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Vascular endothelial growth factor (VEGF-A), a potent
stimulus for angiogenesis, is up-regulated in the skin
after wounding. Although studies have shown that
VEGF is important for wound repair, it is unclear
whether this is based solely on its ability to promote
angiogenesis or if VEGF can also promote healing by
acting directly on non-endothelial cell types. By im-
munohistochemistry and reverse transcriptase-poly-
merase chain reaction, expression of VEGF receptor-1
(VEGFR-1), but not VEGFR-2, was detected in murine
keratinocytes during wound repair and in normal
human epidermal keratinocytes (NHEKs). The pres-
ence of VEGF receptors on NHEKs was verified by
binding studies with 125I-VEGF. In vitro , VEGF stimu-
lated the proliferation of NHEKs, an effect that could
be blocked by treatment with neutralizing VEGFR-1
antibodies. A role for VEGFR-1 in keratinocytes was
also shown in vivo because treatment of excisional
wounds with neutralizing VEGFR-1 antibodies delayed
re-epithelialization. Treatment with anti-VEGFR-1 an-
tibodies also reduced the number of proliferating ker-
atinocytes at the leading edge of the wound, suggest-
ing that VEGF sends a proliferative signal to these
cells. Together, these data describe a novel role for
VEGFR-1 in keratinocytes and suggest that VEGF may
play several roles in cutaneous wound repair. (Am J
Pathol 2005, 167:1257–1266)

Vascular endothelial growth factor (VEGF)-A is a potent
stimulator of proliferation, migration, and survival in en-
dothelial cells.1–3 It is known to be a key regulator of
cutaneous angiogenesis, and as such plays a role in
several physiological and disease processes in the skin,
including hair growth,4–7 cancer development,8–13 pso-

riasis,14–17 and wound healing.12,18–20 During wound re-
pair, VEGF is produced in abundance by keratinocytes in
the skin.18 This supply of VEGF is thought to be critical for
proper wound repair by stimulating angiogenesis in the
wound bed, which supplies nutrients and oxygen needed
for rapid regrowth of the skin.

VEGF binds two high-affinity tyrosine kinase receptors,
VEGFR-1 (flt-1) and VEGFR-2 (flk-1/KDR).21 Signaling
through these receptors mediates the actions of endo-
thelial cells required for angiogenesis. Expression of the
VEGF receptors has been detected in blood vessels
within wound granulation tissue,22,23 suggesting that
these receptors are involved in the regulation of wound
angiogenesis.

Expression of the VEGF receptors was originally
thought to be restricted to endothelial cells, but recent
reports have demonstrated the presence of one or both
of the receptors on various non-endothelial cell types
such as uterine24 and vascular smooth muscle cells,25

pericytes,26 and neurons.27 In addition, several non-en-
dothelial cells that express VEGF receptors are known to
be involved in wound repair, including neutrophils,28

monocytes,29,30 and stromal cells.31,32 The data pre-
sented here demonstrate VEGFR-1 expression in another
non-endothelial cell type critical to wound healing, the
epidermal keratinocyte. A role for VEGFR-1 in the prolif-
eration of keratinocytes as well as in re-epithelialization
after injury was found. These results suggest that
VEGFR-1 may play a critical role in processes in the skin
requiring significant epidermal cell participation, such as
wound healing.

Materials and Methods

Animal Experiments

All animal procedures were approved by the Loyola In-
stitutional Animal Care and Use Committee. Female
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BALB/c mice (Harlan, Indianapolis, IN), 8 weeks of age,
were used for in vivo wound-healing experiments. After
anesthetization with isoflurane (IsoFlo; Abbott Laborato-
ries, Abbott Park, IL), animals were shaved and wiped
with 70% isopropyl alcohol. Four full-thickness dorsal
wounds were made on each mouse using a 3-mm dermal
biopsy punch (Acuderm, Inc., Ft. Lauderdale, FL). For
analysis of VEGF receptor expression, mice were eutha-
nized and wounds were harvested 7 days after wound-
ing. To analyze VEGFR-1 function in vivo, mice underwent
the same wounding procedure as described above. Im-
mediately after wounding, each wound was treated with
either 0.5 �g of normal goat IgG (R&D Systems, Minne-
apolis, MN) as a control or 0.5 �g of neutralizing anti-
mouse VEGFR-1 antibody (R&D Systems). The antibod-
ies were mixed in K-Y jelly (Ortho Pharmaceutical Corp.,
Raritan, NJ), and each wound received a total volume of
25 �l of the mixture. The wounds were then covered with
Tegaderm adhesive wound dressing (3M Health Care, St.
Paul, MN), which was secured around the edges with
tincture benzoin compound (Humco Laboratory, Texar-
kana, TX). Mice were euthanized and wounds were
harvested 3 days after wounding. All wounds were
either fixed in formalin or embedded and frozen in TBS
tissue-freezing medium (Triangle Biomedical Sciences,
Durham, NC) for histological or immunohistochemical
analysis.

