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Abstract
Problem—Secretory leukocyte protease inhibitor (SLPI) is an innate immune peptide present on
the genitourinary tract mucosa which has antimicrobial activity. In this study, we investigated the
interaction of SLPI with Neisseria gonorrhoeae.

Method of study—ELISA and far-western blots were used to analyze binding of SLPI to
gonococci. The binding site for SLPI was identified by tryptic digests and mass spectrometry.
Antimicrobial activity of SLPI for gonococci was determined using bactericidal assays. SLPI
protein levels in cell supernatants were measured by ELISA, and SLPI mRNA levels were
assessed by quantitative RT-PCR.

Results—SLPI bound directly to the gonococcal Opa protein and was bactericidal. Epithelial
cells from the reproductive tract constitutively expressed SLPI at different levels. Gonococcal
infection of cells did not affect SLPI expression.

Conclusion—We conclude that SLPI is bactericidal for gonococci and is expressed by
reproductive tract epithelial cells and thus is likely to play a role in the pathogenesis of gonococcal
infection.
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Introduction
Sexually transmitted infections (STI) due to Neisseria gonorrhoeae represent a major world-
wide public health problem with an estimated 60 million new cases each year.1 By far,
women bear the greatest burden of gonococcal infections, suffering more frequent and more
serious complications than men.2 Ascension of gonococci to the upper reproductive tract can
lead to pelvic inflammatory disease in approximately 10–20% of infected women who can
suffer from the complications of chronic pain, infertility, and are at risk for ectopic
pregnancy as a result.3 Control of gonococcal infection is an increasing challenge due to the
emergence of multidrug-resistance strains and to the lack of a vaccine.4,5 In addition,
infections caused by N. gonorrhoeae increase the likelihood of HIV-1 transmission by
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increasing both HIV-1 shedding in HIV-1–infected adults and the susceptibility to HIV-1
infection in those who are HIV-1 negative,6 and as such control of gonorrhea needs to be an
important component of HIV-1 prevention strategies.7

Infection of the genital mucosa by N. gonorrhoeae involves attachment to and invasion of
epithelial cells, which is dependent on the expression of both pili and phase-variable opacity
(Opa) proteins.8 The clinical symptoms of gonococcal infections are caused primarily by the
intense inflammatory infiltrate of neutrophils responding to cytokines expressed by
induction of the innate immune system.9 Previous work from our laboratory and those of
other investigators has shown that gonococci can initiate proinflammatory cytokine
expression through engagement of innate immune receptors TLR2 and TLR4 resulting in
activation of NFκB.10–12 In addition to cytokines, a family of low molecular weight protein
antimicrobial mediators of innate immunity including defensins and secretory leukocyte
protease inhibitor (SLPI) are found in cervicovaginal secretions of the genital tract in vivo
and in secretions from reproductive tract epithelial cells in vitro during gonococcal infection
and are thought to influence the outcome of the infection.13–16

SLPI is an 11.7 kDa protein expressed by neutrophils, macrophages, and epithelial cells
which is found in various mucosal secretions such as saliva, bronchial mucus, seminal
plasma, and cervical mucus of the female genital tract.17 Although SLPI was originally
described as a serine proteinase inhibitor able to inhibit host neutrophil proteases, it is now
recognized for its pleotropic role in inflammation and immunity through its anti-
inflammatory, immune regulatory, and antimicrobial activities. For bacteria, SLPI has been
shown to have direct bactericidal activity for Escherichia coli, Staphylococcus aureus,
Mycobacterium tuberculosis, and Salmonella typhimurium, although the mechanism is not
well understood.18–20 For gonococci, a recent report found that secretions from primary
female reproductive tract epithelial cells containing SLPI as well as a number of cytokines
and antimicrobial peptides inhibited gonococcal growth, however the specific contribution
of SLPI to the bactericidal activity of the secretions was not delineated.13 An association
between higher SLPI concentrations in vaginal fluid samples and a reduced rate of perinatal
HIV-1 transmission has been reported.21 Conversely, levels of SLPI in vaginal fluid are
decreased in women with STI including gonorrhea,14 which may represent an underlying
mechanism of increased susceptibility to infection with HIV-1 in individuals with
gonorrhea.

