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Fluids that accumulate at wound sites may be an
important reservoir of growth factors that promote
the normal wound healing response. The presence of
heparin-binding growth factors was studied in burn
wound fluid (BWF) from 45 pediatric patients who
had sustained partial thickness burns. One of the
growth factors present was similar to platelet-derived
growth factor (PDGF) based on its heparin affinity,
inhibition of bioactivity by a PDGF antiserum, and
detection in a PDGF-AB enzyme-linked immunosor-
bent assay. A second growth factor was identified
as heparin-binding epidermal growth factor-like
growth factor (HB-EGF) based on its heparin affinity,
competition with '*’I-labeled epidermal growth fac-
tor (EGF) for EGF receptor binding, and recognition
in biological assays and Western blots by two HB-
EGF antisera. Amino acid sequence analysis of one

form of this second growth factor verified its identity
as an N-terminally truncated form of HB-EGF. Im-
munohistochemical analysis of partial thickness
burns demonstrated the presence of HB-EGF in the
advancing epithelial margin, islands of regenerating
epithelium within the burn wound, and in the duct
and proximal tubules of eccrine sweat glands. HB-
EGF in the surface epithelium of burn wounds was
uniformally distributed, whereas it was restricted to
the basal epithelium in nonburned skin. These data
support a role for PDGF and HB-EGF in burn wound
healing and suggest that the response to injury in-
cludes deposition of HB-EGF and PDGF into blister
fluid and a redistribution of HB-EGF in the surface
epithelium near the wound site. Key words: wound
healinglpartial thickness burnlepithelinm/skin. J Invest Der-
matol 106:49-56, 1996

eparin-binding  epidermal growth factor-like

growth factor (HB-EGF) was first described as a

macrophage secretory protein that binds strongly

to heparin and stimulates DNA synthesis in fibro-

blasts and vascular smooth muscle cells [1]. Puri-
fication of HB-EGF and cloning of its cDNA from the U937
macrophage-like cell line revealed that HB-EGF is a member of the
epidermal growth factor (EGF) family [2,3]. Structural similarities
of members in this group include three intra-chain disulfide bonds
that result in an appropriate protein conformation for binding and
activating EGF receptors (EGF-R) [4]. Between the first and sixth
cysteine residues, human HB-EGF shares 40-53% homology with
human EGF, transforming growth factor-a (TGF-a), and amphi-
regulin (AR) (2]. There is considerable cross-species conservation
of the HB-EGF protein, with approximately 85-90% homology
between the amino acid sequences of human, monkey, pig, rat, and
mouse HB-EGF [2,5-7]. In common with several EGF family
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members, HB-EGF is predicted to be synthesized as a transmem-
brane precursor (208 amino acids) from which mature HB-EGF
(approx. 86 amino acids) appears to be released by extracellular
proteolytic cleavage [2,3]. The human HB-EGF precursor is a
binding site for diphtheria toxin [8] that may also directly bind and
activate EGF-R on neighboring cells in a juxtacrine fashion.
HB-EGF and AR are distinguished from other EGF family members
by their ability to bind strongly to heparin, a property which may
result in their extracellular regulation by cell surface heparin-like
molecules [9-11].

HB-EGF mRNA has been identified in multiple cell types
including macrophages, vascular smooth muscle cells, endothelial
cells, eosinophils, and endometrial epithelial cells [2,12-15]. Re-
verse transcriptase polymerase chain reactions (RT-PCR) and
Northern blotting have shown wide tissue distribution of HB-EGF
mRNA including skin, lung, heart, kidney, skeletal muscle, brain,
male reproductive system, lymph node, thymus, and spleen [5,6].
Also, we have recently cloned a 380-bp HB-EGF c¢DNA from
porcine uterus and purified HB-EGF from pig uterine tissues and
secretions [7]. Target cells for HB-EGF include fibroblasts, smooth
muscle cells, and keratinocytes [1,2].

HB-EGF may play a role in wound healing, since it is produced
by and acts on cells that are involved in the wound healing process
(i.e., macrophages, fibroblasts, and keratinocytes). From previous
studies, a potential role for endogenously produced growth factors
at the wound site has been inferred by their presence in wound
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fluid. Platelet-derived growth factor (PDGF)-like molecules have
been documented in wound fluid collected from surgical drains
after mastectomies and orthopedic surgery [16-18], and from
partial-thickness excisional porcine wounds [19]. The increased
rates of collagen synthesis and re-epithelialization of superficial
wounds covered with occlusive dressings have been attributed to
the dressing maintaining high local concentrations of growth
factors produced at the wound site [20]. Wound fluid obtained
from beneath occlusive dressings stimulates proliferation of cul-
tured endothelial cells and dermal fibroblasts [21] and contains
EGF, PDGF, tumor necrosis factor—«, and basic fibroblast growth
factor [22,23].

