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ABSTRACT Cell surface heparan sulfate proteoglycans,
such as the syndecans, are required for cellular responses to
heparin-binding growth factors and extraceflular matrix com-
ponents. Expression of syndecan-1 and -4 is induced in mes-
enchymal cells during wound repair in the mouse, consistent
with a role for syndecans in regulating cell proliferation and
migration in response to these effectors. Here we show that
wound fluid contains inductive activity that mimics the in vivo
induction in time of appearance, specifcity for mesenchymal
cells, and selectivity for syndecan-1 and -4. We have purified
and synthesized a 4.8-kDa proline-rich protein from wound
fluid that reproduces this induction of syndecan-1 and -4 in
cultured cells. This peptide, identicai to the antibacterial
peptide PR-39, is released into the wound by the cellular
infirate and induces syndecan expression at the same peptide
concentrations that lyse bacteria. These results indicate that
wounds contain a multifunctional protein that induces mam-
malian cells to express cell surface heparan sulfate proteogly-
cans as part ofthe wound repair process and that kills bacteria
as part of a nonimmune defense mechanism.

Complex cellular behaviors such as those during morpho-
genesis and wound repair are influenced by a large variety of
diffusible peptides and insoluble matrix components. These
behaviors are highly integrated, enabling the cells to act in a
coordinated manner. Although a successful response by
cellular tissues to the large mix ofeffector molecules depends
on this integration of cellular behaviors, it is not clear how
cells distinguish between multiple cellular effectors in the
microenvironment.
To exert their effects, many of the effector molecules must

bind to the heparan sulfate chains that are at the cell surface
(1). For example, interaction with cell surface heparan sulfate
is required for cells to respond to fibroblast growth factor 2
(2, 3) and to the extracellular matrix component fibronectin
(4, 5). Indeed, we (6), and others t7-9), have proposed that
cell surface heparan sulfate and specific signaling receptors
act together as coreceptors, and that the response to the
effector depends on the level of cell surface heparan sulfate.
This heparan sulfate is derived mostly from the four members
ofthe syndecan family oftransmembrane proteoglycans (10).

In mature tissues, syndecan-1 is expressed on the cell
surface of epithelial cells but not on the surface of mesen-
chymal cells (11). However, during cutaneous wound repair
in the mouse, syndecan-1 is lost from the surface of the
epithelial cells migrating into the wound and is induced on the
dermal endothelial cells and fibroblasts of the forming gran-
ulation tissue (12). These changes in syndecan expression
resemble the changes in syndecan-1 expression occurring

during embryonic tissue interactions: syndecan-1 is lost from
epithelia undergoing changes in shape while it is induced on
their associated mesenchymal cells (13). Thus, in both wound
repair and morphogenesis, mesenchymal cells are induced to
increase syndecan-1 at their surfaces, enabling interaction
with heparin-binding effector molecules.
To explore the mechanism by which cell surface syndecan

is induced, we have used a cell culture system to assess a
variety of biological fluids for activity that induces cell
surface syndecan-1. We find this activity in the fluid accu-
mulating in cutaneous wounds undergoing repair. The induc-
tion of syndecan-1 and -4 mRNA occurs in mesenchymal
cells, but not in epithelial or neural cells. It occurs with
minimal changes in other cell surface proteins and with
kinetics that mimic syndecan-1 and -4 induction during skin
wound repair. Purification and synthesis of the inducing
activity show that it resides in PR-39 (14), a proline-rich
peptide previously identified as an antibacterial peptide in
intestine, but found here in cells within a repairing wound.
Finding this molecule with both antimicrobial activity and the
ability to induce syndecan indicates the presence of a poten-
tial class of agents that can simultaneously reduce infection
and influence the action of growth factors, matrix compo-
nents, and other cellular effectors involved in wound repair.

