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Defensins are key participants in mucosal innate defense. The varied antimicrobial activity and differential
distribution of defensins at mucosal sites indicate that peptide repertoires are tailored to site-specific innate
defense requirements. Nonetheless, few studies have investigated changes in peptide profiles and function after
in vivo pathogen challenge. Here, we determined defensin profiles in urethral secretions of healthy men and
men with Chlamydia trachomatis- and Neisseria gonorrhoeae-mediated urethritis by immunoblotting for the
epithelial defensins HBD1, HBD2, and HDS5 and the neutrophil defensins HNP1 to -3 (HNP1-3). HBD1 was not
detectable in secretions, and HBD2 was only induced in a small proportion of the urethritis patients; however,
HDS5 and HNP1-3 were increased in C. trachomatis infection and significantly elevated in N. gonorrhoeae
infection. When HNP1-3 levels were low, HD5 appeared mostly as the propeptide; however, when HNP1-3 levels
were >10 pg/ml, HDS was proteolytically processed, suggesting neutrophil proteases might contribute to HD5
processing. HD5 and HNP1-3 were bactericidal against C. trachomatis and N. gonorrhoeae, but HDS5 activity was
dependent upon N-terminal processing of the peptide. In vitro proteolysis of proHDS by neutrophil proteases
and analysis of urethral secretions by surface-enhanced laser desorption ionization substantiated that neu-
trophils contribute the key convertases for proHDS in the urethra during these infections. This contrasts with
the small intestine, where Paneth cells secrete both proHD5 and its processing enzyme, trypsin. In conclusion,
we describe a unique defensin expression repertoire in response to inflammatory sexually transmitted infec-
tions and a novel host defense mechanism wherein epithelial cells collaborate with neutrophils to establish an

antimicrobial barrier during infection.

The integrity of the reproductive organs is a requirement for
optimal fertility, and this can be compromised by sexually
transmitted infections (7, 11, 20). In men, the penile urethra is
the portal of entry for pathogens such as Neisseria gonorrhoeae
and Chlamydia trachomatis, and urethritis is the most common
clinical syndrome (8). N. gonorrhoeae is a gram-negative bac-
terium that typically associates via the asialoglycoprotein re-
ceptor with urethral epithelial cells in men to cause an acute
pyogenic infection with a substantial neutrophil influx (23). C.
trachomatis is an obligate intracellular gram-negative bacte-
rium with a unique replicative life cycle in columnar epithelial
cells, generally causing a more prolonged infection and which
evokes an adaptive immune response (41). Occasionally, these
infections can also ascend into deeper organs such as the
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epididymis, where the final stages of sperm maturation occur,
or into the prostate (19, 72, 77). Intermittent protection of the
urethra may be provided by periodic flushing with semen and
urine, which both contain antimicrobial activity (1, 15, 46, 76);
however, the molecules contributing to the continuous innate
local immune defense of the urethra and involved in the early
events following specific pathogen challenge have not been
investigated. A basic understanding of the regulation and ex-
pression of innate mediators in this unique environment may
provide information that could contribute to the development
of new intervention strategies for sexually transmitted infec-
tions (STIs).

Antimicrobial peptides are a well-recognized component of
the innate immune repertoire at mucosal surfaces (25). In
humans, the defensins are a major family of antimicrobial
peptides with two subfamilies, the alpha and beta defensins,
which differ by the pairing arrangement of their six invariant
cysteines into three disulfide bridges (43). In addition to con-
trolling microbial growth, recent reports indicate that de-
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fensins exert multiple additional activities, including chemoat-
traction for cells of the adaptive immune system and the
initiation of cytokine release (4, 13, 59). The alpha defensins
are made by neutrophils during hematopoiesis (human neu-
trophil peptides HNP1 to -4) (50) and by select epithelial cells
(human defensins 5 and 6). HDS is constitutively produced by
Paneth cells in the small intestine and the squamous epithe-
lium of the vagina and ectocervix (39, 63), but expression is
regulated in the endocervix and endometrium both by female
hormones and by infection (63). Recently, HD5 has been also
has been demonstrated in testis (15). In humans, the beta
defensins (HBD1, -2, and -3) are predominantly produced by
epithelial cells. Expression of HBD1 is largely constitutive, but
HBD?2 and -3 are induced during infection and upon stimula-
tion with proinflammatory cytokines or microbial products (14,
27, 33, 45, 76).

Defensins, like other antimicrobial peptides, are synthesized
as preproproteins, which must be proteolytically cleaved to
liberate potent antimicrobial peptides (2, 26, 31, 35, 47, 79, 82).
The mature peptides have a broad spectrum of antimicrobial
activity via disruption of microbial target membranes, and their
N-terminal processing is an important factor in their functional
activity (28, 75). Although processing of the neutrophil defen-
sin prepropeptides only occurs intracellularly (31, 74) by an
as-yet-unidentified enzyme, some epithelial defensins are mod-
ified after their secretion. For example, Paneth cell-derived
HDS is stored as a propeptide and is only cleaved upon secre-
tion by Paneth cell-derived trypsin (16, 61, 28), and HBD1 is
secreted into the urinary collection system as mature peptide
that subsequently undergoes further N-terminal modification
(76).

In this study, our objective was to define the specific expres-
sion profile of lumenal defensin forms in the male urethra and
to determine whether defined STIs physically and functionally
changed these forms. By collecting urethral lavages from
healthy men and men with Neisseria gonorrhoeae, Chlamydia
trachomatis, and nongonococcal nonchlamydial infections, we
identified a unique defensin expression repertoire at this mu-
cosal site and a novel processing mechanism for HDS, in which
neutrophil proteases are responsible for the liberation of ma-
ture epithelial cell-derived peptides during infection.

