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The mammalian host response to infection includes the production and secretion of antimicrobial peptides
from phagocytes and epithelial cells. Protegrins, a group of broadly microbicidal peptides isolated originally
from porcine neutrophil lysates, were found to be stored as inactive proforms in porcine neutrophil granules
but could be activated extracellularly by neutrophil elastase. We assessed the biological role of protegrins and
other elastase-activated polypeptides in the microbicidal activity of neutrophil secretions and inflammatory
fluids. When stimulated with phorbol myristate acetate (PMA), neutrophils generated stable microbicidal
activity against both Escherichia coli and Listeria monocytogenes under normal-salt conditions and in the
presence of 0 to 10% serum. The generation of these antimicrobial substances was dependent on neutrophil
elastase, since it was inhibited by 1 mM N-methoxysuccinyl-Ala-Ala-Pro-Val chloromethyl ketone when it was
present during activation, but not when this inhibitor was added afterwards. However, elastase-dependent
activation of proprotegrins to protegrins in PMA-stimulated neutrophils was not inhibited by the presence of
1 to 2% serum. Porcine neutrophils also released antibacterial activity during phagocytosis of latex beads, and
this too was dependent in large part on elastase-activated polypeptides, including protegrins. Moreover,
protegrins were found at bactericidal concentrations in cell-free abscess fluid from naturally infected pigs.
Taken together, these studies show that protegrins and other elastase-activated polypeptides are important
stable antibacterial factors in porcine neutrophil secretions. The potential host defense role of elastase as an
activating enzyme for the precursors of microbicidal peptides must be taken into account when therapeutic

inhibitors of neutrophil elastase are evaluated for clinical use as anti-inflammatory agents.

The host defense armamentarium of mammals includes var-
ious antimicrobial peptides and proteins released from phago-
cytes and epithelia (4). In addition to larger antimicrobial
proteins that function as enzymes (e.g., lysozyme or phospho-
lipase A2) or contain binding sites for specific microbial mac-
romolecules (e.g., the bactericidal-permeability-inducing pro-
tein [BPI]), mammalian phagocytes and epithelia produce two
families of small microbicidal peptides, defensins and cathe-
licidins. Unlike defensins, which share a three-dimensional
structure, cathelicidins are defined by a common N-terminal
precursor motif, cathelin, joined to a highly variable C-termi-
nal domain that appears to be the active microbicidal moiety.
Many, but not all, cathelicidins contain a characteristic elastase
cleavage site between the anionic cathelin domain and the
cationic C-terminal peptide (28). Proteolytic processing at this
site has been observed in activated bovine (29) and porcine
(16) neutrophils and was required for microbicidal activity. In
contrast, the rabbit cathelicidins p15a and p15b lack this con-
sensus site, their cathelin domains are less anionic, and they
are microbicidal without proteolytic processing (26). Catheli-
cidins are located in the types of neutrophil granules that are
readily released into the extracellular fluid, i.e., the specific
(secondary) granules in human and murine neutrophils and the
large granules in bovine neutrophils (3, 12, 20, 22, 29), suggesting
that the peptides may function primarily in extracellular spaces.
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Neutrophils engaged in host defense also release a variety of
important short-lived microbicidal substances, such as reactive
oxygen and nitrogen intermediates, but in this study we fo-
cused on secretions that remain stable in inflammatory fluids
over a period of days. This stable material will be referred to as
neutrophil secretion. We hypothesized that elastase-activated
cathelicidins contribute substantially to the extracellular mi-
crobicidal activity of neutrophil secretions and inflammatory
fluids. We have chosen the pig as an experimental model, since
porcine neutrophils lack defensins (9) but are unusually well
endowed with cathelicidins, including protegrins (8), proph-
enins (5), PR-39 (19), and porcine myeloid antimicrobial
peptides (PMAPs) (24). The precursors for all these peptides
contain a characteristic elastase cleavage site, but, with the
exception of protegrins, their processing by elastase has not
yet been demonstrated. Of the porcine cathelicidins, the pro-
tegrins PG1, PG2, and PG3 are among the most active and
abundant (9). Their amino acid sequences have been deter-
mined to be RGGRLCYCRRRFCVCVGRam, RGGRLCYC
RRRFCICVam, and RGGGLCYCRRRFCVCVGRam, re-
spectively (boldfaced residues differ among the three pep-
tides, and “am” stands for C-terminal amidation). We previ-
ously showed that porcine neutrophils, when stimulated with
phorbol myristate acetate (PMA), generated extracellular
microbicidal activity against Listeria monocytogenes by elas-
tase-mediated activation of secreted proprotegrins (pPGs)
(16). In the present study, we assess the biological role of
protegrins and other elastase-activated polypeptides in the
antibacterial activity of neutrophil secretions and inflamma-
tory fluids.
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MATERIALS AND METHODS