MATERIALS AND METHODS
Cell Culture. Cultures of mouse embryo fibroblasts pre-

pared from minced C57BL/6 embryos or dermis at embry-
onic day 15-17, BALB/c 3T3 endothelioid cells, and NMuLi
liver epithelial cells (American Type Culture Collection) were
grown in Dulbecco's modified Eagle's medium containing
glucose at 1 g/liter (Mediatech, Washington, DC) and 10%o
fetal calf serum (TC Biologicals, Tulare, CA). NIH 3T3 and
Swiss 3T3 fibroblastic cells (American Type Culture Collec-
tion) were in Dulbecco's modified Eagle's medium containing
glucose at 4.5 g/liter and 10%1o defined bovine serum (Hy-
Clone). C3H 10T½ fibroblastic cells were in Eagle's basal
medium (GIBCO) with 10%6 fetal calf serum. Bovine adrenal
microvascular endothelial cells, NMuMG mammary epithe-
lial cells (passage 13-22), BK-1, PAM 212, and BALB/cMK
keratinocytes were maintained as described previously (15-
17). Mouse keratinocytes were prepared and cultured as
previously described (18). The C17 mouse cerebellar cell line
was maintained in Dulbecco's modified Eagle's medium
containing glucose at 4.5 g/liter and 10%6 fetal calfserum (19).
For use in experiments, primary cells and cell lines were

cultured in their respective media on 96-well flat-bottomed
tissue culture plates (Becton Dickinson). When indicated,
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cells were grown to postconfluence by maintaining cultures
for 72 h after they became a confluent monolayer.
Wound Fluid. Vinyl chambers (P. A. Medical, Columbia,

TN) were attached aseptically over 1.2-mm-deep partial
thickness skin wounds on 3- to 4-month-old Yorkshire pigs.
Each chamber received 1 ml of sterile 0.9% NaCl containing
penicillin G and streptomycin as previously described (20).
At 24-h intervals the fluid within the chamber was removed,
centrifuged for 10 min at 300 x g to remove the cellular
infiltrate, and passed through a 0.45-gzm sterile filter to yield
wound fluid designated day 1-10 depending on the day of
collection. Each day, after collecting the fluid, the chamber
was replaced and fresh saline solution was added to it. In
some experiments the wound fluid was applied to a heparin-
Sepharose column (30 x 1 cm, Pharmacia) in 10 mM
Tris-HCl, 200 mM NaCl, pH 7.4, and the flow-through
fraction was collected and filtered through a 0.45-gum sterile
filter.
Growth Factors. Insulin-like growth factors I and II, re-

combinant human interleukin (IL) la, transforming growth
factor a, epidermal growth factor, and recombinant human
interferon y were from Collaborative Biomedical Products
(Bedford, MA). Recombinant human tumor necrosis factor a
and porcine platelet transforming growth factor 13 were from
R & D Systems. Human platelet-derived growth factor AB
heterodimer and anti-human platelet-derived growth factor
AB were from Upstate Biotechnology. Recombinant mouse
granulocyte-macrophage colony stimulating factor, IL-3,
IL-4, and IL-6 were from Genzyme. Mouse embryo extract
was prepared from homogenates of 15 day C57BL/6 em-
bryos. Chick embryo extract was purchased from GIBCO.

Detection of Cell-Surface Syndecan-1. The amount of syn-
decan-1 at the cell surface was determined on cells in 96-well
plates by means of an ELISA. Cells were washed one time in
Tris-buffered saline (TBS; 10 mM Tris'HCl/150 mM NaCl,
pH 7.4), fixed for 30 min in 2% Hepes-buffered paraformal-
dehyde, blocked with 5% goat serum, and incubated for 1 h
with 0.15 pg/ml monoclonal antibody (mAb) 281-2 specific
for syndecan-1 (21) or rat IgG2a (Zymed). Cells were then
rinsed three times for 5 min each with TBS, incubated with
alkaline phosphatase-conjugated goat anti-rat antibody
(Caltag, San Francisco) for 30 min, rinsed three times for 5
min each with TBS, and phosphatase activity was determined
by measuring the absorbance of a 1 mg/ml solution of
p-nitrophenylphosphate (Sigma) at 405 nm in 10 mM
Tris HCl/100mM NaCl/5mM MgCl, pH 9.5. Rates ofchange
in absorbance were determined by microplate reader (Mo-
lecular Devices). This ELISA provided an accurate quanti-
tative assessment of cell surface syndecan-1, because the
amount of cell surface syndecan-1 quantitatively removed
with trypsin (22) from cells in duplicate wells and measured
by radioimmunoassay (18) correlated highly over the range of
syndecan-1 detected in this study (r = 0.96).
SDS/PAGE and Western Blotting. The extracellular do-