Immunohistochemical Staining in Skin Sections

Ten-�m sections from frozen embedded tissues were
prepared for immunohistochemical analysis of PECAM-1
(platelet endothelial cell adhesion molecule-1), VEGFR-1,
and VEGFR-2 expression. All incubations and washes
were performed at room temperature. Sections were
fixed in acetone for 30 minutes. After washes in phos-
phate-buffered saline (PBS), pH 7.4, sections were
treated with 0.3% H2O2 in methanol for 30 minutes to
quench endogenous peroxidase activity. The slides were
washed in PBS and blocked with normal mouse serum
(1:10; Sigma Chemical Co., St. Louis, MO) in PBS for 30
minutes. For PECAM-1 staining, sections were incubated
in 1.0 �g/ml of MEC13.3 rat anti-mouse PECAM-1 anti-
body (anti-CD31; Pharmingen Int., San Diego, CA) in
PBS. After a 30-minute incubation with PECAM-1 primary
antibody, the slides were washed in PBS. Sections were
then incubated for 30 minutes with 3.0 �g/ml of biotinyl-
ated mouse anti-rat IgG antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA). For the detection
of VEGFR-1 and VEGFR-2, sections were incubated for 2
hours with 50 �g/ml of biotinylated goat anti-mouse
VEGFR-1 or 50 �g/ml of biotinylated goat anti-mouse
VEGFR-2 (R&D Systems). Incubation with the same con-
centration of biotinylated isotype-matched nonspecific
antibody (R&D Systems) was used as a negative control.
After washes in PBS, all slides were incubated with avi-
din-biotin-horseradish peroxidase complex (Vector Lab-
oratories, Burlingame, CA) for 30 minutes, washed, then
incubated with the horseradish peroxidase substrate,
3,3�-diaminobenzidine (Kirkegaard and Perry Laborato-

ries, Gaithersburg, MD) for 10 minutes. Sections were
counterstained with Harris hematoxylin (Sigma Chemical
Co.) and coverslips were mounted with Cytoseal 280
(Stephens Scientific, Kalamazoo, MI).

For staining of proliferating cell nuclear antigen
(PCNA), 5-�m sections from paraffin-embedded wounds
were deparaffinized in xylenes and rehydrated in graded
ethanols. For antigen retrieval, the sections were placed
in hot citrate buffer (10 mmol/L citrate, pH 6) two times for
3 minutes each, with a 5-minute rinse in water between
steps. After washing in PBS, samples were blocked in
normal horse serum (1:10, Vector Laboratories, Burlin-
game, CA) for 30 minutes, then incubated overnight at
4°C in a humid chamber with primary anti-PCNA antibody
(1:100; Signet Laboratories, Dedham, MA) or an isotype
control. The following day, the sections were washed in
PBS, blocked in horse serum for 30 minutes, and incu-
bated with biotinylated secondary antibody (1:200, Vec-
tor Laboratories) for 30 minutes. After washing in PBS, the
sections were incubated with avidin-biotin-horseradish
peroxidase complex (Vector), washed, and incubated
with 3,3�-diaminobenzidine (Kirkegaard and Perry Labo-
ratories) for 5 minutes. Sections were counterstained with
hematoxylin (Sigma) and coverslips were mounted with
Cytoseal 280 (Stephens Scientific).

