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Critical role of Th17 responses in a murine model
of Neisseria gonorrhoeae genital infection

B Feinen!, AE Jerse?, SL Gaffen? and MW Russell*

Host immune responses, including the characteristic influx of neutrophils, against Neisseria gonorrhoeae are poorly
understood; adaptive immunity is minimal and non-protective. We hypothesize that N. gonorrhoeae selectively elicits
Th17-dependent responses, which trigger innate defense mechanisms, including neutrophils and antimicrobial proteins,
that it can resist. We found that N. gonorrhoeae induced the production of interleukin-17 (IL-17) in mouse T-cells and
Th17-inducing cytokines in mouse and human APCs in vitro. IL-17 was induced in the iliac lymph nodes in vivo in a
female mouse model of genital tract gonococcal infection. Antibody blockade of IL-17 or deletion of the major IL-17
receptor (IL-17R) in IL-17RAKO mice led to prolonged infection and diminished neutrophil influx. Genital tract tissue

from IL-17RAKC mice showed reduced production of neutrophil-attractant chemokines in response to culture with

N. gonorrhoeae. These results imply a crucial role for IL-17 and Th17 cells in the immune response to N. gonorrhoeae.

INTRODUCTION

The discovery of Th17 cells as a distinct subset of CD4* T-cells
has revolutionized our thinking about the relationship between
innate and adaptive immunity. By producing interleukin-17
(IL-17) and other cytokines, Th17 cells function as a bridge
between these two arms of the immune system.>? IL-17 can
be either protective or pathogenic, as elevated IL-17 has been
found in autoimmune diseases such as rheumatoid arthritis and
multiple sclerosis,>* whereas Th17 cells have been shown to
exert protection against a variety of bacteria, including Klebsiella
pneumoniae, Porphyromonas gingivalis, Escherichia coli,
Bordetella pertussis, Staphylococcus aureus, and Mycobacterium
tuberculosis, as well as fungi and even viruses.”1? Development
of Th17 cells and the ensuing production of IL-17 occur earlier in
infection than development of traditional Th1 and Th2 cells, -2
making them critical for bridging the innate and adaptive immune
response.!!

Differentiation and proliferation of Th17 cells is mediated by
IL-6, transforming growth factor-f3, IL-1f, and IL-23 (references
Korn et al.'? and Ouyang et al.'®), which are produced by antigen-
presenting cells (APCs) in response to microbial infection,
following recognition of pathogen-associated molecular pat-
terns.!*!> In addition to its role in the development and main-

tenance of Th17 cells, IL-23 plays an independent and essential
role in the defense against some pathogens by stimulating the
production of other factors such as IL-22 (reference Schultz
et al.'%). The IL-17 receptor-A (IL-17RA) is widely distributed
on endothelial and epithelial cells, osteoblasts, and fibroblasts,
and its ligation induces the expression of neutrophil-recruiting
chemokines such as KC (CXCL1), LIX (CXCL5), and macro-
phage inflammatory protein-20. (MIP-2a) (CXCL2) in mice
or IL-8 in humans, as well as granulocyte-colony-stimulating
factor.>17-20 In extracellular infections where neutrophils are
important in host defense, including K. pneumoniae, P. gingivalis,
and Candida albicans, deficiency of IL-17RA leads to reduc-
tion of chemokine levels and neutrophil recruitment in infected
tissues.” 102122 In addition to neutrophil recruitment, IL-17,
along with IL-22, plays other roles in immune defense, includ-
ing production of soluble defense factors, such as B-defensins,
lipocalin-2, and $100 proteins, by epithelial cells.??
Gonorrhea is a sexually transmitted infection of wide-
spread abundance throughout the world: the World Health
Organization estimates that >60 million new infections occur
annually.>* The Centers for Disease Control and Prevention
report >300000 cases annually in the USA,?> and it may be
re-emerging in Europe. No vaccine is available to control the
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disease and the continuing development of resistance to antibi-
otics causes concern that treatment options could become lim-
ited. Gonorrhea typically presents as an acute purulent genital
tract infection caused by Neisseria gonorrhoeae, and is charac-
terized by the presence of Gram-negative diplococci associated
with neutrophils in the exudate. Despite the evident inflamma-
tory response, it is well known that gonorrhea does not induce
a state of protective immunity against repeat infection.?6-28
N. gonorrhoeae induces several proinflammatory cytokines,
including IL-6, IL-1f, and tumor necrosis factor-o (TNFa),
which have been implicated in Th17 responses, but not IL-12
or interferon-y (IFN-7).28-32 At present, the mechanisms that
govern host responses to N. gonorrhoeae, including the neutrophil
influx, are not well understood.

We propose that Th17 cells play a significant role in the immune
response to N. gonorrhoeae through recruitment of neutrophils
and other innate defense factors. We have tested this hypothesis
in a mouse model of N. gonorrhoeae genital tract infection. Our
results indicate that N. gonorrhoeae induces IL-17 production
in vitro and in vivo, leading to IL-17-dependent secretion of IL-6,
LIX, and MIP-2a from genital tract tissues. Furthermore, blocking
IL-17A with antibody, or deletion of IL-17RA, in mice prolongs
the course of infection with N. gonorrhoeae and delays the recruit-
ment of neutrophils.

