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Research Article

Some human chronic dermal wounds treated with recombinant platelet-derived growth factor-BB (rPDGF-BB) show
increased healing coupled with fibroblast activation and granulation tissue formation. To determine whether endogenous
PDGF is associated with healing and nonhealing dermal ulcer phenotypes, we developed monoclonal antibodies capable
of recognizing the three isoforms of PDGF, AA, AB, and BB dimers, and capable of discriminating between two
alternatively spliced A chain transcripts. We detected little PDGF isoform expression in normal skin and in nonhealing
dermal ulcers. In contrast, in surgically created acute wounds and chronic ulcers treated with rPDGF-BB, markedly
upregulated levels of PDGF-AA (long form) were found. In both types of wounds, increased PDGF-AA was detected
primarily in capillaries and fibroblasts, although in rPDGF-BB-treated chronic wounds, widespread expression of PDGF-
AA was somewhat delayed. With continued treatment, the long form of PDGF-AA, which can preferentially bind
extracellular matrix, was expressed only in capillaries, while fibroblasts began synthesizing the short form of PDGF-AA.
Within capillaries, all endothelial cells and varying numbers of pericytes and smooth muscle cells contained PDGF-AA. In
all wounds, macrophages and keratinocytes were not a major contributor. While PDGF-BB and PDGF-AB were present in
a minority of healing wounds, they were usually present at lower levels than PDGF-AA. PDGF-beta receptors, which bind
only PDGF-BB and not other isoforms, were found in normal skin and granulation [...]
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Abstract

Some human chronic dermal wounds treated with recombi-
nant platelet-derived growth factor-BB (rPDGF-BB) show
increased healing coupled with fibroblast activation and
granulation tissue formation. To determine whether endoge-
nous PDGF is associated with healing and nonhealing der-
mal ulcer phenotypes, we developed monoclonal antibodies
capable of recognizing the three isoforms of PDGF, AA, AB,
and BB dimers, and capable of discriminating between two
alternatively spliced A chain transcripts. We detected little
PDGF isoform expression in normal skin and in nonhealing
dermal ulcers. In contrast, in surgically created acute
wounds and chronic ulcers treated with rPDGF-BB, mark-
edly upregulated levels of PDGF-AA (long form) were
found. In both types of wounds, increased PDGF-AA was
detected primarily in capillaries and fibroblasts, although
in rPDGF-BB-treated chronic wounds, widespread expres-
sion of PDGF-AA was somewhat delayed. With continued
treatment, the long form of PDGF-AA, which can preferen-
tially bind extracellular matrix, was expressed only in capil-
laries, while fibroblasts began synthesizing the short form
of PDGF-AA. Within capillaries, all endothelial cells and
varying numbers of pericytes and smooth muscle cells con-
tained PDGF-AA. In all wounds, macrophages and kera-
tinocytes were not a major contributor. While PDGF-BB
and PDGF-AB were present in a minority of healing
wounds, they were usually present at lower levels than
PDGF-AA. PDGF-B receptors, which bind only PDGF-BB
and not other isoforms, were found in normal skin and
granulation tissue, providing a molecular basis for treating
human chronic wounds with exogenous rPDGF-BB. (J. Clin.
Invest. 1995. 96:1336-1350.) Key words: skin ¢ dermis ¢
immunohistochemistry « monoclonal antibodies

Introduction

The molecular mechanisms responsible for healing wounds re-
main a mystery. In experimental tissue repair models, epithelial
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cells, endothelial cells, and fibroblasts clearly are required (1-
3). When activated, these cell types initiate repair processes
necessary for normal repair, i.e., reepithelialization, angiogen-
esis, and extracellular matrix deposition (4-6). In addition,
wound macrophages, but not wound neutrophils, are necessary
for normal repair (7). These diverse cell types migrate, prolifer-
ate, and differentiate, eventually producing a collagen-con-
taining scar. Specific growth factors are believed to regulate
these processes because cell types found within wounds both
synthesize and bear receptors for a variety of growth factors in
vitro (8—17), and growth factors pharmacologically applied to
wounds can accelerate in vivo repair (2, 3, 5, 6, 10, 18-23).
Growth factors have also been implicated in the pathogenesis
of lesions of the vascular wall and in tumor growth, consistent
with the notion that these pathophysiologic processes share
commonalities with normal tissue repair processes (24-26).
Recently, neutralizing antibodies to basic fibroblast growth fac-
tor have been shown to decrease granulation tissue formation
within sponges implanted subcutaneously in rodents, providing
direct evidence for the role of a growth factor in tissue repair
(27). However, formal proof that endogenous growth factors
mediate normal wound healing is lacking, due at least in part
to a lack of specific analytical reagents.