Cell Culture

Normal human epidermal keratinocytes (NHEKs) (Cam-
brex BioScience Walkersville, Inc., Walkersville, MD),
were grown in KGM-2 (Cambrex) and human umbilical
vein endothelial cells (HUVECs) (Cambrex) were grown
in EGM-2 (Cambrex). HUVECs were used as a positive
control for VEGF receptor expression.33 All cells were
grown at 37°C and 5% CO2 and the manufacturer’s
guidelines for the culture and maintenance of the cells
were followed.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA was isolated from NHEK or HUVEC cultures
grown to 70% confluence using TRIzol reagent (Invitro-
gen Corp., Carlsbad, CA). RNA samples were then sub-
jected to DNase treatments using the RNase-Free DNase
Set as directed by the manufacturer (Qiagen Inc., Valen-
cia, CA). RT-PCR was performed using the following
primers: VEGFR-1 sense 5� CTA GGA TCC GTG ACT TAT
TTT TTC TCA ACA AGG 3�, VEGFR-1 anti-sense 5� CTC
GAA TTC AGA TCT TCC ATA GTG ATG GGC TC 3�
(240-bp product); �-actin sense 5� GTG GGC CGC CCT
AGG CAC CA 3�, �-actin anti-sense 5� CTC TTT GAT
GTC ACG CAC GAT TTC 3� (531-bp product); VEGFR-2
sense 5� CCT GGG GTA AAG ATT GAT GAA G 3�,
VEGFR-2 anti-sense 5� AGT TGG GGT GTG GAT GCT 3�
(776-bp product). Briefly, 5 �g of total RNA was reverse-
transcribed at 42°C for 15 minutes in 100 �l containing 5
mmol/L MgCl2, 1� PCR Buffer II, 1 mmol/L each dGTP,
dATP, dTTP, dCTP, 2.5 �mol/L random hexamers, 2.5
U/�l MuLV reverse transcriptase (all Applied Biosystems,

1258 Wilgus et al
AJP November 2005, Vol. 167, No. 5



Foster City, CA) and 2 U/�l rRNAsin RNase inhibitor
(Promega Corp., Madison, WI). Ten �l of the RT reaction
was used for PCR in a reaction mixture containing 1.5
mmol/L MgCl2, 1� PCR Buffer II, 0.2 mmol/L each dGTP,
dATP, dTTP, dCTP, 0.5 �mol/L sense primer, 0.5 �mol/L
anti-sense primer, and 0.05 U/�l AmpliTaq Gold (all Ap-
plied Biosystems). After a 10-minute incubation at 95°C
to activate the Taq polymerase, 40 cycles of PCR were
performed with a 1-minute denaturation at 94°C, 1-minute
annealing at 62°C, and a 1-minute extension at 72°C, with
a final 7-minute extension at 72°C. Negative controls
were performed for each sample and consisted of a
RT-PCR reaction that did not contain reverse transcrip-
tase. PCR products were visualized on 1% agarose gels
and then pictures of the gels were scanned and digitized.

Immunohistochemical Detection of VEGFR-1 in
NHEKs

NHEK cells were trypsinized, counted, and resuspended
at a density of 2.5 � 105 cells/ml. Cell suspensions (250
�l) were added to cytofunnels and the cells were spun
onto glass slides using a Cytospin 2 cytocentrifuge
(Thermo Shandon, Pittsburgh, PA). The slides were
stored at �80°C until use. For detection of VEGFR-1,
slides were thawed and fixed in cold acetone at 4°C for 7
minutes. After washing in PBS, endogenous peroxidase
activity was blocked with 0.3% H2O2 in methanol for 30
minutes. After washing in PBS, the specimens were
blocked with normal goat serum (1:10, Sigma Chemical
Co.) for 30 minutes, then incubated with 30 �g/ml mono-
clonal mouse anti-human VEGFR-1 antibody (R&D Sys-
tems) or mouse IgG1 (R&D Systems) as a negative con-
trol for 1 hour. Samples were washed in PBS, and
incubated with biotinylated goat anti-mouse secondary
antibody (2 �g/ml, Jackson ImmunoReseach Laborato-
ries) for 1 hour, avidin-biotin-horseradish peroxidase
complex (Vector Laboratories) for 30 minutes, and 3,3�-
diaminobenzidine (Kirkegaard and Perry Laboratories)
for 10 minutes with PBS washes between each step.
Samples were dehydrated in ethanols, then coverslipped
and mounted with Cytoseal 280 (Stephens Scientific).