RESULTS
Production of cytokines in response to N. gonorrhoeae
To determine whether N. gonorrhoeae is capable of inducing
cytokines typical of a Th17 response, we incubated mouse splenic
mononuclear cells with either N. gonorrhoeae or gonococcal
outer membrane vesicles (OMVs) and tested the supernatants
for secreted cytokines. After 3 days, the cells produced IL-17
in response to either N. gonorrhoeae FA1090 or its outer mem-
branes, as well as the mitogen concanavalin-A (ConA) (Figure
1a, b). IL-17 production increased with time of incubation and
dose of OMVs, through 5 days with 5 ug ml~! of OMVs; no sig-
nificant increase in IL-17 occurred at higher OMYV concentra-
tions. Similar results were obtained with N. gonorrhoeae strain
MS11, and with an Opa-protein deletion mutant of strain FA1090
(reference Jerse et al.33; data not shown). Heat treatment of OMV
preparations (100 °C for 10 min) did not abrogate the induction
of IL-17 (data not shown), suggesting that the stimulatory compo-
nents were heat-stable. Therefore, to determine whether lipo-
oligosaccharide (LOS) was responsible for inducing IL-17, LOS
from N. gonorrhoeae strain PID2 and corresponding gonococci
were cultured with spleen cells from C3H/He]J ((toll-like receptor 4)
TLR4-deficient), C3H/FeJ (TLR4-normal), or TLR2-knockout
mice. Gonococcal LOS induced IL-17 production in TLR4-normal
(and TLR2-deficient) cells, but not in TLR4-deficient cells
(Figure 1c). Furthermore the IL-17 response to gonococci or
OMVs was diminished (but not completely abrogated) in TLR4-
deficient cells, whereas TLR2-knockout cells were responsive to
gonococci or OMVs (Figure 1c).

In addition, supernatants from spleen cells cultured with
gonococci or OMVs showed production of IL-22 and IL-6, but
lack of IFN-v (Figure 1d), consistent with the development of a
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Th17 response. Production of IL-12, a hallmark of Th1 response,
was not observed at any time point in response to gonococcal
stimulation. The ability of N. gonorrhoeae to induce the secretion
of IL-17, IL-22, and IL-6, but not IFN-vy, in mouse spleen cell
cultures suggests that it is capable of eliciting Th17 responses. As
determined by flow cytometry, some of the cells that produced
IL-17 were v rather than of3 T-cells (Figure 1e).

However, IL-23 was not detected in cultures of spleen mono-
nuclear cells stimulated with gonococci or ConA. It is possi-
ble that IL-23 was produced but not detected because of rapid
uptake by T-cells. Therefore, we determined whether gonococci
could selectively induce IL-23 production by APCs alone. When
mouse bone marrow-derived dendritic cells (BMDCs) were
incubated with N. gonorrhoeae or its OMVs for 24 h, IL-6 and
IL-23 were detected in the supernatants, whereas IL-12 pro-
duction was produced only in control cultures stimulated with
ConA (Figure 2). Therefore, we conclude that N. gonorrhoeae
preferentially stimulates DCs to secrete IL-23, which in turn
promotes the differentiation of Th17 cells, but not IL-12, which
promotes Th1.

Production of Th17-associated cytokines by human THP-1
cells

In order to determine whether N. gonorrhoeae is capable of
inducing cytokines that lead to a Th17 response in human
cells, we incubated human THP-1 macrophage-like cells with
N. gonorrhoeae cells, gonococcal OMVs, or E. coli lipopoly-
saccharide. Within 1 day, differentiated THP-1 cells pro-
duced the proinflammatory cytokines IL-6, TNFa, IL-18, and
IL-23 (Figure 3), similar to the results obtained with mouse
splenocytes or BMDC:s. Likewise, production of IL-12 was not
observed in response to N. gonorrhoeae, although it was detected
in response to E. coli lipopolysaccharide. Accordingly, human
APCs produce Th17- rather than Th1-biasing cytokines in a
similar manner to mouse cells.

Role of IL-17 in murine vaginal gonococcal infection

To determine whether IL-17 is generated in vivo in response
to N. gonorrhoeae, we employed a previously described mouse
genital tract gonococcal infection model.3* Mice were treated
with estradiol and antibiotics, challenged with live gonococci,
and the course of infection was monitored by vaginal culture.
Two groups of control mice were included: estradiol- and anti-
biotic-treated mice, which were sham-infected with vehicle only,
and unmanipulated control mice. Draining iliac lymph nodes
were removed (from separate groups of mice) starting 1 day
after infection and continued for 5 days; the cells were cultured
overnight and IL-17 was measured in the supernatants. Starting
2 days after infection, IL-17 production was observed, with pro-
duction peaking after 3 days and continuing for the duration
of infection (Figure 4). Thus mice produce IL-17 in vivo when
infected with N. gonorrhoeae.