Platelet-derived growth factor (PDGF) was originally iden-
tified by Ross et al. (28) and Kohler and Lipton (29) as the
most potent mitogen in serum for mesenchymally derived cells.
Purified human platelet PDGF is predominantly a heterodimeric
molecule consisting of A and B chains, which are ~ 60% ho-
mologous at the amino acid level (3, 17). The B chain is highly
homologous (~ 92%) to v-sis, the oncogene of Simian sarcoma
virus, an acutely transforming retrovirus (3). Both BB and AA
homodimers have been isolated from natural sources (3, 17).
A number of cell types contain message for A chain and/or B
chain, including macrophages, endothelial cells, smooth and
skeletal muscle cells, and fibroblasts. These cells secrete PDGF-
like proteins; however, identification of the specific isoform(s)
secreted has been often hampered by the lack of reagents to
specifically detect each isoform. In addition, multiple transcripts
have been detected in cells which produce PDGF-AA (30, 31).
They appear to be alternative splice variants of a single seven-
exon gene, and give rise to short (S) and long (L) processed
proteins of 110 (As)' and 125 (Ar) amino acids (30-32). The
shorter transcript is lacking exon VI, which contains 69 base
pairs. Differences in regulation of the transcripts but not in

1. Abbreviations used in this paper: CHO, Chinese hamster ovary;
PDGF-AA; and -AAg, the long and short forms of AA homodimers of
PDGF.



Table I. Characterization of the Specificity of Anti-PDGF Monoclonal Antibodies for PDGF Isoforms

Clone 6C-51 3E-205 4E-4 1F-133
IgG subtype 1 2b 1 2a
PDGF isoform AA, AA; AB BB AA, AA; AB BB AA; AA; AB BB AA, AA; AB BB
RIA + - + - + + - - NT - +* - NT 4+ 4+
Nitrocellulose blot + - + - + + - - - -+ - - + 4+
Western blot + NT + - + NT - - - - -+ - NT + +
CHO cells* + NT NT - + NT NT - - NT NT + - NT NT +
BIAcore + NT + - + NT - - NT - + - NT + +
Antibody specificity AA,/AB AAGAA, BB BB/AB

*Two CHO lines were used, expressing PDGF-AA, or -BB.
not tested.

bioactivity of the protein products have been reported (16, 33).
Transcripts for both proteins have been detected in multiple cell
types, however, AAs is thought to be produced to a greater
extent than AA; (34).

All three isoforms, BB, AB, and AA, may bind to PDGF
a receptors; however, only the BB isoform is capable of binding
to PDGF-f receptors (35-37). Both receptors are highly ho-
mologous tyrosine kinases and are present on specific cell types,
providing for target cell specificity of the PDGF response (38).
In addition, some cells may display both receptors. Thus, al-
though the actual physiological functions of PDGF remain un-
known, its actions are regulated by the need for specific ligand—
receptor interactions to transduce stimulating signals.

In this report, using newly developed specific and sensitive
serological reagents which recognize each PDGF isoform, we
demonstrate the marked upregulation of predominantly PDGF-
AA within healing pressure ulcers. This remarkable accumula-
tion of PDGF-AA is accompanied by activated fibroblasts, ex-
tracellular matrix deposition, and active neovessel formation.
In contrast, little PDGF was observed in chronic nonhealing
wounds, confirming the potential benefit of applying recombi-
nant PDGF-BB to wounds (39-41). Collectively, these results
suggest an important role for PDGF isoforms in the normal
repair process.

Antibody AAL/AB |AAs/AA| BB BB/AB

(1F-133)

Clone (6C-51) | (3E-205)| (4E-4)

No Antigen
PDGF-AAL
PDGF-AB
PDGF-BB

Figure 1. Inmunoreactivity of anti-PDGF monoclonal antibodies toward
PDGF isoforms using a solid-phase nitrocellulose-based assay. Excess
antigen (AA_, AB, or BB) was used to titer out each antibody in order
to assess specificity at limiting antibody concentrations (see Methods).
At very high antibody concentrations, full cross-reactivity between
PDGF isoforms was observed.

* These antibodies react with both PDGF-BB 109 or 119 amino acids in length. NT,

Methods

Human tissues

Tissue biopsies were obtained from pressure ulcer patients participating
in clinical trials using recombinant PDGF-BB. Patients from the first
trial were young adults with spinal cord injuries and chronic nonhealing
pressure ulcers. Patients in this trial were aggressively surgically de-
brided at the beginning of the treatment period, therefore, their ulcers
represent more acute wounds and all ulcers demonstrated marked heal-
ing during the trial (39). Biopsies were obtained from patients receiving
either 100 ug/ml (1 pg/cm?) recombinant (r) PDGF-BB or placebo
daily for 28 d (39). Patients from the second trial were elderly adults
with chronic, nonhealing ulcers (40). Patients from this trial received
only minor, blunt debridement, thus their ulcers represent chronic, non-
healing wounds. Patients in this trial received either 100 or 300 ug/ml
(3 pg/cm?) tPDGF-BB or placebo daily for 28 d (40). Altogether,
wounds from a total of 15 rPDGF-BB—-treated and 13 placebo-treated
patients were analyzed. Both trials were approved by their respective
Institutional Review Boards.

