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Abstract

Background—The diabetic phenotype of wound healing is in part characterized by impaired
neovascularization and deficient endothelial progenitor cell (EPC) recruitment. Angiopoietin-1
(Ang-1) is a potent mobilizer of EPCs from the bone marrow (BM). A suggested mechanism for
EPC mobilization from the BM is mediated by matrix metalloproteinase 9 (MMP-9) and stem cell
factor (SCF). Taken together, we hypothesized that overexpression of Ang-1 in diabetic wounds
will recruit EPCs and improve neovascularization and wound healing.

Methods—An endothelial lineage BM-labeled murine model of diabetes was developed to track
BM-derived EPCs. FVBN mice were lethally irradiated and then reconstituted with BM from
syngeneic Tie2/LacZ donor mice. Diabetes was induced with streptozotocin. Dorsal wounds in
BM-transplanted (BMT) mice were treated with Ad-Ang-1, Ad-GFP, or PBS. At day 7 post
injury, wounds were harvested and analyzed. A similar experiment was conducted in EPC
mobilization deficient MMP-9 —/— mice to determine whether the effects of Ang-1 were EPC-
dependent.
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Results—Overexpression of Ang-1 resulted in significantly improved re-epithelialization,
neovascularization, and EPC recruitment in diabetic BMT wounds at day 7. Ang-1 treatment
resulted in increased serum levels of proMMP-9 and SCF, but had no effect on vascular
endothelial growth factor (VEGF) levels. According to our FACS results, peripheral blood EPC
(CD34+/Cd133+/Flk1+) counts at day 3 post wounding showed impaired EPC mobilization in
MMP-9 -/- mice, when compared with those of wild type controls. EPC mobilization was rescued
by SCF administration, validating this model for EPC-mobilization deficient mechanistic studies.
In MMP-9 /- mice, Ad-Ang-1 accelerated re-epithelialization in a similar manner, but had no
effect on neovascularization.

Conclusion—Our results show that Ang-1 administration results in improved neovascularization
which is dependent on EPC recruitment and has direct effects on wound re-epithelialization. These
data may represent a novel strategy to correct the phenotype of impaired diabetic
neovascularization and may improve diabetic wound healing.

Keywords

diabetic wound healing; angiopoietin-1; MMP-9; neovascularization; endothelial progenitor cells;
vasculogenesis

INTRODUCTION

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 annually (1, 2). The
impairments in the phenotype of cutaneous diabetic wound healing are associated with
several intrinsic and extrinsic factors (3). Wounds in diabetic patients, as well as in murine
models of Type | and Type Il diabetes, show a defect in angiogenesis, re-epithelialization,
and wound closure (4). The initial re-epithelialization does not depend on angiogenesis, but
the complete healing and maturation are regulated closely by vascular responses of several
cells and cell-matrix interactions (5). The deficiencies in angiogenesis have been attributed
to poorly managed blood glucose levels and to the related vascular defects in both
endothelial cells (EC) (6, 7) and endothelial progenitor cells (EPC) (8-14).