To determine whether IL-17 plays a significant role in this
infection model, BALB/c mice were treated with anti-IL-17-
blocking antibody before and during infection, while control
mice were similarly treated with rat IgG. All mice were treated
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N. gonorrhoeae induces Th17-associated cytokines, but not Th1-associated cytokines. (a) Production of IL-17 from mouse splenic

mononuclear cells, incubated in medium only (control) or with 2 uigml~1 ConA or N. gonorrhoeae OMVs at various concentrations for 1, 3, or 5 days.
Supernatants were assayed for IL-17 by ELISA. (b) Production of IL-17 from mouse splenic mononuclear cells, incubated in medium only (control)

or with 2 ugml=1 ConA or N. gonorrhoeae at various MOIs for 1, 3, or 5 days. Supernatants were assayed for IL-17 by ELISA. (¢) Production of IL-17
from C3H/HeJ (TLR4-deficient), C3H/FedJ (TLR4-normal), or TLR2-knockout mouse splenic mononuclear cells incubated for 3 days in medium only
(control), or with N. gonorrhoeae PID2 at MOI 10:1, or with OMVs (5ugml~1), or LOS (5 ugml—1). Supernatants were assayed for IL-17 by ELISA. (d)
Production of IL-6, IL-12, IL-17, IL-22, and IFN-y from mouse splenic mononuclear cells incubated for 3 days in medium only (control) or with 2 ugmi~1
or 5ugmi=T of OMVs, or N. gonorrhoeae at an MOI of 10:1. Supernatants were assayed for cytokines by ELISA. All experiments (a—d) were performed
in triplicate and results are shown as meanzs.d.; * indicates cytokine secretion significantly above control levels (P<0.01; Student’s t+test). (e) Flow
cytometry profiles of murine spleen cells cultured for 3 days with gonococcal OMVs (right panel), as compared with control unstimulated cells

(left panel). Cells were stained for intracellular IL-17 (PE) and surface y3-T-cell receptor (FITC). ConA, concanavalin-A; IFN, interferon; IL, interleukin;

MOI, multiplicity of infection; OMV, outer membrane vesicle.

with estradiol and antibiotics, and challenged with live gono-
cocci as described under section Methods. The course of infec-
tion was monitored by vaginal culture and neutrophil influx
was determined by microscopic examination of vaginal swabs.
Three days after infection, mice treated with the isotype control
Ig showed diminished numbers of recoverable N. gonorrhoeae.
In contrast, mice treated with anti-IL-17 antibody exhibited sig-
nificantly prolonged infection (P <0.001) and higher recoverable
bacterial loads after day 3 (P <0.05; Figure 5a, b). Neutrophil
influx into the genital tracts, determined relative to the epithe-
lial cells in vaginal smears, began on day 3 in control mice, but
was delayed until day 4-5 in IL-17 antibody-treated mice and
remained at a lower level throughout the duration of the experi-
ment (Figure 5c¢). These results show that blockade of IL-17
during N. gonorrhoeae infection inhibits neutrophil recruitment
and enhances the course of infection in this mouse model.
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To confirm the importance of signaling through the
IL-17R in the response to vaginal infection with N. gonor-
rhoeae, we repeated the experiment using IL-17RA-knockout
(IL-17RAXO) mice,® which lack the principal receptor for
IL-17A. In this experiment, C57BL/6 wild-type (WT) or
IL-17RAKO mice were treated with estradiol and antibiotics,
and then challenged with 5x10° colony-forming units (CFUs)
and sampled for recoverable gonococci and neutrophil influx
for the ensuing 7-10 days. WT control mice started to reduce
the recoverable gonococcal load from day 4 and had cleared the
infection by day 7 (Figure 6a, b). In contrast, IL-17RAXO mice
began to reduce the gonococcal load on day 9 and took 12 days
to clear the infection; the difference in persistence of infection
was significant (P <0.001). The neutrophil influx, which began
on day 3 in control mice, was almost completely abrogated
in IL-17RAKXO mice (Figure 6c). These results indicate that
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BMDC, bone marrow-derived dendritic cell; ConA, concanavalin-A; IL,
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Figure 3 The human monocyte-like cell line THP-1 produces Th17-
associated cytokines in response to N. gonorrhoeae or its OMVs.
Differentiated THP-1 cells were incubated for 24 h in medium only
(control) or with 5ugmli~" of LPS, 5ugmi~" of gonococcal OMVs, or

N. gonorrhoeae at an MOI of 25:1. Supernatants were assayed for
cytokines by ELISA. All experiments were performed in triplicate and results
are shown as meanzs.d.; * indicates cytokine secretion significantly
above control levels (P<0.01; Student’s t-test). LPS, lipopolysaccharide;
MOI, multiplicity of infection; OMV, outer membrane vesicle.

IL-17RA is important in neutrophil recruitment and clearance
of N. gonorrhoeae in this mouse model.