Tissue handling and preparation

At multiple time points each patient was biopsied using a 3-mm biopsy
punch, and tissues not destined for electron microscopy were placed in
OmniFix II (An-Con Genetics, Melville, NY). Tissues used for electron
microscopy were collected into a modified McDowell-Trump fixative
(0.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4) for 24 h. Biopsies were placed in fresh fixative, minced
into 0.5-mm’ pieces, and stored at 4°C in fixative before processing.
Samples were dehydrated, post-fixed with uranyl acetate, and embedded
in LR White Resin (medium grade; Ted Pella, Inc., Redding, CA). The
receptor antibodies required unfixed, frozen tissues, so unfixed skin
samples were obtained from other sources. Normal skin was obtained
from a patient undergoing abdominal surgery and granulation tissue was
obtained from a patient undergoing rhinoplasty. These were shipped in
Zeus solution (Zeus Scientific Inc., Raritan, NJ), snap-frozen in OCT
(Miles, Inc., Elkhart, IN), and stored at —80°C.

Generation of PDGF monoclonal antibodies

Recombinant PDGF isoforms. Recombinant PDGF-BB and AA iso-
forms were produced in Escherichia coli using the full-length cDNA
(119 amino acids for the B monomer and 125 amino acids for the A
monomer). Homodimers were created during purification and refolding
and contained no detectable monomer. Heterodimeric PDGF-AB was
generated by combining the inclusion bodies from two E. coli lines
transfected with either PDGF-A or PDGF-B cDNAs. During purification
using metal ion chromatography, homodimeric species were separated
from the heterodimer and were not detectable in purified heterodimer
preparations. A shorter form of PDGF-AA, 109 amino acids in length
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(AAs), was produced in Chinese hamster ovary (CHO) cells and was
used in some experiments to assess antibody specificity.

Antibody production and purification. Antibodies were produced by
standard monoclonal antibody production methods. Briefly, mice were
immunized with three injections of rPDGF-BB (119 amino acids) in
Ribi adjuvant (Ribi ImmunoChem Research, Inc., Hamilton, MT) or
rPDGF-AA (AA., 125 amino acids) in Freund’s complete adjuvant
(Difco Laboratories, Detroit, MI). Hybridomas were screened by en-
zyme immunoassay and positive wells were cloned by limiting dilution.
24 clones from PDGF-AA immunization and 14 clones from PDGF-
BB immunization were tested by immunohistochemistry using
transfected CHO cell lines (see below). Based upon screening assays,
two anti-PDGF-AA clones, 6C-51 and 3E-205, and two anti—PDGF-

1338
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Figure 2. Identification and localiza-
tion of PDGF isoforms in normal hu-
man skin. (A) PDGF-AA (6C-51)
was detected in dermal fibroblasts

. (arrows) and capillaries (arrow-
e head). (B) Little PDGF-BB/AB
o e (1F-133) was found. The strongly

L : stained cells are mast cells, which

F—200— bind the chromagen. Original magni-
: fication, X80.

BB clones, 4E-4 and 1F-133, were chosen for this study. None of the

antibodies were capable of neutralizing PDGF activity.

Antibodies were purified using protein A chromatography (AvidCh-
rom Ab kit; Unisyn Technology, Tustin, CA), diluted 1:10 in 1% bovine
serum albumin in Dulbecco’s phosphate-buffered saline (PBS) (Sigma
Immunochemicals, St. Louis, MO) plus 0.03% Brij-35 (Fisher Scien-
tific, Fair Lawn, NJ) and 0.01% thimerosal (Sigma Immunochemicals),
and were aliquoted and stored at —80°C.

Characterization of antibody specificity

Transfected CHO cell controls. Positive control paraffin blocks were
prepared using CHO cells transfected with the PDGF-A, gene (CHO-
AA) or the PDGF-B gene (CHO-BB). Both cell lines were made from

- Figure 3. Identification and local-
e e _ ization of PDGF isoforms in active
granulation tissue from surgical
wounds. (A) PDGF-AA; (6C-51)
o intensely stained fibroblasts and
e = capillaries. (B) No PDGF-BB/AB

i - (1F-133) or -AA; (3E-205, data not
: - shown) was detected. Original mag-
. : nification, X80. Inset, von Wille-

. : brand factor staining of endothelial
cells within a vessel. Original mag-
nification, X100.



full-length transcripts which included the pre-pro and post regions of
the gene. The nontransfected parental cell line (CHO-D ~) was used as
a negative control. Cells from each line were grown in standard tissue
culture flasks, trypsinized, and pelleted. The pellets were resuspended
in a small volume of media and dripped onto the surface of a collagen
sponge disk (CollaPlug; Colla-Tec, Inc., Plainsboro, NJ). The sponge
with entrapped cells was processed and sectioned for light microscopy
as described above.

Western blots. Purified recombinant PDGF-AA, PDGF-AB, and
PDGF-BB were loaded on 16% Tris-glycine gels under nonreducing
conditions. After SDS-gel electrophoresis (Xcell Mini-Cell; Novex, San
Diego, CA) the gels were transferred to nitrocellulose and probed with
each antibody. Blots were then reacted with a biotinylated horse anti—
mouse secondary antibody (Vector Laboratories, Burlingame, CA) fol-
lowed by avidin-biotin complex (ABC Elite kit; Vector Laboratories)
and developed with 4-chloro-1-naphthol/hydrogen peroxide (GIBCO
BRL, Gaithersburg, MD).

