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Reduced microcirculation and diminished expression
of growth factors contribute to wound healing im-
pairment in diabetes. Placenta growth factor (PIGF),
an angiogenic mediator promoting pathophysiologi-
cal neovascularization, is expressed during cutaneous
wound healing and improves wound closure by en-
hancing angiogenesis. By using streptozotocin-in-
duced diabetic mice, we here demonstrate that PIGF
induction is strongly reduced in diabetic wounds. Di-
abetic transgenic mice overexpressing PIGF in the
skin displayed accelerated wound closure compared
with diabetic wild-type littermates. Moreover, dia-
betic wound treatment with an adenovirus vector ex-
pressing the human PIGF gene (AdCMV.PIGF) signifi-
cantly accelerated the healing process compared with
wounds treated with a control vector. The analysis of
treated wounds showed that PIGF gene transfer im-
proved granulation tissue formation, maturation, and
vascularization, as well as monocytes/macrophages
local recruitment. Platelet-derived growth factor, fi-
broblast growth factor-2, and vascular endothelial
growth factor mRNA levels were increased in
AdCMV.PIGF-treated wounds, possibly enhancing
PIGF-mediated effects. Finally, PIGF treatment stim-
ulated cultured dermal fibroblast migration, point-
ing to a direct role of PIGF in accelerating granula-
tion tissue maturation. In conclusion, our data
indicate that reduced PIGF expression contributes
to impaired wound healing in diabetes and that

PIGF gene transfer to diabetic wounds exerts ther-
apeutic activity by promoting different aspects of
the repair process. (Am J Pathol 2006, 169:1167-1182;
DOI: 10.2353/ajpath.2006.051314)

Wound healing is a highly dynamic and complex process
that can be divided into three main and partially overlap-
ping phases: the early inflammatory, the intermediate
proliferative, and the late tissue remodeling phases." In
diabetes, wound healing is defective, often resulting in
ulcer formation. Numerous aspects of the wound repair
process are altered in diabetes, including dysfunction in
the inflammatory response, reduced granulation tissue
formation, and impaired angiogenesis. The mechanisms
underlying such defects are only partially understood.
Among them, decreased growth factor production has
been shown to play an important role.?
Neoangiogenesis of the granulation tissue, which
transiently fills the wound bed reconstituting skin con-
tinuity, is a step occurring during the proliferative
phase, necessary to sustain the metabolic demand
and to allow the recruitment of inflammatory cells. Re-
duced vascularization strongly contributes to ulcer for-
mation in diabetes,® and therapies aimed at enhancing
angiogenesis have proved beneficial in accelerating
diabetic wound closure. Different proangiogenic
growth factors directly or indirectly mediate new vesse
formation during skin repair. Among them, the placenta
growth factor (PIGF), a member of the vascular endo-
thelial growth factor (VEGF) family, plays an important
role in promoting adult pathophysiological neovascu-
larization and has been shown to contribute to wound
healing by enhancing angiogenesis.* PIGF acts by
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binding and activating the vascular endothelial growth
factor receptor-1 (VEGFR-1)® and, in human, exists as
four isoforms (PIGF-1, -2, -3, and -4) generated by
alternative splicing that results in their different binding
capability to heparin and the neuropilins.®~° PIGF pro-
motes monocyte chemiotaxis, collateral vessel growth,
and bone marrow-derived precursor cell mobiliza-
tion.’™°~'2 Some data indicate that PIGF may have a
direct action on endothelial cells mediated by VEGFR-1
receptor binding.'® However, in vivo experimental find-
ings show that PIGF angiogenic potential also relies on
the potentiation of VEGF activity.*

Based on its role in adult angiogenesis, PIGF has been
regarded as an attractive candidate for the therapeutic
modulation of adult angiogenesis, and studies on heart
and hindlimb ischemia animal models have confirmed
the therapeutic potential of PIGF administration.™"#1°

In vivo, PIGF exerts a strong angiogenic activity. Trans-
genic mice overexpressing PIGF under the keratin 14
promoter (K14-PIGF mice) exhibit a robust increase in
dermal vascularization that is formed of markedly en-
larged and also more numerous and permeable ves-
sels.'® In keeping with this finding, adeno-mediated PIGF
gene transfer in the skin is able to elicit a strong angio-
genic response, giving rise to more numerous and strik-
ingly larger vessels.'* PIGF gene transfer does not affect
lymphatic vasculature and induces blood vessel perme-
ability only when high adenovirus concentrations are
Used.17'18

In adult skin, PIGF expression is barely detectable, and
it is up-regulated in association with both physiological
and pathological neoangiogenesis, such as in the hair
follicle cycle,'® during wound healing,?® and in mela-
noma cells.?"?? During the angiogenic phase of wound
healing, PIGF is expressed by migrating keratinocytes
and endothelial cells of small blood vessels, acting in a
paracrine and autocrine way on VEGFR-1-expressing en-
dothelium.2° Moreover, lack of PIGF results in delayed
wound closure, indicating that this factor is required for
optimal skin repair.*

By using streptozotocin-induced diabetic mice, a
mouse model of type-1 diabetes, we investigated
whether PIGF may be involved in the healing impairment
of diabetic cutaneous wounds. We also evaluated the
activity of adenovirus-mediated PIGF gene transfer in
promoting diabetic skin repair.

Materials and Methods
Mice

C57BI/6 mice were purchased from Charles River (Calco,
Italy). Transgenic mice overexpressing PIGF under the
control of the human keratin 14 promoter (K14-PIGF
mice) have a BDF1 background and have been pro-
duced and phenotypically characterized in our
laboratory.'®

Adenovirus Vectors

The full cDNA for the human PIGF-1 isoform® was in-
serted into the pAdTrack-constitutive cytomegalovirus
(CMV) expression vector (Stratagene, La Jolla, CA) under
the control of the CMV immediate-early promoter/en-
hancer. The pAdTrack-CMV plasmid contains the gene
for the green fluorescent protein (GFP) under the control
of a second CMV promoter and sequences for homolo-
gous recombination with the replication-deficient sero-
type 5 adenovirus (Ad5). The plasmid containing the
human PIGF-1 was linearized and transformed with the
pADEasy-1 plasmid (Stratagene) in BJ5138 Escherichia
coli cells. The pAdCMV.PIGF, obtained following homol-
ogous recombination between pAdTrack-CMV.PIGF and
pAdEasy-1, was selected for its resistance to kanamycin
and sequenced to check the recombination event.

The control vector, carrying the cDNA for the E. coli
LacZ gene and coding for the enzyme B-galactosidase
(AdCMV.LacZ), was obtained following the same
procedure.

AdCMV.PIGF and AdCMV.LacZ were propagated in
293 cells (American Type Culture Collection, Manassas,
VA), modified to constitutively express viral genes for the
formation of viral particles deleted in the pAdEasy-1 vec-
tor, and were purified by a CsCI density gradient. The
preparation was dialyzed and stored in dialysis buffer (10
mmol/L Tris-HCIl and 1 mmol/L MgCl,, pH 7.4) with 10%
glycerol at —70°C. The titer of viral stocks was deter-
mined by plaque assay in 293 cells.

Diabetic Wound Model and Wound Closure
Analysis

Five-week-old C57BI/6 male mice were rendered diabetic
by a single intraperitoneal injection of 180 mg/kg strep-
tozotocin (Sigma-Aldrich, St. Louis, MO). After 7 days,
glucose level was measured in the peripheral blood, and
mice with glycemia over 250 mg/dl were selected for the
study. Two weeks later, the dorsum of anesthetized dia-
betic mice and age-matched healthy controls was
shaved, and a 6 mm-diameter full-thickness wound was
performed on the dorsal midline using a biopsy punch.
One day after injury, the wounds of diabetic mice were
treated with 50 wl of saline solution alone or containing 5 X
108 pfu of AACMV.PIGF or 5 X 108 pfu of AdCMV.LacZ,
delivered with a Hamilton’s syringe under the clot cov-
ering the wound. The wound area of healthy controls
was treated with an equivalent volume of saline solu-
tion. The wound margin was traced on a transparency
film put on the back of treated mice immediately after
wounding (day 0) and every 2nd day thereafter (days
2, 4, 6, etc. after wounding, corresponding to day 1, 3,
5, etc. after treatment). A blinded operator measured
traced areas of the wounds using a computer-assisted
image analyzer (KS300; Zeiss, Jena, Germany). The
rate of healing was expressed as the percentage of the
area at day 0. Sixteen to 22 animals/group were ana-
lyzed as a total of three independent experiments.