MATERIALS AND METHODS

Urethral lavages. All studies were approved by the institutional review boards
of participating institutions. Urethral lavages were obtained from male subjects
who attended the Boston Medical Center Sexually Transmitted Diseases Clinic.
Men were excluded from participating in the study if they were under 18 years of
age, were taking steroids, had an autoimmune disease, were human immunode-
ficiency virus seropositive, or were infected with herpes simplex virus and actively
shedding. Three urethral swabs were first obtained and used for screening by
Gram’s stain to ascertain the presence (or absence) of urethritis (defined as >4
polymorphonuclear cells, neutrophil granulocytes [PMN]/high-power field) and
to identify gram-negative intracellular diplococci (a presumptive diagnosis of
gonorrhea) and for N. gonorrhoeae and C. trachomatis testing, either by culture
and/or nucleic acid amplification test (NAAT). To collect urethral lavages, a
16-gauge pediatric catheter was inserted approximately 1 to 2 cm into the ure-
thra, which exceeded the area previously sampled, followed by the gentle instil-
lation of 3 ml of sterile saline via a syringe that had been attached distally to the
catheter. The saline was allowed to dwell in the urethra for 30 seconds while
keeping the urethral orifice manually sealed around the catheter, and then the
saline was slowly drawn back into the syringe. This collection manner hence
sampled a portion of the penile urethra that had not been previously in contact
with the swabs. Lavages were immediately centrifuged to remove cells; the
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resulting supernatants were aliquoted and stored at —70°C until further analysis
could be undertaken. Four sample sets meeting the following group criteria were
included in the study: (i) healthy or “normal” (N), no urethritis or gonorrhea by
Gram’s stain and negative for N. gonorrhoeae and C. trachomatis by culture
and/or NAAT (n = 5); (ii) chlamydial urethritis (CT), urethritis by Gram’s stain,
C. trachomatis positive by culture and/or NAAT, and N. gonorrhoeae negative by
Gram’s stain, culture and/or NAAT (n = 5); (iii) gonococcal urethritis (GC),
urethritis by Gram’s stain also including gram-negative intracellular diplococci,
and N. gonorrhoeae positive, but C. trachomatis negative, by culture and/or
NAAT (n = 5); and (iv) nongonococcal nonchlamydial urethritis (NGU), ure-
thritis by Gram’s stain, N. gonorrhoeae negative by Gram’s stain, and both N.
gonorrhoeae and C. trachomatis negative by culture and/or NAAT (n = 5).

Recombinant defensins. Recombinant HDS propeptide (amino acids [aa] 20
to 94) was biosynthesized using the baculovirus/insect cell culture system as
previously described (60). To obtain further-processed HDS, purified proHD5
was cleaved with bovine trypsin (for HD5 aa 56 to 94 and aa 63 to 94) [28] or
neutrophil proteases (for HDS aa 53 to 94, 56 to 94, 57 to 94, 62 to 94, and 64
to 94; see below) and then subjected to reverse-phase high-performance liquid
chromatography (HPLC) purification on a C;g column (61). HNP1, HBD1 (the
predominant native forms HBD1-40 and HBD1-44 with lengths of 40 and 44
amino acids, respectively), and HBD2 originated from previously purified pep-
tide stocks (45, 76). Peptide concentrations were determined either based on
absorption at 280 nm and the individual absorption coefficients calculated with
GPMAW 5.1 software (Lighthouse Data, Denmark) or, for HD5 peptide mix-
tures, by quantitative immunoblotting.

Immunoblotting. Urethral lavages were thawed and immediately centrifuged
at 800 X g for 10 min to remove residual particulates, and the resulting super-
natants were treated for 30 min at 60°C to ensure inactivation of residual
infectious material. Aliquots were then lyophilized and subjected to acid urea-
polyacrylamide gel electrophoresis (AU-PAGE) for HDS, HNP1 to -3 (HNP1-
3), and HBD1 (61, 26, 76) and sodium dodecyl sulfate (SDS)-Tricine-PAGE for
HBD2 (33). Unless otherwise specified, all incubations were at room tempera-
ture. After electrophoretic separation, proteins were blotted onto Millipore PSQ
membrane and fixed to the membrane for 30 min with 0.05% glutaraldehyde in
Tris-buffered saline (TBS) (for HD5 and HNP1-3) or for 10 min in a formalin
vapor chamber (for HBD1 and HBD2). After blocking in 0.75% nonfat milk
powder in phosphate-buffered saline (PBS) for 30 min at 37°C, membranes were
transferred into a 1:1,000 dilution of defensin-specific polyclonal rabbit antibod-
ies in 0.25% nonfat milk powder in PBS supplemented with 0.01% thimerosal.
After overnight incubation, membranes were washed three times in TBS with
0.1% bovine serum albumin (BSA) for 10 min each and then immersed in a
1:2,000 dilution of the secondary antibody (Immunopure; alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G; Pierce, Rockford, IL) for 1 h,
washed as above, incubated for 5 min in TBS, and developed with nitroblue
tetrazolium—5-bromo-4-chloro-3-indolylphosphate (Research Products Inc., Mt.
Prospect, IL). Defensins were quantified by comparing resulting band intensities
with a serial dilution of recombinant standard protein. Data were graphed with
SigmaPlot software 7.0, and statistics were calculated using SigmaStat software,
version 2.0.

To detect trypsin, aliquots of human neutrophil granule extract and urethral
washes were subjected to immunoblotting as described above, employing AU-
PAGE fixation with glutaraldehyde, the monoclonal antibodies mixture from
QED Bioscience Inc., diluted 1:1,000 (pooled clones 13401 to 13404), and goat-
anti-mouse alkaline phosphatase-conjugated secondary antibodies (Pierce).