In this study, we investigated the interaction of SLPI with gonococci to determine whether
SLPI is bactericidal for gonococci and whether gonococcal infection regulates SLPI
expression by reproductive tract and intestinal epithelial cells. We demonstrate that SLPI is
bactericidal through direct binding to the gonococcal Opa protein and that Opa-negative
gonococci are resistant to its bactericidal effect. Moreover, we show that reproductive tract
and intestinal epithelial cells constitutively express SLPI and that the regulation of
expression is not influenced by either gonococcal adherence to or invasion of cells.

Materials and methods
Bacterial Strains

N. gonorrhoeae strains FA1090, GC56, F62, 1291, and MS11mk LOS variants A (MkA) and
C (MkC) and N. meningitidis serogroup A strains 7880 and 7889 and serogroup C strain 89I
were used in this study and have been described previously.22–25 Strains were cultured on
plates with Difco GC medium base containing IsoVitaleX (Becton, Dickinson, Franklin
Lakes, NJ) in the presence of 5% CO2. All strains were selected for expression of Opa
protein and piliation by using a dissecting microscope and standard selection criteria.26,27

Opa expression was confirmed by electrophoretic and immunoblotting analyses of whole-
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cell lysates using Opa MAb B33, which reacts with all Opa protein variants, as described
previously.8

Whole Bacteria ELISA
Binding of recombinant human SLPI (R&D Systems, Minneapolis, MN) to whole bacteria
was investigated by ELISA assay as described previously.22 In brief, microtiter wells were
coated overnight with 100 μl of a suspension of bacteria of absorbance 1.0 at 580 nm. Wells
were blocked in DIG buffer (Roche Applied Science, Indianapolis, IN) for 1 h and incubated
with 75 μl of 2 μg/ml SLPI for 1 h. For some experiments, increasing concentrations of
SLPI were added to the wells to assess dose-response binding. SLPI binding was detected
using 2 μg/ml of affinity-purified goat anti-human SLPI (R&D Systems) and alkaline
phosphatase conjugated anti-goat IgG Fc (Sigma-Aldrich, St. Louis, MO). The SLPI
antibody or the secondary antibody was omitted in control wells. Plates were developed with
p-nitrophenyl phosphate substrate (Sigma-Aldrich) and absorbance was measured at 405
nm.

Far-Western Blots
Bacterial outer membrane complex (OMC) was purified from whole bacteria as described
previously.28 LOS and proteins were separated by 12% SDS-PAGE under reducing
conditions, then blotted to nitrocellulose. Membranes were blocked in DIG buffer (Roche)
containing 0.01% Tween-20 for 1 h, and incubated with 0.4 μg/ml SLPI for 1 h. Binding
was detected using 0.4 μg/ml affinity-purified goat anti-human SLPI (R&D systems)
followed by alkaline phosphatase conjugated anti-goat IgG Fc (Sigma-Aldrich) and Western
Blue stabilized alkaline phosphatase substrate (Promega, Madison, WI). For Opa detection,
membranes were blocked in DIG buffer and incubated with Opa MAb B33. Opa bands were
visualized with alkaline phosphatase conjugated anti-mouse IgG Fc (Sigma-Aldrich) and the
Western Blue substrate.

Mass Spectrometric Protein Identification
To confirm the identity of the protein that bound SLPI, the OMC proteins of strain F62 were
separated by 12% SDS-PAGE and the gel was stained with Coomassie. Protein in-gel
digestion was performed on the protein band in the gel that aligned with the band bound by
SLPI in the far-western blots using sequencing grade modified porcine trypsin (Promega) at
a final concentration of 12.5 ng/μl according to an established protocol.29 Mixtures of
proteolytically generated peptides were analyzed by nanoLC MS/MS utilizing a 2DLC
nanoHPLC System (Eksigent, Dublin, CA) interfaced with the Q-Star XL mass spectrometer
(AB Sciex, Foster City, CA) equipped with a the nanospray II source (AB Sciex). External
calibration was performed in MS/MS mode using fragment ions of Glu-fibrinopeptide as
references. An LC Packings Pepmap C18 trap column and a column self-packed with Jupiter
Proteo C12 end-capped material were used for desalting and reversed phase peptide
separation, respectively. A linear gradient of acetonitrile and formic acid was run at 250 nl/
min flow rate. Precursor ion selection employed an automated routine (IDA, Analyst QS 1.1,
AB Sciex) that consisted of a series of one survey MS scan (1 s, m/z 400–1700) and two
MS/MS scans (2 s, m/z 60–1500). Protein identification was accomplished by using the
MASCOT 2.0 search engine (Matrix Science, Boston, MA).