A deficit in neovascularization in diabetes is known to be associated with a compromised
response to ischemia in wound healing as a consequence of metabolic derangement (3, 15),
but beyond this vague understanding, the compromised ability to revascularize ischemic
tissues in diabetes is poorly understood (10). A potential mechanism to explain this
impairment is a decrease in the expression of angiogenic growth factors, such as vascular
endothelial growth factor (VEGF), angiopoietin-1 (Ang-1), and their receptors (16, 17). Skin
samples taken from the peri-wound area from lower extremities (skin within 1 cm from
wound margin) of type 2 diabetic subjects has significantly less expression of both VEGF
(46%) and Ang-1 (36%) than the skin tissue of nondiabetic subjects (18). Many groups have
shown evidence linking impaired neovascularization with delayed closure of diabetic
wounds, and further, that supplementation of angiogenic growth factors, such as VEGF,
Ang-1, EGF, bFGF, and HIF1-a, or a combination of these factors via recombinant growth
factor therapy or gene transfer, has positive effects on improving neovascularization and
outcomes of diabetic wound closure (8, 19-25).
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The angiopoietin family (Ang-1-4) has been shown to play a critical role in the modulation
of physiologic angiogenesis and pathologic neovascularization. VEGF and the angiopoietins
function together playing independent roles during vascular development and
embryogenesis; VEGF acts early during vessel formation (26) and Ang-1 acts later during
vessel remodeling, maturation, and stabilization (27, 28). Angiopoietins 1 and 2 have been
studied in in vivo and in vitro models, particularly in relation to diabetic retinopathy (29,
30). Ang-1, a well-established secreted 70KDa ligand that shares many of the pro-
angiogenic properties of VEGF, protects blood vessels from increased plasma leakage by
counteracting transendothelial permeability stimulated by VEGF (31). Ang-1 signals
primarily through the transmembrane receptor tyrosine kinase (Tie2), which is expressed
ubiquitously in vascular endothelium and is phosphorylated in quiescent vessels. Ang-1
interacts with several cells, such as neutrophils, endothelial cells, and fibroblasts, through
integrins to mediate survival, cell adhesion, and migration (32-34). Ang-1 is an essential
and critical regulator of blood vessel development, as evidenced by the Ang-1 null mouse,
which is embryonically lethal (35). In contrast, Ang-2, an antagonist of Ang-1 and Tie2
signaling, is generally not expressed in tissues of healthy adults, but is expressed in
secretory tissues undergoing inflammation and vascular remodeling, such as healing wounds
and tumors (36, 37). The systemic levels of Ang-2 increase early in sepsis (38). Compared
with wounds in non-diabetic wildtype control mice (39), wounds in diabetic db/db mice
show decreased expression of Tiel and -2 proteins, which is paralleled by increased
expression of the ligand Ang-2. Conversely, Ang-1 treatment was associated with
suppressed development of diabetic retinopathy and decreased both vascular endothelial
injury and breakdown of the blood-retinal barrier in a rat diabetic model (29). Ang-1 gene
transfer also improved the delayed wound repair in diabetes by inducing angiogenesis, albeit
in a VEGF-independent manner (25). A recent study suggested that angiopoietins 1 and 2
have a specific regulatory role in endothelial development from circulating CD34+
progenitors; Ang-1 regulates the initial commitment of endothelial progenitor cells, whereas
Ang-2 enhances expansion of the endothelial cell progeny (39). The effects of Ang-1 on
EPC mobilization and vasculogenesis are not completely defined.

The paradigm to improve therapeutic angiogenesis has focused on enhancing the formation
of neovessels from preexisting, terminally differentiated endothelial cells to accelerate
neovascularization. Several reports have shown that endothelial progenitor cells (EPCs)
incorporate into areas of neovascularization via vasculogenesis. A novel approach to
accelerate neovascularization is site-specific recruitment of bone marrow (BM)-derived
endothelial progenitor cells to drive both the angiogenic and vasculogenic components of
neovascularization. The mechanisms of EPC mobilization have been studied vigorously over
the last decade (40). EPCS are primarily BM-derived and are characterized by antigenic
markers defining the stemness and hematopoietic lineage (CD34, CD133), in combination
with markers showing endothelial commitment (FIk-1) (41, 42). In response to tissue injury,
EPCs mobilize from their BM niche into the circulation and home to sites of tissue repair
under the guidance of hypoxia, growth factors, and chemokine signaling (40, 43). A
suggested mechanism for EPC mobilization from the BM is mediated by matrix
metalloproteinase 9 (MMP-9) and stem cell factor (SCF). Under conditions of wound
hypoxia, transcription factors like hypoxia inducible factor — 1 (HIF-1) are activated, leading
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to increased transcription of VEGF (44, 45). VEGF activates MMP-9, which in turn cleaves
and activates Kit ligand (KitL, also known as SCF) and induces proliferation and migration
of EPCs from their BM niche (46). Treatment with Ang-1 or VEGF results in increased
mobilization of EPCs from the BM (47). Ang-1 has been proposed to stimulate angiogenesis
via activation of the Akt signaling pathway and the stimulation of eNOS (endothelial NO
synthase), which is implicated in HIF-1a pathway and EPC mobilization. All these data
notwithstanding, the mechanisms are not completely studied.

After taking all the previous results together, we hypothesized that Ang-1 overexpression in
diabetic wounds will result in EPC recruitment and improve neovascularization and wound
healing. Here we show that adenoviral-mediated over-expression of Ang-1 to treat diabetic
wounds enhances EPC recruitment and corrects the diabetic defect in wound closure in a
murine model of STZ-induced diabetes. This process was associated with an increase in
MMP-9 and SCF, without an increase in VEGF levels.