Figure 4. 1dentification of PDGF iso-
forms in actively healing pressure ul-
cers. Surgically created acute
wounds were created by sharp de-
bridement of pressure ulcers to
healthy tissue margins (39). (A and
B) PDGF-AA, (6C-51) was the pre-
dominant isoform expressed, al-
though (C and D) some PDGF-AB
and -BB (1F-133) expression was
detected in fibroblasts and capillar-
ies. Original magnification in A and
C, x80; original magnification in B
and D, X160.

Nitrocellulose-based immunoassay. A membrane solid phase immu-
noassay was done to determine the sensitivity of each antibody for the
immunizing homodimer as well as to assess cross-reactivity with the
other homodimer and the heterodimer, using nitrocellulose in a Minifold
1I (reference 42; Schleicher & Schuell, Inc., Keene, NH). Each antibody
was tested against 100 ng/ml of each dimer. Antibodies were titrated
over a wide dilution range, from 100 ng/ml to 100 ug/ml. Reactions
were carried out as described above for Western blots.

BlAcore assay. Real-time biospecific interaction analysis based on
surface plasmon resonance was conducted using a BIAcore instrument
(Pharmacia Biosensor, Uppsala, Sweden). Surface plasmon resonance
detects changes in optical properties at the surface of a sensor chip. The
sensor chips (CM5; Pharmacia Biosensor) consist of a glass support
for a thin gold film which carries a dextran matrix for coupling samples.
This is attached to a micro flow cell through which reactants are passed.
Antibody—antigen binding is measured by an increase in resonance
units. Optical measurement of resonance units results from a change of
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resonance angle at a stationary sensor which depends on the refractive
index in the vicinity of the surface that changes as the concentration
(binding) of molecules on the surface is changed (43, 44). Each form
of PDGF (AA., BB, and AB) was covalently coupled to a separate
sensor chip using an amine coupling kit (Pharmacia Biosensor). Anti-
body pairs were tested for binding with each PDGF isoform by injecting
the first antibody of each pair, allowing an opportunity for binding,
followed by injecting the second antibody and assessing the extent of
its binding. The chips were then regenerated and the order of injections
for each pair was reversed.

Immunohistochemistry

Immunohistochemistry was performed as described (6) using 3-um
sections cut on poly-L-lysine—coated ProbOn slides (Fisher Scientific,
Pittsburgh, PA) and dried for 20 min at 60°C. Briefly, the slides were
quenched in 3% hydrogen peroxide, blocked with 10% normal horse
serum, and stained with the primary antibody, a substitution control, or
an irrelevant antibody (anti-GFAP of the same isotype as the primary;
Boehringer Mannheim, Indianapolis, IN) for 1 h at room temperature.

1340 Pierce et al.

Figure 5. Competition experiments
on CHO cells expressing PDGF-
AA, . (A) Normal staining with
anti-PDGF-AA,/AB (6C-51).
Staining is not diminished by excess
AA; (B) but is competed by excess
AA, (C). (D) Normal staining with
anti-PDGF-AA_/AA; (3E-205).
Staining is competed by both excess
AA; (E) and AA, (F). Similar re-
sults were obtained for the anti-BB
reagents using their specific ligands.
Original magnification, X80.

Optimal concentrations were determined for each primary (6C-51, 1.2
pg/ml; 3E-205, 100 pg/ml; 4E-4, 80 pg/ml; and 1F-133, 158 ug/ml).
A biotinylated horse anti—mouse IgG secondary antibody, rat absorbed
(Vector Laboratories), was applied for 30 min, followed by an avidin—
biotin complex (ABC Elite kit; Vector Laboratories) for 30 min. Diami-
nobenzidine (Sigma Immunochemicals) was used as the chromagen.
To confirm antibody access to each tissue sample, duplicate sections
were stained with anti—von Willebrand factor (1:400; Dako Corp., Car-
pinteria, CA). Endothelial cells lining vessels in each section were
assessed for stain intensity.

For PDGF- receptor detection on specific cell types, identified by
using a cell type—specific antibody, 5-um frozen sections were stained
on a Histostainer Ig (Leica Inc., Deerfield, IL) modifying a procedure
(45) for localization of two antigens. Briefly, the slides were quenched
in 1% hydrogen peroxide and stained with the first monoclonal antibody
or a control matched IgG in 1% BSA-PBS, 0.05% Tween 20, and 0.02%
sodium azide for 1 h at room temperature. After rinsing, the slides were
blocked in 20% normal goat serum in the same buffer and then incubated
with 1 nm of immunogold-conjugated goat anti—mouse secondary anti-



Figure 6. Identification of PDGF isoforms in chronic, nonhealing pressure ulcers. Chronic, noninfected wounds were characterized by sparse
cellularity, little vasculature, and quiescent-appearing fibroblasts. (A) Anti-AA,/AB (6C-51); (B) anti-AAs/AA (3E-205); (C) anti-BB (4E-4);
(D) anti-AB/BB (1F-133). PDGF-BB is present, and some or all of the other isoforms are also present, but overall staining was markedly weaker
than that observed in acute wounds. Inset, von Willebrand factor staining showing equal stain intensity as seen in acute healing wounds (Fig. 3,
inset). Original magnification, X80.