Bactericidal Assay
Opa-positive and Opa-negative variants of gonococcal strains were grown overnight on GC
agar containing 1% IsoVitaleX and bacteria were harvested and washed in warm gonococcal
buffer as previously described.30 Optical density at 580 nm was used to serially dilute stocks
to a concentration of 2 × 105 CFU/ml. Two thousand CFU were incubated in gonococcal
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buffer for 30 minutes in a 200 μl reaction volume containing 50 μl of increasing tenfold
concentrations of recombinant human SLPI (R&D Systems) prepared in gelatin veronal
saline buffer with 0.01% bovine serum albumin (Sigma-Aldrich). For some experiments, 50
μl of neutralizing affinity-purified goat anti-human SLPI (R&D Systems) at a concentration
of 50 μg/ml was added to the reaction mixture. At time zero and following incubation of the
tubes at 37°C for 30 min, 20 μl aliquots of the reactions were plated in duplicate for each
concentration of SLPI tested. All plates were incubated overnight and bacterial colonies
were counted. Survival was expressed as the percentage of bacteria at time zero that
survived to 60 min.

Epithelial Cells
Human endometrial and cervical carcinoma cell lines HEC-1B and ME-180, intestinal
epithelial and colon carcinoma cell lines HT-29 and Caco-2, and three HPV16/E6E7
immortalized reproductive tract epithelial cell lines endocervical End 1/E6E7, ectocervical
Ect 1/E6E7, and vaginal Vk2/E6E7 were obtained from the American Type Culture
Collection (Manassas, VA). HEC-1B cells were cultivated in MEM Eagle’s with Earle’s
BSS containing 10% fetal bovine serum, 0.1 mM non-essential amino acids, and 10 μg/ml
sodium pyruvate. ME-180 and HT-29 cells were cultivated in McCoy’s 5A containing 10%
fetal bovine serum and 0.1 mM non-essential amino acids. Caco-2 cells were cultivated in
MEM Eagle’s containing 20% fetal bovine serum and 0.1 mM non-essential amino acids.
All reagents were obtained from UCSF Cell Culture Facility unless otherwise noted. The
E6E7 cell lines were maintained in keratinocyte serum free medium (Invitrogen, Carlsbad
CA) supplemented with 0.05 mg/ml bovine pituitary extract, 0.1 ng/ml recombinant human
epidermal growth factor, and 0.44 μg/ml CaCl2. Human primary fallopian tube epithelial
cells were obtained from women who had undergone hysterectomies for various benign
conditions at Memorial Medical Center in Springfield, IL as previously described.31 Each
patient gave consent for tissue to be used in this protocol. Briefly, pieces of fallopian tubes
were placed in a sterile petri dish containing an enzyme mixture for 2 h at 37°C as described
by Fahey et al.32 Harvested epithelial cells were grown in D-MEM/F-12 media and
monolayers took 5–7 days to form.

SLPI ELISA
The constitutive expression of SLPI by reproductive and intestinal tract epithelial cells was
measured by ELISA following 8 hours of growth. For the expression of SLPI by cells in
response to bacterial infection, 1 × 106 cells were seeded into wells of a six-well cell culture
plate and grown overnight prior to infection with a piliated, Opa-positive variant of strain
FA1090. Wells were washed 3 times with PBS, fresh media was added, and wells were
infected with an MOI of bacteria to cells of 20:1. At specified times, supernatants were
collected from the wells and the concentration of SLPI was measured using a SLPI ELISA
kit according to the protocol of the manufacturer (R&D Systems).