IL-17-mediated induction of cytokines and chemokines in the
genital tract

To examine the production of cytokines and chemokines by
the mouse genital tract, vaginal explants were cultured in vitro
with or without live N. gonorrhoeae. Supernatants were recov-
ered after 3 days and assayed by ELISA. Consistent with the
observed production of cytokines in draining lymph nodes after
in vivo infection, IL-6, IL-22, and IL-17A were detected in the
supernatants of WT vaginal tissue cultured with N. gonorrhoeae,
but not in control (unstimulated) cultures (Figure 7). These
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Figure 4 Production of IL-17 from draining iliac lymph node cells from
mice infected with N. gonorrhoeae, or sham infected, or unmanipulated
controls. Lymph nodes were collected on days 1-5 after infection and
supernatants were assayed for IL-17 by ELISA after culture for 24 h.
Results are shown as meanzs.d. of triplicate cultures of lymph nodes
pooled from three mice per time point. For days 2-5, the difference
between infected and sham-infected mice was statistically significant,
**P<0.005, *P<0.05 (Student’s t-test). IL, interleukin.

supernatants also contained the CXC chemokines KC, LIX,
and MIP-20 (Figure 7). The supernatants of vaginal explants
from IL-17RAXO mice contained IL-17, IL-22, and KC at the
same levels as in WT tissue, but showed diminished levels of
IL-6, LIX, and MIP-2a (Figure 7). Such diminished chemok-
ine production was consistent with defective neutrophil recruit-
ment seen in vivo in IL-17RAK® mice, or in those injected with
IL-17A-blocking antibodies. Collectively, these experiments show
that production of neutrophil-attractant chemokines in response
to N. gonorrhoeae is at least partially IL-17-dependent.

DISCUSSION

Using a female mouse model of genital tract infection we have
demonstrated a significant role for the newly described “Th17
axis of immunity” in response to N. gonorrhoeae. The evidence
for this consists of the following: N. gonorrhoeae induces the
in vitro production of the signature Th17 cytokine, IL-17A,
as well as several other key cytokines of the Th17 pathway, in
murine mononuclear cell cultures. These cytokines include
IL-6, IL-1B, and TNF-a, which are known to be important for
inducing the development of the Th17 lineage from naive CD4 +
T-cell precursors.'>!3 The majority of IL-17-secreting cells were
CD4+ af} T-cells, but some yd T-cells also secreted IL-17A in
response to N. gonorrhoeae. Notably we did not detect IL-12
production, either in spleen cell cultures, DC cultures, or genital
tract explants. Previous reports of cytokine induction by N. gon-
orrhoeae failed to detect IL-12 (p70),%°-32 which is well known
to direct the development of Th1 cells. The related cytokine,
IL-23, which shares the common p40 chain with IL-12, and is
a key cytokine for the maintenance and functional differentia-
tion of Th17 cells,!? was also not detected in the supernatants
of spleen cells cultured with N. gonorrhoeae or in genital tract
explants. However, when murine BMDCs were cultured with
N. gonorrhoeae, production of IL-23 was observed, along with
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Figure 5 Blocking IL-17A prolongs gonococcal genital tract infection
and delays the recruitment of neutrophils in mice. BALB/c mice were
treated with anti-IL-17 antibody (n=7) or rat IgG (n=8) and infected
vaginally with N. gonorrhoeae. The course of infection was monitored

by culture of vaginal mucus, and neutrophil influx was determined by
microscopic examination of vaginal smears. (a) Percentage of mice
infected with N. gonorrhoeae; the survival curves are significantly
different (P<0.001; Kaplan—Meier). (b) Number of recoverable

N. gonorrhoeae (CFUs), meanzs.d.; * indicates significant difference
between treated and control groups (P<0.05; Student’s t-test).

(c) Neutrophil influx, measured as the percentage of neutrophils relative
to other cells, meanzs.d.; * indicates significant difference between
treated and control groups (P<0.05; two-way analysis of variance). CFU,
colony-forming unit; IL, interleukin.

316

a 1007 G—8-8-8-8-8-9¢-6-0-0-0-;
80 E
5 O WwT |
3 O IL-17Rko ]
- 60 4 |
g |
[
£ 40 - 6--1'
2 1
1
20 4 :
I
1
0 L] L} L] ] ] ] T
01 2 3 456 7 8 9 10111213
Days after infection
*
b 50-
- * ” O WT
S 401 * % O IL-17Rko
X *
3 30 %{,%
a N
> % ®
S 20+ .
Q
i 4 *
2 10-
(&
0 T L) L} Ll L] L]
01 2 3 4 56 7 8 9 10 11 1213
Days after infection
Cc 25 *
o WT
*
w 207 O IL-17Rko
g- 15 4
= * /
3 /
® 10 /
z
¥ 5+ A
0'_1' T T T T T T T T T T T 1
012 3 4586 7 8 910111213