In vitro processing of precursor proHD5 by neutrophil proteases. Human
neutrophil granules were prepared as previously described and resuspended in a
buffer consisting of 200 mM sodium acetate, pH 4.0, 10 mM CacCl, (granules
from 2 X 108 PMN/ml buffer), briefly sonicated on ice, and extracted overnight
at 4°C (30). Insoluble material was removed by centrifugation, and the resulting
supernatant was diluted 1:20 in 100 mM Tris—150 mM NaCl (pH 7.5). Leu-
kozyme, a partially purified extract from purulent human sputum containing
among other proteins elastase, proteinase 3, and traces of cathepsin G, was also
tested, as were the following purified human proteases: neutrophil elastase,
neutrophil proteinase 3, and trypsin (all enzymes from Elastin Products Com-
pany Inc., Owensville, MI). In vitro cleavage experiments were conducted ac-
cording to the methods of Panyutich et al. (58) in 100 mM Tris-150 mM NaCl
adjusted to pH 6.0, 7.5, and 8.0. Briefly, for each time point, 4 ug of recombinant
proHDS5 was dissolved in 1 pl 0.01% BSA and mixed with 5 wl of neutrophil
granule extract, or 4 pl of assay buffer and 1 .l of proteases adjusted to 250 pg/ml
in 0.01% BSA, or solvent only, and incubated at 37°C. At selected time points,
samples were placed on ice and diluted 1:2 in 5% acetic acid to prevent further
proteolysis. Two microliters was lyophilized and subjected to AU-PAGE fol-
lowed by anti-HD5 immunoblotting, and the remainder was subjected to mass
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spectrum analysis by matrix-assisted laser desorption ionization—time-of-flight
analysis or to AU-PAGE followed by Western blotting to PSQ membrane and
N-terminal sequencing at the Microchemical and Proteomics Facility, Emory
University, Atlanta, Ga.

To obtain sufficient purified material to test the antimicrobial activity of these
neutrophil protease-processed peptides, the protocol was scaled up and cleavage
products were subjected to reverse-phase HPLC purification as described pre-
viously (61), but with the following acetonitrile gradient with 0.1% trifluoroacetic
acid (TFA) as pairing ion: 5% acetonitrile for 5 min, to 22% in 17 min, to 32%
in 20 min, to 40% in 8 min, and to 60% in 10 min. HD5-positive fractions were
identified by anti-HDS immunoblotting and tested for purity by silver-stained
SDS-PAGE. The N termini of HDS5 cleavage products (over 95% pure) were
further identified by matrix-assisted laser desorption ionization-time-of-flight
analysis and N-terminal amino acid sequencing.

SELDI-TOF analysis of urethral lavages. Urethral lavage samples were first
captured by H50 (reversed phase/hydrophobic) Ciphergen ProteinChip arrays
(Ciphergen Biosystems, Freemont, California) according to the manufacturer’s
protocol. Each ProteinChip array was bulk washed twice with 50% methanol for
5 min and allowed to air dry for 1 h. Next, each individual spot was pretreated
twice with 5% methanol, 0.1% TFA for 2 min. The prewetting solution was
removed and replaced with either 100 ng of synthetic peptide or 2 pl of urethral
lavages. The ProteinChip was then placed in a humid chamber and placed on a
rotating platform for 30 min. The spots were then washed three times with 5 .l
of 10% acetonitrile-0.1% TFA for 2 min with rocking. The last wash was
removed, and the spots were allowed to air dry for 10 min. One microliter of
freshly prepared 25-mg/ml a-cyano-4-hydroxy-cinnamic acid (Sigma) in 50%
acetonitrile-0.5% TFA was added as the energy-absorbing matrix and allowed to
air dry. All-in-one peptide (Ciphergen Biosystems) was prepared as recom-
mended and used to calibrate the chip reader. The masses of each protein spot
were then subjected to surface-enhanced laser desorption ionization-time of
flight (SELDI-TOF) and analyzed using the ProteinChip Biology System (Ci-
phergen Biosystems).

For all spots the following parameters were used: high mass was set to 10,000
Da and optimized between 3,000 and 9,000 Da, the starting laser intensity was set
to 150 and the detector sensitivity was set to 10, and spots were focused by
optimization to the center. The SELDI acquisition parameters were set to 20, A
to 5, transients per to 5, and ending position to 80. The warming positions were
set to two shots with an intensity of 155; the warming shots were not included in
the spectra. The SELDI technique has been previously used successfully for
defensin identification (18). The recorded masses were analyzed with GPMAW
5.11 software from Lighthouse Data, and masses consistent with a complete C
terminus and =0.8% mass deviation from the expected average masses were
considered here as matching defensin peptides.

Antimicrobial assays. The activities of defensins against N. gonorrhoeae
(ATCC 31426) were analyzed using a microtiter-based CFU spot assay. All
incubations were at 37°C with 5% CO,. For each assay, a fresh isolate was
prepared from a frozen stock culture (in TSB with 20% glycerol) on chocolate
agar plates. Four to five isolated colonies were inoculated into 10 ml of GC broth
(Difco) supplemented with 22 mM glucose, 0.5 mM sodium bicarbonate, and
vitamins (BBL IsoVitaleX, diluted 1:100) and incubated for 24 h slanted at a 45°
angle (48). Thereafter, 0.8 ml of the top liquid layer was transferred into a glass
tube and adjusted to McFarland 0.5 standard in fresh culture medium (~5 X 107
CFU/ml) and further diluted 1:20 in assay medium (70% RPMI 1640 medium
supplemented with glucose, sodium bicarbonate, and IsoVitaleX as above). An-
timicrobial peptides were prepared as 10-fold-concentrated stocks in 0.01%
acetic acid. In a nonbinding surface microtiter plate (Costar), 90 wl of bacterial
stock was admixed with 10 ul of peptide solution or solvent only as control.
Immediately thereafter (time zero; for control only) and after 3 h of incubation
in a CO, GasPak system (Becton Dickinson) at 200 rpm, aliquots were trans-
ferred into a new microtiter plate (general assay plate; Costar) and serially
diluted in duplicates in 1:5 steps in supplemented GC broth using a multichannel
pipetter. From each dilution row, 6 pl was spotted twice onto predried chocolate
agar plates (Chocolate IT agar; BD Diagnostic Systems, Sparks, MD). Colonies
per spot were enumerated after 24 h of incubation. Only spots containing 3 to 30
colonies and only dilutions that produced at least two countable spots were
included in the calculations. Undiluted assay samples were also viewed under the
light microscope to ensure that a decrease in CFU/ml was not the effect of
bacterial clumping.