Since a detailed analysis of the growth factors that accumulate in
blisters arising from partial thickness burns has not previously been
reported, we characterized those that are present in burn wound
fluid (BWF) up to 6 d after the initial burn injury. Here, we show
that two of the principal fibroblast heparin-binding growth factors
in BWF are PDGF and HB-EGF, and we describe the immunohis-
tochemical localization of HB-EGF in the vicinity of the burn
wound.

MATERIALS AND METHODS

Collection of Human BWF BWF was obtained from 45 pediatric
patients (approximately 8 mo to 16 y of age) who had suffered accidental
thermal injury. Intact blisters of partial thickness burns were aspirated up to
6 d after injury (day 0 = day of burn) and the fluid was collected, pooled,
and frozen at —20°C. Informed consent was obtained for cach patient. The
study protocol conformed to the ethical guidelines of the Human Subjects
Research Committee of the Children’s Hospital Research Foundation.

Characterization of growth factor activities in BWF

Heparin-Affinity  Chromatography: BWF was clarified by centrifugation
(12,000¢ for 30 min) and passage through 0.45-pm membrane filters. It was
then diluted 10-fold in 20 mM Tris HCI (pH 7.4) and applied at 1-3 ml/min
to an EconoPac heparin affinity column (0.7 X 3.6 cm; BioRad Laborato-
ries, Richmond, CA) or a TSK heparin 5PW column (0.75 X 8 cm;
TosoHaas, Philadelphia, PA) that had been equilibrated in 20 mM Tris HCI
(pH 7.4) containing 0.2 M NaCl. A fast protein liquid chromatography
(FPLC) system (Pharmacia LKB Biotech Inc., Piscataway, NJ) was used to
apply the sample, to wash the column with equilibration buffer until the
absorbance (A,y,) of the eluate was constant, and to generate a 40-ml
gradient of 0.2-2.0 M NaCl for elution of bound proteins from the column.
During protein clution, the flow rate was 1 ml/min and the cluate was
collected into forty 1-ml fractions which were assayed for their ability to
- stimulate [*H|thymidine incorporation in Balb/c 3T3 cells or to compete
with "**I-labeled EGF ('**I-EGF) for binding to the EGF-R.

Growth Factor Assays:  Aliquots of column fractions were tested for their
ability to stimulate [*H|thymidine incorporation into DNA of confluent
quicscent Balb/c 3T3 cells [1]. Samples were also tested in an EGF
radioreceptor assay (RRA) using human endometrial carcinoma cells
(HEC-1-B) [10]. Some EGF RRAs were performed by incubating HEC-
1-B cells in binding medium that contained cither 10% (vol/vol) HB-EGF
goat antiserum or 10% (vol/vol) goat pre-immune serum as described [7].
Measurement of PDGF-AB was performed using a human PDGF-AB
Quantikine double sandwich enzyme-linked immunosorbent assay (ELISA)
detection kit (R&D Systems, Minneapolis, MN).

SDS-PAGE and Western Blot Analysis:  One milliliter of burn fluid (days
1-4) was centrifuged at 12,000¢ for 30 min and the supernatant filtered
through 0.2-pum membranes. The filtrate was diluted 10-fold in 10 mM Tris
HCI/0.5 M NaCl (pH 7.4) and passed through a 50-ul bed of heparin-
Sepharose (Pharmacia LKB Biotech). The heparin-Sepharose beads were
washed extensively with 10 mM Tris HC1/0.5 M NaCl (pH 7.4) prior to
extraction of bound proteins by addition of 50 ul of 2X sodium dodecyl
sulfate—polyacrylamide gel (SDS-PAGE) sample buffer. Burn fluid samples
were run in parallel on duplicate 18% SDS-PAGE under reducing conditions
[1] and the clectrophoresed proteins were Western blotted as described [7].
The nitrocellulose blots were blocked [24] and incubated overnight at 4°C
with either a 1:5000 dilution of rabbit antiserum raised against the peptide
KGLGKKRDPCLRKYKD corresponding to residues 26—41 of mature
human HB-EGF (see [10] for numbering system) or with a 1:5000 dilution
of pre-immune rabbit serum. Immunorcactive bands were developed by
successive incubation of the blots with biotinylated anti-rabbit IgG (Amer-
sham  Corp., Arlington Heights, IL), streptavidin-alkaline phosphatase
(Amersham) and nitro-blue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
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phate (Life Technologies Inc., Grand Island, NY) as described [7]. This
protocol was repeated on 330 ul of a day 3 and day 6 pooled BWFE sample
obtained from three patients for which the Western blot was incubated with
10 pg/ml of affinity-purified HB-EGF antiserum or normal rabbit IgG-
Sequence-grade recombinant human HB-EGF was used as a standard on
Western blots and was produced in our laboratory essentially as described.

