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Abstract

PDGFhas been implicated as one of the principal mitogens
involved in cutaneous wound healing. While it has been previ-
ously reported that both platelets and monocytes are a source of
PDGFin human dermal wound repair, the production of PDGF
by human keratinocytes has not yet been described. In this
manuscript, we report the production of PDGFby cultured hu-
man keratinocytes. Both PDGFA and B chain mRNAcan be
detected in cultured cells. While only PDGF-AApolypeptide is
found in significant levels in keratinocyte-conditioned culture
media, all three PDGFisoforms (AA, AB, and BB) are present
in detergent-solubilized cell extracts. No evidence of PDGF
receptor expression was observed in cultured keratinocytes
when analyzed for either mRNAlevels or polypeptide expres-
sion, suggesting that PDGFdoes not play an autocrine role in
keratinocyte growth. Analysis of cryosections of human cutane-
ous wounds by immunostaining for PDGFshowed that both
PDGFA and B chain is constitutively expressed in normal
epidermis, as well as in newly reconstituted wound epidermis.
No evidence for PDGFreceptor polypeptide expression in the
epidermis was detected by immunostaining of cryosections. (J.
Clin. Invest. 1993. 92:671-678.) Key words: platelet-derived
growth factor - PDGFreceptors * keratinocyte * wound healing.
epidermis

Introduction

Keratinocytes have been demonstrated to produce a wide
range of cytokines and growth factors, including IL- 1, IL-3,
IL-6, IL-8, IL-1O, colony-stimulating factors, TNF,, TGFa,
TGF,,, fibroblast growth factor, IL- 1 receptor antagonist, and
amphiregulin (reviewed in reference 1). These cytokines are
thought to play an important role in mediating inflammatory
and proliferative processes in the skin. To date the epidermis
has not been considered a source of PDGFin man. In the
present study we examined the possibility that normal human
keratinocytes and normal epidermis are able to synthesize and
secrete PDGF.

PDGFis the principle mitogen in serum for cultured cells
of mesenchymal origin, including fibroblasts, and smooth
muscle cells (reviewed in reference 2). PDGFis a disulfide-
linked dimer of two chains termed A chain and B chain, which
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can form dimers of PDGF-AA, PDGF-AB, and PDGF-BB. All
three of the dimer forms have been identified from natural
sources and shown to be biologically active (3, 4). The A and B
chains share - 60% amino acid sequence identity, including
eight conserved cysteine residues in the mature coding se-
quence. The biological activities of PDGFare mediated via
binding to cell-surface receptors. Two PDGFreceptors have
been identified, termed alpha and beta (5, 6). The genes for the
two receptors code for transmembrane proteins which contain
split tyrosine kinase domains within the cytoplasmic portion of
the molecules (7-1 1 ). Similar to the PDGFligands, dimeriza-
tion of the two receptors is thought to be required for the genera-
tion of high affinity binding sites. Receptor dimerization ap-
pears to be mediated through ligand binding such that the iso-
form of PDGFpresented to the cell will determine the types of
receptor dimers formed (12, 13). The three potential PDGF
receptor dimers have different ligand binding specificities for
the three forms of PDGFwith alpha/alpha dimers binding
PDGF-AA, AB, and BB, alpha/beta dimers binding PDGF-
AB, BB and beta/beta dimers binding only PDGF-BB (re-
viewed in reference 14).

Due to the various biological activities stimulated by PDGF
on cells in culture, PDGFhas been implicated as one of the
primary components involved in stimulating dermal wound
repair. In addition to its mitogenic activities, PDGFis a che-
moattractant for fibroblasts ( 15 ), and monocytes and neutro-
phils ( 16). PDGFhas also been shown to stimulate increased
levels of extracellular matrix production by fibroblasts in cul-
ture ( 17 ). Recent studies have shown that the topical applica-
tion of PDGF-BB to wounds made on diabetic mice, which
have impaired wound healing capabilities, stimulates both ac-
celerated wound closure and the development of thickened
granulation tissue ( 18). PDGF-BBtreatment has also been re-
cently shown to accelerate the rate of wound healing in humans
when added to chronic pressure ulcers ( 19).

Platelets and macrophages have been described as two of
the principle sources of PDGFat the site of a cutaneous wound.
In this manuscript we describe the expression of PDGFA and
B chain mRNAand protein in cultured human keratinocytes.
Weadditionally show that PDGFis produced in normal hu-
man epidermis as well as at sites of acute tissue repair in
wounded skin. These results demonstrate that the epidermis of
human skin is a third major source of PDGFfor cutaneous
wound healing. This also suggests that the epidermis may play
a direct role in dermal repair processes by the production of
PDGFand its subsequent actions on target cells within the
dermis.