HDS5 activity was also tested against Escherichia coli ML35p (42). Isolated
colonies were inoculated into 50 ml Trypticase soy broth, and after 18 h of
incubation at 37°C, the bacteria were adjusted to McFarland 0.5 and the assay
was further performed as described above for N. gonorrhoeae.

C. trachomatis serovar F, a common urogenital isolate, was utilized for in vitro
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antimicrobial studies. The ability of defensins to prevent chlamydial infection
was determined by preincubating the peptides with purified elementary bodies
(EB) and titrating out infectious activity on monolayers of the Ishikawa endo-
metrial epithelial cell line (36) in triplicates in 96-well tissue culture plates, using
a modification of the technique described by Yasin et al. (81). In brief, for each
triplicate, 2.5 wl of EB containing 1.2 X 10° viable EB diluted in 100 wl SPG
medium (200 mM sucrose, 4 mM KH,PO,, 9 mM Na,HPO,, 4 mM glutamic
acid), with and without various defensin peptide concentrations, was incubated
for 0 and 45 min at 37°C, unless stated otherwise, in polypropylene microtubes.
Immediately prior to chlamydia inoculation, the Ishikawa cells were washed with
PBS, and then 33 pl EB mixture was added. Plates were centrifuged for 40 min
at 250 X g at room temperature, and then the supernatants were removed and
replaced with 200 pl of cell culture medium supplemented with 2.0 pg/ml cyclo-
heximide. Thereafter, Ishikawa cells were incubated for an additional 40 h at
37°C with 5% CO,, fixed in 10% ice-cold methanol for 10 min, and stained using
an antibody specific for chlamydial lipopolysaccharide (9), which was visualized
using the APAAP detection system (Biogenix) and counterstaining with aqueous
hematoxylin. Inclusion bodies, a measure of chlamydial infectious activity, were
microscopically enumerated using a 40X objective (Olympus culture microscope
model CK 40; Olympus America, Melville, NY).

All antimicrobial assay data were graphed with SigmaPlot software 7.0, and
statistics were calculated using SigmaStat software, version 2.0.

RESULTS

During N. gonorrhoeae and C. trachomatis infections, HD5
appears in the urethral lumen as a propeptide. We collected
urethral lavages of both healthy men and men with STIs and
determined lumenal defensin profiles and concentrations by
immunoblotting and probing for HD5, HBD1, HBD2, and
HNP1-3. Four clinical groups were examined (n = 5 per
group): a healthy uninfected group, a chlamydial urethritis
group, a gonococcal urethritis group, and a group of men
diagnosed with nongonococcal nonchlamydial urethritis.

Only traces or low levels of HDS were detectable in the
lavages from subjects without STIs or men with NGU (0.05 =
0.06 pg/ml and 0.07 = 0.05 wg/ml, respectively); however,
increased concentrations of HDS were found in the urethral
lavages from men with CT (0.13 * 0.16 pg/ml), and signifi-
cantly higher concentrations were found in lavages from men
with GC (0.6 = 0.68 pg/ml, reaching up to 1.8 pg/ml; P < 0.05)
(Fig. 1). Since a substantial dilution of secretions is caused by
injecting saline into the urethra, the actual lumenal HDS con-
centrations are estimated to be at least 10-fold higher than this.
In contrast to HDS, HBD1 was only detected in a single GC
lavage, suggesting that this defensin is retained intracellularly
or in intercellular spaces. HBD2 was also up-regulated during
inflammation, but only in a small number of the patients with
CT or GC. Among the 15 patients with urethritis (NGU, GC,
or CT), 12 were positive for HDS5, but only 3 were positive for
HBD?2 at comparable sensitivity in the HD5 and HBD2 immu-
noblot assays.

Concentrations of the neutrophil defensins HNP1-3 were
lowest in the lavages from the uninfected men, elevated in the
lavages from men with NGU and CT and, similar to HDS,
significantly increased in men with GC, here reaching concen-
trations up to 27 wg/ml.