Eight- to 10-week-old transgenic mice and wild-type
littermates were used for the analysis of K14-PIGF mice.
Diabetes induction, wounds, and closure analysis were
performed on groups of nine animals as described
above, apart from the timing of wound closure analysis
that was performed every 2nd or 3rd day.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) and Real-Time RT-PCR

Cultured human dermal fibroblasts, human umbilical vein
endothelial cells, HaCaT cells, and wounds with sur-
rounding normal skin were homogenized in TRIzol (Life
Technologies, Invitrogen, Groningen, The Netherlands)
and total RNA extracted and purified following the man-
ufacturer’s instructions. RNA was converted into cDNA
using the first Strand cDNA Synthesis Kit (Roche Bio-
products, Basel, Switzerland). The cDNAs were used as
templates in RT-PCR or real-time RT-PCR. For RT-PCR of
VEGFR-1 and VEGFR-2, the following primers were used:
VEGFR-1 forward (5'-CTCCTGAGTACTCTACTCCT-3")
and reverse (5'-GAGTACAGGACCACCGAGTT-3'), am-
plifying a 632-bp fragment, and VEGFR-2 forward
(5’-GTCTATGCCATTCCTCCCCC-3') and reverse (5'-
GAGACAGCTTGGCTGGGCT-3'), amplifying a cDNA
fragment of 85 bp.

For real-time RT-PCR, the SYBR Green PCR Master
Mix (Applied Biosystem, Foster City, CA) was used fol-
lowing the manufacturer’s instructions, and the following
gene-specific primers were designed using the Primer
Express software (Applied Biosystems): PIGF forward
(5'-GTGTGCCGATAAAGACAGCCA-3’) and reverse (5'-
GAAATGTGGATCCCGATTGG-3'); VEGF forward (5'-T-
GTGCAGGCTGCTGTAACGAT-3') and reverse (5'-GCA-
TGATCTGCATGGTGATGTT-3'); VEGFR-1, transmem-
brane form, forward (5'-AAACTAGGCAAATCGCTCGG-
3") and reverse (5'-GGCTTGAACGACTTTCCCAA-3');
and VEGFR-1, soluble form, forward (5'-TCAGGCCCAG-
AGGAAAGC-3') and reverse (5'-GAGGGCACTGGGCT-
TTCTTA-3'). For the transforming growth factor B-1 (TG-
FB-1), fibroblast growth factor-2 (FGF-2), and platelet-
derived growth factor-B (PDGF-B), the forward and re-
verse primers reported by Galiano et al*® were used.

Gene-specific PCR products were measured by means
of the ABI PRISM 5700 detection system (Perkin-Elmer,
Norwalk, CT) and normalized to the glycer-aldehyde-3-
phosphate dehydrogenase (GAPDH) amplification ob-
tained with specific primers (forward-5'-GTATGACTC-
CACTCACGGCAAA-3" and reverse-5'-TTC-CCATTCTC-
GGCCTTG-3"). Quantification was performed using the
comparative CT method.?* A non-template control was run
with every assay by adding water in place of cDNA, and all
determinations were performed in triplicate.

Enzyme-Linked Immunosorbent Assay (ELISA)

Protein extracts from skin wound biopsies were obtained
as described.'® Plasma samples used for the detection
of human PIGF were obtained from blood collected from
the jugular vein using a syringe containing an anticoag-

PIGF in Diabetic Wound Healing 1169
AJP October 2006, Vol. 169, No. 4

ulant (Liguemin, 100,000 u.i.; Roche Bioproducts). Blood
was immediately transferred in a vial containing EDTA at
a concentration of 1.6 mg/ml and mixed with an equal
volume of PBS without calcium and magnesium. After
adding 3 vol of Lymphoprep (Axis-Shield PoC As, Oslo,
Norway) to the mixture, a discontinuous density gradient
was obtained by centrifugation, and the upper phase
containing the plasma was collected.

Mouse PIGF and VEGF were quantified in wound ex-
tracts of diabetic and healthy mice using specific murine
Quantikine ELISA Kit (R&D Systems, Abingdon, UK), fol-
lowing the manufacturer’s instructions. Human PIGF was
detected in wound extracts after ADCMV.PIGF, ADCMV.
LacZ, or saline local application or in plasma samples by
using Quantikine human PIGF ELISA kit (R&D Systems).
VEGFR-1 was quantified in 96-well plates coated with 50
wl of an anti-mouse VEGFR-1 antibody (AF471; R&D Sys-
tems) at a concentration of 10 wg/ml overnight at room
temperature. The plates were then washed and incu-
bated for 2 hours with 3% bovine serum albumin in PBS.
After washing, 80 ng of protein extracts from diabetic and
healthy mouse wounds were added to the plates for 2
hours at room temperature, followed by a 2-hour incuba-
tion with biotinylated anti-mouse VEGFR-1 antibody
(BAF471; R&D Systems). The plates were then incubated
overnight with  horseradish  peroxidase-conjugated
streptavidin, diluted 1:1000. Colorimetric reactions were
read at 490 nm in a Microplate Reader 3550-UV (Bio-
Rad, Life Science Group, Hercules, CA).

Analysis of GFP Expression

Wounds surrounded by normal skin were dissected 1 day
after adenovirus application and frozen in Tissue-Tek
OCT Compound (Sakura Finetek, Torrance, CA). Ten-um
cryostat sections were obtained and immediately ana-
lyzed at the fluorescence microscope.

In Situ Hybridization

Paraformaldehyde-fixed, paraffin-embedded wound
specimens were processed as previously described.?®
The mouse PIGF riboprobe containing the entire coding
sequence and the human PIGF riboprobe spanning the
cDNA region common to all of the human PIGF isoforms
were previously described.'6:2°

Immunohistochemistry

Four-um-thick paraformaldehyde-fixed, paraffin-embed-
ded sections from skin biopsies containing the wounds
were processed as described.?® To detect endothelial
cells, an anti-mouse platelet endothelial cell adhesion
molecule-1 (PECAM/CD31) polyclonal antibody (M 20;
Santa Cruz Biotechnology, Santa Cruz, CA) was used at
a concentration of 1 ug/ml for 14 hours at 4°C following
antigen retrieval with a microwave treatment at 650 W for
2 plus 5 minutes. Smooth muscle cells/pericytes sur-
rounding blood vessels were stained by using a mouse
monoclonal anti-a-smooth muscle actin (clone 1A4;
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DakoCytomation, Milan, Italy) diluted 1:50, for 1 hour at
room temperature after antigen retrieval in microwave at
650 W for 3 minutes using the Dakoark kit (DakoCytoma-
tion). Monocytes/macrophages were identified with an
anti-mouse monoclonal antibody (Mac3, clone M3/84;
PharMingen, BD Biosciences, Franklin Lakes, NJ) at a
concentration of 5 ug/ml for 2 hours at room temperature
after microwave treatment at 600 W for 3 minutes. Human
PIGF was detected using an anti-goat polyclonal anti-
body (C-20; Santa Cruz Biotechnology) as described.?°
Negative controls were obtained by omitting the primary
antibody.