Affinity Purification of Anti-HB-EGF(21-46) Antiserum The pep-
tide HB-EGF(26—41) was produced on a Synergy 432A Peptide Synthesizer
(Applied Biosystems, Norwalk, CT) and purified by C,y reverse-phase
HPLC. Approximately | mg of the peptide was dissolved in 0.2 M NaHCO;
containing 0.5M NaCl (pH 8.0) and coupled to a 1-ml NHS-activated
HiTrap column (Pharmacia LKB Biotech) according to the manufacturer’s
specifications. HB-EGF antiserum was diluted 10-fold in PBS and cyClCd
through the column three times, after which the column was washed with
20 ml of PBS followed by 20 ml of PBS/0.5 M NaCl. Bound proteins wert
eluted using 0.1 M glycine (pH 2.5) and collected into 0.5-ml fractions tlmt‘
were immediately neutralized with 50 ul of 1 M Tris. IgG concentrations of
individual fractions were calculated from their absorbance at 280 nm.

Purification of HB-EGF from BWEF

Heparin Affinity Chromatography: Two hundred milliliters of BWF was
subjected to heparin affinity chromatography using an EconoPac heparin
FPLC column as described above. Biologically active fractions that con-
tained the 0.6—1.3 M NaCl cluate were diluted 5-fold in 20 mM Tris HC
(pH 7.4) and subjected to a second step of heparin affinity chromatography
using a TSK heparin 5PW FPLC column as described above. Fractions
containing the 1.0-1.2 M NaCl cluate were pooled (4.5 ml) and subjected
to reverse-phase high-performance liquid chromatography (HPLC).

Reverse-Phase HPLC:  Reverse-phase HPLC was performed on a Hitachi
HPLC system using a Vydac C; column (0.46 X 25 cm, 5-jum particle siz¢;
The Separations Group, Hesperia, CA) as described |7]. Bound proteins
were cluted from the column with a multilinear organic gradient comprising
5-15% acctonitrile over 5 min, 15-40% acctonitrile over 120 min, and
40-90% over 1 min. The column cluate was monitored at 214 nm using an
in-line ultraviolet (UV) detector and the chromatogram was archived as
described [25]. Individual fractions (1 ml) were collected in siliconized tubes
containing NaOH to neutralize the TFA. Two-microliter aliquots of
selected fractions were diluted 10-fold in PBS containing 1% bovine serum
albumin and assayed for mitogenic activity on 3T3 cells. Three-microliter
aliquots of selected fractions were assayed directly in the EGF RRA.

Amino Acid Sequencing:  Five picomoles of a reverse-phase purified bioac-
tive protein peak were subjected to N-terminal amino acid sequencing for
10 cycles using an Applied Biosystems Model 470A gas phase sequenator.
Phenylthiohydantoin amino acid derivatives were identified by C 4 reverse
phase HPLC.

Immunohistochemical Detection of HB-EGF in Burn Wounds

Tissue Procurement:  In accordance with the ethical guidelines of the Human
Subjects Research Committee of the Children’s Hospital Research Foun-
dation, human burn wound tissues on day 2 and day 14 were procured from
the leg of two patients at the time of excision and grafting of full thickness
burns in the operating room. Burn specimens utilized in this study were
from the burn wound margin and contained a rim of normal epidermis and
underlying dermis. Nonburned normal chest skin was obtained at the time
of autopsy of a different pediatric patient. Tissues were immediately placed
in ice-cold Dulbecco’s modified Eagle's medium prior to snap-freezing in
Tissue-Tek OCT Compound (Miles Diagnostics, Kankakee, IL) and stored
at —70°C. Frozen sections were mounted, wet-fixed in a 50% accetone/50%

methanol solution for 5 min, and rinsed several times in PBS.