METHODS

Mouse wound model

All animal procedures were performed with protocols approved by Cincinnati Children’s
Hospital Institutional Animal Care and Use Committee. When the animals were under
isoflurane (0.5 ml titrated) inhalational anesthesia, the dorsal skin was shaved, scrubbed with
betadine, and then, with an 8 mm dermal biopsy punch, two full-thickness excisional skin
wounds were created on the backs of mice, leaving the underlying panniculus carnosus
muscle intact. Wounds were covered with sterile, adhesive dressing (Tegaderm™, St Paul,
MN). Then, using a Hamilton syringe with a 30 % gauge needle, we injected 1x108 PFU
Ad-Ang-1 or Ad-GFP (in 50 pl total volume, obtained from Penn Vector Core), or 50 pl
PBS into the wound between the panniculus carnosus layer and the dressing. The mice
received analgesics and were monitored daily for adverse events and general health.

Animal models

1) Tie2/LacZ BM transfer (BMT) model with STZ-induced diabetes—This murine
model was chosen to assess the contribution of BM-derived progenitor cells to the wound
healing process (to study the role of vasculogenesis). Transgenic mice carrying a beta-
galactosidase reporter gene under the control of the murine Tie2 promoter (Tie2 LacZ;
donor mice) were obtained from Jackson Laboratories (BarHarbor, ME). The iliac, tibia, and
femur from both legs of male donor mice were harvested, crushed in PBS, and filtered with
a 40 pum cell strainer. The red blood cells (RBCs) in the filtered cell solution were lysed with
1x ammonium chloride lysis buffer (BD Pharm Lyse). Cells were centrifuged, resuspended
in PBS, and counted. Transplant recipient female FVBN wild type mice (n=12, Jackson
Laboratories) were lethally irradiated with 700 cgy and 3 h later with 475 cgy (this is
standard procedure performed in the Cincinnati Children’s Hospital Animal facility by
trained personnel). Within 2 h after the second irradiation, new BM obtained from a donor
was transplanted into these mice via tail vein injection of 1X106 cells in 300 pl PBS. An
internal control animal, which did not receive the BM transplant, was included in each
experiment of lethal irradiation. The irradiated control animal died within 4 days after lethal
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irradiation. Mice were placed on either doxycycline food or bactrim food to allow for
complete recovery after the irradiation/transplant procedure. Engraftment was assessed with
flow cytometric analysis of peripheral blood to check for chimerism (for this, approximately
50-100 pL of blood was collected via retro-orbital bleed). After engraftment (4-6 weeks),
an intraperitoneal injection of 160 mg/kg of streptozotocin (STZ, Sigma-Aldrich;
approximately 100pL injection volume) was administered to induce diabetes. The
experiments of diabetic wound healing were performed 3—-10 weeks after injection of STZ
(at the time of wounding, mice were approximately 15 weeks old) using animals with serum
glucose levels greater than 300 mg/dL. Glucose levels were checked every week with a
glucometer using a few drops of animal blood collected via retro-orbital bleed.

2) MMP-9 —/- mice—To determine whether the effects of Ang-1 were EPC-dependent, a
similar cutaneous wounding experiment was conducted in female MMP-9 —/— mice
(FVB.Cg-Mmp9tm1Tvu/J, from Jackson Laboratories). We used MMP-9 —/— mice because
MMP-9 plays a critical role in the mobilization of EPCs from the bone marrow. We and
others have shown that mice lacking MMP-9 have impaired EPC mobilization and
vasculogenesis (46, 48, 49). To rescue EPC mobilization in MMP-9 —/— mice, we
administered 1V injections (via tail vein, 0.5 pg/kg, 100 uL, PeproTech, Rocky Hill, NJ) of
recombinant murine stem cell factor daily, for seven days, to these mice.

Tissue Processing and Histology

On day 7 post injury, the animals were sacrificed by trained personnel using CO» inhalation
followed by cervical dislocation. Blood was collected, and wounds were harvested and
bisected. One half of the wound was fixed in 10% neutral buffered formalin and embedded
in paraffin. Paraffin-embedded wounds were sliced in 5 pm sections with a RM 2035
microtome (Leica, Heidelberg, Germany), and collected on Superfrost Plus slides (Fisher,
Pittsburgh, PA). Epithelial gap closure (defined as the distance between the two advancing
epithelial margins) and deposition of granulation tissue were studied with hematoxylin and
eosin (H&E) staining and morphometric image analysis using Nikon Elements imaging
software (Nikon Instruments, Melville, NY).