main of syndecan-1 released from cell surfaces by trypsin
treatment (22) was partially purified on DEAE-cellulose (18,
20), separated electrophoretically on a 3-15% gradient SDS/
polyacrylamide gel, and transferred to Immobilon-N mem-
branes (Millipore). Syndecan-1 was detected with mAb
281-2, horseradish-peroxidase-conjugated goat anti-rat IgG,
and the ECL detection system (Amersham). Where indi-
cated, glycosaminoglycan side chains were removed by treat-
ment with heparin-sulfate lyase (heparitinase, EC 4.2.2.8)
and chondroitin ABC lyase (chondroitinase ABC, EC
4.2.2.4, Seikagaku America, Rockville, MD) (18).
RNA Isolation and Northern Blot Analysis. Approximately

10 jg of total RNA extracted from NIH 3T3 cells (23) was
separated by electrophoresis through a 1% agarose/
formaldehyde gel and transferred to a GeneScreenPlus mem-
brane (DuPont/New England Nuclear). Hybridization was

carried out at 650C in QuikHyb Solution (Stratagene) accord-
ing to the manufacturer's instructions using random-primer-
labeled mouse full-length syndecan-1 cDNA (24), the cDNA
coding for the extracellular domain of syndecan-2, -3, and -4
(25), or the 800-bp Pst I fragment of murine ,3actin RNA as
hybridization probes. Filters were washed in 2x SSPE/0.1%
SDS (lx SSPE is 150 mM sodium chloride/10 mM sodium
phosphate/i mM EDTA, pH 7.4) two times for 15 min each
at room temperature, and in 0.2x SSPE/0.1% SDS, two
times for 15 min each at 550C.

Purification of Syndecan Inductive Activity. The superna-
tant from an overnight 4PC incubation of20 ml ofwound fluid
at pH 4.0 was dialyzed against 20 mM Tris HCl/100 mM
NaCl, pH 7.4, and applied to a 16 x 150 mm Toyopearl
cation-exchange SP650S column (Toso Haas, Philadelphia).
After washing the column with 0.2 M NaCl, the syndecan-1
inductive activity was eluted with a 300-ml linear gradient of
0.2-1 M NaCl. Syndecan-1 inductive activity eluted from the
column in fractions containing 0.65-0.8 M NaCl and was
applied to a C4 reversed-phase chromatography (RPC) col-
umn (4.6 x 250 mm, Vydac, Hesperia, CA) and eluted with
a 60-ml linear gradient of 20-80% acetonitrile in 0.1% tri-
fluoroacetic acid (vol/vol). Eluted fractions (1 ml) were
lyophilized, redissolved in 25 A4 of phosphate-buffered saline
(PBS; 150 mM NaCl/10mM sodium phosphate, pH 7.4), and
analyzed for syndecan inductive activity.

Analysis of Purified and Synthetic PR-39. Aliquots of the
syndecan inductive activity eluting from the RPC column at
39%6 acetonitrile (approximately 12 pg protein) were initially
evaluated by SDS/10%o PAGE and silver stain. Aliquots were
subsequently analyzed by laser desorption mass spectrometry
(externally calibrated Finnigan Lasermat), and by automated
amino acid sequencing (HP-G100A sequencer). Synthetic
PR-39 (Chiron Mimotopes Peptide Systems) was 96% pure by
RPC and had a molecular weight of 4721.1 (4719.7 expected).

Detection of PR-39 in Wound Fluid Cells. The cellular
infiltrate ofday 3 wound fluid was washed once in TBS, fixed
for 10 min in 2% Hepes-buffered paraformaldehyde, washed
three times for 5 min each time in TBS, and then permeabi-
lized for 2 min with 0.2% Triton X-100 in PBS. PR-39 was
detected by specific interaction with the mAb PR-485-4
(MABTECH, Stockholm) at a final concentration of 10
pg/ml, and Cy3-conjugated goat anti-mouse IgG (2Qg/ml;
Cy3 = cyanine 3.18; Caltag). An unrelated mouse IgG-la (10
pg/ml) served as a control.