Immumohistochemistry: — All immunohistochemical reactions were performed
at room temperature in a humidity chamber. Tissue sections were blocked
with 10% normal goat serum (Vector Laboratories Inc., Burlingame, CA) in
PBS for 20 min and then incubated for 60 min in the same solution
containing 1:100 dilutions of HB-EGF(26-41) antiserum or preimmune
serum, or 19 pg/ml of affinity-purified anti-HB-EGF(26—-41) or normal
rabbit IgG. Sections were dipped 10 times in PBS/0.1% Tween 20 followed
by three 3-min rinses with PBS. They were then incubated in a 1:100
dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories Inc.) in
2% normal goat serum for 30 min, washed as described above, and then
incubated in a 1:100 dilution of streptavidin Auorescein (Vector Labs Inc. or
Amersham Corp., Arlington Heights, IL) in 2% normal goat serum for 30

' Crissman-Combs MA, Brigstock DR, Besner GE: Mol Biol Cell 4(suppl):
A109, 1993 (abst.)
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Figure 1. Biologically active PDGF and HB-EGF are present in human BWEF. a) BWF aspirated 6 d after injury from the blister of a partial thickness burn
was clarified by centrifugation at 12,000¢ for 10 min and the supernatant assayed for its ability to stimulate DNA synthesis in Balb/c 3T3 cells. Error bars, SD; triplicate
determinations of |"H|thymidinc incorporation (@). b) Twelve milliliters of BWF aspirated from intact blisters of partial thickness burns were clarified by
centrifugation and filtration. The supernatant was diluted 10-fold in 20 mM Tris HCI (pH 7.4) and applied to an EconoPac heparin column which was
then developed with a 0.2=2 M NaCl gradient. Individual fractions were tested at 5 pl for their stimulation of [*H]thymidine incorporation in 3T3 cells (®@). The
same fractions were tested at (¢) 25 pl for their ability to compete with 125_labeled EGF for binding to the EGF-R (CJ) and (d) 200 pul for the presence of
immunoreactive PDGF-AB using a double sandwich ELISA (C0). ¢) Seven milliliters of BWF prepared as described above were diluted 10-fold in 20 mM Tris HCI
(pH 7.4) and applied to a TSK heparin FPLC column. The figure shows the stimulation of 3T3 cell DNA synthesis by 25 ul of individual fractions in the presence
(O) or absence (®) of 10 pg/ml neutralizing antiserum to PDGF. fj) Twenty-five milliliters of BWF from a day 1 patient was subjected to EconoPac heparin affinity
chromatography as described above. An EGF RRA was performed in binding medium containing 10% (vol/vol) of either goat pre-immune serum (L) or goat
i\:]_ti-HU-EGF antiserum (M) plus 25 pul of fractions 9—25 which contained the 0.6—1.3 M NaCl cluate. Results are expressed as percentage of maximal specific
“’I-EGF binding.
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min. The specimens were then washed, mounted using Aquamount (Lerner
Laboratories, Pittsburgh, PA), and examined by fluorescence microscopy.

RESULTS

Human BWF Contains PDGF and HB-EGF BWF stimulated
[*H]thymidine incorporation in Balb/c 3T3 cells in a dose-depen-
dent manner (Fig 1a). When a 12-ml pool of BWF from several
patients was subjected to heparin affinity chromatography, two
main peaks of [*H]thymidine incorporation—stimulating activity
were detected that were eluted from the column by 0.5-0.7 M
NaCl (fractions 9—-14) and by 0.8—1.2 M NaCl (fractions 16-24)
(Fig 1b). When these fractions were tested in an EGF RRA, a
competitor of '**I-EGF binding was present in the 0.8—1.2 M NaCl
eluate (Fig 1¢) that co-cluted with the second mitogenic peak,
suggesting that they might be shared properties of the same
molecule. In contrast, the fractions containing the (0.5-0.7 M NaCl
eluate were inactive in the EGF RRA, suggesting that they did not
contain an EGF-R ligand. Since the heparin-binding property of the
first mitogenic peak was comparable to that of PDGF [26], fractions
were tested in a PDGF ELISA with the result that immunoreactive
human PDGF-AB was detected in the 0.5-0.7 M NaCl eluate (Fig
1d). Fractions from heparin-affinity chromatography of a different
7-ml pool of BWF were also assayed for 3T3 cell-stimulatory
activity in the presence and absence of a neutralizing PDGF
antiserum. As a result the mitogenic activity of fractions containing
the 0.5-0.7 M NaCl eluate was reduced suggesting that at least one
biologically active isoform of human PDGF (AA,BB or AB) was
present (Fig 1e). The mitogenic activity of the 0.8—1.2 M NaCl
cluate was somewhat enhanced by the PDGF antiserum, suggesting
the second mitogenic peak was not PDGF-like and that it was able
to interact synergistically or additively with non-IgG components
of the antiserum.