Days after infection

Figure 6 Prolongation of infection and suppression of neutrophil
recruitment in IL-17RAKC mice. IL-17RAKC (n=7) or WT (n=8) C57BL/6
mice were infected vaginally with N. gonorrhoeae. The course of
infection was monitored by culture of vaginal mucus, and neutrophil
influx was determined by microscopic examination of vaginal smears.
(a) Percentage of mice infected with N. gonorrhoeae; the survival curves
are significantly different (P<0.001; Kaplan—Meier). (b) Number of
recoverable N. gonorrhoeae (CFUs), meanzs.d.; * indicates significant
difference between IL-17RAKO and WT groups (P<0.05; Student’s t-test).
(c) Neutrophil influx, measured as the percentage of neutrophils relative
to other cells, meanzs.d.; * indicates significant difference between
IL-17RAKO and WT groups (P<0.05; two-way analysis of variance).
CFU, colony-forming unit; IL, interleukin; IL-17R, interleukin-17 receptor;
KO, knockout; WT, wild type.
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Figure 7  Production of cytokines and chemokines from mouse vaginal
explants cultured with N. gonorrhoeae. Genital tract tissue segments
from WT or IL-17RAKO mice were incubated in vitro in medium only
(control) or with N. gonorrhoeae at a concentration of 1x107 CFUs/ml.
Supernatants were removed after 3 days and assayed for cytokines

and chemokines by ELISA. The results are shown as mean=s.d. of
triplicate cultures. Cytokine or chemokine production in the presence of
N. gonorrhoeae was significantly higher than that in the corresponding
controls or in IL-17RAKO cultures; **P<0.01, *P<0.05 (Student’s t-test).
CFU, colony-forming unit; IL, interleukin; IL-17R, interleukin-17 receptor;
KO, knockout; WT, wild type.

IL-6, but not IL-12. Importantly also, human THP-1-derived
macrophages also produced IL-23 as well as IL-1f, IL-6, and
TNF-o, but not IL-12, when stimulated with N. gonorrhoeae,
implying that in this respect human and mouse APCs behave
similarly in response to N. gonorrhoeae.

The components of N. gonorrhoeae that induce IL-17 appear
to be predominantly heat-stable materials, including LOS, rather
than proteins, and particularly not Opa proteins. Moreover, the
in vitro response to gonococci was diminished in the absence
of TLR4, but not in the absence of TLR2. However, the residual
response of TLR4-deficient spleen cells to gonococcal cells or
OMV:s suggests that other components could be involved as well.
Our ongoing analysis of the host response to N. gonorrhoeae
during experimental infection of TLR4-deficient mice further
supports a link between TLR4 signaling and IL-17 expression
(M Packiam, SJ Veit, N Mavrogiorgos, RR Ingalls, and AE Jerse,
unpublished data). Although different strains of mice vary in
susceptibility to vaginal gonococcal infection,>® we observed no
great differences between the production of IL-17A by spleen
cells from BALB/c, C57BL/6, or C3H WT mice upon culture
with N. gonorrhoeae.

To investigate the production and role of IL-17A in response
to N. gonorrhoeae infection in vivo, we used the mouse model of
lower genital tract infection.>* IL-17A was released into the cul-
ture supernatants of mononuclear cells from iliac lymph nodes,
which drain the genital tract, collected from mice challenged
with N. gonorrhoeae, but not sham-challenged mice. Production
of IL-17A was observed in cells obtained from mice that been
infected at least 2 days and continued for the duration of the
infection. This finding suggests that Th17 cells constitute a com-
ponent of the response to N. gonorrhoeae in vivo.

To further examine the significance of IL-17A production and
its role in eliciting innate immune defenses, including the char-
acteristic influx of neutrophils into the genital tract, in response
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to gonococcal infection, we used two approaches. First we used
antibody-mediated blockade to inhibit the interaction of IL-17A
with its main receptor, IL-17RA. Treatment of mice with mono-
clonal antibody to murine IL-17RA was only partially effec-
tive in inhibiting the neutrophil influx or altering the course of
infection with N. gonorrhoeae (data not shown). However, treat-
ment of mice with monoclonal antibody to murine IL-17A pro-
longed infection with N. gonorrhoeae by 2-3 days concomitant
with diminished influx of neutrophils, strongly suggesting that
IL-17A-mediated responses are important for these outcomes.
This conclusion was strengthened by experiments using
IL-17RAXO mice, which lack the main receptor for IL-17A
(reference Ye et al.®). These mice failed to show a measurable
neutrophil influx in response to gonococcal challenge, and took
4-5 days longer to clear the infection than their WT counter-
parts. Despite the apparent lack of neutrophil influx, however,
the IL-17RAKO mice eventually cleared the infection, suggesting
that although phagocytosis of N. gonorrhoeae by neutrophils
might contribute to their elimination, clearance was not abso-
lutely dependent on neutrophils. It is likely that many factors
are involved in the clearance of infection, or failure to sustain
colonization, especially as mouse is not a natural host for
N. gonorrhoeae.