Computer-Assisted Morphometric Analysis

Two blinded observers independently analyzed granula-
tion tissue area, CD31-positive vessel density and area,
a-smooth muscle actin-positive vessel density, and
Mac3-positive cell density by computer-assisted image
analysis using a Zeiss KS300 Version 3.0 program.
CD31-positive vessel density and area, a-smooth muscle
actin-positive vessel density, and Mac3-positive cell den-
sity were calculated on 8 to 12 noncontiguous, randomly
selected fields within the granulation tissue at X100
magnification.

Colony-Forming Assay of Isolated Myeloid
Precursors

Peripheral blood mononuclear cells (PBMC) were iso-
lated from heparinized blood after centrifugation over a
discontinuous gradient using Lymphoprep (Axis-Shield
PoC As). After centrifugation, PBMC present in the inter-
mediate phase were resuspended in Iscove modified
Dulbecco’s medium (Gibco, Invitrogen). PBMC were
seeded at a density of 1.2 X 10° cells/well in six multi-well
plates containing methyl-cellulose culture medium
(Methocult; StemCell Technologies, Grenoble, France)
and the number of colonies/well was counted after 2
weeks of culture.

Cell Cultures

Primary human fibroblast cultures previously established
from skin biopsies from healthy volunteers were grown in
F10 medium supplemented with 10% fetal calf serum.
The human keratinocyte cell line HaCaT was maintained
in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum and 4 mmol/L glutamine. Hu-
man umbilical vein endothelial cells were isolated
from freshly delivered umbilical cords as previously
described®® and cultured in Endothelial Cell Growth
Medium-2 kit from Clonetics (BioWhittaker Inc., Walkers-
ville, MD).

Western Blot

Semiconfluent normal human fibroblasts were lysed
and boiled in SDS sample buffer (50 mmol/L Tris-HCI,

pH 6.8, 100 mmol/L dithiothreitol, 2% SDS, 0.1% brom-
phenol blue, and 10% glycerol). Equal amounts of
protein per sample were analyzed in 7 or 10% SDS-
polyacrylamide gels. Proteins were then transferred to
nitrocellulose membranes (Hybond-C; Amersham Life
Science, Buckinghamshire, UK), using a Transblot ap-
paratus (Bio-Rad). Membranes were blocked in block-
ing solution (2% nonfat dry milk, 1% Triton X-100, 10
mmol/L EDTA, and 50 mmol/L Tris-HCI, pH 7.5) and
incubated overnight at 4°C with the primary antibody,
diluted in blocking solution. The anti-VEGFR-1 rabbit
polyclonal antibody (C-17; Santa Cruz Biotechnology)
was used at 2 ug/ml, the anti-VEGFR-2 goat polyclonal
antibody (AF357; R&D Systems) was used at 0.2 ug/
ml, and the anti-B-actin monoclonal antibody (AC-40;
Sigma-Aldrich) was diluted 1:1000. After washing twice
with blocking solution, membranes were incubated for
1 hour at room temperature with the secondary anti-
body (anti-rabbit or anti-mouse Ig/horseradish peroxi-
dase, Amersham Life Science; or anti-goat Ig/horse-
radish peroxidase, Sigma-Aldrich; all diluted 1:5000 in
blocking solution). Membranes were then washed with
0.1% Tween 20/TBS, and detection was performed
using the ECL Western blotting detection reagents
(Amersham Life Science).

Migration Assay

Fibroblast migration was analyzed using Boyden cham-
bers (Neuroprobe Inc., Gaithersburg, MD) equipped with
8-um pore diameter polycarbonate filters (Nuclepore;
Whatman Incorporated, Clifton, NJ) coated with 5 ug/ml
of a gelatin solution. In brief, cells were suspended in
migration medium (1 pg/ml heparin/0.1% bovine serum
albumin in DMEM) and loaded (2 X 10° cells) into the
upper compartment of the Boyden chambers. Migration
medium containing grading concentrations of human re-
combinant PIGF (10 to 100 ng/ml/hour PIGF-1; from R&D
Systems) was added to the lower compartment of the
chambers. After 16 hours incubation at 37°C in a CO,
incubator, the filters were removed from the chambers,
fixed in 4% paraformaldehyde/PBS, and stained with
0.5% crystal violet. The cells from the upper surface of
the filter were removed by wiping with a cotton swab, and
the filters were mounted on a slide. Migrated cells, at-
tached to the lower surface of the filters, were then
counted under the microscope. Ten (50X) magnification
microscopic fields randomly selected on each filter were
scored for each experimental condition. Experiments
were performed in triplicate. Basal migration was deter-
mined by including migration medium in the lower com-
partment of the Boyden chambers, while as a positive
control, cell migration stimulated by a mixture of insulin-
transferrin-sodium selenite (Sigma-Aldrich) was ana-
lyzed. To verify the specificity of the observed effect,
PIGF was incubated in the presence of 10 ug/ml of its
blocking antibody (MAB 264; R&D Systems) or of an
antibody blocking VEGF (MAB 293; R&D Systems). To
evaluate the involvement of VEGFR-1 and VEGFR-2 in
mediating PIGF-induced fibroblast migration, cells were



seeded in the presence of 10 ug/ml of an anti-VEGFR-1
(AF 321; R&D Systems) or an anti-VEGFR-2 (AF 357; R&D
Systems) antibody.

Proliferation Analysis

Fibroblast proliferation was determined using the bro-
modeoxyuridine method (Cell Proliferation ELISA, BrdU
colorimetric kit; Roche) in 96-well tissue culture plates
in triplicate. Fibroblasts (4000 cells/well) were seeded
and cultured in F10 medium containing 10% FCS. After
10 hours, medium was removed, and cells were main-
tained overnight in medium containing 0.1% bovine
serum albumin (starving condition). Cells were then
treated with F10 medium containing 0.1% bovine se-
rum albumin, a mixture of insulin-transferrin-sodium
selenite (Sigma-Aldrich), diluted 1:100, and heparin
(Sigma-Aldrich) without (negative control) or in the
presence of 10 ng/ml FGF-2 (234-FSE; R&D Systems),
used as positive control, or of PIGF at a concentration
of 10, 20, 50, or 100 ng/ml. The cell number was
determined at 0, 24, 48, and 72 hours after the addition
of PIGF. Twelve hours prior proliferation analysis, bro-
modeoxyuridine was added to the medium. Cell prolif-
eration was then calculated by determining bromode-
oxyuridine incorporation with an ELISA assay, following
manufacturer’s instructions.

Statistical Analysis

Numerical differences were analyzed by using the two-
tailed Student’s t-test. P values less than 0.05 were con-
sidered significant. For the wound closure analysis, the
six pairwise differences of the wound area between treat-
ment groups (AdCMV.PIGF, AdCMV.LacZ, and saline
solution) and healthy controls were tested using the two-
tailed Student’s t-test. The analysis of variance for re-
peated measures (split-plot design) was also applied to
test the treatment interaction with time and to derive,
using the Tukey procedures for multiple comparisons, the
estimate of wound area differences (95% confidence
interval) within each pair of treatments.

Results

PIGF Expression Is Strongly Reduced in the
Wounds of Diabetic Mice

PIGF mRNA levels were analyzed by real-time RT-PCR on
RNA extracted from skin-punch biopsies containing the
wounds, taken at different time points after injury, from
diabetic and healthy control mice (Figure 1A). In healthy
animals PIGF mRNA induction started at day 1 and
reached a peak at day 3, concomitantly with the initiation
of granulation tissue formation. PIGF mRNA levels re-
mained higher than those present in unwounded skin at
least up to day 9. In diabetic mice, PIGF mRNA induction
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Figure 1. Expression of PIGF in the diabetic wounds. A: Real-time PCR
analysis of mouse PIGF mRNA levels during wound healing shows that the
induction of PIGF is strongly reduced in diabetic mice compared with healthy
controls. Results are expressed as relative fold induction versus PIGF expres-
sion at day 0 in diabetic mice (1 = 3). *P < 0.05; *P < 0.01. B-E: In situ
hybridization on wound specimens taken at day 3 after injury shows that
migrating keratinocytes at the wound margin (arrows) display reduced PIGF
mRNA levels in the wounds of diabetic mice (D, E) with respect to healthy
animals (B, C). B, D: bright field; C, E: dark field. Scale bars = 75 um. F:
ELISA for mouse PIGF measurement in protein extracts of healthy and
diabetic wounds shows the reduction in PIGF protein in diabetic wounds.
*P < 0.05.

was strongly reduced compared with healthy controls,
reaching a fivefold difference (2.82 *= 0.43 in diabetics
versus 14.85 = 0.33 in healthy mice) at day 3.
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By in situ hybridization analysis using a mouse PIGF
riboprobe on wound specimens collected at day 3, a
strong signal was detected on migrating keratinocytes at
the wound margin in healthy control animals (Figure 1, B
and C). In diabetic wounds, the hybridization signal on
keratinocytes was visible but much weaker compared
with controls (Figure 1, D and E).