Binding of Radiolabeled VEGF to NHEK Cells

NHEKs were seeded in 12-well tissue culture plates at a
density of 300,000 cells per well. After 24 hours, cells
were washed with PBS and were treated with a range of
125I-VEGF (200 to 20,000 pmol/L; Amersham Bio-
sciences, Piscataway, NJ), with or without 150� molar
excess unlabeled VEGF165 (R&D Systems) in HEPES-
buffered saline solution (Cambrex) with 0.1% bovine se-
rum albumin (Sigma) for 18 hours at 4°C with gentle
agitation. The following day, the cells were rinsed three
times with PBS, then lysed with 1% Triton X-100 (Sigma).
The levels of 125I in the cell lysates were measured with a
gamma counter (Cobra II autogamma; Packard Instru-
ment Co., Meriden, CT) and normalized to protein content
as determined by the BCA protein assay (Pierce, Rock-
ford, IL). Specific binding was calculated by subtracting

the nonspecific binding from the total binding. Scatchard
analysis was used to calculate the KD.

NHEK Proliferation

The effect of VEGF165 on the proliferation of NHEKs was
determined using the Alamar Blue assay (Biosource,
Camarillo, CA). Cells were seeded in 96-well plates at a
density of 500 cells per well, allowed to adhere for 12
hours, then starved in basal KBM-2 (Cambrex) for 12
hours before treatments. At the time of cell starvation, one
group of cells received 5 �g/ml of neutralizing anti-
VEGFR-1 antibody (R&D Systems) such that these cells
were pretreated for 12 hours with neutralizing antibody
before exposure to VEGF. Twelve hours after starvation
and/or neutralizing antibody treatment, media was re-
moved and cells were treated with 100 ng/ml of VEGF165

(R&D Systems) or without VEGF (control) in KGM-2 con-
taining 10% volume Alamar Blue (Biosource). This dose
of VEGF was determined to be optimal for inducing pro-
liferation based on a dose-response curve. Six wells per
treatment were used in the analysis and the experiment
was repeated three times. The magnitude of the re-
sponse of the NHEKs to VEGF varied by lot of cells. The
plate was read using a SPECTRAmax PLUS 384 spec-
trophotometer (Molecular Devices, Sunnyvale, CA) 6, 24,
48, and 72 hours after VEGF treatment. The percent
reduction of the Alamar Blue dye, which corresponds to
cellular proliferation, was calculated based on the A570

and A600 values using the formula supplied by the
manufacturer.

Analysis of Re-Epithelialization

Re-epithelialization was measured in mice treated topi-
cally with control IgG or anti-VEGFR-1 antibodies using
an ocular grid in hematoxylin and eosin (H&E)-stained
wound sections as previously described.34 Briefly, the
percent re-epithelialization was calculated by determin-
ing the distance of the wound bed and the distance
covered by neoepidermis. The average of two wounds
per mouse (n � 8 mice per treatment group) was used for
analysis.

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad
Software, Inc., San Diego, CA). Statistical differences
were determined by two-way analysis of variance with
Bonferroni posttest or unpaired t-test, with values of P �
0.05 considered statistically significant.

Results

VEGF Receptor Localization in Cutaneous
Wounds and Unwounded Skin

Immunohistochemical analysis was used to examine the
expression of VEGFR-1 and VEGFR-2 in healing wounds
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at time points known to correspond to an increase in
vessel density in this excisional wound model. Represen-
tative sections shown are from wounds harvested 7 days
after injury. Serial sections were stained with PECAM-1,
an endothelial cell marker, to delineate the blood vessels
within the wound bed. Unexpectedly, little VEGFR-1 (Fig-
ure 1A) was detected in capillaries within the wound bed.
VEGFR-1 did not co-localize to PECAM-1 (Figure 1B), but
instead intense staining was found in epidermal keratin-
ocytes. The inset in Figure 1A highlights the membrane
staining of VEGFR-1. In contrast, VEGFR-2 (Figure 1C)
was detected in blood vessels within the wound bed as
expected, demonstrating a similar staining pattern to PE-
CAM-1 (Figure 1D). Due to the epidermal staining pattern
of VEGFR-1 in wounded skin (Figure 1), we examined the
expression of this receptor in unwounded skin. Similar to
the overlying keratinocytes in wound tissue, intense stain-
ing for VEGFR-1 was also found in the epidermal layer of
unwounded skin (Figure 2A). Although VEGFR-1 expres-
sion has been demonstrated in non-endothelial cell types

previously, this is the first report to our knowledge dem-
onstrating VEGR-1 expression in keratinocytes.