To evaluate more specifically whether HB-EGF was present in
BWF, fractions obtained by heparin affinity chromatography of
25 ml of day 1 BWF were tested in an EGF RRA in the presence
of a HB-EGF goat antiserum that blocks EGF receptor binding
by HB-EGF but not by EGF, TGF-a, or AR [7]. When tested in
this manner, the 0.8—=1.2 M NaCl eluate retained its ' >’ I-EGF—
competing activity in the presence of preimmune serum but was
rendered ineffective in the presence of the HB-EGF antiserum
(Fig 1f).

The presence of EGF-R ligands in BWF taken on day 0, 1, 2,

'3, 4, and 6 was shown by the ability of crude (i.c., unpurified)
samples to inhibit '*’I-EGF binding by 18-42% when tested in
the EGF RRA at 0.066% (vol/vol) (data not shown). To test
whether this effect was due, at least in part, to HB-EGF, 1-ml
BWF samples were passed through mini-heparin columns and
bound proteins were subjected to SDS-PAGE followed by
Western blotting using a rabbit antiserum raised against the
peptide HB-EGF(26-41). This antiserum, which recognizes
human HB-EGF but not EGF, TGF-«, or AR (data not shown),
detected multiple immunoreactive bands of M, 10,000~15,000
in a day 1 BWF sample that were not detected by pre-immune
rabbit serum (Fig 24a). To confirm and extend this data, Western
blotting was repeated using BWF collected between day 1 and 4
from four other patients. As shown in Fig 2b, similar immuno-
reactive bands were detected in burn fluid on each of the days
tested. The apparent sizes of the proteins were clearly distinct
from those of 20- to 22-kDa native HB-EGF [2] and more
closely resembled that of nonglycosylated HB-EGF such as the
recombinant form of the protein produced in Escherichia coli." In
view of the concern that these immunoreactive proteins might
not be authentic forms of HB-EGF, the HB-EGF antiserum was
affinity purified and the immune (bound) fraction incubated on
a Western blot of day 3 and 6 BWF that was pooled from three
different patients. As shown in Fig 2¢, the purified antiserum
reacted strongly with 12-kDa recombinant human HB-EGF as
well as with multiple proteins in BWF of approximately 10-16
kDa; normal rabbit IgG tested at the same concentration failed to
react with either the human HB-EGF standard or the proteins
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Figure 2. Heparin-purified BWF contains immunoreactive HB-
EGEF proteins. Aliquots of day 1-4 BWF was prepared and passed through
mini-heparin columns as described in Material and Methods. Bound proteins
were extracted using 2X SDS-PAGE sample buffer and were electropho-
resed on duplicate 18% SDS-polyacrylamide mini-gels. Proteins wert
transferred to nitrocellulose which was then blocked and incubated with @
1:5000 dilution of either rabbit anti—-HB-EGF(26—41) or rabbit pre-immun¢
serum. Immunoreactive bands were visualized by successive incubations of
the blots with biotinylated goat anti-rabbit IgG, streptavidin-alkaline phos-
phatase and chromogenic substrates. The figure shows (a) BWF from day !
analyzed with pre-immune serum (lane 1) or anti-HB-EGF(26—41) (lane 2)
and (b) BWF from day 1 (lanes 1 and 5; different patient to that in [a]), day
2 (lanes 2 and 6), day 3 (lanes 3 and 7), and day 4 (lanes 4 and 8) treated with
pre-immune serum (lanes 1—4) or HB-EGF antiserum (lanes 5-8). Each
sample lane received heparin-binding proteins derived from 400 pl of BWF.
The figure also shows (c) the equivalent of 165 ul of heparin-purified day 3
and day 6 pooled BWF (lanes | and 3) and 100 ng recombinant human
HB-EGF (lanes 2 and 4) incubated with 10 pug/ml of normal rabbit 1gG (fane!
1 and 2) or affinity-purified anti-HB-EGF(26—41) (lanes 3 and 4).

detected in BWF (Fig 2¢). These data thus provided further
evidence that the immunoreactivity in BWF represented genu-
ine forms of HB-EGF, despite their lower mass.