Methods

The Journal of Clinical Investigation, Inc.
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Growth factors, antibodies, and cultured cells. PDGFAAand BB were
generated in a yeast expression system and purified to homogeneity as
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previously described (20). Protein concentrations were determined by
amino acid analysis. IL-la and TGF,, were purchased from Genzyme
Corp. (Cambridge, MA) and a gift of Dr. Bruce Magan (Department of
Cell Biology and Anatomy, Oregon Health Sciences University, Port-
land, OR), respectively.

Anti-PDGF monoclonal antibodies were generated and character-
ized as previously described (3). The ligand binding specificity for the
anti-PDGF monoclonal antibodies are as follows: 127.222 (PDGF-
AA), 127.822 (PDGF-AA), 127.573 (PDGF-AA and AB), 120.121
(PDGF-BB), 120.311 (PDGF-BB), 172.511 (PDGF-BB), 121.611
(PDGF-BB and AB). Rabbit anti-PDGF A chain IgG and rabbit anti-
PDGFB chain IgG polyclonal antibodies used in the ELISAs and as
neutralizing antibodies in the mitogenesis assay (described below) were
generated as previously described (3) by immunizing rabbits with puri-
fied recombinant PDGF-AAor PDGF-BB, respectively. The monoclo-
nal antibodies and the rabbit anti-PDGF IgG antibodies were isolated
by protein A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ)
chromatography. Affinity-purified rabbit anti-PDGF A chain and af-
finity-purified rabbit anti-PDGF B chain polyclonal antibodies, used
for immunostaining of human tissue, were isolated by passage of the
serum over a Sepharose4B column coupled with either PDGF-AAor
PDGF-BB. The bound antibody was eluted with 0.1 Mcitrate, pH 3.0,
then the isolated antibody cross-adsorbed on the opposite ligand col-
umn to remove any antibody cross-reacting with both PDGFA and B
chain. The affinity isolated rabbit anti-PDGF A chain and B chain
antibodies recognize PDGF-AAand AB, and BBand AB, respectively,
with < 1%cross-reactivity to the opposite homodimer. PDGF-AAand
BB were coupled to CnBr-activated Sepharose-4B (Pharmacia Fine
Chemicals) as described by the manufacturers at a ratio of 5 mg/g of
dry gel.

The generation and characterization of anti-PDGF receptor mono-
clonal antibodies PR7212 (beta receptor) and PR292 (alpha receptor)
have been previously described (21, 22). Monoclonal antibody
169.522 was produced by fusing NS-l myeloma cells with spleen cells
isolated from mice immunized with chimeric PDGFreceptor mole-
cules containing the extracellular domain of the human PDGFalpha
receptor and the constant domains of human immunoglobulin heavy
and light chains (Hart, C. E., and D. Gilbertson, unpublished data).
This antibody, which specifically recognizes the extracellular domain
of the PDGFalpha receptor, was characterized for receptor binding
specificity by the same criteria as used for antibodies PR7212 and
PR292 (21, 22).

Human keratinocytes were initially isolated from explants of new-
born foreskins. The cells were cultured in either keratinocyte basal
medium (KBM)' or keratinocyte growth medium (KGM) (Clonetics
Corp., San Diego, CA), containing 0.15 mMCa2", as described in
specific sections of Methods. Subconfluent cultures of keratinocytes,
ranging between 75 and 95% confluent, were used for all of the studies
described below.

PDGF-specific ELISAs. Sandwich ELISAs were used to detect and
quantitate the levels of the individual PDGFisoforms (AA, AB, BB)
essentially as described (3). Anti-PDGF monoclonal antibodies spe-
cific for either the A or B chain of PDGFwere added to 96-well micro-
titer plates at 5 Ag/ml in coating buffer (0.1 MNaHCO3, pH 9.0) for
18-24 h at 40C. The wells then incubated with ELISA B buffer (PBS,
pH 7.2; 1%BSA, 0.05% Tween-80) for either 2 h at 37°C or overnight
at 40C to block nonspecific binding sites. The wells were washed twice
then stored dry at 4°C until used. The coating antibodies used to detect
the individual PDGFisoforms were 127.222 (PDGF-AA), 172.511
(PDGF-BB), and 121.611 (PDGF-AB). Test samples were added to
the antibody coated wells for 2 h, the wells washed, then incubated for
an additional 2 h with either polyclonal rabbit anti-PDGF A chain
antibody (127.222 and 121.611) or polyclonal rabbit anti-PDGF B

1. Abbreviations used in this paper: KBM, keratinocyte basal medium;
KGM,keratinocyte growth medium; OCT, Tissue-Tek O.C.T. embed-
ding compound (Miles Laboratories, Inc.); TBS, Tris-buffered saline.