The analysis by ELISA indicated that PIGF induction
was also strongly reduced at the protein level in dia-
betic wounds (Figure 1F). In control mice PIGF started
to increase at day 1, reached the highest levels at day
3, and remained up-regulated at least until day 9. In
diabetic wounds, PIGF induction was evident but sig-
nificantly reduced with respect to nondiabetic controls
from day 1 to day 7, with an almost 3.5-fold difference
(21.83 = 5.67 versus 71.07 = 9.8 pg/ml) at day 3.

VEGF expression was also analyzed by real-time
RT-PCR on the same extracts used for PIGF mRNA
detection. As expected, VEGF mRNA expression was
induced in healthy wounds, with a peak at day 3 after
wounding. In diabetic samples VEGF mRNA levels
were reduced compared with healthy controls at all of
the time points analyzed, reaching a more than three-
fold difference at day 3 and day 5 after wounding
(Supplementary Figure 1, see http.//ajp.amjpathol.org).

In parallel, we also verified whether the decrease in
PIGF expression correlates with reduced VEGFR-1 lev-
els, by real-time RT-PCR and ELISA. VEGFR-1 mRNA
can be differently processed to give rise to a mem-
brane or a soluble form, the latter lacking the intracel-
lular and transmembrane domains and containing a
unique sequence at the 3’ end.?® The soluble form is
considered to negatively act on angiogenesis by inter-
fering with growth factor binding to the transmembrane
tyrosine kinase receptor. The mRNA analysis was,
therefore, performed using two different sets of prim-
ers, one recognizing the intracellular region, thus am-
plifying the cDNA for the transmembrane form, and a
second one amplifying 72 nucleotides localized in the
sequence specific for the soluble form. By using both
sets of primers, a decreased amount of mMRNA coding
for VEGFR-1 was detected in the diabetic wounds com-
pared with healthy controls at all of the time points
analyzed (up to 9 days after wounding). In particular,
the mRNA for the membrane receptor was significantly
reduced at day 9 after injury in diabetic wounds, with
an almost threefold difference compared with healthy
wounds (1.39 = 0.28- versus 3.91 = 1.13-fold increase
over diabetic wound at day 1) (Figure 2A). The selec-
tive amplification of the mRNA transcript encoding for
the soluble form revealed a marked decrease in the
diabetic wounds at day 3, 7, and 9, the difference
being of about threefold at day 7 (2.64 + 0.84- versus
7.84 = 1.7-fold increase over diabetic wound at day 1)
(Figure 2B). The ELISA for mouse VEGFR-1 indicated
that also at the protein level, the expression was de-
creased in diabetic wounds, the differences between
diabetic wounds and healthy controls, expressed as
fold increase over diabetic wound at day 0, being
significant at days 7 and 9 after wounding (Figure 2C).
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Figure 2. Expression of VEGFR-1 in the diabetic wounds. A and B: Real-time
RT-PCR analysis with primers amplifying the mRNAs encoding the mem-
brane VEGFR-1 (A) or the sequence specific for the soluble form (B) indi-
cates that the induction of both isoforms is decreased in diabetic wounds
compared with healthy controls. Results are expressed as relative fold induc-
tion versus VEGFR-1 mRNA expression at day 1 in diabetic mice (n = 3),
because at day 0, the amplified sequence of the membrane isoform (A) was
undetectable in the diabetic samples. *P < 0.05; *P < 0.01. C: ELISA for
VEGFR-1 confirming the reduction at the protein level in the expression of
the PIGF receptor in diabetic mice. Results are expressed as relative fold
induction versus VEGFR-1 expression at day 0 in diabetic mice (7 = 3). *P <
0.05.

Wound Healing Is Accelerated in Diabetic
K14-PIGF Transgenic Mice

To verify whether high levels of keratinocyte-derived
PIGF are able to rescue the healing impairment char-
acteristic of diabetes, wound healing was monitored up
to complete closure in transgenic mice overexpressing
PIGF under the control of the keratin 14 promoter (K14-
PIGF mice), rendered or not diabetic by streptozotocin
treatment. Wound closure occurred 14 days after injury
both in K14-PIGF mice and wild-type controls in basal
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Figure 3. Analysis of wound closure in transgenic mice overexpressing PIGF in the skin (K14-PIGF mice). A: In K14-PIGF transgenic mice, wound closure is not
accelerated compared with nontransgenic littermates, but the wound area is significantly reduced at early time points (2, 4, and 7 days after wounding) (72 = 9).
B: In diabetic K14-PIGF transgenic mice, wound closure is accelerated compared with diabetic nontransgenic littermates (18 versus 22 days), with a significant
reduction in the wound area starting from day 4 and up to wound closure (72 = 9). *P < 0.05; **P < 0.01. C-F: Analysis of granulation tissue vascularization in
diabetic K14-PIGF mice and diabetic wild-type littermates. Central sections of wounds collected at day 7 after injury were stained with an anti-PECAM/CD31
antibody or an anti-a-smooth muscle actin (SMA) antibody to detect endothelial cells and pericytes/smooth muscle cells, respectively. Vessel density (C, F), mean
vessel area (D), and percentage area covered by vessels (E) were measured by computer-assisted morphometric analysis. K14-PIGF mice showed increased
vascularization for all of the parameters analyzed compared with nontransgenic controls, but the differences were significant only for the CD31" main vessel area
(D) and total area covered by vessels (E) (7 = 6). Values are expressed as mean = SEM. *P < 0.05; **P < 0.01.

conditions (ie, in the absence of diabetes) (Figure 3A).
An improvement of the healing process was evident in
transgenic mice at all time points analyzed compared
with wild-type littermates, with a significant decrease in
the wound area at the early time points (days 2, 4, and
7). Wound healing was then analyzed in diabetic mice.
Wound closure was accelerated in K14-PIGF diabetic
mice (18 days) compared with control diabetic litter-
mates (22 days), with a significant reduction of the
wound area starting from day 4 and up to day 18
(Figure 3B).