Immunoblot analysis also revealed two distinct profiles of
HDS5 forms in lavages. When HNP levels were low (<10 g/
ml), HD5 was mostly present as the proform, but in samples
containing high levels of HNP (=10 pg/ml), HD5 was further
processed (Fig. 2). Categorical data analysis by Fisher’s exact
test indicated a significant relationship between HDS process-
ing and the presence of high concentrations of neutrophil
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FIG. 1. Defensin profiles in urethral lavages from healthy men and
men with STIs. Aliquots of urethral lavages were dialyzed against 5%
acetic acid using a 3-kDa molecular weight cutoff membrane, subjected
to AU-PAGE (for HD5 and HNP1-3) or SDS-Tricine-PAGE (for
HBD1 and HBD2), electroblotted onto PSQ membrane, fixed,
blocked, and probed with the appropriate rabbit polyclonal antibody,
and defensin bands were visualized with alkaline phosphatase-conju-
gated polyclonal goat anti-rabbit antibodies and nitroblue tetrazolium—
5-bromo-4-chloro-3-indolylphosphate substrate. Resulting band inten-
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FIG. 2. Representative immunoblots of urethral lavages probing
for HDS and HNP1 to -3. Samples were processed as described in the
legend for Fig. 1. Equivalents of 100 wl of urethral lavage or 20 ng of
standard peptide (proHDS5 [aa 20 to 94], HDS5 [aa 64 to 94], or HNP1)
were subjected to AU-PAGE followed by immunoblotting for HD5
(A) or HNP1-3 (B). ST, peptide standard; N, normal (healthy); NGU,
nongonococcal nonchlamydial urethritis; CT, chlamydial urethritis;
GC, gonococcal urethritis. *, increased neutrophil counts in the ure-
thral lavage sediment, which were paralleled by strongly elevated HNP
concentrations of =10 pg/ml. Note the appearance of processed HDS
forms in samples with high HNP concentrations (by Fisher exact test,
P < 0.05; see Table 1).

defensin (P < 0.05) (Table 1). Since human neutrophils do not
express HDS5 (39) and, as determined by immunohistochemis-
try of inflamed urethral tissue and immunoblot analysis of
neutrophil granule extract (unpublished data), our findings
suggested that urethral epithelial cells produce and secrete
HDS5 as a propeptide and that neutrophil proteases could con-
tribute to proHDS processing.

Neutrophil proteases process proHDS5 in vitro, and neutro-
phil protease-cleaved forms are detected in urethral secretions
from infected men. To determine whether neutrophil pro-
teases could participate in proHDS processing in vivo, we first
subjected recombinant proHDS to in vitro cleavage by neutro-
phil proteases, identified these products, and then compared
the HDS cleavage products present in the urethral lavages
using SELDI mass spectrum analysis.

Human neutrophil granule extract, human neutrophil elas-
tase and proteinase 3, and leukocyte extract from purulent
sputum all effected proHDS5 cleavage in vitro, as did human
trypsin (Fig. 3). Trypsin was included for several reasons: it is

sities were compared to the band intensities of standard peptides, and
the approximate defensin concentrations in the various samples were
deduced. Graphs were plotted as vertical boxes showing the 10th to
90th percentile, the median (solid line), the mean (dotted line), and
the standard deviation of five different subjects per group. Statistical
significance was calculated by the Kruskal-Wallis one-way analysis of
variance. Note the larger y-axis scale for HNP. N, normal (healthy);
NGU, nongonococcal nonchlamydial urethritis; CT, chlamydial ure-
thritis; GC, gonococcal urethritis.
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TABLE 1. Occurrence of processed HDS5 among lavages with low
and high HNP1-3 concentrations”
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TABLE 2. Identification of neutrophil protease cleavage products
of proHD5 in urethral lavages?

No. of samples with HNP

Processed HD5 concn of: Total
<10 wg/ml =10 pg/ml
No 11 1 12
Yes 3 5 8
Total 14 6 20

“ By Fisher exact test, P = 0.018.

the key processing enzyme for proHDS in the small intestine
(28), trypsinogen has been previously detected by immunohis-
tochemistry in the male genital tract (57), and we detected
trace amounts of trypsin in neutrophils by immunohistochem-
ical staining of inflamed tissue (data not shown) and by immu-
noblot analysis of neutrophil granule extract (approximately 4
pg trypsin/10® PMN, compared to a reported 50 ug elastase/
10® PMN [44], and in some subsequent urethral lavages not
included in this study [data not shown]). Whereas proteinase 3,
granule extract, and leukocyte extract cleaved proHDS par-
tially, elastase processed proHDS considerably at all pHs and
nearly completely at pH 8.0. Trypsin also effected almost com-
plete cleavage of proHDS at pH 8.0. Trypsin produced only
one major fragment, identified previously as HD5 (aa 63 to 94)
(28), but elastase and proteinase 3 generated at least two major
cleavage products. N-terminal sequencing of these products in
conjunction with mass spectrum analysis identified the major
neutrophil elastase cleavage products as HD5 (aa 53 to 94),
HDS5 (aa 57 to 94), and HDS5 (aa 62 to 94), along with addi-
tional minor products as HDS5 (aa 56 to 94) and HDS5 (aa 64 to
94). The dominant proteinase 3 cleavage products were HDS
(aa 56 to 94) and HD5 (aa 53 to 94), in addition to the minor
product HD5S (aa 57 to 94) (Table 2).

HD5  Cleavage Expected . Detected Deviation
L a - o Patient o
peptide site’ mass mass (%)

EL, PR 53-94 S,*As, 461027 ND ND

Protease

NGU2533 4,255 0.33
CT2192 4,250 0.37
CT2309 4,254 0.35
GC2403 4,288 0.42

EL PR 56-94 Ru*Ts 4,269.8°

EL, PR 57-94 Ts*Ss; 4,168.74 N2361 4,136 0.77
GC2414 4,150 0.43
EL 62-94 A4 "Rg, 3,738.32° GC2182 3,755 0.45
GC2403 3,741 0.08
EL 64-94 Ay Te, 3,511.05° CT2192 3,517 0.17

CT2309 3,517 0.17
GC2182 3,506 0.14
GC2403 3,518 0.19
GC2414 3,518 0.19

“ Peptides (aa) identified by N-terminal sequencing and/or MALDI analysis.

® Amino acids and their positions flanking the cleavage site (*).

¢ Masses also detected after in vitro cleavage of proHD5 with human neutro-
phil granule extract.