chain antibody (172.511) . The wells were washed, then incubated for 1
h with horseradish peroxidase-conjugated goat anti-rabbit antibody
(Tago, Inc., Burlingame, CA) diluted 1:2,000 with ELISA B buffer.
The level of bound antibody was determined by the addition of reac-
tion buffer (0.1 MNa citrate, pH 5.0; 0.5 mg/ml o-phenylenediamine
dihydrochloride; 0.5 jl/ml 30% H202) and the reaction product read
in a Microplate reader (Bio-Tek Instruments, Winooski, VT) at 492
nm. All incubations were done at 370C unless noted and all washes
done with ELISA C buffer (PBS, pH 7.2; 0.05% Tween-80).

To obtain detergent solubilized cell extracts, cells were washed with
PBS, then extracted with RIP buffer (20 mMTris-HCl, pH. 8.0, 100
mMNaCl, I mMEDTA, 0.5% NP-40, 0.5% sodium deoxycholate, 10
mMNal, 1% BSA) on ice. The extract was centrifuged at 2,000 g to
pellet cellular debris, and the supernatant was harvested.

Northern blot analysis. Cytoplasmic mRNAwas isolated using the
NP-40 lysis method as described by Mushinski et al. (23). Poly A'
RNAwas obtained by two passages over oligo dT cellulose (Boehringer
Mannheim, Indianapolis, IN). RNAsamples (2 jg/lane) were electro-
phoresed on a I% agarose-formaldehyde gel, transferred to nitrocellu-
lose, and hybridized with 32P-labeled cDNA-probes. The PDGFA
chain probe was a 1.3-kb EcoRI fragment that corresponds to the short
version of the PDGF-AmRNA(24) and which was agift from Christer
Betsholtz (Uppsala University, Uppsala, Sweden). The B chain probe
used was a PstI/XbaI 1.0-kb fragment which codes for the v-sis se-
quence (25) and which was a gift from Keith Robbins (National Insti-
tutes of Health, Bethesda, MD). The PDGFalpha receptor probe con-
tains nearly the entire coding sequence and corresponds to bp 252 -)
3978 (11). The PDGFbeta receptor probe contains the full length
human cDNA and corresponds to bp 356 5570 (8). DNAprobes
were radiolabeled using the random hexamer method (26).

Immunostaining of normal human skin for PDGF. Cryostat sec-
tions of normal human skin were prepared on gelatin-coated slides and
were postfixed with 10% buffered formalin for 10 min. Sections were
reacted with monoclonal antibodies 120.311, 127.822, 120.121, and
127.573, using 0.25-1.0 ,ug/ml final concentrations. All antibodies,
including those used for competition with purified antigen, were di-
luted in PBScontaining 10 mg/ml BSA. Staining by 127.573 was com-
peted by the addition of 1 jg of purified PDGF-AA. No competition for
127.573 staining was observed with 10 ,ug/ml PDGF-BB. Staining by
120.121 was competed by 10 ug/ml BB. Antibody binding was visual-
ized using an anti-mouse avidin-biotin complex kit (Vector Laborato-
ries, Burlingame, CA) and 3-amino-9-ethyl-carbozol as the chro-
magen.

Immunostaining of human wounds for PDGF. Wounds were cre-
ated on legs of normal human volunteers using a Simplate-II bleeding
time device (Organon Teknika, Durham, NC). Punch biopsies (4 mm)
were taken of the wounds, immediately frozen in embedding com-
pound (Tissue-Tek O.C.T. [OCT]; Miles Laboratories, Inc., Elkhart,
IN), and stored at -70°C until cryosectioned (8 gm). Sections were
placed onto acid-washed (1% HCI/70% EtOH) and 2% 3-aminopro-
pyltriethoxysilane (Sigma Immunochemicals, St. Louis, MO)/ace-
tone-coated slides. Sections were fixed in cold acetone for 5 min, rinsed
in 0.5 MTris-buffered saline (TBS) 3x 5 min each, then blocked for
endogenous peroxidase in 0.3% H202/TBS for 30 min. The slides were
rinsed 3x 5 min in TBS, serum blocked with 1.3% goat serum/ TBS for
30 min, and then stained for 1 h at room temperature with affinity-pur-
ified polyclonal rabbit anti-PDGF A chain or rabbit anti-PDGF B
chain antibody. The antibodies were diluted with 0.1% BSA/TBS. The
slides were rinsed 3X 5 min with TBS, blocked an additional 5 min with
goat serum, then incubated with biotinylated goat anti-rabbit IgG
(Vector Laboratories) for 30 min. The slides were washed 3X 5 min
with TBS, lx 5 min with normal goat serum, then incubated with
streptavidin AH-biotin complex (Zymed Laboratories, Inc., South San
Francisco, CA) for 30 min at room temperature. The slides were