HB-EGF Isolated from BWF Is Highly Truncated at Its N
Terminus Although use of two different HB-EGF antisera
provided strong evidence for the presence in BWF of HB-EGF
rather than AR, to obtain definitive proof we elected to isolate
and molecularly characterize the growth factor in question.
Preparative heparin affinity chromatography was performed on a
200-ml pool of BWF from two patients on day 2 and 3 using an
EconoPac heparin column followed by a TSK heparin 5PW
column (Fig 3a). The active fractions containing the 1.0-1.2 M
NaCl eluate were pooled and applied to a C, reverse-phase
HPLC column that was developed with a multilinear acetonitrile
gradient. The column eluate contained three activity peaks with
retention times of 38 min, 42—46 min, and 48 min that were
detected in both biological assays (Fig 3b). Although multiple
protein peaks were eluted from the column during this time
course, only the protein with a retention time of 42—43 min was
present in sufficient quantity for structural analysis. When
approximately 5 pmol of this protein were subjected to 10 cycles
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Figure 3. Isolation of HB-EGF from BWEF. a) A pool of 200 ml of
BWF from obtained from two patients on day 2 and 3 was subjected to two
cycles of affinity chromatography using EconoPac- and TSK-heparin col-
umns. The figure shows the absorbance (280 nm) of the eluate (solid line)
when the TSK heparin column was developed with the indicated NaCl
gradient (- — —), and the stimulation of 3T3 cell DNA synthesis by 3 ul (®)
and inhibition of '**I-EGF binding by 5 ul (CJ) of 1-ml fractions collected
during protein elution. Fractions containing the 1.0-1.2 M NaCl eluate
were pooled (approx. 4.5 ml) and subjected to C, reverse-phase HPLC. b)
Elution from the C, column of protein (A,,,) ( ) between 30 and 72 min
after sample injection (approximately 20-27% acetonitrile [-——]) and the
stimulation of 3T3 cell DNA synthesis by 2 ul (@) and inhibition of
'_EGF binding by 1 pl ((J) of the fractions collected over this time
course. “The protein peak selected for amino acid sequencing,.

of N-terminal degradation, no amino acids were identified in the
first cycle, three were identified in the second cycle, two were
identified in the third cycle, and one was identified in each of the
remaining seven cycles (Table I). The last seven amino acids
were identical to residues 28-34 of human HB-EGF (Table I).
With this alignment, the Lys residue identified in the second
cycle matched that in position 26 of human HB-EGF. Although
this alignment resulted in a mismatch between residues identi-
fied in the third cycle (Leu or Tyr) and position 27 of human
HB-EGF (Gly), this was probably due to a sequencing error. It is
of note that the Leu, Lys, Asp, and Pro residues definitively
identified in the 4th, 7th, 9th, and 10th cycles, respectively,
clearly distinguish this peptide sequence as originating from
HB-EGF rather than AR (Table I).

The Distribution of HB-EGF in Burn Wounds Is Different
from That in Normal Skin Excision of a day 14 burn wound
and its margin demonstrated positive staining of the entire epithe-
lium at the unburned margin and of keratinocytes within a
regenerating island from a hair follicle when incubated with
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Table I. N-Terminal Amino Acid Sequence of BWF
Growth Factor Demonstrates Its Identity as a Truncated
Form of HB-EGF"*

BWF[1-10] HB-EGF[25-34] AR[30-39]
Xaa Gly Gly
Lys,Gly,Ser Lys Gly
Leu,Tyr Gly Lys
Leu Leu Asn
Gly Gly Gly
Lys Lys Lys
Lys Lys Asn
Arg Arg Arg
Asp Asp Arg
Pro Pro Asn

“ Fractions containing the 43- to 46-min HPLC-purified bioactive peak (see Fig 3b)
were pooled and reduced in volume to approximately 100 pl. The sample (approx. 5
pmol) was then subjected to automated N-terminal amino acid sequence analysis. The
table shows the amino acids that were identified in each of the first 10 cycles of Edman
degradation. Also shown is the alignment of the sequence with that of an internal
domain of human HB-EGF (residues 25-34) and the corresponding domain of human
AR (residues 30-39).