The biological effect of the constitutive PIGF overex-
pression in the diabetic wounds was also character-
ized. Granulation tissue extension and vascularization
were analyzed by computer-assisted morphometric
analysis in central wound sections from diabetic trans-
genic mice and diabetic wild-type littermates collected
at day 7 after injury. This analysis indicated that in
K14-PIGF diabetic mice granulation tissue formation
was increased, despite not significantly (2.67 = 1.09
mm? in wild-type mice versus 3.21 * 0.67 mm? in
K14-PIGF mice) (data not shown). Vascularization was
analyzed by staining vessels with an anti-PECAM/
CD31 antibody to detect blood endothelial cells or with

an anti-a-smooth muscle actin (SMA) antibody recog-
nizing vessels surrounded by pericytes/smooth muscle
cells. This analysis revealed an increase, although not
statistically significant, in vessel density after immuno-
staining with both antibodies (Figure 3, C and F) and
showed that the mean vessel area as well as the total
area of PECAM/CD31-positive vessels were signifi-
cantly augmented in the granulation tissue of K14-PIGF
mice compared with wild-type controls (Figure 3, D
and E). PIGF is a strong chemoattractant for VEGFR1™"
monocytes/macrophages.’® Therefore, we investi-
gated whether the increased PIGF expression in K14-
PIGF diabetic wounds correlates with enhanced mono-
cyte/macrophage recruitment at the wound site.
Wound sections were stained with an antibody against
the Mac3 antigen that is expressed on mouse mono-
cytes and activated macrophages, and the number of
labeled cells within the granulation tissue quantified by
computer-assisted morphometric analysis. The results
indicated that monocyte/macrophage number was
comparable in diabetic K14-PIGF mice and their dia-
betic controls (596 + 67/mm? in wild-type mice versus
622 = 79/mm? in K14-PIGF mice) (data not shown).
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Figure 4. Efficacy of AACMV.PIGF transfer into the wounds. A: ELISA for human PIGF of proteins extracted from AdCMV.PIGF-treated wounds dissected at
different times after injury. B: GFP analysis of an AACMV.PIGF-treated diabetic wound taken 1 day after treatment showing homogeneous fluorescence throughout
the epidermis (e) and numerous positive cells in the dermis (arrows). Scale bar = 50 wm. C-E: Immunohistochemistry for human PIGF in wounds collected 1
day after treatment from AdCMV.LacZ-treated- (C) and AdCMV PIGF-treated diabetic wounds (D and E). Staining is detectable in different cells in AACMV.PIGF-
treated wounds, both in the epidermis and in the dermis (D), whereas AdCMV.LacZ-treated wounds do not show any specific staining for human PIGF (C). E:
Higher magnification of D showing positive cells in the dermis (arrows) of AACMV.PIGF-treated mice. Scale bars: C, D, 50 um; E, 25 pm.

Topical Administration of an Adenovirus
Carrying the Human PIGF-1 Results in High
PIGF Expression at the Wound Site

To test the potential therapeutic effect of PIGF adminis-
tration in diabetic wound healing, an adenovirus vector
containing the cDNA for the human PIGF-1 isoform (Ad-
CMV.PIGF) or for the LacZ gene (AdCMV.LacZ) was
topically applied 1 day after injury on excisional wounds
performed in diabetic mice. We first verified whether
AdCMV.PIGF efficiently transduced PIGF at the wound
site. To this end, human PIGF expression was analyzed
by ELISA on protein extracts obtained from the wounds at
various times after injury (Figure 4A). This analysis re-
vealed that the day after ADCMV.PIGF application (ie,
day 2 after wounding) adenovirus-derived PIGF was ac-
tively expressed in the wounds. Thereafter, human PIGF
expression progressively decreased but persisted at
high levels at least up to 1 week after adenovirus admin-
istration. As expected, human PIGF was undetectable in
AdCMV.LacZ-treated wounds at all time points analyzed
(not shown).

As AdCMV.PIGF contains the GFP gene, we analyzed
under the fluorescence microscope the extent of adeno-
virus-mediated gene transfer in the treated wounds. The
analysis of wound specimens excised 1 day after ade-
novirus application revealed numerous GFP-positive
cells at the wound margin in AdCMV.PIGF-treated
wounds, including keratinocytes and cells located in the
dermis (Figure 4B). In situ hybridization analysis per-
formed on wound tissue specimens collected the day
after treatment indicated that different cell types, com-
prising epidermal keratinocytes, cells located in the der-

mis and in the panniculus carnosum, transcribed human
PIGF following adenovirus infection (data not shown). No
specific hybridization signal could be detected on spec-
imens from AdCMV.LacZ-treated wounds. Immunohisto-
chemistry with an anti-human PIGF antibody on the same
specimens confirmed that adenovirus-derived PIGF ex-
pression was widely distributed within the wounds of
AdCMV.PIGF-treated mice but not in AdCMV.LacZ-
treated controls (Figure 4, C-E).

AdCMV.PIGF Treatment Accelerates Cutaneous
Wound Closure in Diabetic Mice

To test the effect of AACMV.PIGF topical treatment in
diabetic wound healing, excisional punch biopsies were
performed in diabetic and healthy control mice and dia-
betic wounds were treated with 5 X 108 pfu of AACMV.
PIGF or with 5 X 108 pfu of AdCMV.LacZ or with saline
solution. The analysis of wound closure indicated that all
healthy controls healed by day 18 (Figure 5A). All dia-
betic wounds treated with saline healed by day 26, as did
AdCMV.LacZ-treated wounds. In contrast, all diabetic
wounds treated with ACMV.PIGF healed by day 20. The
analysis of the wound area measured every second day
after injury (ie, days 1, 3, 5, etc. after treatment) revealed
a significant reduction in AACMV.PIGF-treated mice com-
pared with AACMV.LacZ-treated mice, starting from day
6 and up to wound closure (Figure 5, A and B) (test for
interaction treatment with time, P < 0.0001). No signifi-
cant difference in the wound area could be observed at
any time point analyzed neither between healthy controls
and AdCMV.PIGF-treated diabetic wounds nor between
AdCMV.LacZ- and saline-treated diabetic wounds.
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Figure 5. Wound closure analysis in diabetic mice treated with AACMV.PIGF
and in controls. A: Topical application of AACMV.PIGF accelerates wound
closure in diabetic mice with respect to saline and AACMV.LacZ treatments,
approximating the timing of closure observed in untreated healthy controls.
The wound area is significantly reduced in AACMV.PIGF-treated diabetic
mice compared with AdCMV.LacZ- and saline-treated diabetic mice but
not with untreated healthy animals. *P < 0.05; *P < 0.01; **P < 0.005,
AdCMV.PIGF versus AdCMV.LacZ. B: Representative pictures of diabetic
wounds treated either with AACMV.PLGF or with AdCMV.LacZ taken imme-
diately after wounding (day 0) and at different times after injury, illustrating
the increased reduction of the wound area following PIGF gene transfer
compared with LacZ gene transfer.

AdCMV.PIGF Treatment Associates with
Increased Formation and Accelerated
Maturation of the Granulation Tissue

To characterize the biological effects underlying
AdCMV.PIGF treatment, wounds with surrounding skin
were excised from treated mice 7 days after injury (day 6
after treatment). Sections from the central part of the
wounds were stained with hematoxylin/eosin or Masson’s
trichrome and used for histological analysis. Computer-
assisted morphometric analysis revealed that the granu-
lation tissue area was significantly reduced in saline-
treated diabetic mice with respect to healthy controls.
Furthermore, ACMV.PIGF, but not ACMV.LacZ, treat-
ment induced the formation of granulation tissue to an
extension comparable with that observed in healthy mice
(Figure 6A). Moreover, the morphological analysis of
Masson’s trichrome-stained sections revealed that the
granulation tissue was more mature in AdCMV.PIGF-
treated wounds compared with diabetic wounds. Indeed,
in AdCMV.LacZ-treated wounds, and in saline solution-
treated specimens, the wound bed was largely filled with
fibrin or with a poorly cellularized, avascular granulation
tissue containing a minimal amount of newly deposited
collagen (Figure 6, B and C). On the other hand, in
AdJCMV.PIGF-treated wounds a well-vascularized granu-
lation tissue mainly populated by fibroblasts and display-
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ing a collagen-rich extracellular matrix completely filled
the wound bed (Figure 6, D and E).

Granulation Tissue Vascularization Is Increased
after AACMV.PIGF Diabetic Wound Treatment

To quantify granulation tissue vascularization, an immu-
nohistochemical analysis was performed on wound
tissue specimens taken at day 7 after injury using an
anti-PECAM/CD31 antibody. The computer-assisted mor-
phometric analysis of the vasculature within the granula-
tion tissue indicated that vascularization was significantly
increased in AACMV.PIGF-treated wounds with respect
to both AACMV.LacZ- and saline-treated ones (Figure 7).
Specifically, PECAM/CD31-stained vessels were signifi-
cantly more numerous and larger, as indicated by the
higher number of vessels/mm?, the larger mean vessel
area and the increased area covered by vessels in the
granulation tissue (Figure 7, A-C).