washed 3x 5 min with TBS, rinsed in 5 mMTris buffer for 5 min, and

subsequently developed with 2 ml 0.12% 3,3' diaminobenzidine
(Sigma Immunochemicals)/H20; 1.2 ml H20; 0.8 ml 0.5 M Tris

buffer; 4 jil of 30% H202 for 20 min. The slides were then rinsed in 0.5
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MTris buffer for 5 min, rinsed 3x 5 min in TBSand coverslipped using
Glycergel (Dako Corp., Carpinteria, CA). Control sections were not
exposed to primary antibody.

Immunostaining of wounded human skin for PDGFreceptor. Mate-
rials and methods used for staining of sections for PDGFreceptor were
as above for PDGFimmunostaining with the following exceptions.
Slides were rinsed 3x 5 min with TBS before fixation to remove the
OCT. The cryosections were fixed in 0. 1%glutaraldehyde/ PBSrather
than in acetone. The sections were stained with primary antibody
169.522 (PDGF alpha receptor) or PR7212 (PDGF beta receptor).
Secondary antibody used was biotinylated anti-mouse IgG made in
horse (Vector Laboratories), and the serum block was done with 0.3%
horse serum/TBS.

Analysis of PDGFmitogenic activity. Purified PDGF-AAand con-
centrated keratinocyte conditioned culture media were analyzed for
mitogenic activity by the ability to stimulate [3H ] thymidine incorpora-
tion into murine 3T3 cells essentially as described by Raines et al. (27).
To generate keratinocyte-conditioned culture media, KGMwas added
to subconfluent monolayers of human keratinocytes for 48 h. The me-
dia was harvested then concentrated 50-fold using a Centriprep-O0
concentrator (Amicon, Beverly, MA). Dilutions of the media concen-
trate were made using fresh KGM. The concentrated media samples
were added to the 3T3 cells at 1 / 10th final vol. Dilutions of PDGF-AA
were added to the cells at final concentrations of 5, 1.25, and 0.31
ng/ml. Monoclonal antibody 127.222, polyclonal rabbit anti-PDGF A
chain, or polyclonal rabbit anti-PDGF B chain (25 gg/ml final concen-
tration) were added simultaneously to 3T3 cells containing either 5
ng/ml of pure PDGF-AAor to the undiluted media concentrate. The
cells were incubated for 20 h with the test samples, the media removed,
and the cells pulsed for 4 h with [3H]thymidine. The cells were washed
with PBS, trypsinized, then harvested with a cell harvester (Wallac;
LKB, Turku, Finland) and counted for [3H] thymidine incorporation
in a Betaplate liquid scintillation counter (Wallac; LKB).

Results

PDGFA chain and B chain mRNAexpression. Monolayer
cultures of normal human keratinocytes were analyzed for the
expression of PDGFA and B chain mRNAby Northern blot
analysis. Cells grown in KBMdemonstrated elevated levels of
constitutive expression of three sized transcripts of 2.8, 2.3, and
1.9 kb for PDGFA chain mRNA(Fig. 1). Only trace levels of
B chain mRNAwere detected in the KBM-cultured cells. The
addition of IL-Ia (10 ng/ml) to the culture media for 12 h
resulted in an increase in a 4.0-kb transcript for PDGFB chain
with no corresponding increase in the level of A chain mRNA.
In contrast, an increase in the levels of both A chain and B
chain mRNAwere detected after the addition of TGF,, (10
ng/ml) to the cells for 12 h.

Production of PDGF-AA, AB, and BB polypeptide. To
monitor the production of PDGFpolypeptide by human kera-
tinocytes, 24-h conditioned culture media was analyzed by
ELISA for the presence of the three isoforms of PDGF(AA,
AB, BB). The individual PDGFisoforms were detected and
quantitated as previously described (3) using isoform-specific
monoclonal antibodies as the catching antibodies in sandwich
ELISA formats. Only PDGF-AA was detected in the condi-
tioned culture media of cells grown in KBM(Table I), consis-
tent with the detection of predominantly A chain mRNAin
these cells. Surprisingly, however, only PDGF-AA was de-
tected in the culture media of the IL- Ia_ and TGF#-treated cells,
even though these cells express both PDGFA and B chain
mRNA. IL-la treatment had essentially no effect on PDGF-
AA secreted while TGFs caused an 88% increase in the level of
PDGF-AAsecreted into the culture media. In contrast to the
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Figure 1. The modulation of PDGFmRNAexpression in normal
human keratinocytes. Normal human keratinocytes were cultured in
KBM±10 ng/ml TGFp, 10 U/ml recombinant human IL-la for 12
h. PDGF-A and PDGF-B mRNAexpression was determined by
Northern blot analysis.

conditioned media samples, low levels of PDGF-AAand BB,
and elevated levels of PDGF-AB were detected in detergent
extracts of keratinocytes grown in KBMalone or KBMsupple-
mented with either IL- la or TGF,.