4 EL, elastase; PR, proteinase 3; ND, not detected; NGU, nongonococcal
nonchlamydial urethritis; CT, chlamydial urethritis; GC, gonococcal urethritis;
N, normal (healthy).

¢ Masses (expected and detected) are reported in daltons.

To identify the major biological defensin forms in the ure-
thral lavages, we used SELDI, a highly sensitive technique well
suited for analysis of very small volumes of native crude sam-
ples without further processing. Although SELDI is not quan-
titative, this generated important qualitative information on
these clinical samples. Each clinical group of patients produced
similar mass profiles, and representative mass spectra for each

pH 6.0 pH7.5 pH 8.0
- Z n = - Z =
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- —
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-
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FIG. 3. Invitro cleavage of proHDS5 by neutrophil proteases. Experiments were conducted in 100 mM Tris-150 mM NaCl adjusted to various
pHs. Purified enzymes were employed at a ratio of 1 molecule per 100 molecules of proHDS5. After 2 h of incubation at 37°C, samples were placed
on ice and diluted 1:2 in 5% acetic acid to prevent further proteolysis. Aliquots representing 100 ng proHDS originally added to the reaction tubes
were lyophilized and subjected to AU-PAGE followed by anti-HD5 immunoblotting. Co, control, no proteases; TRY, trypsin; PMN, neutrophil
granule extract; EL, human neutrophil elastase; PR3, human neutrophil proteinase 3; LEU, leukozyme, human sputum leukocyte extract; ST, 50
ng recombinant proHDS5 (aa 20 to 94) and HDS5 (aa 56 to 94). Note: proHD5 tends to form multimeric aggregates that appear as additional slower

migrating bands with lower intensity.
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FIG. 4. SELDI profiles of representative urethral lavages for each patient group. Note the different y-axis scales. HNP1 to -3 peptides produce
a characteristic three-peak pattern around a mass ([m+z]/z) of 3,400, reflecting HNP1, HNP2, and HNP3 peptides (expected masses of 3,443, 3,371,
and 3,486, respectively). For clarity, individual masses are not shown. See also Tables 2 and 3.

patient group are shown in Fig. 4. Whereas in lavages from
healthy (N) men no, or very few, mass peaks in the peptide
region (2 to 10 kDa) were detected (median, 0), several such
peaks appeared in the NGU group (median, 3), and a larger
number of peaks were detected in the CT and GC group
(median, 11 and 19, respectively). HNP1-3 were easily identi-
fiable as a distinctive three-peak configuration around the mass
([m+z]/z) of 3,400, reflecting HNP1, HNP2, and HNP3 pep-
tides (expected masses of 3,443, 3,371, and 3,486, respectively).
HNP1-3 were detectable in traces in two of five washes from
patients without clinical infection (group N) and in all patients
with urethritis and generated outstanding peaks in all of the
GC patients. Masses consistent with HD5 peptides generated
by neutrophil proteases in our in vitro experiments were
present in several washes from patients with CT and GC (Ta-

ble 2). Additional presumptive HD5 masses, including unproc-
essed proHDS, were also detected in the infected patient
groups (Table 3). We cannot completely rule out that some of the
masses detected are of microbial origin. However, since all of the
predominant HDS masses were observed in all patient groups
with infections, this is unlikely. Masses consistent with HBD2
were detected only in three lavages, and masses consistent with
HBD1 could not be detected with certainty (data not shown). In
every case, lavages with presumptive defensin masses tested pos-
itive in the appropriate immunoblot assay. Of note, we also found
masses that could reflect the presence of human defensin 6, which
has been located previously in Paneth cells in the small intestine
together with HDS5 (40, 61). However, because of the unavailabil-
ity of an antibody and the small sample volumes, we were not able
to confirm this by a second technique.
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TABLE 3. Additional masses consistent with HDS peptides
detected in urethral lavages by SELDI

Group Detected HDS5 peptide Expected Deviation

(n=25) mass” match (aa) mass (%)

N None

NGU 5,441 44-94 5,457 0.29
6,373 35-94 6,387 0.22
6,665 33-94 6,643 0.33

CT 3,410 65-94 3,409 0.03
5,231 46-94 5,257 0.49
5,435 44-94 5,457 0.40
6,373 35-94 6,387 0.22
6,657 33-94 6,643 0.21

GC 3,409 65-94 3,409 0.00
3,587 63-94° 3,582 0.14
3,937 60-94 3,937 0.00
5,229 46-94 5,257 0.53
5,438 44-94 5,457 0.35
6,373 35-94 6,387 0.22
6,058 33-94 6,643 0.22
8,166 20-94 8,103 0.78

“ Detected in at least two patients per group.
b Reported trypsin cleavage end product (28, 61).

HD5-mediated antimicrobial activity against N. gonorrhoeae
and C. trachomatis is N-terminal processing dependent and
distinct from the activity of HBD1 and HBD2. We next inves-
tigated whether urethral-processed HDS was active against N.
gonorrhoeae and C. trachomatis and whether its antibacterial
activity depended on N-terminal processing. We began with
proHDS and two processed forms that have been described
previously in vivo (28, 61). We found that recombinant HD5
exerts bactericidal activity against both microorganisms in a
dose- and processing-dependent manner (Fig. 5). At 3.3 uM
and 10 pM concentrations or higher, HDS (aa 63 to 94) and
HDS5 (aa 56 to 94), respectively, were bactericidal in contrast to
unprocessed proHDS, which either slightly enhanced the in-
fectiousness of the pathogen (C. trachomatis) or at most de-
creased the growth rate (N. gonorrhoeae). Under the same
conditions, which included the presence of salts, divalent cat-
ions, sucrose, amino acids, and vitamins as likely present in
vivo, E. coli was not killed by any of the HD5 forms (Fig. 6A).
HBD1 and HBD2 were inactive against N. gonorrhoeae but
demonstrated activity against C. trachomatis comparable to
HDS5. HNP1 demonstrated a bactericidal effect against both
microorganisms (Fig. 6B and C).