Because PIGF has been reported to induce granula-
tion tissue vessel maturation,* we also evaluated the
density of vessels surrounded by pericytes/smooth mus-
cle cells in the granulation tissue of wound specimens, by
staining sections with an anti-a-SMA antibody. The num-
ber of vessels surrounded by a continuous SMA™-cell
layer/mm? was significantly higher in the granulation tis-
sue of AdCMV.PIGF-treated wounds compared with
AdCMV.LacZ- and saline-treated controls (Figure 7,
D-F). The density of SMA-positive vessels was compara-
ble in AACMV.PIGF-treated and healthy controls (Figure
7D). Of note, muscle cell-coated vessels in the granula-
tion tissue of AACMV.PIGF-treated diabetic mice repre-
sented 19.6% of PECAM/CD31-stained vessels, whereas
in saline-treated and AdCMV.LacZ-treated diabetic
wounds they were 2.9 and 5.0%, respectively. In healthy
controls, SMA-positive vessels were 26.5% of the total
vasculature within the granulation tissue.

Inflammatory Cell Recruitment to the Wound
Site Is Increased in Diabetic Mice Treated with
AJCMV.PIGF

To further characterize the biological effects exerted by
PIGF transduction into the diabetic wounds, monocyte/
macrophage recruitment was investigated. Sections of
wound specimens collected at day 7 after injury were
treated with an antibody against the Mac3 antigen and
the number of labeled cells within the granulation tissue
quantified by computer-assisted morphometric analysis.
The results obtained indicate that monocyte/macrophage
density was significantly reduced in the granulation tis-
sue of diabetic mice with respect to healthy controls
(Figure 8A). In the wounds treated with the AACMV.PIGF,
the number of monocytes/macrophages in the granula-
tion tissue was increased compared with AdCMV.LacZ-
and saline-treated controls, whereas no significant differ-
ence was observed in the number of Mac3-positive cells
in AdCMV.PIGF-treated mice compared with healthy
controls.
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Figure 6. Effect of AACMV.PIGF application on granulation tissue formation. A: Analysis of granulation tissue area in the central sections from wound specimens
collected 7 days after wounding (6 days after treatment). The amount of granulation tissue is significantly increased in AACMV.PIGF-treated wounds with respect
to either AdCMV.LacZ- or saline-treated wounds and is similar to that present in healthy controls. *2 < 0.05. B-D: Central sections of wounds treated with
AdCMV.LacZ (B, lower magnification, and C, higher magnification) or AdACMV.PIGF (D, lower magnification, and E, higher magnification) collected 7 days after
wounding (6 days after treatment) and stained with Masson’s trichrome. In AACMV.LacZ-treated wounds the granulation tissue (GT) is mainly filled with fibrin
(red) or a poor collagen matrix (green) and contains few cells. In AACMV.PIGF-treated wounds, a mature granulation tissue with abundant collagen deposition
and containing numerous cells, in particular fibroblasts, and vessels (arrows) fill the wound bed. White dots indicate the boundary between the dermis and the
granulation tissue. Scale bars: B and D, 250 um; C and E, 75 wm.

Because PIGF has been shown to mobilize/recruit We first examined whether adenovirus-derived human
bone marrow-derived hematopoietic stem cells, ' we an- PIGF could be detected in the blood stream. To this end,
alyzed the presence of myeloid precursors in the periph- peripheral blood was collected from mice treated with

eral blood of diabetic mice following wound treatments. AdCMV.PIGF and from control animals and human PIGF
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Figure 7. Analysis of granulation tissue vascularization. Central sections of wounds collected 7 days after wounding (6 days after treatment) were stained with
an anti-PECAM/CD31 antibody or an anti-a-smooth muscle actin (SMA) antibody to detect endothelial cells and pericytes/smooth muscle cells, respectively. Vessel
density (A, D), mean vessel area (B), and total area covered by vessels (C) were measured by computer-assisted morphometric analysis. In AACMV.PIGF-treated
diabetic specimens, total blood vessel density (A), mean vessel area (B), and the area covered by vessels (C) are significantly increased compared with both
AdCMV.LacZ- and saline-treated diabetic wounds. In addition, the density of vessels surrounded by a continuous layer of SMA-positive cells is significantly
increased in AACMV.PIGF-treated wounds (D) (7 = 6). Values are expressed as mean = SEM. *P < 0.05; *P < 0.01; **P < 0.005. The differences between
AdCMV .PIGF-treated and healthy control wounds are significant only for the vessel density (P < 0.05). E and F: Representative fields of the granulation tissue
of SMA-stained sections from AACMV.LacZ-treated (E) and AACMV.PIGF-treated (F) wounds, illustrating the increase in the density of “mature” vessels (arrows)
in PIGF-transduced wounds. On the contrary, in AdCMV.LacZ-treated wounds the almost totality of vessels are not surrounded by a continuous layer of smooth

muscle cells (arrowheads). Scale bars = 50 pwm.

concentration measured by ELISA on plasma samples.
Human PIGF could be detected in the plasma of AACMV.
PIGF-treated mice collected 2, 4, and 7 days after treat-
ment (ie, 3, 5, and 8 days after injury), at a concentration
of 45.61 = 26.6, 25.4 = 11.9, and 36.61 = 13.9 pg/ml,
respectively, while undetectable in control animals (not
shown).

Colony forming assays for myeloid precursors per-
formed 2, 4, and 7 days after treatment (ie, 3, 5, and 8
days after injury) indicated that in mice treated with
AdCMV.PIGF the number of colonies was not increased
compared with mice treated with AACMV.LacZ or saline
solution (Figure 8B).

Increased Expression of Growth Factors within
the Wound Bed Following Adenovirus-Mediated
PIGF Gene Transfer

To investigate whether the beneficial effect exerted by
AdCMV.PIGF treatment could be also mediated by up-
regulation of growth factors involved in different aspects
of wound healing, we analyzed by real-time RT-PCR the

mMRNA levels of PDGF-B, TGFB-1 and FGF-2 at different
time points after AACMV.PIGF application. In parallel, we
analyzed the mRNA expression of VEGF, which is known
to act synergistically with PIGF in inducing angiogenesis.
The mRNA induction observed in wounds from healthy
control animals was strongly decreased in the diabetic
condition for all growth factors analyzed (Figure 9, A-D).
PDGF-B, FGF-2 and VEGF showed a significant increase
in the mRNA levels in the wounds of diabetic mice treated
with AACMV.PIGF with respect to AACMV.LacZ-treated
diabetic wounds. More specifically, PDGF-B and VEGF
MRNA increase was highly significant at day 8 after treat-
ment (5.5-fold increase for both growth factors) in the
wounds treated with AACMV.PIGF over AdCMV.LacZ-
treated ones. Such increase was delayed in time and was
stronger than that observed in wounds from healthy mice
(Figure 9, A and D). FGF-2 induction was significantly
higher in AdCMV.PIGF- over AdCMV.LacZ-treated dia-
betic wounds starting from day 4 after treatment and
reaching a 4.3-fold difference at day 6, with timing and
levels comparable with those observed in healthy
wounds (Figure 9B). On the other hand, TGFB-1 mRNA
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Figure 8. Monocyte/macrophage recruitment into the wound site and he-
matopoietic precursor mobilization in the peripheral blood. A: Computer-
assisted analysis of Mac3-positive cells in the granulation tissue of wound
specimens collected 7 days after wounding (6 days after treatments). The
density of Mac-3-stained cells is significantly increased in AdCMV.PIGF-
treated diabetic wounds compared with AdCMV.LacZ- and saline-treated
diabetic wounds. The difference between AdCMV.PIGF-treated and healthy
control wounds is not significant. ***P < 0.005. B: Colony-forming assay of
myeloid precursors isolated from the peripheral blood 2, 4, and 7 days after
treatment. The number of colonies is similar in AACMV.PIGF-, ACMV.LacZ-,
and saline-treated mice at all of the time points analyzed (12 = 4).

levels, normally peaking at day 3 after injury, were aug-
mented following AACMV.PIGF treatment with respect to
saline treatment but to levels comparable with those ob-
served in AACMV .LacZ-treated wounds (Figure 9C).

