of total protein
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VEGF levels were measured in media collected from human ex vivo organ culture samples
at day 7. All the different treatment groups in the db/db wounds were harvested/cored out
similarly using a standard size punch biopsy. The wound tissue homogenates at day 7 post
wounding were analyzed using a VEGF ELISA kit per manufacturer’s protocol (R&D
systems, Minneapolis, MN). ELISA data for each sample was normalized to total protein in
the sample analyzed by Coomassie Plus protein assay (Thermo Scientific, Logan, UT).
Statistical Analysis
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All data are presented as mean±standard error. Two-way analysis of variance (ANOVA)
followed by Bonferroni test was used for comparing data between all treatments. For
comparing different treatments or time points Student’s t-test and one-way ANOVA
followed by Tukey’s multiple comparison test was used. Probability values of p<0.05 were
interpreted to denote statistical significance.

Results
Ex Vivo Skin Model
There are no cytotoxic effects of the adenovirus in the ex vivo human skin
organ culture—To determine if the adenoviral vector was affecting the viability of ex vivo
organ cultures, Ad-IGF-1 and the control vector Ad-LacZ was compared to PBS treated
J Surg Res. Author manuscript; available in PMC 2015 July 01.
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controls and LDH activity was assessed in the media as a measurement of cytotoxicity.
There are no significant differences between the LDH activity between the adenoviral
treated and PBS treated groups at days 3, 5 or 7; demonstrating no cytotoxic effects of the
viral vector or the transgene on the wound culture (Figure 1A). Similarly there are no
apparent histological differences in the extra cellular matrix organization or the epidermal
stratification by H&E and Trichrome staining from day 0 skin to day 7-post wounding
between the three treatment groups (Figure 1B–E).
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IGF-1 over expression significantly increases basal keratinocyte migration but
has no effect on epithelial gap closure—To investigate the role of Ad-IGF-1 in
keratinocyte migration during wound healing in the human ex vivo wound model, Ad-IGF-1,
Ad-LacZ or PBS were added to the wound beds. Keratinocyte migration at day 7 post
wounding was assessed by Masson’s Trichrome and H&E staining using computer assisted
morphometric analysis. Representative images are shown in Figure 2A–C. Adenoviral
overexpression of IGF-1 significantly increases the basal keratinocyte migration compared
to controls (Figure 2D: Ad-IGF-1 423.67±47.5 μm vs. Ad-LacZ 287.59±20.0 μm, PBS
308.08±11.4 μm, p<0.05). However, there are no significant differences in wound closure
between the treatments at the day 7 time point as assessed by epithelial gap (Ad-IGF-1
2994.12±97.27 μm vs. Ad-LacZ 3141.86±77.87 μm, PBS 3066.85±82.7 μm, p>0.05).
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IGF-1 overexpression significantly increases neovascularization without
increased VEGF levels at day 7—To examine the effect of IGF-1 overexpression on
neovascularization during wound healing in the ex vivo organ culture model, CD31-positive
capillary lumen density was compared between Ad-IGF-1, Ad-LacZ or PBS treatments at
day 7 post wounding. There is a significant increase in the density of CD31-positive
capillary lumens in the Ad-IGF-1 treated wounds (Figure 3A–D: Ad-IGF-1 14.5±0.68
CAPS/HPF vs. Ad-LacZ 9.9±0.65 CAPS/HPF and PBS 10.7±0.49 CAPS/HPF, p<0.05).
However, VEGF ELISA of the organ culture media demonstrate that there is no further
effect of adding Ad-IGF-1 on VEGF protein levels compared to the control treatments at
day 7 post wounding (Figure 3E: Ad-IGF-1 163.3±24.9 pg/mg vs. Ad-LacZ 170.8±57.4
pg/mg, PBS 161.5±12.07 pg/mg, p>0.05).
Db/db in vivo wound model
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Adenoviral mediated gene transfer of IGF-1 enhances diabetic impaired
wound healing by accelerating epithelial gap closure and promoting
granulation tissue formation—To determine the role of Ad-IGF-1 on wound healing in
the diabetic impaired murine model, we assessed epithelial gap closure and granulation
tissue formation. 8 mm wounds were created and were treated with Ad-IGF-1, Ad-LacZ or
PBS. Ad-IGF-1 significantly improves wound closure obtained by measuring the remaining
gap between the two encroaching migrating epithelial tails shown by black arrows (Figure
4A–D: Ad-IGF-1 3331.47±189.1 μm vs. AD-LacZ 5278±100 μm or PBS 3952.67±134.4
μm, p<0.05). In addition, IGF-1 treated wounds demonstrate the presence of a robust wound
granulation tissue with a dense cellular infiltrate that appeared well vascularized, as
compared to a very minimal and sparse granulation tissue formation in the control treated
wounds. Representative wound sections are shown (Figure 4A–C).
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IGF-1 over expression significantly increases neovascularization in diabetic
wounds without an increase in VEGF—To determine the effect of Ad-IGF-1 on
neovascularization in the diabetic impaired murine model, Ad-IGF-1, Ad-LacZ or PBS were
added to the wound beds. Wound vessel density was assessed by CD31
immunohistochemical staining. At day 7, Ad-IGF-1-treated wounds demonstrate
significantly increased capillary density compared to controls (Figure 5A–D: Ad-IGF-1
9.5±0.64 CAPS/HPF vs. Ad-LacZ 3.8±0.5 CAPS/HPF, PBS 2.9±0.5 CAPS/HPF, p<0.01).
However, similar to the findings in the human ex vivo skin organ culture model, there is no
significant difference in the VEGF protein levels between the treatments when measured by
ELISA at day 7 (Figure 5E: Ad-IGF-1 40.3±4.7pg/μg vs. Ad-LacZ 37±3.4 pg/μg, PBS
33±4.6 pg/μg, p>0.05).