RESULTS
Wound Fluid Induces Cell Surface Syndecan. To explore the

mechanism by which cell surface syndecan-1 is induced, NIH
3T3 cells were grown to confluence in serum-containing
medium, exposed to potential inducers, then evaluated by
ELISA for syndecan-1 expression. A wound fluid prepara-
tion, obtained by passing the fluid through a heparin-
Sepharose column to remove heparin-binding factors such as
platelet-derived growth factor, fibroblast growth factor 2 and
heparin-binding epidermal growth factor (26), induced cell-
surface syndecan-1 approximately 3-fold but caused no de-
tectable change in cell number, total protein, or cell mor-
phology. Inductive activity was detected in wound fluid
collected from day 1 through day 6 after injury, but not after
day 7. This activity was not duplicated by several other
biological fluids: (3-10%6, vol/vol) fetal calf, calf, and pig
sera, human amniotic fluid, conditioned medium from U937
macrophages, primary murine keratinocytes, human umbil-
ical vein endothelial cells, TA3 mammary carcinoma cells,
chick or mouse embryo extracts (200-500 pg of protein per
ml), or a variety of growth factors released during wound
repair (transforming growth factors a and /31, tumor necrosis
factor a, epidermal growth factor, insulin-like growth factors
1 and 2, granulocyte-macrophage colony stimulating factor,
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IL-1, -3, -4, and -6, interferon 'y and vascular endothelial
growth factor) each tested for 48 h at greater than physio-
logical concentrations. In contrast, induction of cell-surface
syndecan-1 was detected in wound fluid collected from other
species. Inductive activity was observed with wound fluids
collected for up to 7 days from wire mesh chambers im-
planted subcutaneously in sheep and from liquid-tight cham-
bers affixed for 1 day over newly prepared human split-
thickness skin grafts (data not shown).

Syndecan-1 induction during organ development occurs
transiently in condensed mesenchyme (6), and during wound
repair occurs within 12 h after injury in dermal mesenchymal
cells (12). In culture, only postconfluent cells responded to the
wound fluid preparation (Fig. 1A). Cells at 50%o confluence did
not respond, regardless of whether they were proliferating or
they were growth-arrested by either exposure to 12,500 rads (1
rad = 0.01 Gy) of irradiation or treatment with mitomycin C
(data not shown). Cell surface syndecan-1 increases nearly
linearly for 60 h during exposure to the wound fluid prepara-
tion, but this increase is rapidly reversible (Fig. 1B). When
medium containing the wound fluid preparation was replaced
with fresh medium lacking wound fluid, cell surface synde-
can-1 was lost with a half-life of about 1.5 h.
The induction is selective for mesenchymal cells. All

postconfluent cells of mesenchymal origin tested, including
five independently prepared cultures of primary mouse der-
mal and embryonic fibroblasts, NIH 3T3, Swiss 3T3, and
C3H 10TY2 fibroblasts, BALB/c 3T3 endothelioid cells, and
capillary endothelial cells, responded to the wound fluid
preparation with an increase in cell surface syndecan-i. All
nonmesenchymal cells tested, including the cerebellar cell
line C17 and the epithelial cell lines NMuMG (mammary),
NMuLi (hepatic), BALB/c MK, BK-1, PAM 212 (kerati-
nocytes), and primary mouse keratinocytes failed to respond
(data not shown).