PIGF Treatment Enhances Cultured Dermal
Fibroblast Migration

Granulation tissue maturation is strictly dependent on
fibroblast proliferation and migration into the fibrin clot. To
test whether PIGF could directly promote granulation tis-
sue maturation by acting on fibroblasts, we first analyzed
VEGFR-1 expression in cultured human dermal fibro-
blasts. RT-PCR using primers amplifying the intracellular
tyrosine-kinase domain showed that VEGFR-1 is tran-
scribed by dermal fibroblasts (Figure 10A). By RT-PCR
we also checked for VEGFR-2 expression using primers
amplifying the intracellular receptor region and found that
the mRNA for this receptor is not transcribed in dermal
fibroblasts (Figure 10A). The analysis by Western blotting
on cell lysates confirmed that VEGFR-1, but not VEGFR-2,
is expressed by cultured dermal fibroblasts (Figure 10B).

The effect of PIGF on fibroblast proliferation and mi-
gration was then examined. Fibroblast proliferation was
analyzed in cells cultured for 24, 48, and 72 hours in the
presence of different concentrations of human recombi-
nant PIGF (from 10 to 100 ng/ml). A modest, although
significant, increase in fibroblast proliferation was ob-
served only in cells treated for 72 hours with 100 ng/ml
PIGF (Figure 10C). FGF-2 treatment (10 ng/ml), used as a
positive control, significantly stimulated fibroblast prolif-
eration at all of the time points analyzed. On the other
hand, PIGF enhanced fibroblast migration at all of the
concentrations analyzed (from 25 to 100 ng/ml, data not
shown) with a maximal increase of about 3.5-fold at a
dose of 50 ng/ml (Figure 10D). Anti-PIGF or an anti-
VEGFR-1 antibody treatment, but not anti-VEGF or an
anti-VEGFR-2 administration, inhibited such effect. A
comparable increase in cell migration was observed fol-
lowing stimulation with a mixture of insulin-transferrin-
sodium selenite, used as a positive control, and such
response was not affected by anti-PIGF or anti-VEGFR-1
antibody treatment (data not shown).

Discussion

In this study we demonstrated that PIGF expression is
strongly reduced during wound healing in an animal
model of diabetes and that overexpression of this growth
factor is able to accelerate wound closure in diabetic
mice. We also show that PIGF gene transfer into diabetic
mouse cutaneous wounds promotes repair by enhancing
granulation tissue formation, maturation, and vasculariza-
tion. Local recruitment of inflammatory cells and in-
creased expression of growth factors, known to play a
major role in wound repair, also follow adenovirus-driven
PIGF expression. We finally show that PIGF directly stim-
ulates cultured dermal fibroblast migration. All together
our data confirm a role for PIGF in the wound healing
process and indicate a therapeutic potential of this factor
in defective skin repair.

PIGF is one of the proangiogenic molecules that are
produced during wound healing. In the skin, this growth
factor is expressed by keratinocytes and by endothelial
cells, and such expression, which is extremely low in
conditions of skin homeostasis, is up-regulated in asso-
ciation with both physiological and pathological neoan-
giogenesis.'®22 The analysis of PIGF knockout mice in-
dicated that PIGF expression is required to obtain an
optimal wound healing and for granulation tissue vessel
maturation.* Because PIGF up-regulation during wound
healing temporarily coincides with VEGF one®®?” and
PIGF has been shown to potentiate VEGF proangiogenic
function,® these two factors probably exert a synergistic
action in the repair process.

The expression of VEGF was shown to be reduced in
diabetic wounds.?® VEGF administration results in accel-
erated re-epithelialization of diabetic wounds associated
with enhanced vessel formation.?32°:3° However, exoge-
nous administration of VEGF induces sustained vascular
leakage and promotes the formation of disorganized
blood vessels as well as of malformed and poorly func-
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Figure 9. Increased transcription of growth factors playing a role in wound healing in AACMV .PIGF-treated wounds. Real-time PCR analysis of PDGF-B (A), FGF-2
(B), TFG-B (C), and VEGF (D) mRNA levels in the wounds of diabetic mice treated with AACMV.LacZ, AdACMV.PIGF, and of nondiabetic healthy mice, expressed
as fold increase over the amount of mRNA in saline-treated diabetic wounds (72 = 3). Values are expressed as mean * SEM. *P < 0.05; **P < 0.01; **P < 0.005.

tional lymphatic vessels.'”3" These effects have raised
concern on the use of VEGF in human therapy.

The observations that PIGF specifically enhances adult
pathophysiological neovascularization,” does not inter-
fere with lymphatic vessel function, and induces aug-
mented permeability only when administered at high con-
centration'”"'® make it an attractive candidate for the
therapeutic modulation of adult angiogenesis.

We, therefore, asked whether decreased PIGF expres-
sion may also contribute to diabetic wound healing im-
pairment and whether PIGF overexpression could im-
prove diabetic skin repair. We found that PIGF induction
is strongly reduced in diabetic wounds. This decrease
correlates with VEGFR-1 diminished expression that in-
volves both the transmembrane and the soluble receptor
isoform, as assessed by real-time RT-PCR. In particular,
the mRNA levels for the soluble isoform are strongly
reduced in the diabetic wounds, suggesting that this
receptor, which is released by cells, does not contribute
to the angiogenic impairment in the diabetic wounds by
negatively modulating VEGF and/or PIGF action. By using
transgenic mice overexpressing PIGF under the control
of the keratin 14 promoter, we also showed that PIGF
overexpression in basal keratinocytes only slightly im-
proves wound healing in healthy mice without inducing a
more rapid wound closure, whereas the improvement is
marked in healing-impaired diabetic mice with an accel-
eration of the repair response. Such effect associates
with enhanced granulation tissue vascularization, which
is characterized by significantly larger vessels compared

with the wounds of diabetic wild-type mice, in keeping
with the reported capacity of overexpressed PIGF to en-
hance vessel size.'®'® These findings point to the in-
volvement of PIGF in the altered healing process of phar-
macologically induced diabetic mice and prompted us to
test the therapeutic potential of PIGF in defective cutane-
ous wound healing. To this end, we analyzed skin repair
in streptozotocin-induced diabetic mice, a model of type
1 diabetes. Surgical wounds performed in diabetic mice
display a delayed and impaired healing and, although
different under several aspects from diabetic chronic
ulcers in humans, have been widely used as preclinical
model to test the therapeutic potential of a number of
growth factors.® In agreement with previous data in
mouse models of heart and hindlimb ischemia,’'® we
found that exogenous PIGF overexpression has thera-
peutic potential in wound healing. PIGF gene transfer
significantly accelerates wound closure in diabetic mice,
which heals at a rate similar to that observed in healthy
control wounds.