Detection of PDGFmitogenic activity in keratinocyte-con-
ditioned culture media. To demonstrate that the PDGF-AA
detected by ELISA and Western blot has functional biologic
activity, keratinocyte-conditioned culture media was concen-
trated, then analyzed for the ability to stimulate [3H]-
thymidine incorporation into murine 3T3 cells. This cell type
has been shown to respond mitogenically to all three PDGF
isoforms (AA, AB, BB) ( 12). The concentrated media stimu-
lated a 10-fold increase in [3H]thymidine incorporation over

Table L Detection of PDGFin Keratinocyte-conditioned Media
and in Detergent-solubilized Cell Extracts

Media Extract

Sample AA BB AB AA BB AB
Control 0.84 ND ND 0.14 0.80 3.27
IL-la 0.88 ND ND 0.20 0.61 3.95
TGFO 1.58 ND ND 0.14 0.64 4.50

Humankeratinocytes were cultured in 100-mm dishes in either KGM
alone (control, or KGMsupplemented with 10 ng/ml of IL-la or
TGF13. After 24 h the conditioned media was harvested (10 ml), then
concentrated 10-fold using a Centriprep- O (Amicon, Beverly, MA)
concentrator. Cells were washed with PBS, then extracted with 1 ml
of radioimmunoprecipitation buffer on ice. Both the media concen-
trates and cell extracts were then analyzed by ELISA for the presence
of the individual PDGFisoforms as described in the materials and
methods. The data are presented as nanograms per milliliter of PDGF
measured in the concentrated media and in the cell extract. The
sensitivity of detection for PDGF-BBand AB is 0.036 and 0.15 ng/ml,
respectively. ND, not detectable.
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background. This stimulation was partially inhibited by the
addition of a neutralizing monoclonal antibody to PDGF-AA,
127.222, as well as polyclonal rabbit anti-PDGF A chain IgG
(Fig. 2). Addition of rabbit anti-PDGF B chain had no inhibi-
tory effect on either the keratinocyte culture media or on puri-
fied PDGF-AA.

These results demonstrate that PDGF-AApresent in kera-
tinocyte-conditioned culture media is mitogenically active.
They also support the findings that there are no significant
levels of PDGF-ABor BB in the keratinocyte media, due to the
lack of inhibitory activity by the rabbit anti-PDGF B chain
antibody. Clearly there are additional mitogens for the 3T3
cells in the keratinocyte media as demonstrated by the limited
neutralization of [3H]thymidine incorporation by the anti-
PDGFantibodies. The media concentrate added to the 3T3
cells contained 2.0 ng/ml PDGF-AA, as determined by
ELISA. This amount of PDGF-AAcorresponds to the level of
mitogenic stimulation that was inhibited by the two PDGF-AA
neutralizing antibodies.

Analysis of PDGFreceptor expression in keratinocytes. To
determine if PDGFmight be functioning in an autocrine fash-
ion in human keratinocytes, we monitored for the presence of
PDGFreceptors in these cells. Direct cell-surface expression
studies were done with monoclonal antibodies PR292 and
PR7212. These antibodies recognize extracellular epitopes on
the PDGFalpha and beta receptors, respectively. The binding
of these antibodies was monitored on both keratinocytes and
human dermal fibroblasts. To demonstrate binding specificity
of the antibodies to the PDGFreceptors, the test cells were first
incubated at 37°C with 50 ng/ml of PDGF-BBfor increasing
lengths of time to stimulate receptor downregulation. Treat-
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Figure 2. Detection of PDGF-AAmitogenic activity in keratinocyte-
conditioned culture media. Increasing amounts of purified PDGF-AA
and dilutions of concentrated keratinocyte conditioned culture media
were analyzed for mitogenic activity by the ability to stimulate [3H]-
thymidine incorporation into murine 3T3 cells. Anti-PDGF antibod-
ies 127.222 (127), rabbit anti-PDGF A chain IgG (RbA), or rabbit
anti-PDGF B chain IgG (RbB) were added to 5 ng/ml of purified
AAand to the undiluted keratinocyte concentrate (Und). Both anti-
PDGFAA antibodies were able to significantly inhibit the mitogenic
activity in the conditioned media sample, demonstrating the presence
of PDGF-AA, while no inhibitory activity was observed with the
anti-PDGF B chain antibody. The results are expressed as cpm of [3H]-
thymidine incorporation±SD for triplicate determinations. *P < 0.05.
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Figure 3. PDGFreceptor binding assay. Normal human keratinocytes
(dashed lines) and human fibroblasts (solid lines) were grown to near
confluence in 24-well culture dishes in KGM,and DMEcontaining
10% fetal calf serum, respectively. 50 ng/ml of PDGF-BBwas added
to the media for increasing lengths of time to stimulate PDGFrecep-
tor downregulation. The plates were washed, then incubated with
'21-Ilabeled PR292, anti-alpha receptor (solid box), or PR7212, anti-
beta receptor (open box), for 5 h at 4°C. The plates were washed to
remove unbound antibody, the cells lysed with 0.1 MNaOH/0.1%I
Triton X- 100, and the lysates counted in a gammacounter to deter-
mine the level of antibody binding. The results are presented as total
cpm bound.