Expression of VEGFR-1 on NHEKs

Cultured primary keratinocytes (NHEK cells) were used
to confirm the expression of VEGFR-1 in keratinocytes.
The expression of VEGFR-1 (Figure 3A), VEGFR-2 (Figure
3B), and the housekeeping gene �-actin (Figure 3C) was
examined by RT-PCR. Endothelial cells (HUVECs),
known to express both receptors,33 were used as a pos-
itive control. As predicted by the staining patterns found
in Figure 1, VEGFR-1 mRNA expression was detected in
both keratinocytes and endothelial cells, whereas
VEGFR-2 transcripts were detected only in endothelial
cells.

In addition to mRNA expression, the expression of
VEGFR-1 protein was detected in NHEKs. Immunohisto-
chemistry was performed on cytospin preparations of

Figure 1. PECAM-1 and VEGF receptor localization in wounds. Histological sections from excisional wounds harvested 7 days after wounding were stained with
antibodies specific for VEGFR-1 (A) or VEGFR-2 (C). Corresponding serial sections stained for PECAM-1 are shown for each sample in B and D to highlight the
blood vessels in the wound bed. The inset in A is a higher magnification of the area marked with an asterisk. Scale bar, 200 �m.
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cultured keratinocytes to detect VEGFR-1. Intense stain-
ing for VEGFR-1 was found in keratinocytes (Figure 4A)
compared to the negative control (Figure 4B) that was
stained with an isotype-matched, nonspecific antibody.
Immunohistochemistry for VEGFR-2 was also performed
in keratinocytes, but positive staining was not detected
(data not shown). The expression of VEGFR-1 protein by

keratinocytes was also confirmed by Western blot (data
not shown). Thus, in vitro analysis demonstrated the ex-
pression of VEGFR-1 in keratinocytes, confirming the ex-
pression pattern found in murine wounds (Figure 1) and
in unwounded skin (Figure 2).

Binding of Radiolabeled VEGF to NHEKs

The capacity of NHEK cells to bind VEGF was assessed
using 125I-VEGF. Cells were incubated with 125I-VEGF in
the presence or absence of unlabeled (cold) VEGF and
the specific binding of 125I-VEGF to NHEKs was deter-
mined. A representative binding curve is shown in Figure
5. Saturable binding of 125I-VEGF to NHEKs was ob-
served, with a KD of 2.8 nmol/L. Previously, two classes of
VEGF binding sites were described in endothelial cells
with approximate KDs of 10 pmol/L and 1 nmol/L,35 sug-
gesting that the receptors present on keratinocytes are
lower affinity receptors than those found on endothelial
cells.

VEGF-Induced Proliferation of NHEKs Is
Dependent on VEGFR-1

To examine the potential function of VEGFR-1 in kera-
tinocytes, the effect of VEGF165 on NHEK proliferation
was assessed using Alamar Blue. Treatment with 100
ng/ml of human VEGF165 resulted in a significant in-
crease in the proliferation of NHEKs (Figure 6A) com-
pared to cells that were not treated with VEGF (control).
In addition, pretreatment with neutralizing VEGFR-1
antibodies (5 �g/ml) blocked the increase in prolifera-
tion by VEGF (Figure 6B), suggesting the ability of
VEGF to promote proliferation in NHEK cells is depen-
dent on VEGF-VEGFR-1 interaction.

Figure 2. VEGFR-1 expression in unwounded skin. Sections of unwounded skin were subjected to immunohistochemistry and stained with antibodies specific
for VEGFR-1 (A) or with isotype-matched IgG (B) as a negative control. Scale bar, 100 �m.