Mixtures of HDS peptides generated from the precursor
proHDS by the neutrophil proteases elastase or proteinase 3
exhibited significant antibacterial activities against N. gonor-
rhoeae comparable to individual processed HDS5 peptides (Fig.
7). In contrast, when tested against Chlamydia trachomatis,
only elastase-processed HDS peptides exhibited activity, ef-
fecting a 28% reduction of chlamydial inclusion bodies at a 20
wM concentration (data not shown). As the HDS5 peptide mix-
tures were tested at a combined concentration, individual pep-
tide concentrations reached about ~5 wM. This indicates that
only certain elastase-processed HDS5 forms exert activity
against C. trachomatis and further supports the importance of
the N terminus of HDS5 on its antibacterial activity.
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FIG. 5. In vitro antibacterial activities of different HD5 forms with
various N termini. Dose response relationships with recombinant
proHD5 (aa 20 to 94), HDS (aa 56 to 94), and HD5 (aa 63 to 94),
tested at the same molarities, are shown. (A) For antigonococcal
activity, defensins were mixed with 24-hour cultures of N. gonorrhoeae
adjusted to ~2 X 10° CFU/ml in 70% RPMI supplemented with
glucose and IsoVitaleX, and the number of CFU were determined
after a 3-hour incubation. Values are expressed as change over the
control at time zero. (B) For anti-C. trachomatis activity, defensins
were added to infectious EB in SPG medium for 45 min prior to
infection of Ishikawa cells. The inclusion-forming units (IFU)/well
were enumerated 40 h after infection by immunohistochemistry using
an anti-chlamydia lipopolysaccharide antibody. Data are expressed
relative to the IFU/well resulting from infection with untreated chla-
mydia. Depicted are the means + standard deviations of three exper-
iments.

DISCUSSION

In this study we lavaged the urethras of healthy and acutely
ill men to examine lumenal defensin forms and to determine
the potential roles and interactions of defensin-mediated host
defense mechanisms during STIs in vivo. We found that HDS
is the predominant epithelial defensin appearing in the ure-
thral lumen during infection, that it is secreted as propeptide,
that its antimicrobial function is activated by N-terminal pro-
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FIG. 6. Comparative defensin activity. (A) Various HDS peptides
were tested at a 3.3 WM concentration against E. coli cells under the
same conditions as shown above for N. gonorrhoeae. (B) Activities of
HNP1, HBD1, and HBD?2 at a 3.3 uM concentration against N. gon-
orrhoeae. In panels A and B, the data depicted are the means minus
standard deviations for three experiments; see Fig. 5 for details.
(C) Dose-response curve for HNP1, HBD1 and HBD2, and HDS (aa
56 to 94) for comparison against C. trachomatis. HBD1-40 and
HBD1-44 are predominant native forms of HBD1 40 and 44 amino
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FIG. 7. Antigonococcal activity of HDS5 peptides generated from
proHDS5 through proteolytic cleavage by neutrophil proteases. Human
neutrophil elastase (EL-HDS) and human neutrophil proteinase 3
(PR3-HDS5) cleavage products were purified by reverse-phase HPLC
and tested at a 5 uM final concentration. For assay details and data
presentation, see the legend for Fig. SA. Depicted are the means minus
standard deviations of three experiments. (Insert) Two-microliter ali-
quots were taken from each sample of one experiment after comple-
tion of the incubation and subjected to AU-PAGE, followed by anti-
HD5 immunoblotting. Lanes: 1, 50 ng recombinant proHD5 (aa 20 to
94) and HDS5 (aa 56 to 94); 2, control at time zero (t0); 3, control after
3 h of incubation (t3); 4, untreated proHDS; 5, EL-generated HD5
peptides; 6, PR3-generated HDS5 peptides.

cessing, and that neutrophil proteases likely mediate the re-
quired processing at this site. We describe a novel interaction
between epithelial cells and neutrophils in the context of an
acute infection, wherein epithelial cells provide the antimicro-
bial propeptide and neutrophils provide the activating conver-
tases. Previously, neutrophil proteases have only been impli-
cated in processing of homologous neutrophil antimicrobial
propeptides (46, 58, 68, 70), or distinct epithelial cell types
were shown to interact in the context of protection of the germ
cells (71).

Similar to our earlier observations in the upper female gen-
ital tract (63), we also observed an up-regulation of HDS in the
male urethra during inflammation. This contrasts with the
lower female genital tract and the small intestinal mucosa, in
which HDS is constitutively expressed by stratified squamous
epithelial cells and Paneth cells, respectively (39). However,
these sites are constantly exposed to microbial products, which
may lead to continuous cell stimulation (3), unlike the penile
urethra and upper female genital tract, which are normally
sterile or scarcely populated. We also observed an increase of
HBD2 in some patients during infection, in agreement with
studies in other epithelia (29, 45, 53), but HDS seemed to be

acids in length, respectively. The assay was conducted as described in
the legend for Fig. 5 with the exception that chlamydia were preincu-
bated for 2 h with and without defensins prior to infection of Ishikawa
cells. Depicted are the means of duplicates.
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more readily produced than HBD2. This could be the result of
differential defensin gene induction: HBD2 gene induction is
primarily NF-kB mediated and additional consensus sequences
for activator protein 1 and nuclear factor 6 have been found
(52), whereas HD5 does not have consensus sequences for
NF-«kB but consensus sequences for interferon response factor
I and activator proteins 1, 2, and 4 upstream of the HDS5 gene
(MatInspector match). HBD1 was detected in the urethral
washes in only one patient, suggesting that it, and perhaps
HBD2, may function here mostly as an intraepithelial barrier
against invading microbes. We also observed elevated HNP
levels in all the lavages from patients with clinical signs of
inflammation, with the highest concentrations in N. gonor-
rhoeae-infected patients, reflecting the large influx of neutro-
phils characteristically seen in this infection (37), and in agree-
ment with previous reports on HNP detection in STI-mediated
endometritis (78).