Neutrophil secretions. Porcine peripheral-blood neutrophils were isolated
from 8- to 10-week-old healthy pigs as described earlier (18). Briefly, 30 ml of
EDTA-treated blood (final concentration, 5 mM EDTA) was mixed with 30 ml
of 3% dextran in phosphate-buffered saline (PBS) and was incubated for 30 min
at room temperature. The supernatant was carefully removed from the dextran-
sedimented blood, overlaid on 10 ml of Histopaque (Sigma), and centrifuged at
300 X g for 25 min at room temperature. Neutrophils were collected from the
bottom of the tube, and contaminating red blood cells were lysed with 10 ml of
0.2% NaCl for 30 s. Isotonicity was restored with 10 ml of 1.6% NaCl. Neutro-
phils (>95% of the cells) were washed once in ice-cold PBS solution without
divalent cations and kept on ice.

For degranulation experiments, freshly isolated neutrophils were resuspended
at 10%/ml in PBS containing 1 mM Ca?* and 1 mM Mg?*, with or without serum.
Neutrophils were then incubated with PMA (100 ng/ml) at 37°C for 30 min in the
presence or absence of a specific inhibitor for neutrophil elastase, N-methoxy-
succinyl-Ala-Ala-Pro-Val chloromethyl ketone (CMK) (1 mM; Sigma). Neutro-
phil secretions were collected as supernatant after the removal of neutrophils by
centrifugation at 13,000 X g for 1 min.

For phagocytosis experiments, zymosan (Sigma) and latex beads (Difco) were
opsonized as described earlier (6, 7). Briefly, zymosan (10° particles/ml in PBS)
was tumbled with the same volume of freshly prepared porcine serum from a 6-
to 8-week-old healthy pig at 37°C for 30 min, then washed twice with PBS, and
resuspended in PBS at 10° particles/ml. Latex beads were opsonized by mixing
0.25 ml of Difco 0.81 latex beads, 0.05 ml of porcine serum, and 0.4 ml of PBS
and incubating at 37°C for 30 min; then they were washed twice with PBS and
resuspended in PBS at 10° particles/ml. Freshly isolated neutrophils were incu-
bated with opsonized zymosan or latex beads (cell/particle ratio, 1:10 for both
particles) in the presence or absence of 1 mM CMK or 0.5 mM diisopropylflu-
orophosphate (DFP; Sigma), a cell-permeant serine protease inhibitor, at 37°C
for 30 min. The association of phagocytes with particles was verified by light
microscopy. Neutrophil secretions induced by zymosan phagocytosis were col-
lected after 1 min of centrifugation at 13,000 X g to remove both neutrophils and
zymosan particles. In the phagocytosis experiments with latex beads, neutrophils
were collected by centrifugation at 200 X g for 5 min and latex beads were then
collected by centrifugation at 13,000 X g for 1 min, leaving the neutrophil
secretions as supernatant.

Collection and analysis of abscess fluids. Two otherwise healthy pigs with
abscesses (one subcutaneous, the other in the abdominal wall) were identified in
the slaughterhouse. Both abscesses were collected and centrifuged immediately
at 13,000 X g for 10 min to remove cells and cell debris. The supernatants
(abscess fluids) were subjected to a radial diffusion microbicidal assay, then
analyzed by acid-urea-polyacrylamide gel electrophoresis (AU-PAGE), gel-over-
lay bactericidal assay, and Western blot analysis with anti-PG3 antibody as
described below.