The other half of the wound was stained to determine 3-galactosidase activity. Wounds were
rinsed with cold PBS, kept separately, fixed with 0.5% glutaraldehyde for 10 min, and X-gal
stained with a solution containing 1 mg/mL of 5-bromo-4-chloro-3-indoyl- -D-
galactopyronidase, 5 mmol/L K3Fe(CN)6, 5 mmol/L K4Fe(CN)6, and 1 mmol/L MgCI2 in
PBS, pH 7.4, overnight at 37 °C (Sigma-Aldrich, St. Louis, MO). Wounds were then fixed
with 10% neutral buffered formalin (Sigma) for 16 h. Post-fixed X-gal stained tissues were
processed mechanically and paraffin-embedded. Serial 5 um sections were cut and
counterstained with 0.5% nuclear fast red. The mean number of f-gal positive cells was
calculated from 10 high-powered fields distributed evenly throughout the similarly defined
wound bed. These cells were denoted as EPCs.

Immunostaining

Serial sections were first immunostained with rat anti-CD31 antibodies (1:20; BD
Pharmingen, Franklin Lakes, NJ), and then with biotinylated goat anti-rat antibodies (1:200;
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Vector laboratories, Burlingame, CA). Capillary lumen density in wounds was measured as
the average number of CD31-positive lumens from 6 HPF (high-power fields, 40x) per
section, chosen just above the panniculus carnosus and distributed equally between the
epithelial margins.

Flow cytometry analysis/[FACS

200 pl of whole blood per mouse was collected. Red blood cells were lysed with ImL lysis
solution, as per the manufacturer’s instructions (Qiagen, Alameda, CA). The cells were
washed twice with 10mL of 1% BSA-PBS, resuspended in 1mL of 1% BSA-PBS solution,
and counted. EPCs were co-labeled using APC-conjugated anti-CD34 (1 pl per 5x108 cells),
FITC-conjugated anti-CD133 (1.5 pl per 1x10° cells), and PE-conjugated anti-FIk-1 (2 pl
per 1x10 cells) monoclonal antibodies (BD Biosciences, San Jose, CA). Incubations with
the antibodies were performed in the dark for 20 min at 4 °C with gentle rocking. Unstained
control and individual color controls were also included for gating. Cells were washed and
re-suspended in 350 pL of medium containing 7-AAD viability stain for live/dead
discrimination (3uL per 1x108 cells, eBioscience, San Diego, CA). With the FACS Canto-I1
flow cytometer (BD Biosciences, San Jose, CA), single cells were gated to obtain the live
CD34 positive population (Figure 5A). Within this population, cells that co-expressed
CD133 and FIk-1 were counted as EPCs (Figure 5B—C). Each data point included at least
1,000,000 events. Flow data were then analyzed with FlowJo software (Tree Star Inc.,
Ashland, OR) by a blinded investigator.

Enzyme Linked Immunosorbent Assays (ELISA)

Serum levels of VEGF, proMMP-9, and SCF were assessed with ELISA. On day 7 post
wounding, serum was collected, and protein expression measured with the ELISA kit (R&D
Systems, Minneapolis, MN), as per manufacturer’s protocol. Data were normalized to total
protein measured with the Bradford method.

Statistical analyses

The results are reported as mean + standard error of mean (mean+SEM). Statistical
comparisons between experimental groups were performed with either two-way ANOVA or
Student t-test, as appropriate. Results were considered statistically significant when p<0.05.