Figure 3. VEGF receptor mRNA expression in NHEK cells. Expression of
VEGFR-1 (A) and VEGFR-2 (B) mRNA was examined in NHEKs using
RT-PCR. C: Expression of the housekeeping gene �-actin is also shown. As
a positive control, HUVECs were subjected to the same procedures. The
following are shown for each gene: 100-bp ladder (lane 1), NHEK cells
(lane 2), HUVECs (lane 3), and a sample containing no reverse transcriptase
(RT�) as a negative control (lane 4).
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Effects of VEGFR-1 on Wound Repair in Vivo

To evaluate the role of VEGFR-1 on keratinocyte function
in vivo, neutralizing VEGR-1 antibodies were applied top-
ically to excisional wounds. The wounds were treated
topically with either normal goat IgG or neutralizing
mouse VEGFR-1 antibody. Three days after injury,
wounds treated with blocking antibodies specific for
VEGFR-1 exhibited a significant delay in re-epithelializa-
tion compared to IgG-treated control wounds. Represen-
tative H&E-stained wounds treated with IgG control (Fig-
ure 7A) or anti-VEGFR-1 antibodies (Figure 7B) are
shown. Note the extension of the epithelium beyond the
microscopic field in Figure 7A. Quantification of re-epi-
thelialization demonstrated that the epithelium covered

Figure 5. Specific binding of 125I-VEGF to NHEKs. NHEKs were incubated in
the presence of various concentrations of 125I-VEGF with or without a
150-fold molar excess of cold VEGF165. Specific binding was determined and
is expressed as cpm per �g protein.

Figure 6. Proliferation of NHEKs in response to VEGF. The effect of VEGF165

on the proliferation of NHEKs was determined using Alamar Blue dye. Cells
were treated with 100 ng/ml of VEGF165 (A, �) or VEGF plus pretreatment
with neutralizing VEGFR-1 antibodies (B, ƒ). Control cells were not treated
with VEGF (A and B, ▫). The percent reduction of the Alamar Blue dye,
which is a measure of proliferation, was determined spectrophotometrically
throughout a 72-hour period. *P � 0.05.

Figure 4. Immunohistochemical detection of VEGFR-1 in NHEK cells. A: After trypsinization, cytospin preparations of NHEK cells were used to examine VEGFR-1
protein expression by immunohistochemistry. B: A negative control slide stained with an isotype control antibody is shown to demonstrate the specificity of the
VEGFR-1 staining. Scale bar, 100 �m.
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only 27% of the wound bed in wounds treated with anti-
VEGFR-1 antibodies, compared to 44% in control
wounds (Figure 7C). To assess the effects of anti-
VEGFR-1 antibody treatment on keratinocyte proliferation
in vivo, immunohistochemical staining for the proliferation
marker PCNA was performed. A reduction in the number
of PCNA-positive keratinocytes at the wound edge was
evident in wounds treated with anti-VEGFR-1 antibodies
(Figure 8B) compared to control IgG-treated wounds
(Figure 8A). Taken together with the data in Figures 6 and
7, these results suggest that VEGFR-1 signaling may
influence the proliferation of keratinocytes that is required
for rapid wound re-epithelialization.

Discussion

A period of robust angiogenesis occurs during adult
wound healing, and is presumed to be essential for ap-
propriate wound repair. New blood vessels within the
wound likely supply oxygen and nutrients to support the
cellular proliferation involved in tissue restoration. Many

studies suggest that VEGF is a critical regulator of angio-
genesis in healing wounds.

Since the first description of VEGF production in
wound keratinocytes,18 many studies have provided ev-
idence that VEGF can promote cutaneous wound re-
pair.36–39 Although VEGF expression has been reported
in macrophages and fibroblasts in response to injury,18,20

keratinocytes are considered the main source of VEGF
during wound healing. The VEGF produced by keratino-
cytes during wound healing is traditionally thought to act
in a paracrine manner,40 promoting wound repair by
stimulating endothelial cell-mediated angiogenesis. The
data presented here, demonstrating the expression of
functional VEGFR-1 on keratinocytes, implies that kerati-
nocyte-derived VEGF may be capable of promoting re-
pair through a novel autocrine pathway. Although the
expression of functional VEGF receptors in keratinocytes
has not been reported before now, several epithelial tu-
mor cells have been shown to express VEGF receptors;
41–44 therefore, it is not surprising that epithelial cells in
the skin might also express functional VEGF receptors.