Antibacterial assays. (i) Bacteria. L. monocytogenes EGD and Escherichia coli
ML35p were used in the antibacterial assays. Overnight cultures of bacteria in
3% Trypticase soy broth (TSB) were subcultured for 2.5 h to exponential-growth
phase in a shaking water bath at 37°C. Bacterial concentrations were estimated
photometrically (an optical density of 1 at 620 nm corresponds to ~2.5 X 108
bacteria/ml). Bacteria were washed and diluted with PBS to the desired concen-
trations.

(ii) Radial diffusion assay. The radial diffusion assay was performed as de-
scribed previously (21). Briefly, the underlay consisted of 1% agarose and 0.03%
TSB in 10 mM sodium phosphate with 100 mM NaCl (normal salt medium), pH
7.4. The overlay consisted of 6% TSB and 1% agarose in PBS for all assays.
Bacteria (5 X 10°) were mixed with 10 ml of underlay gel solution (43°C) and
poured into 10- by 10-cm petri dishes. A series of wells (diameter, 3 mm) were
made after the agarose solidified. Peptide solutions or neutrophil secretions (5 i
per well) were added to designated wells. Plates were incubated at 37°C for 3 h.
The bacterial agars were then covered with 10 ml of overlay. After 18 h of
incubation at 37°C to allow visible bacterial growth, the plates were stained with
0.001% Coomassie blue for 10 h. Antibacterial activity was indicated by the clear
zone (no bacterial growth) around the well. The activity was represented in radial
diffusion units, defined as (diameter of clear zone in millimeters, — 3.0 mm) X
10. All assays were performed in duplicate and repeated at least once.

(iii) CFU assay. The CFU assay was performed as described earlier (16).
Briefly, 25 pl of neutrophil secretion and 2 p.l of bacterial solution (10 CFU/ml)
were mixed and incubated at 37°C in a shaking water bath for 30 min and then
were diluted 500-fold in PBS, and aliquots were plated in triplicate on Trypticase
soy agar plates. After incubation for 16 h at 37°C, the colonies were counted and
the numbers of CFU per milliliter were calculated.

(iv) Gel overlay assay. The gel-overlay assay was performed as described
previously (16). Briefly, proteins and peptides were separated by AU-PAGE, and
the gel was neutralized by washing for 15 min in 0.01 M PBS (pH 7.4) with 0.01
N NaOH, then in 0.01 M PBS only for 15 min. The gel was then placed on a
premade 1% agarose plate containing 10 ml of 10 mM sodium phosphate, 100
mM NaCl, 0.1% TSB, 1% porcine serum, and 10° L. monocytogenes or E. coli
organisms and was incubated at 37°C for 3 h to allow the proteins and peptides
in the polyacrylamide gel to diffuse into the bacterial layer. The polyacrylamide
gel was then removed, and the bacterial layer was overlaid with a nutrient layer
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that contained 6% TSB in 1% agarose. After 18 h of incubation at 37°C to allow
visible bacterial growth, the agarose plate was stained with 0.001% Coomassie
blue for 10 h. Antibacterial activity was indicated by the clear zone (no bacterial
growth).

ELISA for pPGs and Western blot analysis for protegrins. For the enzyme-
linked immunosorbent assay (ELISA), 96-well plates (Becton Dickinson Lab-
ware, Oxnard, Calif.) were coated with 1 wg of monoclonal anti-PG3 antibody/ml
(16) at 37°C for 2 h. Plates were then washed and blocked with 0.1% fetal bovine
serum at 37°C for 30 min; then they were washed and incubated with 100 pl of
pPG3 (0.02, 0.04, 0.08, 0.16, 0.32, 0.64, or 0.128 wg/ml) or neutrophil secretion
samples (1:10 or 1:100 dilution) for 1 h at 37°C. At the end of the incubation,
plates were washed and incubated with a monoclonal anti-pPG antibody-biotin
conjugate (16) (1:1,000 dilution) at 37°C for 30 min, and then they were washed
and incubated with avidin-horseradish peroxidase conjugate (1:1,000 dilution) at
37°C for 30 min. After washing, plates were developed with o-phenylenediamine
substrate (Sigma) and the optical densities at 492 nM were measured with a
microplate reader. Standards and samples were run in triplicate.

For Western blot analysis, after electrophoresis, proteins were electroblotted
to an Immobilon-P membrane in 0.7% acetic acid and the blots were probed with
a 1:1,000 dilution of the monoclonal anti-PG3 antibody and a 1:1,000 dilution of
rabbit anti-mouse immunoglobulin G-alkaline phosphatase conjugate, then de-
veloped in a 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium solu-
tion. Recombinant PG3 (16) was used as a positive control.