RESULTS

Over-expression of Ang-1 corrected diabetic impaired wound healing

All mice were alive at 4 weeks post BMT. Mice with STZ-induced diabetes had blood
glucose levels >350mg/dL. In diabetic BMT mice, excisional flank wounds (8 mm dermal
punch biopsies) were created and treated with Ad-Ang-1, or Ad-GFP, or PBS as vehicle
control. Most of the Ad-Ang-1-treated wounds were nearly healed by 7 days, in marked
contrast to the control Ad-GFP-treated or PBS-treated wounds, which had not healed.
Wounds treated with Ad-Ang-1 showed enhanced re-epithelialization at day 7 post
wounding and a smaller epithelial gap (Ang-1 2.3+0.2mm; GFP 3.9+0.2; PBS 4.0+0.1,
p<0.0001) overlying a bed of robust granulation tissue, as shown in Figure 1.
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Over-expression of Ang-1 enhanced neovascularization and recruitment of EPCs from BM,
in diabetic wounds

In addition, the Ad-Ang-1-treated wounds in diabetic BMT mice showed enhanced
neovascularization, as indicated by an increase in capillary density (Figure 2: Ang-1 6.8+.3
Caps/HPF; GFP 3.0+.4; PBS 2.9+.3, p<0.0001) and an increase in EPC recruitment (Figure
3: Ang-1 5.3+.4 EPCs/HPF; GFP 2.1+.3; PBS 2.2+.3, p<0.0001) at day 7 post wounding,
when compared with wounds treated with either Ad-GFP or PBS. Wounds treated with Ad-
Ang-1 also had fewer inflammatory cells in the wound. This finding is particularly
paradoxical given the ability of Ang-1 to specifically act as a recruitment cytokine for EPCs,
and yet its presence resulted in fewer inflammatory cells being recruited to the wound.

Over-expression of Ang-1 enhanced serum levels of MMP-9 and SCF, but not VEGF, at day
7 after wounding in BMT diabetic mice

Serum levels of VEGF were analyzed to determine whether Ang-1 treatment results in up-
regulation of VEGF and whether the observed effects of Ang-1 on wound closure and
neovascularization were mediated then via a downstream VEGF-dependent signaling. The
serum VEGF levels in diabetic BMT wounded animals treated with Ang-1 gene transfer
were not different from serum VEGF levels in control animals (Figure 4A). ProMMP-9 and
SCF levels were then determined to study whether Ang-1 effects were mediated through an
MMP-9 and SCF-dependent pathway. In contrast, treatment with Ang-1 resulted in an
increase in both proMMP-9 (Figure 4B: Ang-1 9.7+.8 ng/mL; GFP 6.3+.9; PBS 6.4+.4, p<.
01) and SCF (Figure 4C: Ang-1 265+28 pg/mL; GFP 119+16, PBS 159+12, p<.001) levels
in serum at day 7 post-wounding, in BMT diabetic mice.

Cutaneous wounding in MMP-9 —/- murine model showed decreased mobilization of EPCs,
which was rescued by SCF treatment

Peripheral blood EPC (CD34+/Cd133+/FIk1+) counts at day 3 post wounding showed
impaired EPC mobilization in MMP-9 —/- mice, when compared with the cell counts in
wild type controls (Figure 5C: MMP-9 —/- 0.66+0.02; WT 1.1+0.05, p<0.001). SCF
administered intravenously for 7 days rescued this phenotype and significantly increased
mobilization of EPCs to the levels observed in FVBN wildtype controls (Figure 5C: MMP-9
—/-+SCF 1.23+0.05; WT 1.1+0.05, p=ns), validating this model for the study of
mechanisms for MMP-9- and SCF-dependent EPC loss-of-function.

Over-expression of Ang-1 enhanced re-epithelialization of MMP-9 —/- wounds at day 7 post

wounding

In MMP-9 /- mice, treatment with Ad-Ang-1 accelerated re-epithelialization of the
wounds at 7 days (Figure 6: Ang-1 3.2+0.1mm; GFP 4.1+0.2; PBS 3.8+0.2; p<.05). The
epithelial gap was smaller than that of controls, suggesting that, in part, the effects of Ang-1
on re-epithelialization may be independent of MMP-9. Interestingly, at day 7 post
wounding, cutaneous wounds in MMP-9 /- mice (Figure 6A-C) showed an overall
decrease in cellular density and in robustness of granulation tissue, when compared with the
wounds of BMT diabetic mice (FigurelA-C) at day 7.
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Over-expression of Ang-1 did not have an effect on the neovascularization of wounds in
MMP-9 —/- mice, at day 7 post wounding

In MMP-9 —/- mice, administration of Ad-Ang-1 had no effect on wound
neovascularization at day 7 post wounding (Figure 7A: Ang-1 4.1+0.5 Caps/HPF; GFP
3.940.4; PBS 3.9£0.6). Not surprisingly, neither the VEGF levels (Figure 7B) nor the SCF
levels (Figure 7C) in serum at day 7 post wounding were affected by Ang-1 gene transfer in
MMP-9 —/- mice.