Some insight into the mechanisms involved in IL-17A-depend-
ent responses against N. gonorrhoeae was obtained from experi-
ments using explants of murine genital tract cultured in vitro
with N. gonorrhoeae. Assay of supernatants from these cultures
revealed the release of not only IL-6, IL-17A, and IL-22, but also
the CXC chemokines KC, LIX, and MIP-2, which are chemo-
tactic for neutrophils.3¢ Notably, while production of IL-17A
and IL-22 was unimpaired in the cultures of explants derived
from IL-17RAKC mice, production of two of the chemokines,
LIX and MIP-2, was diminished, suggesting their dependence on
signaling through IL-17RA. Upregulation of CXC chemokines is
a well-known effect of IL-17A on target IL-17RA-bearing cells;
thus this finding is consistent with a key role for IL-17A.1°

One of the acknowledged difficulties in investigating the
pathogenesis of and immunity to N. gonorrhoeae is the lack of
accessible animal models that reflect the human disease. Despite
numerous efforts over several decades to devise alternatives to
non-human primates,?” the only currently available model is
the female mouse lower genital tract infection model.>* The
infections persist for 5-12 days (or even longer in some cases’®)
depending on the strain of mouse and other factors. Bacterial
replication and antigenic variation of Opa proteins occur during
infection, and there is a host response,*** indicating that this
is an infection model. Moreover, the mice usually show local
neutrophil influx, as occurs in symptomatic human infection,
thereby indicating inflammatory response by the mice. Whether
or not neutrophils are responsible for phagocytic clearance of the
infection, is debatable since it is known that N. gonorrhoeae can
survive intracellular killing mechanisms within neutrophils.40-43
Although clearance appears to follow neutrophil influx, other
mucosal defense mechanisms might contribute importantly to
this. However, the nature of these defenses and the mechanisms
involved in their recruitment, have not been understood,
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and numerous other factors undoubtedly limit the ability of
N. gonorrhoeae to infect mice persistently. Furthermore, similar
to humans, mice do not develop detectable antibody responses
to vaginal gonococcal infection after either primary or second-
ary infection, and secondary infection is no more effectively
resisted than primary infection.>* Thus mice afford an oppor-
tunity to study early in vivo responses of the immune system to
gonococcal exposure.

Studies of immunity to gonorrhea have been fraught with
difficulty over many decades. In large part this is due to the
extraordinary antigenic variability of N. gonorrhoeae in which
all the major surface components are subject to phase-variable
on-off switching, genetic polymorphism, and recombinatorial
expression.?”>37 This variability has greatly complicated the
evaluation of antibody responses in the serum and secretions
of infected subjects. While some studies have revealed modest
increases of serum antibodies to porin, the major outer mem-
brane protein, and some evidence has been obtained for partial
serovar-specific immunity in very highly exposed persons,** the
overall consensus from multiple studies, including sequential
studies, is that specific adaptive immune responses to gonor-
rhea are minimal.?34>4¢ Studies of cell-mediated immunity are
few, although T-cell proliferation and cytokine secretion have
been reported.?34” However, it is well known that gonorrhea
does not induce a state of protective immunity against future
infection.?® Repeat infections are common, and they occur
with no apparent diminution in severity, duration, or prob-
ability of acquisition from exposure. The conventional view is
that N. gonorrhoeae can resist host responses by a combination
of strategies including antigenic variation, which enables it to
evade destruction by specific immune defenses, as well as sev-
eral mechanisms for resisting complement activation and lysis.*8-
>0 An alternative view now emerging is that N. gonorrhoeae
avoids inducing adaptive immune responses in the first place,
and elicits instead innate immune responses that it is capable
of resisting. In other words, like many pathogens that have
become evolutionarily well-adapted to their hosts, N. gonorrhoeae
induces host responses that are favorable to its survival.
We propose that elicitation of IL-17 and other Th17-driven
responses by N. gonorrhoeae is an example of this strat-
egy. Th17 cells function as a bridge between adaptive and
innate immunity, through production of the cytokines
IL-17, IL-22, and others.!3 IL-17Rs are widely distributed
on epithelial, endothelial, and stromal cells, and ligation by
IL-17A and/or IL-17F leads to signaling pathways that can
result in the secretion of factors involved in innate defense
mechanisms.!3 These include the granulocyte-colony-
stimulating factor, which mobilizes neutrophils from the
bone marrow reserves, and CXC chemokines KC, LIX, and
MIP-2 in mice, or IL-8 in humans, which direct neutrophils
to the site of microbial invasion and to some extent activate
them.3 IL-17A and IL-22 act on mucosal epithelial cells to
induce the secretion of several potent antimicrobial proteins,
including B-defensins, S-100 proteins, RegIIly, and lipoca-
lin-2 (reference Ouyang ef al.'%). The effects of all these on
N. gonorrhoeae are not yet known, but it can resist destruction
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by defensins in part through a multiple drug-exporter
mechanism.”! In addition, intracellular residence within
neutrophils,*® where it can resist intracellular killing mech-
anisms, or within epithelial cells,”> may enable it to escape
from soluble antimicrobial factors.