Elastase activity and elastase inhibitory capacity assays. The elastase activity
assay and elastase inhibitory capacity assay were performed by using Alphasin
elastase diffusion plates (Elastin Products Co., Owensville, Mo.) as described by
the manufacturer. An Alphasin clastase diffusion plate is a square plastic petri
dish containing 10 ml of buffered agar gel that has been uniformly impregnated
with elastin-fluorescein with a particle size smaller than 37 pm. The gel contains
25 wells, each 4 mm in diameter. Elastase and purified a1 protease inhibitor
(a1-PT) were dissolved in 0.15 M NaCl. An aliquot (10 wl) of elastase (400 ng),
alone or mixed with a series of concentrations of either a1-PI or serum, or with
neutrophil secretion, was added to each well. Samples were run in duplicate.
Plates were incubated at 37°C for 6 h, and the diameter of the clear zone
(resulting from the solubilization of elastin particles by elastase) was measured.
The elastase inhibitory capacities of neutrophil secretion and serum were deter-
mined by using a1-PI as the standard.

RESULTS

Elastase is required for the generation of neutrophil secre-
tions bactericidal to E. coli. Initially, we determined the con-
tribution of elastase-cleaved polypeptides to bactericidal ac-
tivity released from freshly isolated porcine neutrophils. The
neutrophils were incubated at 10%/ml in PBS containing 1 mM
Ca®" and 1 mM Mg*" and were stimulated for 30 min with
PMA (100 ng/ml) in the presence or the absence of the specific
inhibitor for neutrophil elastase, CMK. The bactericidal activ-
ity of the cell-free secretions was assayed after overnight stor-
age at 4°C.

Secretions of unstimulated neutrophils were not bactericidal
to either L. monocytogenes or E. coli (Fig. 1), but upon stim-
ulation by PMA, porcine neutrophils secreted antibacterial
substances that were bactericidal to both L. monocytogenes
and E. coli. The antibacterial activity of neutrophil secre-
tions against both bacteria was completely blocked if CMK,
the specific elastase inhibitor, was added before neutrophils
were stimulated by PMA, but not if CMK was added after
incubation with PMA. We had shown previously (16) that
CMK had no detectable effect on bacteria and no effect on
antibacterial activity when added to cell-free polymorphonu-
clear leukocyte (PMN) secretions. The inhibition of bacteri-
cidal activity by CMK is consistent with the proposed role of
elastase as an activator of secreted cathelicidins for extracel-
lular killing of bacteria.

Antibacterial activity of neutrophil secretions persists in the
presence of normal salt medium and 1 to 2% serum. While the
effect of porcine serum on the antibacterial activity of neutro-
phil secretions is potentially very complex (10, 11, 15, 17), the
microbicidal activity of PG1 has been reported to be resistant
to serum (21, 27). Indeed, we confirmed that the bactericidal
activity of PG3 against both L. monocytogenes and E. coli was
also unchanged or even increased in the presence of 1 to 2%
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FIG. 1. Bactericidal activity of neutrophil secretions in a radial diffusion
assay. Five microliters of neutrophil secretion (equivalent to that from 5 X 10°
neutrophils) was added into each well. Secretions were obtained from unstimu-
lated neutrophils (N), neutrophils stimulated with PMA (100 ng/ml) for 30 min
in the absence of CMK, with CMK added to the secretion after neutrophils were
removed [(N+P)+C], or neutrophils stimulated with PMA in the presence of
CMK (N+C+P). Zones of clearance were measured with a calibrated micro-
scope. The microbicidal activity was expressed in arbitrary units (0.1 mm = 1 U)
by subtracting the diameter of the well (3 mm) from the diameter of the clear
zone. Open bars, E. coli; solid bars, L. monocytogenes. Data are means =
standard deviations from assays performed twice in duplicate.

porcine serum and normal salt medium compared to that un-
der low-salt, serum-free conditions (data not shown).