HB-EGF(26—41) antiserum. This pattern of staining was absent
when an adjacent tissue section was treated with pre-immune
serum (data not shown). To verify these findings, immunohisto-
chemistry was repeated on the same burn specimen using affinity-
purified HB-EGF(26—41) with which immunoreactivity was local-
ized throughout the epithelium of the skin at the burn margin and
to epithelial cells of the hair follicle (Fig 4a). This pattern of
staining was very similar to that seen with the crude antiserum and
was absent in adjacent tissue sections treated with purified rabbit
IgG (Fig 4b), pre-absorbed antiserum, or blocking solution alone
(data not shown). Whereas the HB-EGF was spread throughout the
regenerating surface epithelium at the burn wound margin (Fig
4a), in normal skin it was highly localized to the basal keratinocytes
of the surface epithelium (Fig 4c). In contrast, dermal appendages,
identified as hair follicles and eccrine sweat gland ducts, stained
positively for HB-EGF but did not demonstrate obvious differences
in distribution of the growth factor between burned and nonburned
tissues (Fig 4 and data not shown). While the entire duct of the
sweat gland stained positively for HB-EGF in both normal and
burned skin, only a portion of the coiled sweat gland tubules stained
positively. Using either unpurified antiserum (Fig 44, ¢) or affinity-
purified antiserum (data not shown), the proximal portion of the
eccrine gland consistently showed intense staining whereas the
distal region demonstrated only slight or no HB-EGF immunore-
activity (Fig 4d,e¢). High power magnification of eccrine sweat
glands demonstrated that the immunoreactivity was localized to
epithelial cells lining the tubule, with apparently higher concentra-
tions in the lumen and luminal surfaces (Fig 4f). Epithelial cells of
the epidermis and eccrine sweat glands also stained positively when
burn wound tissue excised on day 2 was incubated with an
antiserum raised against residues 9-26 of HB-EGF [7] (data not
shown). Dermal connective tissue cells reproducibly did not stain
for HB-EGF and while blood vessels appeared to stain slightly with
unpurified anti-HB-EGF(26-41) (Fig 4d), this finding was not
substantiated using affinity-purified antiserum (data not shown).

DISCUSSION

Although numerous growth factors and cytokines have been im-
plicated in the wound healing response [27,28], the roles played by
each factor and their synergistic interactions have yet to be fully
understood. Here, we show that HB-EGF and PDGF may also be
involved in healing of human burn wounds since they can be
recovered from BWF up to at least the fourth day after injury.
Evidence for the presence of HB-EGF included its heparin-binding
and EGF-R-binding properties, the antagonism of its EGF-R
binding by a HB-EGF-specific goat antiserum, the detection of 10-
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Figure 4. HB-EGF is present in the burn wound surface epithelium and shows a differential distribution as compared to nonburned skin:
A day 14 burn from a 17-y caucasian male was excised, fixed, sectioned, and mounted as described in Materials and Methods and then incubated in with 19
pg/ml of either (q) affinity-purified HB-EGF(26—41) antiserum or (h) normal rabbit IgG. The tissue shown in (¢) is normal nonburned skin that was incubated
with a 1:100 dilution of HB-EGF(26—41) antiserum. Additional tissue sections from different regions of the burn specimen shown in (a) and (b) were also
incubated with 1:100 dilutions of either (d) HB-EGF(26~-41) antisernm or (¢) preimmune serum. A higher magnification of the immunoreactive regions in
(d) are shown in (f). H, hair follicle epithelium; B, burn wound; M, margin of wound; 8, surface epithelium; D, dermis; G, eccrine sweat gland; V, vein; 4
artery. Scale bars, 150 pm (a—¢) and 30 pm (f).

to 15-kDa immunoreactive proteins on Western blots by HB-
EGF(26~41) antiserum and by amino acid sequence analysis of the
purified protein. Evidence for the presence of PDGF included its
refative heparin affinity, the neutralization of its biological activity
by PDGF antiserum, and the detection of PDGF-AB using a specific
ELISA.