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from 1 × 106 cells either infected or uninfected with a piliated,
Opa-positive variant of strain FA1090 using the RNeasy mini kit according to instructions of
the manufacturer (Qiagen, Germantown, MD). cDNA was synthesized from 1 μg total RNA
after DNAse I digestion using QuantiScript reverse transcriptase (Qiagen). qRT-PCR was
run on the Applied Biosystems HT 7900 using 50 ng cDNA with QuantiTect human SLPI
and GAPDH primers (Qiagen) and LightCycler 480 SYBR Green PCR master mix with
ROX passive reference dye (Roche). Samples were analyzed using the ΔΔCt method,33 and
expressed as a fold difference compared with the uninfected controls.
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Statistical Analysis
Statistical analyses were performed using SigmaStat for Windows version 3.11 (Systat
Software, San Jose, CA). Groups of data were analyzed by the Tukey test for multiple
pairwise comparisons. Values of p < 0.05 were considered significant for all comparisons.

Results
SLPI Binds to N. gonorrhoeae

Whole-bacteria ELISA analyses were performed to determine whether gonococci bound
SLPI and whether the strains varied in the level of recognition and binding. For comparison
with the other pathogenic Neisseria species, we also tested the binding of SLPI to three
strains of meningococci. As shown in Figure 1, SLPI bound to all six strains of gonococci,
but to variable degrees (p < 0.001). The length of the OS α-chain of the gonococcal LOS did
not affect binding, as MkA and MkC bound similar amounts of SLPI despite MkA
expressing a truncated lactosyl version of the OS α-chain of MkC.34 Although SLPI also
bound to meningococci to variable degrees, all gonococcal strains bound significantly more
SLPI than did the encapsulated serogroups A and C meningococcal strains (p < 0.001). For
both gonococci and meningococci, the binding of SLPI was dose-dependent and saturable,
with gonococci binding higher levels of SLPI than meningococci at all concentrations tested.

Far-Western Blot Analyses of SLPI Binding
We next investigated the site of binding of SLPI to the gonococcal outer membrane using
far-western blots to probe the binding of SLPI to dissociated LOS and protein components
of the OMC purified from the six gonococcal strains. As shown in Figure 2, the blots
revealed that SLPI bound to a single component of the gonococcal outer membrane with an
approximate mass of 30 kDa. As the size of the 30 kDa protein was appropriate for a
gonococcal Opa protein, we used Opa MAb B33 to provide evidence for its identity as Opa.
The Opa MAb bound to a band of comparable SDS-PAGE migration distance to that bound
by SLPI, providing evidence that the Opa protein is the site of SLPI binding. Interestingly,
the Opa MAb also revealed that the strains exhibited a repertoire of Opa expression ranging
from single variants expressed by strains F62, MkA, and MkC to multiple variants expressed
by strains FA1090, GC56, and 1291, however only a single Opa variant of similar
electrophoretic mobility from each strain bound SLPI.

The identity of Opa was confirmed using in-gel digestion of the candidate protein with
modified porcine trypsin to mass fingerprint the peptide fragments. Strain F62 was chosen
for the analyses as it expressed only one Opa variant which bound SLPI. Mixtures of
proteolytically generated peptides were analyzed by nanoLC MS/MS utilizing a 2DLC
nanoHPLC system interfaced with the Q-Star XL mass spectrometer. A probability based
Mowse score of 330 with 11 matching peptide queries (p < 0.05) 35 identified the protein as
Opa52 based on the Opa nomenclature of Kupsch et al.

Bactericidal Activity of SLPI for Gonococci
It has been reported that SLPI has antimicrobial activity for the gram-negative bacteria E.
coli and S. typhimurium.13,18 We therefore evaluated the bactericidal potential of SLPI for
gonococci to assess the biological importance of SLPI binding to the gonococcal outer
membrane Opaprotein. As shown in Figure 3, SLPI was bactericidal for the three strains of
gonococci tested; FA1090, F62, and MkC. The level of killing varied with strain FA1090
being the most sensitive to killing at the two highest concentrations of SLPI tested. All three
strains demonstrated a dose-dependent susceptibility to the bactericidal activity of SLPI at
concentrations from 0.1 to 10 μg/ml. Increasing the concentrations of SLPI to 50 μg/ml and
100 μg/ml did not increase the killing of any of the strains (results not shown). To confirm
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that SLPI was the bactericidal component in the assay, neutralizing anti-SLPI antibody was
added to the reaction mixture. In the presence of the SLPI antibody, killing of strain MkC
was significantly reduced from 24% to 6% (p = 0.006), which supported the conclusion that
SLPI was bactericidal for gonococci. Consistent with the finding that Opa was the target of
SLPI binding, Opa-negative variants of FA1090 and F62 were significantly more resistant to
SLPI killing. Compared with Opa-positive variants, the killing of Opa-negative variants of
FA1090 and F62 was reduced from 51% to 4% and from 30% to 1%, respectively (p < 0.001
for both strains).