ment of fibroblasts with PDGF-BB led to a time-dependent
decrease in the binding of both antibody PR292 and PR7212,
demonstrating that both PDGFalpha and beta receptors are
present on human dermal fibroblasts (Fig. 3). In contrast, the
level of antibody binding to the keratinocytes was much lower
with no evidence of receptor downregulation after PDGF-BB
treatment. The lack of PDGFreceptors on keratinocytes was
similarly observed on keratinocytes treated for 24 h with 5
ng/ml of either IL-la or TGF,, (data not shown). These results
indicate that keratinocytes in culture do not express detectable
levels of PDGFreceptor polypeptide.

To determine if keratinocytes might express mRNAfor the
PDGFalpha and beta receptors, but fail to make polypeptide
detectable by the two antireceptor antibodies, Northern blot
analysis was done on poly-A-selected mRNAisolated from
cultured human keratinocytes. The Northern blot analysis
showed no detectable levels of mRNAfor either the alpha or
beta receptor, while mRNAisolated from human dermal fibro-
blasts showed high levels of expression of a 6.4-kb transcript for
the alpha receptor and a 5.5-kb transcript for the beta receptor
(Fig. 4). Equal loading of mRNAin all lanes of the Northern
blot was confirmed by ethidium bromide staining and actin
mRNAdeterminations (data not shown). The lack of PDGF
receptor expression by cultured keratinocytes was further con-
firmed by PCRanalysis (data not shown).

Immunostaining of PDGFin human skin. To determine if
keratinocytes express PDGFin vivo, cryosections of normal
human skin were stained with monoclonal antibodies specific
for the A and B chains of PDGF. Staining of the epidermis was
observed with monoclonal antibody 127.573, which is directed
against the PDGF-A chain and detects both PDGF-AA and
AB. Staining was present from the basal layer into the granular
layer (Fig. 5 A) but was not ob-served in the cornified layer.
This staining was abolished when the antibody was first pread-
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Figure 4. Detection of PDGFreceptor mRNAby Northern blot
analysis. Poly-A selected mRNAisolated from normal human kera-
tinocytes (K) and human fibroblasts (F) was probed by Northern
blot analysis for the presence of (A) PDGFalpha receptor and (B)
PDGFbeta receptor mRNA.

sorbed with PDGF-AA(Fig. 5 B) but not with PDGF-BB(data
not shown). A second monoclonal antibody, 127.822, which
only recognizes PDGF-AA, showed a similar staining pattern
(Fig. 5 C). The presence of PDGFBB in the epidermis was
demonstrated by the staining observed with monoclonal anti-
body 120.121, which specifically detects PDGF-BB. Staining
with this antibody was similarly observed from the basal layer
into the granular layer (Fig. 5 D), and was blocked for by
preadsorption of the antibody with PDGF-BB (Fig. 5 E), but
not with PDGF-AA (data not shown). A second monoclonal
antibody specific for PDGF-BB, 120.31 1, demonstrated a simi-

lar staining pattern (Fig. 5 F). Thus, both PDGF-AAand BB
are present in normal human epidermis. However, the pres-
ence of PDGF-ABcannot be evaluated by the antibodies used
in this study.

To assess the expression of PDGFin human skin at the site
of acute healing wounds, we obtained biopsies of partial thick-
ness incised wounds made with a Simplate II bleeding time
device (28). 1-d-old wounds were analyzed for the presence of
PDGFby immunostaining using affinity-purified rabbit anti-
PDGFA chain and anti-PDGF B chain polyclonal antibodies.
PDGFA chain was clearly detected in the epidermis adjacent
to and away from the wound site in l-d wounds (Fig. 6 A) as
well as in the newly reconstituted normal epidermis in older
wounds (data not shown). Similar findings were observed with
PDGFB chain staining, though the intensity of the staining
was greatly reduced from that obtained with the anti-PDGF A
chain antibody (Fig. 6 B). During the course of wound matura-
tion (days 4-21 ) there was no detectable upregulation of stain-
ing for either PDGFA chain or B chain in the epidermis.