Cell surface syndecan-i induced by wound fluid is a
proteoglycan with reduced glycosylation. On Western blots
the extracellular domain of syndecan-i released from cells
after induction is detected as the characteristic broad pro-
teoglycan smear but the smear has a lower modal molecular
mass than syndecan-l constitutively present at the cell sur-
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FiG. 1. Induction of syndecan-1 expression by the wound fluid
preparation. (A) Induction'of cell surface syndecan-lis dependent on
wound fluid concentration and cell density. Postconfluent (0) or 50%
confluent (e) NIH 3T3 cells were treated for 24 h with a wound fluid
preparation obtained by passing collected fluid through heparin-
Sepharose, and then assayed for cell surface syndecan-1. Data are
normalized for total cellular protein perwell (7 pg per well for
confluent and 4 pg per well for subconfluent cells). (B) Wound fluid
induces and stabilizes syndecan-1 at the cell surface. Postconfluent
NIH 3T3 cells were cultured as in A with 400 pg of protein per ml of
wound fluid preparation. At 60 h some wells (o) were rinsed once
with medium and fresh medium without the wound fluid preparation
was added. Cultures were assayed for cell surface syndecan-1 at
intervals over the next 40 h. Data represent the mean + SD of
triplicate syndecan-1 determinations from a single experiment rep-
resentative of two experiments.
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FIG. 2. Induced cell surface syndecan-1 has reduced glycosyla-
tion. Postconfluent NIH 3T3 cells were treated for 48 h with medium
containing 400 jg ofprotein per ml ofthe wound fluid preparation (+)
or with medium alone (-). Trypsin-releasable materials (22) were
partially purified on DEAE-cellulose, separated by PAGE through a
3-15% gradient gel, and analyzed by Western blot with mAb 281-2
(21). Some samples were treated with heparin-sulfate lyase and
chondroitin ABC lyase. Molecular sizes were determined by com-
parison with known molecular mass standards.

face (Fig. 2). Enzymatic removal ofboth heparan sulfate and
chondroitin sulfate yielded the same size core proteins.

Syndecan-i induction in repairing murine skin wounds is
accompanied by the induction of syndecan-4, but there is no
change in the expression of either syndecan-2 or -3 (R.L.G.
and M.B., unpublished data). The wound fluid preparation
duplicates this selectivity. Transcripts for both syndecan-i
and -4 increase as early as 6 h after exposure to the wound
fluid preparation, reaching a maximum induction of about
3-fold for syndecan-1 mRNA and about 14-fold for synde-
can-4 mRNA (Fig. 3). No change in syndecan-2 mRNA levels
was seen and no syndecan-3 mRNA was detected.

Purification of Syndecan Inductive Activity. The syndecan
inductive activity in wound fluid was abolished by trypsin (20
pg/ml, 37°C for 30 min) or heat (56°C for 30 min) (data not
shown), suggesting that the activity is associated with pro-
tein. To purify this activity, wound fluid was first incubated
at pH 4.0, precipitating 75% of the total protein. The soluble
fraction contained 90o of the original inductive activity and
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FIG. 3. Wound fluid preparation induces syndecan-l and -4
transcripts. (A) Total RNA was extracted from postconfluent cul-
tures of NIH 3T3 cells at the indicated times after culture in the
wound fluid preparation (400 pg of protein per ml). Equal amounts
of RNA (about 10 pg) were analyzed by Northern blots with probes
specific for syndecan-1, -2, -3, -4, or for t3-actin. No syndecan-3
transcript was detected. (B) The relative abundance ofeach syndecan
mRNA was determined densitometrically by comparison with 3-ac-
tin mRNA levels. The relative abundance is the increment from the
abundance of each syndecan transcript determined at time zero.
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was retained on a cation-exchange column. The eluted ac-
tivity was subsequently adsorbed on an RPC column, from
which it eluted reproducibly as a single peak at 39% aceto-
nitrile (Fig. 4A). This fraction, representing a 700-1000-fold
purification from the wound fluid preparation, with a yield of
1-2% of the original activity, was analyzed directly by
PAGE, mass spectrometry, and amino acid sequencing. Both
PAGE (Fig. 4A Inset) and mass spectrometry (Fig. 4B) were
consistent with a highly purified peptide with a molecular
mass of about 4708 Da, indicating a peptide ofabout 39 amino
acids. Amino acid sequencing established unequivocally the
N-terminal 36 amino acids without detection of minor se-
quences (Fig. 4C). This sequence was identical with the
N-terminal 36 amino acids of PR-39, a proline- and arginine-
rich 39-amino acid peptide found in pig intestine but hitherto
undetected in skin or repairing wounds (14).
PR-39 Induces Syndecan-1 and -4 and Is Present in the

Cellular Wound Infiltrate. Chemically synthesized PR-39
possesses the inductive activity found in wound fluid. Syn-
decan-1 was induced in cell cultures by synthetic PR-39 at the
identical concentrations (and kinetics, data not shown) as the
chromatographically purified PR-39 from wound fluid (Fig.
5A). Moreover, synthetic PR-39 induced syndecan-1 and -4
mRNA with a similar magnitude and selectivity as the wound
fluid preparation (Fig. 5B).
To determine the source of PR-39 in wound fluid, fresh

fluid collected on day 3 after wounding was centrifuged at 300
x g to obtain the cellular infiltrate. The majority of cells in
this infiltrate (>80%) were granulocytes. A monoclonal an-
tibody directed against PR-39 detected antigen within the
granules in these cells (Fig. 6) although all cells demonstrated
some staining. No staining was seen when this antibody was
used with unpermeabilized cells, or when an unrelated mouse
IgG was used (data not shown).