Expression of SLPI by Reproductive and Intestinal Tract Epithelial Cells
The constitutive expression of SLPI by epithelial cell lines of the female reproductive tract
and of the intestinal tract as well as by primary fallopian tube epithelial cells was assessed
by ELISA as shown in Figure 4. All cell types constitutively expressed SLPI, however the
range of expression was broad. The six reproductive tract epithelial cell types expressed
significantly greater amounts of SLPI than the two intestinal tract cells (p < 0.001 for all
comparisons). The expression of SLPI by the reproductive tract cells spanned nearly a three-
fold range with the vaginal cells expressing the highest levels, perhaps due to the role of
vaginal epithelial cells as the first line of innate immune defense against infectious diseases.

Regulation of SLPI Expression in Response to Gonococcal Cell Adherence and Invasion
The expression of SLPI by reproductive tract and intestinal epithelial cells in response to
gonococcal infection was tested using strain FA1090 (Figure 5). SLPI expression was
measured at 1 hour and 8 hours post-infection, which represent known times of adherence to
and invasion of HEC-1B cells by this strain, respectively.8 At both time points, all four
epithelial cell types infected with gonococci were found to express similar levels of SLPI
compared with uninfected cells (p > 0.05 for all comparisons). These results were confirmed
by qRT-PCR data which showed no change in the level of SLPI mRNA transcript,
consistent with the unchanged SLPI protein levels measured by ELISA (data not shown).

Discussion
Mucosal epithelial cells secrete a variety of cytokines, chemokines, and antimicrobial
peptides to support an innate immune defense barrier against pathogenic organisms.36,37

One of the defense molecules found in mucosal secretions is SLPI, an antimicrobial peptide
which has been shown to have direct bactericidal activity against several types of
bacteria,18–20,38 however such activity against a bacterial STI pathogen has not been
documented to date. In this study, we demonstrate that SLPI is bactericidal for gonococci in
a dose-dependent manner through binding to the Opa outer membrane protein. The
concentrations of SLPI tested were within the physiological levels of SLPI expressed
constitutively in both the female and male urogenital tracts.14,39 Further, the concentrations
of SLPI and the degree of bactericidal activity were comparable to that reported for the
gram-negative bacteria E. coli and S. typhimurium,18,19 although the bactericidal activity in
those studies required a four-fold longer incubation period suggesting that SPLI may be
more active against gonococci. Two other innate immune antimicrobial peptides, HE2α and
cathelicidin LL-37, which are expressed to greater degrees in the male compared with the
female urogenital tract have been reported to exhibit bactericidal activity against
gonococci,40,41 although the underlying mechanisms of their antimicrobial activities have
not been not identified.

The binding of SLPI to Opa initiated bactericidal killing of gonococci, however the degree
of susceptibility to SLPI-mediated killing displayed strain selectivity with FA1090 more
susceptible than either F62 or MkC. Although all three strains bound similar amounts of
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SLPI based on ELISA analyses, FA1090 was the only strain of the three that expressed
multiple Opa variants with only a single Opa variant binding SLPI as did all the gonococcal
strains. Opa-negative variants of gonococci were resistant to SLPI, suggesting that Opa
phenotype phase variation allows gonococci to evade the bactericidal activity of SLPI.
Similarly, Opa proteins have been reported to be targets for the C4b and C3b products of
complement activation, and as such may play a role in determining bactericidal killing of
gonococci through the complement cascade.42