The diversion of host responses toward Th17 and away from
Th1- or Th2-driven adaptive immunity may be one mechanism
of evading the generation of specific immune responses, includ-
ing antibodies that might, if directed to appropriate antigenic
epitopes, be effective in destroying N. gonorrhoeae. Recent stud-
ies have implicated IL-17A in the suppression of Th1 cells.”?
In this context it is noteworthy that, both in our experiments
and in several other reports,3°-32 IL-12, a key cytokine in the
induction of Th1 responses, was not observed. In addition, it
is possible that inducible T-regulatory cells could form part of
the host response pattern elicited by N. gonorrhoeae, as already
suggested in the mouse model.>* It is noteworthy that induc-
ible T-regulatory cells and Th17 lineages appear to be closely
related in that both are driven by the key cytokine, transforming
growth factor-f. Whereas transforming growth factor-f} acting
alone programs CD4 + precursor T-cells to develop as inducible
T-regulatory cells, transforming growth factor-f in the pres-
ence of IL-6 or IL-1 drives the development of Th17 cells.!?
Conceivably therefore, a crucial factor in the nature of the host
response to N. gonorrhoeae may be whether IL-6 or IL-1 is also
generated by the responding APCs. In an earlier study of the
cytokine responses of humans infected with gonorrhea, we
observed the presence of IL-6 and IL-1 in the serum and secre-
tions of some, but not all, infected patients.?® The significance
of those findings for Th17 responses, which had not been
described at that time, was not understood, and therefore
cytokine responses in human subjects presenting with differ-
ent clinical manifestations of gonococcal infection deserve
re-evaluation, especially by exploiting newer and more sensi-
tive technologies.

Overall the evidence from these studies of a murine model of
gonococcal genital tract infection reveals that IL-17 and Th17
cells represent an entirely novel aspect of the host immune-
inflammatory response to N. gonorrhoeae. If this applies also to
the human infection, then it may represent a new paradigm in
our understanding of this underappreciated, yet all too frequent
human disease. Studies are in progress to address that important
question.

METHODS

Mice. IL-17RAKC mice on a C57BL/6 background were provided by
Amgen (Seattle, WA). WT mice (C57BL/6 and BALB/c) were obtained
from Harlan Sprague Dawley (Indianapolis, IN). C3H/HeJ and C3H/
Fe] mice were purchased from Jackson Laboratories (Bar Harbor,
ME). TLR2-knockout mice (C57BL/6 background) were provided by
Dr Terry Connell (University at Buffalo). The mice were kept in HEPA-
filtered cages with autoclaved food, water, and bedding. For each experi-
ment, the animals used were age- and strain-matched females between
8-10 weeks of age. All procedures were performed in accordance with
protocols approved by the University at Buffalo Institutional Animal
Care and Use Committee, and in accordance with Federal and State
regulations governing animal welfare.
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Bacteria. N. gonorrhoeae FA1090 (streptomycin-resistant, serum-
resistant),” provided by Dr Janne Cannon (University of North
Carolina at Chapel Hill), was used in most experiments. N. gonorrhoeae
strain PID2 and its purified LOS were obtained from Dr Gary Jarvis
(University of California San Francisco). The bacteria were cul-
tured on GC agar supplemented with hemoglobin and Isovitalex
(BD Biosciences, San Jose, CA) under an atmosphere of 5% CO, at
37 °C and the resultant growth was checked for colony morphol-
ogy consistent with Opa protein and pilus expression. Bacteria were
harvested from plates using a sterile inoculating loop after 18-24h
of growth and suspended in phosphate-buffered saline. Bacterial cell
density was determined by measuring the optical density at 600 nm
and reference to a previously determined calibration curve.

Gonococcal OMVs. N. gonorrhoeae was grown on chocolate agar plates
under an atmosphere of 5% CO, at 37 °C overnight. Colony morphology
was examined to confirm Opa protein and pilus expression. Bacteria
were harvested from plates into ice-cold lithium acetate buffer (pH 5.8)
and passed through a 25-G needle 10-12 times to sheer the outer mem-
branes from the bacteria. The suspensions were spun in microfuge tubes
at 13,000 r.p.m. for 1 min. The supernatants were collected and ultracen-
trifuged at 107,000xg for 2h. The pellet was collected and resuspended
in 50 mM Tris-HCl at pH 8.0.

Splenic cells. Mouse mononuclear cells were isolated from aseptically
harvested spleens using Histopaque 1083 (Sigma, St Louis, MO) den-
sity-gradient centrifugation. The number of viable cells obtained was
generally over 90% as determined by trypan blue (Invitrogen, Carlsbad,
CA) dye exclusion cell counts. Cells were cultured in 6- or 24-well cul-
ture plates at a cell density of 2x 10° cells ml—! with either no stimulus,
2 pugml~! of the mitogen ConA, 5 pgml~! of N. gonorrhoeae OMVs,
or live N. gonorrhoeae cells at a multiplicity of infection (MOI) of 10:1.
Supernatants were collected from the cell cultures after 1-5 days and
assayed for IL-1, TNFa, IL-12, IL-17, IL-6, IFN-7, and IL-22 by ELISA
using kits from eBioscience (San Diego, CA) and BD Biosciences.