body (Amersham International, Buckinghamshire, United Kingdom) di-
luted 1:40 in the same buffer. The staining was silver enhanced to give a
black reaction product with the IntenSEM ™ (Amersham International ).
Slides were rinsed overnight in PBS, endogenous avidin and biotin were
blocked, and then slides were incubated with the second monoclonal or
control matched IgG antibody for 1 h at room temperature. Slides were
then incubated with biotinylated secondary antibody (Zymed Labora-
tories, Inc., South San Francisco, CA), diluted to 1.25 pg/ml, and
subsequently with avidin-peroxidase (Zymed Laboratories, Inc.) diluted
1:1,000. Sections were incubated using aminoethylcarbozide (Vector
Laboratories) as a substrate to produce red staining with the second
primary antibody. The slides were coverslipped with Aqua-Mount (Ler-
ner Labs, Pittsburgh, PA).

Optimal concentrations of anti—PDGF-f receptor and cell type—
specific antibodies were identified using serial dilutions: anti—-PDGF-3
receptor B subunit, 1 ug/ml (reference 46; No. 1263—-00, Genzyme
Corp., Cambridge, MA ); human endothelium EN4 (BIODESIGN Inter-
national, Kennebunkport, ME), diluted 1:500 from stock; and human

alpha-smooth muscle actin (Dako Corp.), 0.2 ug/ml. The antibodies
assessed for PDGF-aR reactivity were No. 1264—-00 (Genzyme Corp.)
and No. C6-132 (Upstate Biotechnology, Inc., Lake Placid, NY).

Antibody competition

Antibodies were competed with their immunizing PDGF homodimers
on tissue sections to confirm specificity. 6C-51 and 3E-205 were tested
against up to 100-fold molar excess PDGF-AA, and up to 15-fold molar
excess PDGF-AA;. 1F-133 was tested against up to 50-fold, and 4E-4
against up to 100-fold, molar excess PDGF-BB. All antigen/antibody
mixtures were prepared the day before use and allowed to react overnight
at 4°C. The same procedure described above for light microscopy immu-
nohistochemistry was used, substituting the competition mixes for the
primary. Positive controls from serial sections were stained during the
same run using the working concentrations of the antibodies also pre-
pared and stored in the same manner as the antigen/antibody mixtures.
Tissues chosen for competition were those previously showing optimum
antibody reactions as well as CHO-AA and CHO-BB cell block sections.
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Electron microscopy

Ultrathin sections of LR White—embedded materials were collected on
nickel grids for the subcellular localization of the PDGF homodimers.
The sections were first hydrated for 30 min on droplets of wash buffer
(0.8% BSA, 0.1% fish skin gelatin [Sigma Immunochemicals] in 50
M Tris-HCl, 150 mM NaCl, pH 7.6). The grids were then incubated
for 2 h at room temperature in primary antibody diluted in wash buffer
to the following concentrations: 4E-4, 46, 92, and 460 ug/ml; 3E-
205, 40 and 80 pg/ml; 6C-51, 116 pg/ml; 1F-133, 79 ug/ml). After
incubation, the grids were briefly rinsed on several drops of wash buffer,
then transferred to a goat anti—mouse secondary antibody conjugated
to 10 nm colloidal gold (Amersham International). The gold-labeled
secondary antibody was diluted 1:25 in 50 uM Tris-buffered saline
containing 1.0% goat serum and 0.1% gelatin. After 2 h at room temper-
ature, the grids were rinsed first in wash buffer, then in distilled water.

1342 Pierce et al.

Figure 7. Identification of PDGF
isoforms at the leading edge of day
8 rPDGF-BB—treated pressure ul-
cers. (A) PDGF-AA, (6C-51) was
detected in capillaries. (B) PDGF-
BB/AB (1F-133) was not detected.
(C) Fibroblasts (arrows) in prox-
imity to capillary (arrowhead) con-
tained PDGF-AA; (6C-51). Origi-
nal magnification in A and B, X80;
original magnification in C, X320.

To enhance contrast the sections were stained for 10 min in 2% aqueous
uranyl acetate before examination on the electron microscope.

Results

Monoclonal antibody characterization. The monoclonal anti-
bodies were generated using rPDGF-BB or tPDGF-AA_ as im-
munogens. To assess their specificity and optimal titers, several
assays were used (Table I). RIA, nitrocellulose-based immuno-
assay, BIAcore, and Western blots demonstrated which antibod-
ies had unique specificities. CHO cells expressing rPDGF-BB
or IPDGF-AA were used to identify four antibodies which re-
acted with tissue sections, and the BIAcore was used to confirm
the specificity of binding. Two were generated using rPDGF-



BB as an immunogen (4E-4 and 1F-133), and two were made
using tPDGF-AA, (6C-51 and 3E-205) (Table I). 1F-133 and
6C-51 both reacted with AB heterodimer as well as with their
cognate ligands (Fig. 1). In addition, 6C-51 reacted only with

Figure 8. Identification of PDGF in maturing granulation
tissue of rPDGF-BB—treated healing pressure ulcers. (A)
Healing ulcer after 2 wk of treatment showing PDGF-
AA, (6C-51) and -AA; (3E-205, data not shown) in
fibroblasts and capillaries (wound surface is to the left;
original magnification, X32). Note the positive capillary
beds (open arrowheads). After 4 wk of rPDGF-BB ther-
apy, maturing granulation tissue was stained with (B)
anti-AA_/AB, (C) anti-AAs/AA, , (D) anti-BB, and (E)
anti-BB/AB. PDGF-AA; (C) and -BB (D and E) appear
to be the predominant isoforms in maturing granulation
tissue, while PDGF-AA, and AA; are present in less
mature granulation tissue (A). e, epithelium. Original
magnification, X80.