Cationic peptides such as SLPI are thought to kill bacteria by altering the stability of the
outer membrane, however the initial binding interaction between SLPI and the bacterial
surface leading to microbial killing is not well understood. For mycobacteria, Gomez et al.
reported that SLPI binds to several membrane lipids recognized as containing pathogen-
associated molecular patterns to facilitate both killing and phagocytosis of mycobacterial
strains.20,43 The domain responsible for the bactericidal activity of SLPI has been reported
to be located in the cationic N-terminal domain with no apparent contribution by the C-
terminal serine proteinase inhibitory domain.18,20 As reported recently by Dewald et al.,44

the significant negative charge of Opa proteins reduces the high propensity of Opa to self-
aggregate which facilitates the folding and insertion of the protein into a lipid-containing
membrane. As such, the mechanism by which SLPI kills gonococci potentially involves a
charge interaction between Opa and the cationic domain of SLPI resulting in the disruption
of Opa folding in the membrane leading to overall membrane destabilization and
bactericidal activity.

Gonococcal Opa proteins form a family of structurally and functionally related proteins that
are encoded by a family of at least 11 independently expressed opa genes.45–47 Antigenic
diversity stems from surface-exposed semi- and hypervariable regions within a conserved
framework. The expression of Opa is phase variable with the reversible switch between
expression and the lack of expression occurring at a rate of approximately 10−3 per
generation. Thus a single gonococcus may express from none to several of the Opa proteins
in different combinations,48 and this repertoire of Opa expression was represented by the
strains in the current study. While the Opa proteins in all strains that bound SLPI had the
same apparent molecular weight by SDS-PAGE, we cannot conclude with certainty based
on far-western blots that they are the identical Opa variant as several Opa proteins exhibit
similar molecular weights.35,49 The data did show however that in those strains which
expressed multiple Opa variants, there were variants not bound by SLPI, suggesting that a
gonococcal strain expressing only variants not recognized by SLPI would be relatively
resistant to bactericidal killing. Of the strains tested, the MS11 variants MkC and MkA have
been shown in a previous study to express the Opa52 protein which bound SLPI in strain
F62.50 In addition, Bhat et al. reported that the surface-exposed hypervariable region-1 of
the Opa52 protein from MS11 shows significant homology with that of the OpaD (or
P.IId47,51) protein from FA1090.46 Interestingly, this region has been shown to have a
sizeable negative charge and thus may play a role in binding SLPI.51

Opa interacts extensively with human cells, including epithelial cells and phagocytes,
through interaction with heparan-sulfate proteoglycans and members of the
carcinoembryonic antigen related-cellular adhesion molecule (CEACAM) family, with
different Opa variants showing variable specificities for these different ligands.45 Through
ligation of CEACAM expressed by cells, Opa influences the innate and adaptive responses
to infections by pathogenic Neisseria.52 The Opa52 variant bound by SLPI recognizes the
four CEACAM family members, CEA, CEACAM1, CEACAM3, and CEACAM6, which
have been shown to bind to Neisserial Opa proteins, and ligation of CEACAM by Opa52 has
been reported to inhibit CD4+ T cell activation and proliferation.53 We have previously
shown that Opa binds to both mannose-binding lectin of the complement cascade and the
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cellular receptor TREM-2.22,54 Whether the interactions of these two molecules with Opa
interfere with the bactericidal activity of SLPI remains to be investigated.

The expression of both SLPI and Opa is hormonally regulated in the female reproductive
tract. For SLPI, maximal expression is in the ovulatory phase and reduced expression in the
follicular and luteal phases.55 Interestingly, this relationship is inverse to the reported
susceptibility to gonorrhea with regard to menstrual cycle phase. For gonococcal infection,
the follicular phase of the menstrual cycle has been reported to have the highest incidence of
disease.56 In addition, Sweet et al. found that gonococcal salpingitis infection of the
fallopian tube occurred most frequently within seven days of the onset of menses.57 As such,
we can speculate that reduced levels of SLPI in the follicular phase may contribute to the
increased susceptibility of women to gonorrhea at that point in the menstrual cycle.
However, as the female reproductive tract is an immunologically dynamic environment,
multiple effector mechanisms certainly play a role in innate immune protection against
disease. Opa expression by gonococci is subject to selection in vivo based on the menstrual
cycle as the Opa-negative phenotype was found to predominate in cervical isolates from
women during the luteal phase,56 and in isolates from fallopian tube salpingitis cases which
typically occur near menses.57,58 This finding has been supported recently in a mouse model
of gonorrhea in which the stage of the reproductive cycle was reported to play a role in
selection of the Opa phenotype.59 Thus, hormones influence both the innate immune
protection offered by SLPI as well as the pathogenic potential of the infecting organisms.