DISCUSSION
Cell surface expression of heparan sulfate can enable cells to
become more responsive to a variety of components of the
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FIG. 5. Both chemically synthesized and purified PR-39 show
identical syndecan inductive activity. (A) Inductive activity of syn-
thetic (o) or purified PR-39 (A) assayed after 60 h in culture as in Fig.
1. (B) Messenger RNAs for syndecan-1, -2, and -4 were detected by
Northern blot after 24 h in culture in the presence of 1 tuM synthetic
PR-39 and quantitated as in Fig. 3B. The relative increase was
determined by comparison to identical cells cultured for 24 h in
medium without synthetic PR-39.

cellular microenvironment involved in wound repair. The
results presented here demonstrate that a protein in the fluid
that accumulates in repairing skin wounds enhances the ex-
pression of the syndecans, the major cell surface heparan
sulfate proteoglycans. This induction occurs in cultured fibro-
blasts and endothelia and reproduces the induction of the
syndecans in repairing skin wounds. The inducing protein,
PR-39, is a proline-rich, antimicrobial peptide found in inflam-
matory cells within the wound. PR-39 was previously thought
to function in a nonimmune defense of intestinal mucosal
surfaces. It was not known to exist in the wound environment
and not known to influence the selective expression of cell
surface proteoglycans. The data indicate that inflammatory
cells entering skin wounds release PR-39, which induces
mesenchymal cells to express specific cell surface heparan
sulfate proteoglycans and to kill bacteria to prevent further
tissue injury, both activities aiding the repair process.
The syndecan-inducing activity described here is unique.

Testing various biological fluids, growth factors and cytokines
revealed that only wound fluid and PR-39 were able to induce
syndecans in the absence of changes in cell shape or cell
proliferation. The inducing activity correlates temporally with
active wound repair and spatially with the cells that are
induced in vivo: activity was detected in early-phase wounds

lI I l- r l 0

2 3 4 5 6 7 8 9
Mass, (m/z) x 10-3

1 39
a RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPP ---

b RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPP PPRFP

FIG. 4. Purification and sequence of syndecan-1 inductive activ-
ity. (A) RPC. Syndecan-1 inductive activity eluting from a Toyopearl
SP650S cation exchange column was applied to a C4 RPC column and
eluted with an acetonitrile gradient in 0.1% trifluoroacetic acid. A peak
ofprotein and activity eluted reproducibly at 36 min (39% acetonitrile).
(Inset) Silver stain of SDS/10% PAGE of fractions eluting at 35 min
(lane a), 36 min (lane b), and 37 min (lane c). Arrows indicate migration
ofmolecular mass standards of46, 30, 14.3, and 6.5 kDa, respectively.
(B) Laser desorption mass spectrometry of the active fraction eluting
at 39o acetonitrile indicating a mass ofabout 4708 Da. (C) Amino acid
sequences. (a) Sequence of the active fraction eluting at 39o aceto-
nitrile. Thirty-six amino acids were established unequivocally. (b)
Sequence ofintestinal PR-39 (14). Amino acids are designated by their
one-letter code. Vertical lines extending between amino acids in a and
b connect identical sequences.

FIG. 6. Detection ofPR-39 within cells isolated from wound fluid.
(A) Cells from wound fluid collected 3 days after wounding were
stained with monoclonal antibody PR-485-4 directed against intesti-
nal PR-39. Intense staining is seen within cytoplasmic granules. (B)
Phase-contrast image of same field as in A. (x 340.)
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(prior to day 6) and before reepithelialization, and only mes-
enchymal cells, both endothelial and fibroblastic, were in-
duced. Finally, the activity induces syndecan-1 and -4 mRNA,
the same gene selectivity seen in repairing wounds. This
activity does not affect syndecan expression exclusively; it
also causes minor differences in the proteins secreted by NIH
3T3 cells (R.L.G. and M.B., unpublished data).
PR-39 is an inducer of cell surface syndecans in wounds.