AA,, while 3E-205 reacted with AAs and AA, , suggesting the
epitope for 6C-51 requires the COOH-terminal 16 amino acids
of the A chain. For example, in the RIA, 6C-51 showed no
reactivity toward AAg, while it was highly reactive

Platelet-derived Growth Factor-AA in Human Wounds 1343



Figure 9. Localization of PDGF-AA, in specific cell types within healing wounds using 6C-51. (A) PDGF-AA_ staining of activated fibroblasts,
(B) AA, in endothelial cells and smooth muscle cells/pericytes within capillaries. (C) Absence of PDGF in lymphocytes and presence in fibroblasts.
(D) Presence of PDGF-AA, in wound macrophages and absence in neutrophils. Closed arrows in A, fibroblasts; closed arrowheads, endothelial
cells; open arrowheads , lymphocytes; open arrow, macrophage; short arrow, neutrophil. Original magnification in A—C, X480; original magnifica-

tion in D, X800.

(> 1:10,000) when AA; was used as the plate antigen (data not
shown). In contrast, 3E-205 was highly reactive (> 1:10,000)
toward both forms.

The BIAcore confirmed the cross-reactivity of 6C-51 and
1F-133 with rPDGF-AB and the lack of heterodimer cross-
reactivity with 3E-205 and 4E-4. Thus, the antibodies are desig-
nated as anti-AA, /AB (6C-51), anti-AAs/AA, (3E-205), anti-
BB (4E-4), and anti-BB/AB (1F-133) (Table I).

Identification of PDGF isoforms in normal skin and acute
and chronic wounds. Normal skin contained scattered fibro-
blasts and capillaries that reacted more strongly with anti-AA, /
AB than anti-BB/AB, suggesting largely PDGF-AA was pres-
ent (Fig. 2). In an actively healing wound such as granulation
tissue generated after surgery, tremendous upregulation of
PDGF-AA, within fibroblasts and capillaries was detected (Fig.
3). Little PDGF-BB (Fig. 3), -AB, or -AAs was observed.
Chronic pressure ulcers that received radical (surgical) debride-
ment 48 h before the biopsy similarly demonstrated tremendous
upregulation of PDGF-AA,, although some PDGF-AB and -
BB isoforms were present also (Fig. 4).

To confirm the specificity of the antibodies, competition
experiments were performed that demonstrated antibody reac-
tivity could be blocked by the appropriate ligand(s) (Fig. 5).

In contrast to acute healing wounds, chronic nonhealing
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pressure ulcers had a relative absence of PDGF isoforms (Fig.
6). Weak PDGF isoform staining was observed in most large
and small vessels; however, fibroblasts were largely negative.
To control for potentially decreased penetration of antisera in
chronic wound tissue sections, anti—von Willebrand factor was
used and showed equal stain intensity for vessels in both ac-
tively healing (Fig. 3, inset) and chronic wounds (Fig. 6, inset).
Thus, differences in PDGF antisera reactivity were not due to
differences in the tissue between different types of wounds.
Identical von Willebrand factor stain intensity was observed
also in actively healing wounds regardless of rPDGF-BB-treat-
ment status (data not shown).

Expression of PDGF isoforms in chronic wounds treated
with rPDGF-BB. After 1 wk of daily treatment with rPDGF-
BB (1 ug/cm?/d), an active inflammatory response developed
at the leading edge of the wound. Capillaries expressed in-
creased amounts of PDGF-AA, and fibroblasts near capillaries
were preferentially positive for PDGF-AA, (Fig. 7). Little
PDGF-BB or -AB was present, and many fibroblasts were nega-
tive for PDGF. However, after 2 wk of rPDGF-BB therapy,
when procollagen type I synthesis is greatly increased in these
healing wounds (41), high levels of both PDGF-AA, and -AAg
were detected in fibroblasts and capillaries throughout maturing
granulation tissue (Fig. 8 A). After 4 wk of therapy, when



Figure 10. Detection of PDGF-AA in (A) fibroblasts and (B) endothelial cells (E) and pericytes (P) in day 15 healing wounds by immunoelectron
microscopy using 3E-205. L, lumen.
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Table II. Immunoelectron Microscopic Detection of PDGF
in Specific Cell Types

Gold particle
PDGF isoform antibody Cell type* N density

(#um? cell)*

Anti-AAg/AA; (3E-205) Fibroblasts 20 2.0+0.8

Endothelium 20 1.9x0.6

Pericytes 7 1.9+0.8

Anti-BB (4E-4) Fibroblasts 20 0.7x0.2

Endothelium 20 09+04

Pericytes 8 0.6+0.2

* Cells were identified on the basis of established morphological criteria
(see Methods). * Mean=SD of gold particles per square micron of each
specified cell type; N is the number of cells counted.

granulation tissue is more mature, PDGF-AA; and -BB were
expressed at higher levels in fibroblasts than PDGF-AA; or
-AB, which were present primarily in capillaries (Fig. 8,
B-E).