An important effect of serum is mediated by its neutrophil
elastase inhibitors, e.g., al-PI and a2-macroglobulin, which
could impair the proteolytic processing of protegrins and other
elastase-activated polypeptides and could decrease the anti-
bacterial activity of neutrophil secretions. To assess the effect
of serum on the microbicidal activity of neutrophil secretions,
serum was added either before the PMA-induced secretion of
granule contents or, as a control, after the degranulation was
completed and the neutrophils were removed. Regardless of
when the serum was added, it did not inhibit, and in some cases
it enhanced, the microbicidal activity of neutrophil secretions
against both E. coli and L. monocytogenes (Fig. 2). Porcine
serum by itself was inactive against both bacteria under these
assay conditions. The protein composition of neutrophil secre-
tions was assessed by AU-PAGE (Fig. 3). In the presence of 1
to 2% serum, the proteolytic generation of protegrins from
pPGs was not inhibited.

We next asked whether the inability of serum to inhibit the
processing of protegrins by neutrophil elastase could be due to
the lack of elastase inhibitory activity in porcine serum. The
elastase inhibitory capacities of serum and of neutrophil secre-
tions were assayed on elastin plates relative to human «1-PI as
a standard inhibitor of elastase. As shown in Fig. 4, the elastase
inhibitory capacity in 10% normal fresh porcine serum was
equivalent to that of 70 pg of «l-PI/ml, a finding similar to
reported data (23). However, exposure of 1 to 20% serum to
neutrophils activated by PMA completely ablated the elastase
inhibitory capacity. The loss of elastase inhibitory capacity is
likely due to the inactivation of a1-PI and other elastase in-
hibitors by reactive oxygen intermediates generated during the
respiratory burst of neutrophils (2).

During phagocytosis, protegrins are generated from pPGs
by elastase. To study the role of protegrins and other elastase-
activated peptides in secretions generated during phagocytosis,
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FIG. 2. Influence of serum on the antibacterial activity of neutrophil secre-
tions in a radial diffusion assay. N+S+P, neutrophils were stimulated by PMA
(100 ng/ml) in the presence or absence of serum; S, serum only, diluted in PBS;
(N+P)+S, serum was added into neutrophil secretions after neutrophils were
removed. Symbols: @, E. coli; A, L. monocytogenes. Data are means *+ standard
deviations from assays performed twice in duplicate.

we first incubated porcine neutrophils with zymosan that had
been opsonized with porcine serum. Phagocytosis was verified
by light microscopy. However, mature protegrins were not
detected in the neutrophil secretions by AU-PAGE analysis
(data not shown), and to our surprise, no bactericidal activity
was found in the zymosan-stimulated neutrophil secretions by
the radial diffusion assay and CFU assay (data not shown). In
a previous study, we found that the extracellular processing of
pPGs by PMA was mediated by neutrophil elastase, since it
could be inhibited extracellularly by the specific inhibitor CMK
(16). To determine whether elastase cleaved pPGs during neu-
trophil phagocytosis of zymosan, we used the cell-permeant

Neutrophils + +
Serum(%) 0 0
PMA +

PG3

FIG. 3. AU-PAGE of neutrophil secretions stimulated by PMA in the pres-
ence or absence of serum. Proteins and peptides from neutrophil secretions or
serum solutions were subjected to AU-PAGE and stained with Coomassie blue
after electrophoresis. Recombinant pPG3 (upper band) and synthetic PG3 (low-
er band) (0.5 pg of each) were used as standards (leftmost lane). In neutrophil
secretions, the bands comigrating with the PG3 standard contain PG2 and PG3,
and the slightly faster migrating band corresponds to PG1. Neutrophil secretions
were induced by PMA in the presence or absence of serum. For each lane, 100
ul of neutrophil secretions (equivalent to that from 107 cells) or 100 .l of serum
solution (1 or 2%) was extracted with 10 pl of StrataClean resin (Stratagene) and
the resin beads were loaded into each well for electrophoresis.
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FIG. 4. The elastase inhibitory capacity (EIC) of porcine serum. Human
neutrophil elastase (400 ng) in 10 wl of saline (0.15 M NaCl) or saline-serum
mixture (serum), or a mixture of elastase with serum exposed to activated
porcine neutrophils (conditioned serum), was assayed on an elastin-agar plate.
Mixtures of human neutrophil elastase (400 ng) with varying amounts of purified
ol-PI were used as standards for the inhibition of elastase activity. Data are
means from two experiments.