There was a striking difference for the staining of the provi-
sional wound matrix of l-d wounds by the two antibodies.
Strong staining was observed with the anti-PDGF A chain anti-
body (Fig. 6 A) while essentially no staining was observed with
the anti-PDGF B chain antibody (Fig. 6 B). As the wounds
matured (days 4-21) there was a continual decrease in the
staining for PDGF-A chain as the provisional wound matrix
was replaced by granulation tissue. During this same period
there was no significant change in staining for PDGF-B chain
in the dermis (data not shown).

Immunostaining of PDGFreceptor in human skin. PDGF
receptor expression in human skin was monitored by immuno-

A

t1

Figure 5. PDGFexpression in normal human
skin. PDGF-Aand PDGF-Bpeptide expres-
sion in normal human skin was determined by
immunohistochemistry using PDGFisoform
specific monoclonal antibodies. mAbs 127.573

b and 120.121 were coincubated with purified
PDGF-AAand BB, respectively, to demon-
strate antibody binding specificity. The speci-
ficity of the individual mAbs is presented in
italics (A) 127.573 AA/AB, (B) 127.573
+ PDGF-AA, (C) 127.822 AA, (D) 120.121
BB, (E) 120.121 + PDGF-BB, (F) 120.311
BB.
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Figure 6. Immunostaining of human wounds for PDGF.
Wounds were made on the legs of human volunteers us-
ing a Simplate II bleeding time device (Organon Teknika,
Durham, NC). 4-mm punch biopsies were taken from
l-d wounds, frozen in OCT, and cryosectioned. Frozen
sections were stained with (A) affinity-purified rabbit
anti-PDGF A chain, (B) affinity-purified rabbit anti-
PDGFB chain, or (C) control without primary IgG. The
staining was developed by streptavidin AH-biotin com-
plex (Zymed Laboratories) peroxidase method using 3,3'
diaminobenzidine (Sigma Immunochemicals) as the
substrate.

staining using anti-PDGF receptor monoclonal antibodies
169.522 (alpha receptor) and PR7212 (beta receptor) which
recognize extracellular epitopes on the PDGFalpha and beta
receptors, respectively. Receptor expression was analyzed on

cryosections obtained from 4-d wounds as described above. No
staining was observed on epidermal cells either adjacent or

away from the wound site for either the alpha (Fig. 7 A) or beta
receptor (Fig. 7 B). The newly reconstituted wound epidermis
was similarly negative for receptor staining. While only 4-d
wounds are presented here, similar results showing lack of epi-
dermal staining were observed on wounds ranging in age from
1 to 21 d (data not shown). In contrast to the lack of staining of
the epidermis, strong staining of the dermis, both in the wound
bed itself and in the adjacent tissue, was observed for both the
alpha and beta receptors on four day wounds (Fig. 7). The
staining for PDGFreceptors was markedly upregulated at this

time point as only minimal staining was observed in l-d
wounds (data not shown). The intensity of staining for both
the PDGFalpha and beta receptors continued to increase in
wounds up to 14 d of age and remain elevated in 21 -d wounds
(data not shown). The staining in the 4-d wounds appears to be
primarily localized on cells morphologically appearing to be

fibroblasts, and small blood vessels.

Discussion

The multiple biological responses stimulated by PDGFhave
led to its implication as one of the key mediators of dermal
wound healing (2). The addition of PDGFto various wound
healing models has shown that it is able to accelerate various
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Figure 7. Immunostaining of human wounds for PDGFreceptor.

Wounds were made on the legs of volunteers using a Simplate II
bleeding time device. 4-mm punch biopsies were taken from 4-d
wounds, frozen in OCT, and cryosectioned. Frozen sections were

stained with (A) mAbl69.52 alpha receptor, (B) mAbPR7212 beta
receptor, or (C) control without primary IgG. The staining was de-
veloped by streptavidin AH-biotin complex (Zymed Laboratories)
peroxidase method using 3,3' diaminobenzidine (Sigma Immuno-
chemicals) as the substrate.

aspects of wound healing including reepithelialization and
granulation tissue formation ( 18, 19, 29-31). This has been
shown in both normal animals (29-31) and animals
with wound healing impairments, such as db/db diabetic
mice ( 18).