Discussion
Author Manuscript
Author Manuscript

Our results demonstrate that IGF-1 increases wound healing, and increases
neovascularization without an increase in VEGF. We have used the human ex vivo model to
examine the vector toxicity and efficacy of IGF-1 gene therapy. In this model that is
representative of viral vector-human cellular interactions, we demonstrate no cytotoxic
effects of IGF-1 gene therapy on wound healing. Our data further demonstrate an increase in
keratinocyte migration and improved neovascularization with IGF-1 treatment; however we
did not see a change in wound closure or the VEGF levels. The effects on keratinocyte
migration may be a precursor to improved wound closure at a time point beyond 7 days that
will need to be examined. Chronic wounds are characterized by decreased epidermal cell
migration over the wound bed46; therefore being able to increase keratinocyte migration
with IGF-1 over expression might be a way to accelerate the wound healing process. This ex
vivo data is corroborated by the in vivo data in the db/db model, where IGF-1 overexpression
significantly improves wound closure at 7 days post wounding. These results are all the
more impressive in light of the fact that the addition of the adenoviral vectors alone as
shown in this study and previously reported2, impairs wound healing. IGF-1 overexpression
overcomes this deficit and further improves the wound healing phenotype.
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Our results demonstrate that IGF-1 overexpression significantly increases
neovascularization in both the ex vivo organ culture model and the in vivo db/db model. In
the db/db model, we have further observed the formation of a robust granulation tissue,
which is a highly vascularized matrix consisting of fibroblasts and endothelial cells. IGF-1
has been shown in several other tissue repair models to have similar angiogenic properties.
In scald wounds, IGF-1 cDNA delivery increased neoangiogenesis along with increased
extra cellular matrix deposition, improved keratinocyte migration and re-epithelialization41.
Growth hormone-mediated increase of insulin-like growth factor 1 has been shown to
correct age-dependent impairment of EPCs47. There is further evidence that higher
bioavailability of IGF-1 may protect against onset of ischemic heart disease48, and in type 2
diabetic patients, may offer improved metabolic control and prevent vascular
complications49.
The major mechanism for IGF-1 effects on neovascularization is known to be mediated
through HIF-1 and VEGF38. In this study we determined if IGF-1 increases VEGF levels. In

J Surg Res. Author manuscript; available in PMC 2015 July 01.