serine protease inhibitor DFP to inhibit neutrophil elastase
(and other serine proteases) during phagocytosis (1), or we
used CMK as an extracellular elastase-specific inhibitor. Light
microscopy revealed that DFP- or CMK-treated PMNs phago-
cytized the same number of zymosan particles as untreated
PMNs (data not shown), in agreement with observations re-
ported by others (13). To detect the processed and unproc-
essed protegrin forms, we performed both Western blot anal-
ysis and an ELISA wusing anti-pPG and antiprotegrin
antibodies. In Western blot analysis, only pPGs, not protegrins,
were detected in neutrophil secretions when DFP or CMK was
added with zymosan, but without DFP and CMK, neither pPGs
nor protegrins were detected (data not shown). By an ELISA
designed to detect pPGs only, the amounts of pPGs released
from neutrophils during phagocytosis of zymosan were 22.29 =
2.28 wg/10® PMNs/ml and 23.90 =+ 0.70 wg/10® PMNs/ml in the
presence of DFP and CMK respectively, which were similar to
those resulting from PMA stimulation in the presence of CMK
(21.57 = 3.10 ug/10® PMNs/ml). In the absence of CMK and
DFP, only small amounts of pPGs were detectable in secre-
tions generated by either PMA- or zymosan-treated neutro-
phils (1.35 *+ 0.13 pg/10® PMNs/ml for PMA versus 1.55 = 0.07
ng/10® PMNs/ml for zymosan). We concluded that elastase did
process secreted pPGs during phagocytosis of zymosan.

We hypothesized that our inability to detect processed pro-
tegrins was due to their high affinity for zymosan, leading to the
adsorption of protegrins from the neutrophil secretions. To
test this hypothesis, we added zymosan either to neutrophil
secretions that had been generated by PMA-treated neutro-
phils or to a solution of synthetic PG3. After 30 min of incu-
bation at 37°C, zymosan particles were removed by brief cen-
trifugation, and the supernatants were tested for antibacterial
activity against both E. coli and L. monocytogenes. While solu-
tions not exposed to zymosan were microbicidal to both bac-
teria, no antibacterial activity was found in the zymosan-ex-
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FIG. 5. AU-PAGE of neutrophil secretions stimulated by latex beads. Gels
were stained with Coomassie blue. Each lane contains either 107 cell equivalents
of either neutrophil secretions, extracellular latex beads after phagocytosis, or
neutrophil lysates. The symbols + and — indicate which materials were added
into each tube before the phagocytosis started. At the end of the incubation, DFP
and/or latex beads were added into tubes that did not have them during phago-
cytosis. The PG standard is 0.5 ug of PG3.
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tracted neutrophil secretions or PG3 solutions (data not
shown). The interaction of protegrins with zymosan was so
strong that protegrins could not be detected even when the
zymosan-protegrin complex was subjected to AU-PAGE and
sodium dodecyl sulfate-PAGE under reducing conditions
(data not shown).

To overcome the difficulty caused by protegrins binding to
zymosan particles, we used latex beads as an alternative par-
ticulate stimulus. First, we assayed the binding of PG3 to latex
beads and found that PG3 bound to the latex less avidly than
to zymosan and that bound PG3 was released when the latex-
PG3 complex was subjected to AU-PAGE (data not shown).
After phagocytosis of latex, neutrophils were sedimented by
low-speed centrifugation (at 200 X g for 6 min), leaving neu-
trophil secretions and the uningested latex beads in the super-
natant. Latex beads were then removed from the neutrophil
secretions by high-speed centrifugation at 13,000 X g for 1 min,
leaving latex-free neutrophil secretions. The fractions were
analyzed by AU-PAGE. As shown in Fig. 5, protegrins were
detected in all the fractions from neutrophils that phagocytized
latex beads but received the cell-permeant serine protease
inhibitor DFP only at the completion of phagocytosis, but no
protegrins were detected if DFP was added before latex beads
were incubated with neutrophils. No protegrins were detected
in unstimulated neutrophils where latex beads were added at
the end of the incubation. The activation of protegrins during
neutrophil phagocytosis of latex beads was further confirmed
by Western blot analysis using a monoclonal antiprotegrin an-
tibody (Fig. 6). Porcine neutrophil granules, when isolated
without protease inhibitors, contain both mature protegrins
and their precursors. However, only mature protegrins were
detected in the neutrophil secretions induced by phagocytosis
of latex beads. The presence of mature protegrins in the cell
lysates of neutrophils that phagocytized latex beads suggested
that either protegrins were activated from their precursors
inside or on the surfaces of neutrophils or they were adsorbed
secondarily from the medium (Fig. 5).