Platelets and macrophages that enter into the wound have
been proposed as the major sources of PDGFin healing cutane-
ous wounds. Our studies indicate that keratinocytes in culture
produce high levels of PDGF, suggesting that this cell type may

also be a major source of PDGFfor wound healing in the skin.
The identification of PDGFby immunostaining in both non-
wounded and in regenerating epithelium strongly support this
hypothesis. The source of the PDGFA chain observed by im-
munostaining in the provisional wound matrix is not clear.
However, the detection of only PDGF-AA in the conditioned
media of cultured keratinocytes and the presence of mainly
PDGFA chain in the provisional wound matrix suggests that
the A chain present may be derived from the epidermal cells.
This idea is further supported by the knowledge that PDGF
present in the alpha granules of human platelets is composed of
approximately equal amounts of both PDGFA and B chains
(3). Additionally, it has been shown that macrophages in cul-
ture express both PDGFA and B chain polypeptide (32).
These data support the role of keratinocyte-derived PDGFin
cutaneous wound healing.

The finding of constitutive expression of PDGFpolypep-
tide in epidermal cells of both nonwounded and wounded hu-
man tissue is in contrast to the findings of Antoniades and
co-workers (33) who only detected transient expression of
PDGFB chain in the epidermis between I and 4 d after place-
ment of full-thickness wounds in pigs. It is unclear if this dis-
crepancy is due to differences in the detection methods for
PDGFor represents a real biologic difference between human
and porcine epidermis.

The production of PDGFby human keratinocytes does not
appear to function as an autocrine factor in epidermal repair.
Neither PDGFreceptor polypeptide nor mRNAwas detected
in cultured human keratinocytes. Additionally, neither PDGF
alpha or beta receptor was detected by immunostaining in the
epidermis of either normal skin, or in the epidermis of healing
human wounds ranging from 1 to 21 d in age. It has recently
been reported by Antoniades and co-workers (33) that there is
transient expression, as measured by both in situ hybridization
and immunostaining, of PDGFbeta receptor in the epidermis
of porcine wounds. Again, whether this reflects variation be-
tween species or simply differences in detection methods from
those reported here is unclear. The identification of functional
PDGFreceptors has not yet been described in cultured porcine
keratinocytes.

Using a panel of monoclonal antibodies to the PDGFre-
ceptors we have identified a subset of antibodies which immu-
nostain human keratinocytes both in culture and in skin biop-
sies. One of the antibodies to the PDGFbeta receptor appears
to detect a 200-kD cytoplasmic molecule as demonstrated by
immunoprecipitation of [35S]methionine labeled cell extracts
(data not shown). The finding that this molecule is expressed
cytoplasmically, and that its presence is not modified after the
addition of either PDGF-AA or BB to cultured keratinocytes
(data not shown) suggests that it is not a functional PDGF
receptor but that it shares similar antigenic determinants with
the PDGFbeta receptor. It is possible that the staining ob-
served by Antoniades and co-workers could have been to a
similar molecule in porcine keratinocytes.

The detection of only PDGF-AA in the culture media of
keratinocytes, although the cells make both PDGFA and B
chain mRNA, is consistent with previous findings where only
PDGF-AA is efficiently secreted by many cell types (34-36).
The PDGF-AAdetected in the culture media corresponds in
size by Western blot to the short form of A chain (data not
shown). The mRNAcoding for the short form lacks exon 6,
which is present in the long form of A chain and which codes
for a stretch of basic amino acid residues. This stretch of amino
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acids appears to act as a heparin-binding retention sequence to
maintain cell association of the long form of PDGF-AA (35,
36). A similar stretch of basic residues is found in the B chain
of PDGF(34, 35). While only PDGF-AAwas detected in the
culture media, all three PDGFisoforms (AA, BB, and AB)
were detected in cell extracts. It is interesting to note that ele-
vated levels of B chain mRNAdetected in the IL-la- and
TGF,O-treated cells did not correspond to substantial increases
in the production of PDGFB chain protein. Additionally, the
PDGFB chain produced appears to be primarily directed into
PDGF-AB.

The recent identification that human keratinocytes are a
rich source of a wide variety of growth factors necessitates re-
evaluation of the potential roles played by these cells in cutane-
ous inflammation and wound healing. In addition to providing
a boundary layer for prevention of water loss, and protection
against surface abrasion, we now must view keratinocytes as a
major source of cytokines which will directly influence adja-
cent dermal constituents. While we have primarily focused on
the potential role of keratinocyte-derived PDGF in acute
wound repair in this manuscript, one could speculate for a
much broader role for PDGF in skin function. Not only
through direct actions on cells within the dermis, but indirectly
on the epidermis through the regulation of vascular growth and
the subsequent availability of the necessary nutrients.
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