Cellular localization of PDGF isoforms within healing
wounds. PDGF-AA is expressed predominantly in activated fi-
broblasts and capillaries within healing wounds (Fig. 9 A).
Within capillaries, endothelial cells clearly show staining (Fig.
9 B). In addition, pericytes and smooth muscle cells appeared
to be positive in some vessels as well. Neutrophils and lympho-
cytes contained no PDGF (Fig. 9 C). Variable numbers of
monocytes/macrophages, identified by morphological criteria,
contained PDGF-AA; and appeared to be a small contributor
to the total wound PDGF (Fig. 9 D). Regenerating keratino-
cytes in a few wounds contained PDGF-AAs/BB, but this was
not a consistent finding in all wounds (Fig. 8, B-E). Immuno-
electron microscopy confirmed the specific presence of PDGF-
AA in fibroblasts, endothelial cells, and pericytes (Fig. 10, A
and B). Quantitation of gold particle densities indicated that
more PDGF-AA was present within these cell types, compared
with PDGF-BB (Table II).

Localization of PDGF-f receptor within normal skin and
granulation tissue. The findings that acute and chronic wounds
~ respond to exogenous rPDGF-BB and, when actively healing,
contain high levels of PDGF-AA, suggests that either only
PDGF-a receptors are present (which can bind all three iso-
forms), or that both a and 3 receptors are present, since PDGF-
B receptors would bind only the exogenous PDGF-BB and not
the endogenous PDGF-AA. Since receptor staining required the
use of frozen sections, we had to use normal skin and granula-
tion tissue obtained from acute surgical wound tissues which
were used earlier to characterize PDGF isoform expression
(Figs. 2 and 3).

We were not able to detect PDGF-a receptors in skin or
wounds with the available reagents. PDGF-3 receptors were
localized in normal skin on dermal fibroblasts and around ves-
sels (Fig. 11 A). Using EN4 and smooth muscle cell actin
antibodies, both endothelial cells and pericytes and/or smooth
muscle cells could be distinguished (Fig. 11 B). Epidermis was
negative for PDGF-8 receptors (Fig. 11 C). The vascular
PDGF-£ receptor staining was often colocalized with endothe-
lial EN-4 staining, suggesting that microvascular endothelial
cells contain PDGF- receptors (Fig. 12 A). Smooth muscle
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cell actin staining of serial sections confirmed the presence of
PDGF-# receptor—negative perivascular pericytes and/or
smooth muscle cells around some vessels (Fig. 12 B). Intense
PDGF-S receptor expression was detected in actin-negative fi-
broblast-like cells intimately associated with vessels, suggesting
that it is fibroblasts around small blood vessels that express the
PDGF-£ receptor and not pericytes or smooth muscle cells.
Larger arteries contained PDGF-£ receptor—positive cells only
within the adventitia (Fig. 12 C). Smooth muscle cells and
endothelial cells in large arteries had no detectable PDGF-£
receptor staining (Fig. 12 C). PDGF-f receptor staining in
granulation tissue showed the same pattern as observed in nor-
mal skin (data not shown).

Discussion

Using newly developed PDGF isoform-specific monoclonal an-
tibodies, acute and chronic human wounds were probed and
PDGF-AA was identified as the major endogenous form of
PDGEF synthesized within the wound bed. Treatment of chronic
wounds with exogenous rPDGF-BB resulted in the appearance
of PDGF-AA within fibroblasts and capillaries by 2 wk and
was associated with a healing phenotype (41).

Several other investigators have identified PDGF within
healing human and animal wounds; however, it has been diffi-
cult to conclusively discriminate between PDGF-AA, -AB,
and -BB dimers, and identification of the long and short forms
of PDGF-AA has not been possible (9, 15, 47). Previous inves-
tigators have used a monoclonal antibody directed toward
PDGF-BB/AB (15, 48) or a panel of antibodies (47). We
would interpret findings of PDGF-BB/AB within wounds cau-
tiously, because all our isoform-specific antibodies cross-re-
acted with the nonimmunogen isoforms at higher antibody con-
centrations. With titering and establishment of reproducible
staining methods, as performed in this study, a sufficient win-
dow of reactivity permitted isoform-specific staining. In the
human acute and chronic wounds in our study, PDGF-BB and
PDGF-AB were considerably less prevalent than PDGF-AA, .
A recent study that analyzed acute human wound fluid also
found predominantly PDGF-AA (12). Another study in which
wound fluid from chronic pressure ulcers was analyzed found
variable amounts of PDGF present, but the assay was unable
to discriminate among the isoforms (49). Recently, Ansel and
co-workers (47) identified PDGF-AA in provisional matrix
within experimental human wounds. They found minimal stain-
ing of PDGF-BB also consistent with our findings. However,
they were unable to discriminate between PDGF-AA isoforms.