Our data indicate that HDS is primarily secreted into the
male urethral lumen as a precursor molecule, similar to earlier
findings in the normal female genital tract (63) and in the small
intestine (16, 28, 61). However, in the small intestine Paneth
cells also codeliver the key processing enzyme trypsin together
with the propeptide, which is immediately cleaved, and the
fully processed peptide is the predominant form in the intes-
tinal lumen (28). In contrast, in the male urethra, the key
processing and activating enzymes for HDS appear to be de-
livered by neutrophils predominantly in the context of inflam-
mation, as was indicated by the correlation between processed
HDS5 forms and neutrophil influx, in vitro cleavage experi-
ments with individual neutrophil proteases and neutrophil
granule extract, and matches between the masses of these in
vitro-processed HDS forms and masses of native forms in the
urethral washes. Though the destructive action of neutrophil
proteases against host tissue has resulted in the development
of antiprotease treatments in chronic inflammation (34, 51,
65), our results further caution such usage, as it may result in
decreased antimicrobial peptide levels.

Our studies revealed that elastase and proteinase 3, in ad-
dition to cleaving C-terminal of alanine residues (which are the
reported major cleavage site for these enzymes), also cleaved
C-terminal of threonine or serine residues. These cleavage
sites have been also reported by others (10, 38, 64, 67). The
less-complete cleavage by crude neutrophil granule extract
compared to purified neutrophil proteases could be due to the
presence of neutrophil-derived protease inhibitors (80). Inter-
estingly, we also detected low levels of trypsin in neutrophils,
and in some of the urethral washes we found HDS peptide
forms consistent with complete trypsin processing. Earlier,
Paju et al. (57) reported on the presence of trypsinogen in
various epithelial cells of the male genital tract, including the
prostatic part of urethra and luminal cells of the periurethral
glands (62). Hence, trypsin of either epithelial origin or deliv-
ered by neutrophils may also contribute to proHDS processing
in the male urethral lumen.

The antimicrobial activities of HDS against N. gonorrhoeae
and C. trachomatis were dependent upon proteolytic process-
ing and were greatly influenced by the N terminus of the
peptide. This has been also documented for HDS5 activity
against intestinal pathogens (28) and for cryptdins, the mouse
HDS5 homologue (56). Allowing an inactive propeptide to be-
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come antimicrobially active only in the context of ongoing
inflammation may be a safeguard that prevents antimicrobial
action against the normal flora in the male at the urethral
orifice and in the female in the vagina. In contrast, there is a
requirement for continuous antimicrobial activity in the small
intestine because of the dual task of allowing food resorption
while preventing microbial invasion from both microbes taken
up with food that have survived the gastric passage and mi-
crobes ascending from the colon. In addition, processing of
HDS5 precursor molecules by site-specific proteases could re-
sult in a differentialized antimicrobial action of one antimicro-
bial peptide, thus increasing its functional versatility, optimiz-
ing it to balance protection of the normal microbiota and
site-specific pathogen-directed action. In our study, N. gonor-
rhoeae was more susceptible to the neutrophil-processed HDS
forms than C. trachomatis. Increased resistance to neutrophil-
mediated immune mechanisms may in part account for the
stronger adaptive immune response evoked by C. trachomatis
compared to N. gonorrhoeae (41).

Our data reveal distinct defensin profiles in N. gonorrhoeae
and C. trachomatis urethritis. HD5 may be more efficient in the
clearance of infection with extracellular N. gonorrhoeae than
with C. trachomatis infection, as we found much higher levels
of HDS in gonococcal infection. Conversely, HBD1 and HBD2
perhaps may largely contribute to intraepithelial defense. The
two peptides did not appear to be secreted in substantial
amounts into the urethral lumen and were not active against N.
gonorrhoeae but exhibited activity against the obligate intracel-
lular C. trachomatis.

HNP1 also demonstrated activity against N. gonorrhoeae and
C. trachomatis, indicating that neutrophils directly provide an-
timicrobial activity against these STI pathogens. HNP may act
in synergy with HDS, and this will be addressed in future
studies. Although neutrophil activity against C. trachomatis has
been reported previously (81), the activity against N. gonor-
rhoeae contrasts with earlier findings (69). However, in addi-
tion to using a different bacterial strain at a different growth
phase, the earlier studies were conducted with an assay buffer
based on Neisseria growth medium, whereas we used an RPMI
1640-based assay buffer, mimicking human extracellular fluid.
These parameters are likely to affect both the defensin inter-
action with the bacterial surface and the bacterial response
against the antimicrobial peptide.

In the last few years, it has become clear that microbial
products can modulate antimicrobial peptide induction
through binding to distinct toll-like receptors (5, 12, 17, 21, 22,
32, 33, 49, 55, 66) and that neutrophil-derived proteases par-
ticipate in cytokine processing and degradation (6, 24), leuko-
cyte chemotaxis (73), and the stimulation of protease-activated
receptors (54). Our study of defensin profiles in the male
urethra during STT further supports the idea that antimicrobial
peptide production is influenced by the pathogen. Moreover,
we illustrate an additional modulation of the immune response
that may be achieved by site-specific, distinct postsecretory
processing of antimicrobial peptides and an orchestrated ac-
tion of different cell types involved in host defense.
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