Balaji et al.

Page 9

Author Manuscript
Author Manuscript

both the ex vivo organ culture model and the in vivo db/db model, IGF-1 increases
angiogenesis without a concomitant increase in the VEGF levels at the 7 day time point. It is
possible that VEGF may have been up-regulated at an earlier time point. However, based on
our previous work1, 7 days post wounding in the db/db animal model is a time of robust
angiogenic response, and therefore it would be reasonable to expect that VEGF levels would
be increased at this time point if indeed IGF-1 angiogenic effects were mediated through a
VEGF-dependent mechanism. Therefore our results suggest that in this model, IGF-1 may
be increasing angiogenesis via VEGF independent mechanisms. The pathways of how
IGF-1 increases angiogenesis have not been fully explained. Literature shows that IGF-1
activates a complex that includes IGF-1R to cause the initial onset of angiogenesis. In
addition, once activated this complex is required for VEGF-2R activation by VEGF50.
Furthermore it has been shown that CD-147 has a positive feedback mechanism with IGF-1
and when CD 147 is blocked, IGF effects on angiogenesis can be partially blocked51.
Therefore, IGF-1 may not cause a direct up regulation of VEGF but may influence
angiogenesis in multiple ways, including via the activation of VEGF-2R and via CD-147. It
has been further demonstrated that IGF-1 may add stability to existing endothelial cells
which may in part potentiate the effect of IGF-1 on improved angiogenesis52. Alternatively,
IGF-1 can directly oppose endothelial dysfunction in a number of ways53; by interacting
with high-affinity endothelial binding sites that lead to nitric oxide (NO) production54, and
by promoting insulin sensitivity55. These are areas where further research needs be
conducted to discover the alternate mechanisms of how IGF-1 may improve angiogenesis.
The human ex vivo organ culture model and the db/db murine model are excellent systems to
define these underlying molecular mechanisms.
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We have shown that IGF-1 overexpression has improved wound closure in the db/db murine
model, which has a major clinical significance. However, these chronic wounds have
exacerbated protease activity which is detrimental to any recombinant growth factor therapy,
and better approaches for sustained and targeted delivery of growth factors is critical for
efficacy of treatment. Using gene therapy, it is possible to commandeer the cell machinery
and allow for a more natural and sustained approach for growth factor delivery. In this
study, we have used an adenoviral vector that encodes for IGF-1 to deliver the transgene.
Our previous data supports that adenoviral-mediated gene therapy efficiently delivers the
transgene and significantly improves neovascularization and wound healing outcomes2,56.
An advantage of the adenoviral mediated gene transfer is that the vector begins to work
within 48 hours and has transgene expression decreasing from 2 to 7 days with no
significant expression after 14 days57. In support, several studies have shown that growth
factor and/or transgene delivery during the initial critical phase of wound healing may be
sufficient to correct the neovascularization and wound healing deficit and facilitate favorable
wound healing progression. Further, compared to other viral therapies, the adenovirus does
not integrate and the risk for oncogenic potential is abrogated.
We developed a human ex vivo model to be representative of a human wound that can be
used as a rapid screening tool and investigate species specific differences. However the
model has some limitations. Foremost, this is wound healing in culture with no systemic
response. There is no influence of bone marrow stem cells or circulating precursor cells or
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systemic inflammatory response on wound healing in this model. However, the advantage of
this model is that it can be used to rapidly and consistently screen therapeutic candidates.
Our diabetic model is also not a true model of type II diabetes. The db/db model is
characterized by leptin receptor deficiency, and while it is representative of the diabetic
phenotype, it also has some limitations. Therefore the findings from the ex vivo model when
used/interpreted in conjunction with in vivo outcomes, yields enhanced data from these
preclinical models. This will potentially decrease costs when validating these findings in
large animal models, like pigs, which closely represent the human dermal phenotype58.
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In conclusion our data support that IGF-1can be a potential vulnerary therapeutic and points
to interesting IGF-1 biology in its ability to induce angiogenesis by a potential VEGF
independent mechanism. This may have implications in other models, where IGF-1 has a
role in angiogenesis, such as in tumors and heart diseases. Further, the two wound models
can be used to understand this underlying mechanism of IGF-1 effects on
neovascularization.
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Ad vectors