While PDGF and PDGF-like factors have previously been
detected in a variety of wound fluids, the presence of HB-EGF in
wound fluids has not been widely reported. A recently character-
ized growth factor in puncture wound fluid of pigs appeared to be
HB-EGF-like based on its heparin-affinity, target cell specificity,
binding to and autophosphorylation of the EGF-R, and immuno-
detection on Western blots [19]. However, given the inherent
difficulty of distinguishing between HB-EGF and AR due to their
structural and biological similarities, our study was greatly facili-

tated by the availability of two highly specific HB~EGF antisera and
by amino acid sequence analysis of the bioactive protein in BWE.

An obvious point of interest is that of the time course of HB-EGF
production or accumulation in BWF. Although we have been
unable as yet to perform a quantitative analysis in view of the lack
of highly specific and sensitive assays for HB-EGF (e.g., ELISA), we
found from the 45 patients who donated BWF for these studies
that, at least qualitatively, HB-EGF is detectable in BWF as early as
day 0 and appears to be present until at least day 4. Unfortunately,
we have not yet been able to determine the rate of production of
HB-EGF on cach of the days following injury. However, the
sustained presence of HB-EGF in BWF and burn wound tissues
suggests that the biological effects of HB-EGF, ecither alone or in
combination with other factors such as PDGF, could be maintained
for at least 2 wk at the burn site.
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Whereas glycosylated HB-EGF purified from U937 cells mi-
grates on SDS-polyacrylamide gels with a M, of 20,000-22,000 [2],
the HB-EGF in BWF appeared to have a M, of 10,000—16,000 and
was more similar in size to nonglycosylated HB-EGF. The presence
of multiple HB-EGF bands on Western blots of heparin-purified
BWF is suggestive of the presence of a variety of the proteins that
were variably truncated and/or glycosylated. Amino acid analysis of
the HB-EGF protein in BWF that was isolated and sequenced
clearly show that it had an N-terminal truncation of 24 residues. Of
interest is that some of the truncated domain (i.e., residues 20-24)
have been suggested to contribute to the heparin-binding do-
main(s) of HB-EGF [10,29]. Since the purified protein was isolated
by two cycles of heparin affinity chromatography, our interpreta-
tion of this data is that either (i) the truncation occurred after the
heparin-affinity steps; the positive staining by anti-HB-EGF(9-26)
of burn wound tissues (data not shown) suggests that HB-EGF in
vivo exists, at least partially, in a form that is much less truncated
than that which was purified and sequenced, or (ii) additional
heparin-binding regions are present downstream of the lysine
residue at position 24 of HB-EGF. Support for the latter possibility
has come from peptide mapping and site-directed mutagenesis,
which have suggested that additional sites between residues 30 and
41 also contribute to the heparin-binding domain(s) of HB-EGF
[10,29].

Since HB-EGF levels in serum and plasma are undetectable ([1]
and data not shown), its presence in BWF is suggestive of local
production at the burn wound site rather than accumulation from
the circulation. This is consistent with our immunohistochemical
data showing that HB-EGF is present in epithelial cells lining the
margins of the wound and dermal appendages. Moreover, com-

pared with normal skin which exhibits HB-EGF staining in the
basal epithelium, there is a striking difference at the burn wound site
in that HB-EGF is uniformally distributed throughout the entire
epithelium. Thus thermal injury appears to be associated with a
distinct distribution of HB-EGF, as well as HB-EGF accumulation
in blister fluid.

Although the basis for the differendal staining for HB-EGF in
eccrine sweat glands was not investigated further, it may be
relevant that the proximal portions of these glands are epithelial in
nature whereas the distal portions are composed of secretory or
myoepithelial cells. Since the transition between secretory and
ductal epithelial cells is histologically abrupt, our data may be
suggestive of differences in HB-EGF production by these distinct
cell populations. While we cannot eliminate the possibility that
other cell types produce lower nondetectable amounts of HB-EGF
in the burn wound, it is of interest that high levels of EGF-R
expression have been demonstrated in the early post-burn period in
humans in marginal keratinocytes, in adjacent hypertrophic epithe-
lium and in marginal and non-marginal hair follicles, and in sweat
ducts and sebaceous glands [30]. Therefore, HB-EGF produced by
surface and glandular epithelial cells may act at the burn site
through autocrine, paracrine, or juxtacrine mechanisms to stimulate
epithelial regeneration.

The finding that HB-EGF is produced in vivo in the partial-
thickness burn wound adds this molecule to the growing list of
cytokines and growth factors that may regulate the wound healing
process. Since HB-EGF is present in BWF and undergoes epithelial
redistribution in the vicinity of the burn wound, it may play an
integral role in the normal healing response to thermal injury.
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