DISCUSSION

Our results show that adenoviral-mediated gene transfer of Ang-1 improved re-
epithelialization, enhanced the impaired angiogenesis, and increased BM-derived EPC
recruitment to cutaneous wounds in diabetic mice, which was associated with an increase in
serum levels of MMP-9 and SCF. In contrast, Ang-1 gene transfer did not modify the
disrupted pattern of VEGF expression. We then studied the local effects of Ang-1 on wound
healing to determine whether this effect was EPC-dependent. We performed experiments in
mice deficient in EPC mobilization (MMP-9 —/- mice) and found that Ang-1 administration
resulted in significant acceleration of wound closure in the MMP-9 —/— mice, albeit without
an effect on wound neovascularization or on VEGF and SCF serum levels, as expected.

EPCs contribute to vessel growth in embryonic and damaged tissues in adults (50). One of
the more potent factors that mobilize EPCs from their BM niche is VEGF (51-53). Tissue
hypoxia after trauma or during wound healing has been shown to increase VEGF
concentrations (54). Increased VEGF levels further activate MMP-9, which in turn cleaves
and activates Kit ligand (SCF) and induces proliferation and migration of EPCs from their
BM niche (46). Our previous data showed that Ang-1 is one of the most potent growth
factors for the recruitment of EPCs, even more so than VEGF, among a number of tested
cytokines. Moreover, our previous study showed that Ang-1 can enhance neovascularization
and accelerate re-epithelialization of excisional wounds in genetically diabetic (db/db) mice
(unpublished data). Over-expression of Ang-1 can attenuate cardiac apoptosis and promote
cardiac repair in db/db mice after myocardial infarction by promoting the recruitment of
CD133+/c-kit+ endothelial progenitor cells and restoring their function, as well as by
improving angiogenesis (55). We asked the question of whether the underlying mechanism
of the observed effects of Ang-1 on increased EPC mobilization in our wound model
worked via a similar MMP-9- and SCF-dependent pathway. Our results showed that, indeed,
the effects of Ang-1 on EPC mobilization and wound neovascularization were mediated via
an MMP-9- and SCF-mediated pathway, because the effects were not observed in MMP-9
—/- animals. There was no increase in neovascularization, or in VEGF, or SCF levels;
however, the effect of Ad-Ang-1 on improving wound closure persisted in MMP-9 —/-
mice. We hypothesize that Ang-1 has a direct stimulatory effect on keratinocyte migration,
which results in increased wound closure. Our preliminary in vitro data show a direct effect
of Ang-1 on murine keratinocyte proliferation, measured by an increase in Ki-67 expression
in these cells (unpublished data). To the best of our knowledge, there are no other reports on
the direct effect of Ang-1 on keratinocyte migration, but there are data showing that
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angiopoietin like-4 plays a role in keratinocyte migration. Mice deficient in angiopoietin
like-4 have impaired keratinocyte migration and delayed wound re-epithelialization (56).

In diabetes, the need for neovascularization arises from inadequate VEGF production and its
release into wounds. Therefore, current attempts at targeting growth factors to accelerate
wound healing in a diabetic setting have, for the most part, targeted the loss of VEGF
protein. Several groups have shown that topical application of VEGF protein or VEGF over-
expression in wounds with gene therapy significantly increases angiogenesis and accelerates
diabetic wound healing in murine models of diabetes (23). But it has been suggested that
increased VEGF also results in increased permeability, which may lead to leaky vessels, and
decrease the efficacy of this therapy. The results of the present study, however, suggest that
enhanced formation of wound capillaries may also be induced in diabetes with over-
expression of Ang-1, which has in fact been shown previously to maintain vascular integrity
and vessel maturation. More specifically, our present findings suggest strongly that Ang-1
causes, at least in diabetes, angiogenesis without increasing VEGF levels, possibly through
an EPC-dependent increase in neovascularization and/or vascular remodeling. Because
diabetic wounds have prolonged and persistent inflammation, granulation tissue formation is
impaired, which further results in impaired angiogenesis. Under these specific
circumstances, vasculogenesis may represent an alternative pathway to induce the formation
of new blood vessels, and Ang-1 may represent a novel target to induce therapeutic
vasculogenesis.