Figure 7. Effect of VEGR-1 antibody treatment on wound repair. Excisional
wounds were treated topically with anti-VEGFR-1 antibodies to examine the
function of VEGFR-1 on keratinocytes in vivo. Representative photomicro-
graphs of 3-day H&E-stained wounds that had been treated with IgG control
(A) or anti-VEGFR-1 antibodies (B) are shown. C: The percent re-epithelial-
ization was measured 3 days after injury and is depicted graphically. Scale bar,
200 �m. *P � 0.05.
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Many studies have shown that VEGF is important for
wound repair.12,36–39 Until now, the positive effects of
VEGF on wound repair were thought to be completely
angiogenesis-driven. Although our studies are the first to
outline a concrete pathway by which VEGF could encour-
age healing via the direct stimulation of keratinocytes,
several pieces of evidence exist that indirectly support
this concept. For example, several angiogenesis inhibi-
tors that act independently of VEGF to reduce wound
angiogenesis do not significantly alter wound clo-
sure.45–47 In addition, several groups have reported that
inhibition of wound angiogenesis by targeting VEGFR-2,
which was detected on endothelial cells within the wound
bed but could not be detected on keratinocytes, does not
change wound healing rates.48–50 Together with our
data, this suggests that by directly targeting VEGFR-2 on
the endothelium to reduce angiogenesis without reduc-
ing available VEGF levels or VEGFR-1 signaling, VEGF is
still available to bind VEGFR-1 on keratinocytes and nor-
mal closure rates can be attained. All of these results

support the theory that VEGF may have a function in
wound repair beyond promoting angiogenesis. Addi-
tional support for this idea comes from a recent wound-
healing study performed on mice that have VEGF-A spe-
cifically deleted in keratinocytes.12 These mice, which
display an avascular zone just below the epidermis but
no difference in overall vascular density, exhibit signifi-
cant delays in eschar shedding and wound closure. In
addition, a time course comparison of VEGF production
in excisional murine wounds, which normally peaks be-
tween days 2 and 5, versus vascular density patterns,
which peak much later (days 10 to 14) and after re-
epithelialization is complete, also call into question the
hypothesis that VEGF promotes healing solely through
angiogenesis stimulation.34,51,52 Taken together with the
results presented here, the accumulated data support
the notion that the VEGF produced by keratinocytes
during wound healing may act, at least in part, in an
autocrine manner to promote healing responses in
keratinocytes.

Figure 8. Detection of proliferating wound keratinocytes. PCNA was used to detect proliferating keratinocytes in 3-day wounds treated with either IgG control
antibodies (A) or anti-VEGFR-1 antibodies (B). C: A serial section of the wound shown in A was stained with isotype-matched nonspecific antibodies as a negative
control. Scale bar, 100 �m.
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The studies presented here demonstrating the pres-
ence of functional VEGFR-1 on keratinocytes, as well as
other reports of functional VEGF receptor expression on
non-endothelial cell types, broadens the understanding
of how these receptors may function on a larger level. Our
studies also suggest a novel mechanism by which VEGF
may act to stimulate wound healing, as an autocrine
growth factor in keratinocytes. Our results as well as
others indicate that VEGF may play a more diverse role in
pathological and physiological processes than previ-
ously believed, with the biological activities of VEGF not
being restricted solely to the growth and permeability of
the vasculature. Future studies will have to be done to
dissect the relative contribution of VEGF to the epidermal
portion of wound repair versus wound angiogenesis, and
which property is more important for healing. A better
understanding of exactly how VEGF functions in wound
repair could be used to design more effective therapies
for nonhealing wounds. Aside from wound healing, sev-
eral skin disorders with a significant keratinocyte compo-
nent are linked to a high presence of VEGF, such as skin
cancer,9,10 psoriasis,14–17 and a host of other skin con-
ditions.53 Therefore, it will also be important from a clini-
cal standpoint to better define the role of VEGF and
whether direct effects of VEGF on keratinocytes may also
be a factor in the development of these pathological skin
conditions.
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