The inducing activity in wound fluid did not bind to heparin-
Sepharose but bound to and eluted from a cation-exchange
column as a broad peak, and from a C4 RPC column as a
highly purified protein. The size and sequence of the purified
protein corresponded exactly with that of PR-39, a protein
previously isolated from pig intestine and known for its
antibacterial activity against both Gram-negative and Gram-
positive strains of bacteria (14). Moreover, PR-39 obtained
either by chemical synthesis or by chromatographic purifi-
cation had identical syndecan inductive activities. The same
concentration of PR-39 induced syndecans with the same
kinetics and selectivity regardless of the source. These are
the same concentrations (0.5-1 AM) that exert the antibac-
terial effect of PR-39 (14). PR-39 was localized by immuno-
fluorescence within leukocytes, presumably granulocytes,
isolated from wound fluid and is likely secreted into the fluid.
Consistent with this finding, a cDNA corresponding to the
predicted sequence of the PR-39 precursor was recently
cloned from bone marrow cells (27).
The discovery of PR-39 as an inducer of cell surface

syndecans in wound fluid was wholly unexpected because
this peptide was not known to be present in wounds and not
known to influence the expression of cell surface heparan
sulfate. PR-39 is a proline- and arginine-rich peptide that
shares antimicrobial activity but not sequence similarity with
several small cationic peptides that appear to play a role in the
host defense of a variety of species. PR-39 is related to Bac5
and Bac7 found in bovine neutrophils by the proline-arginine
repeats in its 39-amino acid mature form, its N-terminal
pro-sequence, and its antimicrobial spectrum (27). Function-
ally analogous peptides include the cecropins in insect cuti-
cle, magainins in amphibian skin, squalamine in shark stom-
ach, and defensins and P-defensins in mammalian neutrophils
(28). The antimicrobial action of these molecules has been
ascribed to their amphipathic character, which enables them
to permeate bacterial membranes, causing lysis. Our finding
of a broad spectrum antimicrobial peptide in skin wounds
suggests that the peptides assist in maintaining sterility in the
wound, thus reducing the resultant inflammatory response.
The antimicrobial and syndecan-inductive activities of

PR-39 are complementary in enhancing wound repair. Induc-
tion of cell surface heparan sulfate can trigger cellular be-
haviors such as proliferation and migration due to its ability
to bind and thus augment the action of heparin-binding
growth factors, including fibroblast growth factor 2, heparin-
binding epidermal growth factor-like growth factor and plate-
let-derived growth factor AB heterodimer, found in repairing
wounds (26, 29). The induction of syndecans can also con-
tribute to the effects of extracellular matrix components
involved in wound repair because syndecan-1 binds fibro-
nectin, thrombospondin, tenascin, and the fibrillar collagens
(reviewed in ref. 6). Finally, the induction can contribute to
the antibacterial action of PR-39, since bacterial pathogens
bind to heparan sulfate (30), and killing may be facilitated by
immobilization. Thus, syndecan induction by PR-39 may
mediate growth-factor responsiveness, augment antimicro-
bial activity, and permit the changes in cell proliferation,
migration, and adhesion that must take place for wound
repair to proceed. While PR-39 is an inducer of cell surface
syndecans that duplicates many of the activities of wound

fluid, there may be other inducers in wounds, in other
biologic fluids, or within the extracellular matrix.

This newly recognized activity for PR-39 indicates that the
antimicrobial peptides may have multiple physiological func-
tions and that regulation of cell surface heparan sulfate is a
normal response to injury. The mechanism by which PR-39
exerts its selective induction is unknown, but the data suggest
that expression of the individual syndecans can be controlled
specifically and that antimicrobial proline-rich peptides, such
as PR-39, may function as signaling molecules in complex
cellular behaviors. Taken together, the current data lead to a
previously unrecognized role for these molecules and to a
better understanding of the physiological response to injury.
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