SLPI was constitutively expressed to differential degrees by both immortalized and primary
mucosal epithelial cells, with the reproductive tract cells expressing significantly greater
amounts than the intestinal cells. These results corroborate and expand reports by other
investigators on the expression of SLPI by these mucosal cell types.13,19,60 The vaginal cells
expressed the highest levels of SLPI, which may be due to their frequent exposure to
microbes as the forefront epithelial cell type of the reproductive tract. Similar low levels of
constitutive SLPI expression by intestinal epithelial cells have been reported previously,19

suggesting that the importance of SLPI in the innate immune response of the intestine may
be diminished when compared with that of the female reproductive tract. SLPI expression
by the primary fallopian tube epithelial cells is consistent with the finding of SLPI in
biopsies of the fallopian tube epithelium analyzed by immunohistochemistry.61 In women,
the constitutive expression of SLPI in the reproductive tract can vary in a similar fashion to
that observed for the cell lines. In particular, Cohen et al. found that the cervicovaginal
levels of SLPI in healthy, young women in sub-Saharan Africa were significantly lower
compared to those from similar women in San Francisco, with no apparent underlying
cause.62 Given the bactericidal activity of SLPI for gonococci, this may partly contribute to
the higher incidence of gonorrhea in women in Africa than in the U.S.5

The regulation of SLPI expression by epithelial cells in response to microbial infections
varies considerably. We found that gonococcal infection of reproductive tract and the
intestinal epithelial cells did not influence the expression of SLPI protein or mRNA either at
the time of gonococcal adherence at 1 hour or at the time of invasion at 8 hours. Similarly,
infection of intestinal epithelial cells by S. typhimurium at 5 hours was reported to result in
no change in SLPI expression,19 and infection of cervical epithelial cells by vesicular
stomatitis virus induced no change in SLPI.63 Interestingly, infection of an oviductal
epithelial cell line by the bacterial STI pathogen Chlamydia trachomatis had no effect on
SLPI mRNA expression,61 whereas Wheelhouse et al. reported that C. trachomatis did
induce SLPI mRNA in HeLa cervical epithelial cells,64 suggesting differences in the SLPI
response of different anatomical locations of the reproductive tract to Chlamydia infection.
In contrast, herpes simplex virus and Helicobacter pylori have been reported to down-
regulate SLPI expression in epithelial cell lines from the cervix and gastric musosa,
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respectively.63,65 Conversely, HIV was found to upregulate SLPI expression to a modest
degree in cervical epithelial cells,63 and to a significant degree in oral epithelial cells.66 By
comparison of SLPI to the induction of other antimicrobial peptides in reproductive tract
cells, we previously observed that gonococci upregulated the expression of human α-
defensins 5 and 6 in the three vaginal, endocervical, and ectocervical cell lines utilized in
this study,16 perhaps indicating differences in the regulation of antimicrobial peptide
expression among reproductive tract epithelial cell types.

Levels of SLPI have been reported to be decreased in the cervicovaginal fluids of women
with infections of the lower reproductive tract including gonorrhea, chlamydial,
trichomoniasis, and bacterial vaginosis in comparison with control subjects.14,67 For
gonorrhea, our data on the expression of SLPI by reproductive tract epithelial cells infected
with gonococci would have predicted no change in the levels of SLPI in infected women.
One possible explanation for this discrepancy is that SLPI is degraded by cysteine proteases
such as cathepsin B, which are known to cleave SLPI both in vitro and in vivo.68,69 In
inflammatory tissue, concentrations of cathepsins have been shown to be increased
significantly.69,70 We recently demonstrated that N. gonorrhoeae induces the enzymatic
activity of cathepsin B through the formation of inflammasomes and the induction of IL-1β
by LOS in monocytic THP-1 cells.71 Taken together, these observations suggest that the
cleavage of SLPI by cathepsin B may account for decreased levels of SLPI in women with
gonorrhea, and may represent an underlying mechanism of increased susceptibility to HIV-1
infection in individuals with gonorrhea.6