Up to now, Ang-1 was not thought to be a dominant factor in neovascularization. Ang-1
signals primarily through Tiel/TEK. Tie2 activity is tightly modulated by its angiopoietin
ligands, and this highly coordinated signaling is required for maturation and maintenance of
local angiogenesis, and for the integrity of the endothelium (57). Although Ang-1 expression
is not affected by skin injury, Ang-2 expression is upregulated transiently during the period
of formation of granulation tissue in normal mice, as shown by Kampfer and colleagues.
Their study further showed that, under diabetic wound conditions, Ang-2 levels kept
increasing even after day 7, a time point at which Ang-2 expression in normal wounds
started to decline, and were paralleled by an increase in Tiel levels, but a complete absence
of Tie2 (17). The authors concluded that the overexpression of Ang-2 in the presence of
markedly decreased VEGF expression (16) in diabetic wounds was associated with vessel
regression and impaired neovascularization. The importance of Tie2 expression has also
been shown in a skin flap model in diabetic mice, in which, tissue re-integration was
disturbed severely and was associated with markedly decreased expression of endothelium-
specific receptors Tie2 and FLT-1 (58). In another diabetes-related pathology, decreased
Ang-1/Tie2 and increased Ang-2 expression have been suggested to contribute to diabetes-
induced vascular damage after stroke (59). Similar attenuation of Tie2 expression and a
significant increase in Ang-2 levels were observed in db/db mice subjected to myocardial
ischemia (60).

In contrast, strategies that focused on activation or over-expression of Ang-1 proved to be
efficacious to improve diabetic wound healing. In a recent study, Ang-1 activation with
hydrogen sulfide restored EPC function and improved wound healing in a murine model of
type-I1 diabetes (18). Similarly, a new Angiopoietin-based peptidomimetic compound,
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Vasculotide, improved activation of Ang receptor Tie2 and its associated signaling pathways
in EC, which resulted in improved survival, migration, and MMP-2 production in vitro, and
resulted in improved diabetic wound healing in db/db mice (61). Cartilage oligomeric matrix
protein (COMP)-Ang-1, a soluble, stable, and potent form of Ang-1, significantly improved
wound closure and epidermal and dermal regeneration in murine diabetic wounds associated
with enhanced angiogenesis, lymphangiogenesis, and blood flow (62). These studies suggest
that the impaired angiogenic responses in diabetic animals could result from an imbalance in
the expression of VEGF and angiopoietins and that over-expression of Ang-1 or a
combination therapy with VEGF and Ang-1 may result in mature, non-leaky, functional
vasculature in diabetic wounds, which may be beneficial. As with any therapy, while
attempting to harness the useful effects of Ang-1, it is also important to fully understand the
spectrum of wound healing responses with varying doses of Ang-1. Particularly, the effects
on spatial and temporal regulation of other angiopoietin family members and the angiogenic
receptors Tiel and Tie2 should be understood in the context of normal and chronic diabetic
wound healing.

In conclusion, our results indicate that Ang-1 has direct effects on re-epithelialization and
EPC recruitment and plays a biologically important role in both physiologic
neovascularization and in the normal response to tissue injury in normal wound healing
which is impaired in diabetic mice. These data suggest a new paradigm for stimulating
neovascularization and correcting the impairment in diabetic wound healing by recruiting
EPCs via targeted gene therapy.
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ABBREVIATIONS

Ad vectors Adenoviral vectors

Ang-1 Angiopoietin-1

Ang-2 Angiopoietin-2

bFGF Basic fibroblast growth factor

FVB/N Inbred for the Fv1b allele which confers sensitivity to Friend leukemia virus

B strain

EC Endothelial cells

EGF Epidermal growth factor

ELISA Enzyme linked immunosorbent assay
EPCs Endothelial progenitor cells

eNOS Endothelial NO synthase
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PFU Particle forming units
HIF-1a Hypoxia inducible factor-1 alpha
MMP-9 Matrix metalloproteinase-9
NO Nitric oxide
PBS Phosphate buffered saline
PE Phycoerythrin
SCF Stem cell factor
Tie2 Receptor tyrosine kinase of the Tie family
VEGF Vascular endothelial growth factor
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Figure 1.
(A-C) H&E stained BMT diabetic murine sections of the wound at day 7 post wounding

demonstrated increased wound closure (distance between arrowheads represents epithelial
gap) in Ad-Ang-1-treated wounds compared to Ad-GFP or PBS controls, with (D) statistical
differences in epithelial gap between the three treatments. Bar plots represent mean+SEM,
Ad-Ang-1- or PBS-treated wounds (n=4); Ad-GFP-treated wounds (n=3), p values by
ANOVA.
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Figure 2.