The antibacterial activity of neutrophil secretions stimulated
by latex beads was evaluated by a CFU assay and a gel-overlay
assay. As shown in Fig. 7, neutrophils secreted antibacterial
substances that were active against L. monocytogenes, and this
activity was inhibited when DFP was added before the neutro-
phils phagocytized latex beads. In the gel overlay assay, when
either E. coli or L. monocytogenes was used to detect antimi-
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PG3

FIG. 6. Western blot analysis of neutrophil secretions stimulated by latex
beads. After AU-PAGE, proteins were blotted to an Immobilon-P membrane,
and the membrane was probed with a monoclonal anti-PG3 antibody and rabbit
anti-mouse immunoglobulin G-alkaline phosphatase conjugate, then developed
in 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium solution. PG3,
0.5 pg of synthetic PG3; G, porcine neutrophil granule lysate (5 X 10° cell
equivalents); S, neutrophil secretions generated during phagocytosis of latex
beads in the absence of DFP (107 cell equivalents).

crobial activity, the results were very similar (Fig. 8). Activity
corresponding to protegrins was seen only in secretions gen-
erated by neutrophils that had not been pretreated with DFP.
Additional antibacterial bands were detected in the neutrophil
secretions, and these were slower migrating than protegrins.
Because the activity of these substances was also blocked by
pretreatment with DFP, we suspect that these bands represent
other elastase-activated cathelicidins, such as PR-39 (19), pro-
phenins (5), and PMAPs (24).

Protegrins contribute to the bactericidal activity of abscess
fluid. Abscesses contain accumulations of activated neutro-

107 -
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CFU/ml

10° . T
TO T30 L DL D O

Treatment

FIG. 7. Bactericidal activity of latex-stimulated neutrophil secretions in a
CFU assay. Shown are the results of a CFU assay with L. monocytogenes. TO0,
initial bacterial inoculum; T30, bacteria in PBS after 30 min at 37°C. Bacteria
were incubated as follows: with neutrophil secretions stimulated with latex beads
for 30 min and then treated with DFP (L); with neutrophil secretions stimulated
with latex beads for 30 min in the presence of DFP (D/L); with neutrophil
secretions elicited with DFP, incubated for 30 min, and then treated with latex
beads at the end of incubation (D); or with neutrophil secretions treated with
DFP and latex beads at the end of 30 min of incubation (O).

ROLE OF PROTEGRINS 3615

Listeria

FIG. 8. Bactericidal activity of latex-stimulated neutrophil secretions in a
gel-overlay bactericidal assay. Shown are results of two gel-overlay assays with E.
coli and L. monocytogenes. Neutrophil secretions were prepared as described for
Fig. 5. Ten million cell equivalents of neutrophil secretion was used in each lane
of the overlay assays. PG, 0.5 pg of synthetic PG3, used as positive control for the
activity and identification of protegrins. Antibacterial activity was indicated by a
clear zone (no bacterial growth).

E. coli

phils and serum proteins. To determine whether cell-free por-
cine abscess fluid is microbicidal, we collected fresh abscess
fluid from two pigs, one with an abdominal wall abscess (A1)
and one with a dermal abscess (A2), rapidly removed the
particulate fraction by centrifugation, and assayed the micro-
bicidal activity of the supernatant by radial diffusion assay. One
abscess fluid sample (A2) displayed potent activity (100 to 120
radial diffusion units) against both E. coli and L. monocyto-
genes; however, the activity of the other sample was very weak
(10 to 15 radial diffusion units). To detect microbicidal prote-
grins, we then analyzed the supernatant using AU-PAGE, a
gel-overlay bactericidal assay, and Western blot analysis (Fig.
9). The protein profiles of abscess fluids on AU-PAGE indi-
cated that protegrins were present in both samples. The activ-
ity and the immunoreactivity of protegrins in the abscess fluids
were confirmed by gel-overlay bactericidal assay and Western
blot analysis using a monoclonal antiprotegrin antibody (Fig.
9). Based on the intensity of the Western blot, we estimated
that the concentrations of mature protegrins in abscess fluids
were 15 to 150 pg/ml, well within the range of concentrations
known to be bactericidal to E. coli and L. monocytogenes (9).
The Western blot also indicated that most of the protegrins in
the less-active abscess fluid were strongly associated with sub-
stances that prevented the normal migration of protegrins in
AU-PAGE. Additional studies will be necessary to identify
these substances and to determine whether they originate in
the microbes or the host.