PDGF-AA, binds to extracellular matrix in tissue culture
far more than PDGF-AA; (34, 50, 51). The carboxy terminus
of PDGF-AA, is highly basic and interacts with acidic matrix
molecules such as glycosaminoglycans and heparan sulfate-pro-
teoglycan (for review see reference 51). Thus, the matrix may
store PDGF-AA, for later paracrine or autocrine use. PDGF-
AAg, in contrast, is more efficiently secreted by cells (52).
PDGF-BB, which is not alternatively spliced, contains a highly
basic matrix binding carboxy terminus as well and is not effi-
ciently secreted (33, 34). The biological significance of PDGF-
AA splice variants and PDGF isoforms that can differentially
bind matrix remains poorly understood (48, 53-55). However,
the present results suggest that early in wound healing PDGF-
AA_ is present in greatest quantities, while in the maturing



granulation tissue of healing wounds, well-secreted PDGF-AAg
is prevalent.

Fibroblasts and capillaries appeared to be the greatest
sources of PDGF-AA_ within healing wounds. Neutrophils and
lymphocytes produced no PDGF. Macrophages were not promi-
nent in these noninfected wounds, and the wounds healed via the

Figure 11. Detection of PDGF-f3 receptors within
skin. (A) Human skin stained with antibodies to the
PDGEF-g receptor (black) and to endothelium (red).
PDGF-{ receptor was expressed in fibroblasts, around
vessels, and surrounding glands. (B) An adjacent sec-
tion of human skin stained with antibodies to smooth
muscle cell actin (black) and endothelium (red). The
dermal fibroblasts are negative but smooth muscle
cells and pericytes around many blood vessels are
clearly stained. (C) Higher magnification of skin dem-
onstrating that epidermis (e) did not stain for the
PDGF- receptor. Fibroblasts and perivascular cells
in the dermis (d) were positive (black) for PDGF-$
receptor. Endothelium stained red. Original magnifi-
cation in A and B, X31; original magnification in C,
x100.

deposition of extracellular matrix and formation of granulation
tissue, which are fibroblast- and endothelial cell-mediated pro-
cesses (6, 21, 41). Within capillaries, PDGF-AA; was clearly
detected within endothelial cells. Pericytes were more difficult
to identify, and intracellular PDGF within pericytes was not
definitively established.
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Keratinocytes infrequently, and inconsistently, showed
some staining, in contrast to some (9, 47) but not all (15)
previous reports. This difference may be due to differences in
reagents, staining methodologies, and species. For instance, in
porcine wounds, PDGF-£ receptor was also found in epidermis
(9), in contrast to other studies (15, 47, this report).

All PDGEF isoforms can bind their respective « and £ recep-
tors, affect signal transduction, activate early genes, and induce
proliferation. The a receptor, however, which can bind all iso-
forms, appears unable to mediate chemotaxis (56), although
this remains controversial (57). The f receptor, which binds
only PDGF-BB with high affinity, clearly mediates cellular mi-
gration in cells that bear this receptor. Reuterdahl and co-work-
ers (15) have identified B receptors within healing human
wounds, although they could not precisely localize the cell
types. Another study from this lab did localize 3 receptors to
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Figure 12. Serial sections of skin stained black for
PDGF-g receptor (A) or actin (B) and red for endothe-
lium. In A, PDGF-J receptor—positive cells concentrated
around this vessel are probably fibroblasts which do not
stain for smooth muscle cell actin. Some endothelial cells
(A) appear to express PDGF-£ receptors. (C) Section
through a larger artery stained for PDGF-f receptor
(black) and endothelium (red) in which the smooth mus-
cle cells in the media (m) do not appear to stain for 3
receptor. Adventitial cells (a) stain intensely. Original
magnification in A and B, X100; original magnification
in C, X50.

pericytes (14). They suggested that macrophages (identified
as CD68 positive) introduced PDGF-BB/AB to wounds (15);
however, in our experience healing, noninfected ulcers have a
predominance of neovessels and procollagen type I-containing
fibroblasts (41), and not macrophages, which contribute sig-
nificant amounts of PDGF-AA, into the wound bed. The reasons
for this discrepancy may relate to different types of wounds
analyzed, to their use of a BB/AB-specific antibody, or that
CD68 may not be fully specific for macrophages (58).

The present results show that fibroblasts and probably mi-
crovascular endothelial cells in skin and granulation tissue ex-
press PDGF- receptors, suggesting that therapeutically deliv-
ered rPDGF-BB may stimulate repair by directly stimulating
fibroblasts and endothelial cells. The role for endogenously pro-
duced PDGF-AA, is less clear and will need to await the devel-
opment of improved reagents that can better localize PDGF-a



receptors in wounds. The available evidence suggests that
PDGF-AA,, which can bind matrix, is more prevalent earlier
in the repair process, while PDGF-AAs is found later in mature
granulation tissue. These results raise the possibility that the
two PDGF-AA splice variants have unique biological activities.
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