In keeping with the results obtained in K14-PIGF dia-
betic mice and with the well-recognized role of PIGF as
an angiogenic factor, the granulation tissue of the PIGF-
transduced wounds shows increased vascularization
with respect to control wounds. Both vessel density and
vessel mean area are significantly enhanced following
AdCMV.PIGF treatment. The difference in vessel density
may be increased by the lack of newly forming vessels in
extended portions of the granulation tissue in diabetic
mice treated with the control vector or with saline solution.
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Figure 10. Expression of VEGFR-1 by cultured normal human dermal
fibroblasts: proliferative and chemotactic responses to PIGF. A: RT-PCR
analysis of VEGFR-1 and VEGFR-2 transcription by cultured dermal fibro-
blasts. Human umbilical vein endothelial cells have been used as a
positive control and HaCaT keratinocyte cell line as a negative one. B:
Western blot analysis for VEGFR-1 and VEGFR-2 confirms that VEGFR-1 is
expressed by dermal fibroblasts, whereas VEGFR-2 is not. Human umbil-
ical vein endothelial cells (HUVECs) have been analyzed as a positive
control and HaCaT keratinocyte cell line as a negative one. C: Prolifera-
tion assay on dermal fibroblasts treated with PIGF at different concentra-
tions and for different times. PIGF does not induce proliferation at all of
the conditions tested apart from a slight, but a significant increase ob-
served when cells are treated with the maximal concentration of the
growth factor (100 ng/ml) for 72 hours. The effect of FGF-2 as positive
control is shown. *P < 0.05; **P < 0.001; ***P < 0.005 versus control. D:
Migration of cultured dermal fibroblasts in response to PIGF. Compared
with untreated cells, PIGF was able to induce fibroblast migration to an
extent similar to that obtained by treating cells with a mixture of insulin-
transferrin-sodium selenite (ITS), used as positive control. Anti-PIGF or an
anti-VEGFR-1 antibody treatment inhibited such effect, which was not
affected following anti-VEGF or anti-VEGFR-2 antibody treatment. *P <
0.05; ***P < 0.005 versus PIGF.

Indeed, these later animals show a strong delay in gran-
ulation tissue maturation compared with AACMV.PIGF-
treated wounds where blood vessels are homogenously
distributed within the wound bed.

We have shown that PIGF transduction in diabetic
wounds also correlates with an increased number of
vessels surrounded by pericytes/smooth muscle cells
compared with control diabetic wounds. This finding in-
dicates that PIGF-induced vasculature is functional. It
also agrees with the reported PIGF arteriogenic activi-
ty' 32 and with the observation that PIGF knockout mice
delayed wound healing associates with reduced number
of “mature” cell-coated vessels.*

The most striking effects exerted by PIGF gene ex-
pression are the increased formation and accelerated
maturation of granulation tissue. Therefore, PIGF
seems to promote not only vessel formation but also
mature granulation tissue formation in AdCMV.PIGF-
treated wounds. Among the different cell types contrib-
uting to granulation tissue formation, fibroblasts play a
pivotal role. Fibroblasts invade the fibrin clot, the pro-
visional matrix that is formed shortly after injury, and
start to deposit a collagen-rich extracellular matrix,
creating the condition for other cell types to migrate
into the newly formed tissue and contributing to its
further maturation. Endothelial cells temporally follow
fibroblasts in this process. Together with other abnor-
malities, diabetic fibroblasts show a reduced migration
capacity compared with normal fibroblasts.®3 We
therefore at first investigated if the effect on granulation
tissue formation and maturation could be mediated by
an increased expression of growth factors, which are
major players in the wound healing process and are
specifically involved in enhancing fibroblast function.
To this end, the transcription of PDGF-B, TGFB, FGF-2,
and VEGF was analyzed in diabetic wounds following
adenovirus-mediated PIGF gene transfer and in con-
trols. The induction of the mRNA for all factors is re-
duced in the diabetic wounds compared with healthy
controls. Of the four factors, PDGF-B, FGF-2, and
VEGF mRNA levels are increased following AACMV.
PIGF treatment. A similar effect on PDGF and FGF-2
has been reported by others after VEGF administration
to wounds of genetically diabetic mice.?® This prelim-
inary analysis indicates that PIGF gene transfer may
lead to accelerated wound closure in diabetic animals
via the induction of other factors. Nevertheless, such
induction is delayed with respect to the endogenous
one in control healthy animals and follows the initial
stages of granulation tissue formation. This finding
suggests that the observed increase in the expression
of the three factors may promote late healing events,
rather than early ones.

Importantly, we could demonstrate that PIGF also ex-
erts a direct effect on dermal fibroblasts. We show that
these cells express VEGFR-1 but not VEGFR-2. We also
demonstrate that fibroblasts migrate in response to PIGF
treatment. VEGFR-1 is known to mediate chemotactic
signals rather than proliferative ones,' 234 it is therefore
not surprising that we could observe only a minor induc-
tion in fibroblast proliferation by PIGF, although motility



was strongly increased following PIGF stimulation. The
chemotactic effect was not affected by adding an anti-
VEGF antibody and was also markedly reduced by an
anti-VEGFR-1 antibody, indicating the PIGF directly stim-
ulates fibroblast migration. Such an effect may be espe-
cially important in the process of granulation tissue for-
mation and maturation that is, indeed, markedly
accelerated in PIGF-transduced wounds.

Macrophages represent an important component of
the inflammatory response that follows skin injury. De-
spite recent evidence indicates that wound healing is
not delayed in mice lacking macrophages,®® these
cells are thought to give a significant contribution to
skin repair by removing the cell debris and by produc-
ing a number of cytokines. In diabetic mice, the num-
ber of monocytes/macrophages is decreased com-
pared with healthy controls. Because PIGF is a strong
chemoattractant for VEGFR-1 expressing mono-
cytes,'© and the therapeutic activity of PIGF has been
shown to be mediated by accumulation of activated
monocytes/macrophages,'! we examined this cell type
in AACMV.PIGF-treated wounds and in controls. We
found that PIGF gene transfer is associated with an
increased number of Mac3-positive cells in the wound
bed. Such a finding suggests that enhanced macro-
phage recruitment leading to increased growth factor
release may contribute to the accelerated healing ob-
served in PIGF-transduced wounds. However, K14-
PIGF diabetic mice show accelerated and improved
wound closure associated with enhanced vasculariza-
tion compared with wild-type diabetic littermates in the
absence of increased macrophage recruitment. This
finding indicates that at least part of the beneficial
effects exerted by PIGF overexpression is not depen-
dent on macrophage influx. With respect to macro-
phage recruitment, it is also important to note that the
density of Mac3-positive cells in the granulation tissue
of ADCMV.PIGF-treated diabetic wounds does not sig-
nificantly exceed that of healthy controls. Indeed, the
inflammatory response is required for optimal wound
healing, but excessive and/or prolonged inflammation
has negative effects on later stages of the healing
process leading to abnormal scar formation. Scar for-
mation is also associated to excess of granulation tis-
sue. Diabetic mice show significantly reduced granu-
lation tissue and PIGF gene transfer enhances the
dimension of the granulation tissue to levels compara-
ble with those of healthy wounds.

Despite PIGF has been shown to mobilize hematopoi-
etic precursors in the peripheral blood,'® we could not
find any difference in the number of myeloid precursors in
the blood of AACMV.PIGF-treated mice with respect to
controls at 2, 4, and 7 days after application. This result
suggests that PIGF treatment in our experimental condi-
tions exerts mainly a local effect. This interpretation is
supported by the low amount of human PIGF detected in
the blood of ADCMV.PIGF-treated mice (up to 45.61 pg/
ml) compared with the levels of PIGF found in the periph-
eral blood of mice treated with recombinant PIGF for
which an effect on the mobilization of hematopoietic pre-
cursors has been reported (10 ng/ml).'? On the other
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hand, because PIGF exerts a chemotactic effect on he-
matopoietic and endothelial progenitor cells, it cannot be
excluded that local overexpression of this factor may
enhance homing of circulating progenitor cells that are
similarly mobilized in peripheral blood in AACMV.LacZ-
and AdCMV.PIGF-treated mice.

In conclusion, our data show a role for PIGF in impaired
diabetic wound repair. They also indicate that PIGF gene
transfer to diabetic wounds significantly accelerates clo-
sure, thus having therapeutic potential for diabetic ulcer
treatment. PIGF gene transfer exerts its beneficial effect
by directly and indirectly enhancing different aspects of
the repair process, suggesting a wider spectrum of ac-
tion for PIGF in the wound healing process not limited to
its capacity to induce angiogenesis.
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