Adenoviral vectors

BGS

Bovine growth serum

CMV

Cytomegalovirus

DMEM

Dulbecco’s modified Eagle’s Media

EC

Endothelial cells

ELISA

Enzyme linked immune sorbent assay

EPCs

Endothelial Progenitor cells

PFU

Particle forming units

HIF-1α

Hypoxia inducible factor-1 alpha

IGF-1

Insulin like growth factor 1

IGF-1R

Insulin like growth factor 1 receptor

LDH

Lactate dehydrogenase

NO

Nitric oxide

PBS

Phosphate buffered saline

VEGF

Vascular endothelial growth factor

VEGF-2R

Vascular endothelial growth factor 2 receptor
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Figure 1.

(A) Cytotoxicity analyzed by measuring the levels of LDH activity released into ex vivo
organ culture media demonstrates no differences between the three treatments at day 3, 5 or
7. (B) H&E stained human skin from day 0 demonstrates an undulated epidermis, and a
crimped pattern of collagen in the dermis. (C–E) Wound sections from the three different
treatments at day 7 post wounding in organ culture appears similar to the normal skin in the
dermal and epidermal organization, demonstrating no significant effect of the treatment
groups on the skin histology.

Author Manuscript
J Surg Res. Author manuscript; available in PMC 2015 July 01.

Balaji et al.

Page 16

Author Manuscript
Author Manuscript
Figure 2.

Author Manuscript

(A–C) Masson’s trichrome stained human ex vivo wound sections at day 7 post wounding
demonstrates increased keratinocyte migration in Ad-IGF-1 treated wounds compared to
Ad-LacZ or PBS controls. Dashed line represents the length of basal keratinocyte migration.
(D) Statistical analysis demonstrates a significant difference in keratinocyte migration
between the three treatments. Bar plots represent average±SEM. P values by ANOVA.
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(A–C) CD31-stained human ex vivo wound sections at day 7 post wounding demonstrates
increased capillary lumen density in Ad-IGF-1 treated wounds compared to Ad-LacZ or
PBS controls. (D) Statistical analysis demonstrates a significant difference in capillaries per
high powered fields (20X, CAPS/HPF) between the three treatments. (E) There was no
difference in the VEGF protein levels between the three treatments measured by ELISA in
the organ culture media at day 7 post wounding. Bar plots represent average±SEM. P values
by ANOVA.
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(A–C) H&E stained db/db murine wound sections at day 7 post wounding demonstrates
increased wound closure (distance between arrowheads represents epithelial gap) in AdIGF-1 treated wounds compared to Ad-LacZ or PBS controls. (D) Statistical analysis
demonstrates a significant difference in epithelial gap between the three treatments. Bar
plots represent average±SEM. P values by ANOVA.
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Figure 5.

(A–C) CD31-stained db/db wound sections at day 7 post wounding demonstrates increased
capillary lumen density in Ad-IGF-1 treated wounds compared to Ad-LacZ or PBS controls.
(D) Statistical analysis demonstrates a significant difference in capillaries per high powered
fields (40X, CAPS/HPF) between the three treatments. (E) There was no difference in the
VEGF protein levels between the Ad-IGF-1-treated and control-treated wounds measured by
ELISA in the wound homogenates at day 7 post wounding. Bar plots represent average
±SEM. P values by ANOVA.
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