(A-C) CD31-stained sections of the wound at day 7 post wounding demonstrated increased
density of capillary lumens in Ad-Ang-1-treated wounds compared to PBS or Ad-GFP
controls, with (D) statistical differences in capillaries per high powered field (40x, CAPS/
HPF) between the three treatments at day 7 post wounding. Bar plots represent mean+SEM,
Ad-Ang-1- or PBS-treated wounds (n=4); Ad-GFP-treated wounds (n=3), p values by
ANOVA.
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Figure 3.

(A-C) B-gal stained sections of the wound at day 7 post wounding demonstrated increased
LacZ-positive cells in Ad-Ang-1-treated wounds, signifying that they are BM derived cells
that express the endothelial marker Tie2 which were quantified as EPCs, in comparison to
fewer LacZ-positive cells in PBS or Ad-GFP control wounds with statistical differences in
LacZ-positive EPCs per high powered field (40x, EPCs/HPF) between the three treatments
at day 7 post wounding. Bar plots represent mean+SEM, Ad-Ang-1- or PBS-treated wounds
(n=4); Ad-GFP-treated wounds (n=3), p values by ANOVA.
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Figure 4.
There was no difference in serum VEGF levels at day 7 between Ad-Ang-1-treated and

control groups (A). Ad-Ang-1 treatment resulted in a significant increase in MMP-9 levels
(B) and SCF levels (C) compared to Ad-GFP or PBS controls at day 7. Bar plots represent
mean+SEM, Ad-Ang-1- treated wounds (n=4); PBS- or Ad-GFP-treated wounds (n=3), p
values by ANOVA.
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Figure 5.

At 3 days post wounding, peripheral blood was collected from all experimental and controls
groups. Circulating levels of EPCs were quantified by counting CD34*CD133*FIk1™* cells
using flow cytometry analysis. Representative dot plot distributions are shown where cells
are first gated on live CD34" cells (A). Within this population, EPCs are quantified as cells
that express both FIk-1 and CD133 (B). (C) Quantitative analysis demonstrated that after
cutaneous wounding MMP-9 —/- mice have a decreased (2-fold) EPC mobilization
compared to wildtype FVBN control mice. Stem cell factor (SCF) treatment rescued this
phenotype and increased EPC mobilization in MMP-9 —/— mice to levels similar in controls.
SCF had no effect on FVBN controls. Bar plots represent mean+SEM, (n=3), p values by

ANOVA.
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Figure 6.
(A-C) H&E stained MMP-9 —/— murine sections of the wound at day 7 post wounding

demonstrated increased wound closure (distance between arrowheads represents epithelial
gap) in Ad-Ang-1-treated wounds compared to Ad-GFP or PBS controls, with (D) statistical
differences in epithelial gap between the three treatments. Bar plots represent mean+SEM,
Ad-Ang-1- or PBS-treated wounds (n=4); Ad-GFP-treated wounds (n=3), p values by
ANOVA.

Surgery. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Balaji et al.

>

CD31 positive
lumens/HPF
O =~ N W Hh O

Page 21

p=ns p=ns p=ns
E 50 - C 100 -

| E 40 - € 80 1 pm
= >
% 30 £ 60 -
o) 0
3 20 - 2 40 -
— g
('-5 10 - w 20 -
e O
> 0 - @ 0

Ad Ang-1  PBS AdCtrl Ad Ang-1  PBS AdCtrl Ad Ang-1 PBS  AdCtrl
Figure 7.

In MMP-9 —/- animals, there was no difference in neovascularization (A), serum VEGF
levels (B), or serum SCF levels (C) at day 7 between Ad-Ang-1-treated and control groups.
Bar plots represent mean+SEM, Ad-Ang-1- or PBS-treated wounds (n=4); Ad-GFP-treated
wounds (n=3), p values by ANOVA.
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