DISCUSSION

The role of an individual peptide in the neutrophil antimi-
crobial activity has been difficult to determine because several
families of antimicrobial proteins and peptides typically coexist
in the neutrophils of each mammalian species. Thus, both
defensins and cathelicidins have been identified in the neutro-
phils of humans, rabbits, and cattle. We selected porcine neu-
trophils as a simple model for the study of cathelicidins, since
the porcine neutrophils lack defensins (9). Evidence support-
ing the hypothesis that neutrophil cathelicidins are important
host defense factors is emerging. We previously showed that
protegrins were stored as inactive proforms in porcine neutro-
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FIG. 9. Microbicidal activity of porcine abscess fluids. Porcine abdominal-wall abscess fluid (A1) (20 wl), porcine skin abscess fluid (A2) (20 pl), and synthetic PG3
(0.03, 0.1, and 0.3 pg) were subjected to AU-PAGE. (Left) The gel was stained with Coomassie blue. (Center) Gel-overlay assay with E. coli. Antibacterial activity was
indicated by a clear zone (no bacterial growth). (Right) Western blot analysis was performed as for Fig. 6.

phil granules and could be activated extracellularly by elastase.
Stimulation of neutrophil secretions with PMA rendered them
bactericidal to L. monocytogenes in low-salt medium (16). In
other studies, rabbit cathelicidins referred to as p15’s potently
synergized with BPI to inhibit the growth of E. coli in rabbit
peritoneal exudate (25). These two rabbit cathelicidins, p15a
and p15b, have less-anionic cathelin domains than other cathe-
licidins, lack the characteristic elastase cleavage sites, and do
not require elastase-mediated activation. In the present study,
we demonstrated that the antibacterial activity of porcine neu-
trophil secretions generated during neutrophil phagocytosis of
latex beads was dependent in large part on elastase-activated
polypeptides, including protegrins. The elastase-dependent ac-
tivity was detected against both E. coli and L. monocytogenes
under normal-salt conditions. Protegrins, active and abundant
porcine cathelicidins, were found at bactericidal concentra-
tions in neutrophil secretions and in abscess fluid. Further
studies will be necessary to identify the other elastase-activated
polypeptides, to ascertain whether they are also cathelicidins,
and to assess their contribution to the antibacterial activity of
porcine inflammatory fluid.

In vivo, neutrophils are commonly exposed to varying con-
centrations of serum, which contains elastase inhibitors. The
extracellular processing of pPGs and other procathelicidins to
active forms must depend on the release of elastase in func-
tional excess of its inhibitors. Despite the strong elastase in-
hibitory activity in fresh porcine serum, the maturation of
protegrins was observed even when the serum was added be-
fore neutrophil activation. We found that the elastase inhibi-
tory activity of fresh porcine serum was totally abolished
during neutrophil activation, probably by respiratory-burst
products (2). Thus, in the neighborhood of phagocytizing neu-
trophils, elastase may exceed its inhibitors and activate cathe-
licidins. The unimpaired processing of protegrins could also be
explained by the adsorption of elastase to the neutrophil sur-
face, which can protect elastase from its inhibitors (14).

Protegrins, and other elastase-activated polypeptides, were
the predominant antibacterial factors in porcine neutrophil
secretions generated during phagocytosis. Although species
differences in the antimicrobial arsenal of neutrophils preclude
direct extrapolation to humans, the potential host defense role
of elastase as an activating enzyme for the precursors of mi-
crobicidal peptides must be taken into account when therapeu-
tic inhibitors of neutrophil elastase are evaluated for clinical
use as anti-inflammatory agents (25).
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