In summary, our study revealed that SLPI binds directly to gonococci through an interaction
with the gonococcal Opa protein and initiates bactericidal killing. In addition, we found that
SLPI also bound to encapsulated serogroups A and C meningococci, but to a lesser degree
than to gonococci. It is likely that the meningococcal A and C polysaccharide capsules
interfer with the binding of SLPI to Opa as demonstrated previously for the binding of the
antimicrobial peptide LL-37 to meningococci.72 These data support a new role for SLPI as a
innate immune pattern-recognition receptor for N. gonorrhoeae and N. meningitidis.
Because of the constitutive expression of SLPI by reproductive tract epithelial cells that are
the target of gonococcal invasion, and its affinity for the gonococcal outer membrane Opa
protein required for efficient invasion of cells, SLPI is likely to play a role in the
pathogenesis of gonococcal infection. Although SLPI binds to gonococci and is bactericidal,
gonococci of the Opa-negative phenotype are resistant to its bactericidal effect, and
variations in the levels of SLPI expression on the genitourinary tract mucosa in combination
with the gonococcal Opa phenotype may influence the clinical course of gonorrhea.
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Fig. 1.
Binding of SLPI to N. gonorrhoeae and N. meningitidis. Whole-bacteria ELISA analyses
were performed to assess the binding of SLPI to N. gonorrhoeae strains GC56, MkA, MkC,
1291, F62, and FA1090, and to N. meningitidis strains 89I, 7880, and 7889. Left panel:
SLPI bound to all strains of gonococci and meningococci, but to varying degrees. The
gonococcal strains bound significantly more SLPI than did the meningococcal strains (p <
0.001 for all comparisons with gonococcal strains). The bars represent the mean ± s.d of
triplicate data points. The results are representative of four independent experiments. Right
panel: Dose-response binding of SLPI to gonococci and meningococci. For both species,
the binding of SLPI was dose-dependent, and gonococci bound more SLPI at all
concentrations tested. The symbols represent the mean of triplicate data points and the
results are representative of four independent experiments.
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Fig. 2.
The site of binding of SLPI to the gonococcal outer membrane was investigated using far-
western blots to probe the binding of SLPI to dissociated LOS and protein components of
outer membrane complexes purified from the six gonococcal strains. Left panel:
Membranes incubated with recombinant human SLPI and probed with anti-human SLPI
showed that SLPI bound to a single protein component of the gonococcal outer membrane
with an approximate mass of 30 kDa. Right panel: Membranes incubated with Opa MAb
B33, which reacts with all Opa protein variants, identified the location of the Opa proteins.
The results are representative of four independent experiments.
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Fig. 3.
Bactericidal activity of SLPI for gonococci. Increasing concentrations of SLPI were
incubated with Opa-positive colonial variants of gonococci for 30 min and survival was
determined. Opa-negative colonial variants of FA1090 and F62 were significantly reduced
in their killing by SLPI (p < 0.001 for both strains). In the presence of neutralizing SLPI
antibody, killing of strain MkC was significantly reduced (p = 0.006). The bars represent the
mean ± s.d of triplicate data points. The results are representative of four independent
experiments.
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Fig. 4.
SLPI is constitutively expressed to differential degrees by mucosal epithelial cells. The
expression of SLPI by reproductive tract and intestinal epithelial cells was assessed by
ELISA following 8 hrs of cell culture. All cells types constitutively expressed SLPI, with the
reproductive tract cells expressing significantly greater amounts than the intestinal cells (p <
0.001 for all comparisons). The bars represent the mean ± s.d of triplicate data points. The
results are representative of four independent experiments.
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Fig. 5.
Expression of SLPI by reproductive tract and intestinal mucosal epithelial cells infected with
a piliated, Opa-positive variant of N. gonorrhoeae strain FA1090. Expression was tested at 1
hour, which is the time of cell adherence by the bacteria, and 8 hours, which is the time of
cell invasion. At both time points, epithelial cells exposed to gonococci were found to
express similar levels of SLPI compared with unexposed cells (p > 0.05 for all
comparisons). The bars represent the mean ± s.d of triplicate data points. The results are
representative of four independent experiments.
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