Bone marrow-derived DCs. Mouse femurs and tibias were removed and
muscle was removed from the bones. The bones were immersed in 70%
ethanol for 2 min and washed with cold RPMI-1640. Both epiphyses of
each bone were cut off and the marrow was flushed out of the shafts with
RPMLI. Red blood cells were removed by lysing with ammonium chlo-
ride. Viable cells were suspended at a concentration of 1x10°cellsml !
and cultured in the presence of 1 ngml~! of murine granulocyte-mac-
rophage-colony-stimulating factor. The cells were washed and fed every
2 days and microscopically monitored for the formation of dendrites and
adherence to the culture wells, which is consistent with the development
of DCs. After 1 week of culture, either E. colilipopolysaccharide as a posi-
tive control or N. gonorrhoeae OMV's was added to the cultures; control
cultures were continued in medium only. The cells were then incubated
for 24h and supernatants were harvested and assayed for production of
IL-12,IL-23, and IL-6.

THP-1 cells. Human monocyte-like THP-1 cells (ATCC TIB-202) were
cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum, 2mm L-glutamine, 10 mm HEPES, 100 U ml~! penicillin-
G, 100 pgml~! streptomycin, and 0.05 mm 2-mercapthoethanol. THP-1
cells (1.5x10° cells per well) were differentiated for 3 days in the presence
of 10ngml~! phorbol myristate acetate. The cells were then incubated
with either no additional stimulus, 5 pugml~! E. coli lipopolysaccharide
(Sigma), 5 pgml~! gonococcal OMVss, or N. gonorrhoeae at an MOI of
25:1. Supernatants were removed after 24 h and assayed for production
of IL-6, TNFa, IL-1f3, and IL-23 by ELISA (eBioscience).

Murine vaginal infection model. Female mice between 8 and 10 weeks
old were infected with live N. gonorrhoeae as previously described by
Jerse,3* with the modification that water-soluble estradiol was used as
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described by Song et al.* Briefly, groups of 10-12 mice in diestrus or
anestrus were identified by examination of stained vaginal smears and
injected subcutaneously with 500 pug of 17B-estradiol 2 days before
infection (day —2); estradiol treatment was repeated on days 0 and
2. To reduce the overgrowth of flora that occurs under the influence
of estradiol, mice were injected intraperitoneally with streptomycin
(0.6 mg) and vancomycin (3.6 mg) twice daily for the duration of the
experiment, and trimethoprim sulfate (0.4 mg ml~!) was added to the
drinking water. For IL-17-blockade experiments, mice were injected
on days —1, 0, and every 2 days thereafter with 70 pug of either rat
monoclonal IgG2a anti-IL-17-blocking antibody (M210; provided
by Amgen) or rat IgG control (Caltag, Burlingame, CA). On day 0
mice were infected with 2x10° CFUs of N. gonorrhoeae freshly har-
vested after growth for 18 h and suspended in 20 pl of phosphate-
buffered saline. Bacterial colonization loads were determined daily
by collecting vaginal mucus with a sterile swab and suspending it in
100 pl of phosphate-buffered saline, followed by serial dilution and
culture on chocolate agar containing the selective antibiotics van-
comycin, colistin, nystatin, trimethoprim sulfate, and streptomycin
(VCNTS). The plates were incubated overnight in 5% CO,/air at
37 °C and colonies were counted. Commensal bacteria were moni-
tored by culturing a portion of the swab contents on brain-heart infu-
sion agar. Vaginal mucus was also smeared onto glass slides, stained
with Hema 3 staining solution (Fisher Scientific, Kalamazoo, MI),
and the number of neutrophils relative to 100 vaginal epithelial cells
was counted. Mice that developed an overgrowth of commensal flora
were eliminated, leaving at least seven animals per group to complete
the experiment.

Generation of IL-17 in vivo. Mice were either left untreated, mock
infected with vehicle only, or infected with N. gonorrhoeae. On days 1
through 5, mice were killed and draining iliac lymph nodes were excised
and teased apart to release the cells, which were then passed through a cell
strainer and washed. Approximately 2x10° cells ml~! were cultured for
24h under 5% CO,/air at 37 °C. Supernatants were removed and assayed
for IL-17 and other cytokines using ELISA kits (eBioscience).

Vaginal explants. Mouse genital tracts were dissected out aseptically and
washed with Hanks’ buffered salt solution. The tissue was manually sepa-
rated into 1- to 2-mm pieces, washed again, and weighed. Equal weights
were added to each well of the cell culture plates. Tissue was grown under
5% CO,/air at 37 °C in RPMI-1640 supplemented with 10% heat-inacti-
vated fetal bovine serum, 2 mm L-glutamine, 10 mm HEPES, 100 U ml~ 1
penicillin-G, 100 pgml~! streptomycin, and 1 pgml~! fungizone. The
explants were cultured for 3 days with 2x107 N. gonorrhoeae per mil-
liliter or 2 ugml~" of ConA, or in medium only (controls). Supernatants
were removed and assayed for IL-6, IL-17A, IL-22, LIX, KC, and MIP-20.
by ELISA using reagents and kits obtained from eBioscience or R&D
Systems (Minneapolis, MN).

Statistics. Statistical analysis was performed using Prism 5 (GraphPad
Software, San Diego, CA). Student’s ¢-test or two-way analysis of vari-
ance with Bonferroni post hoc test was used to determine the significance
of difference of means, and Kaplan—Meier survival analysis was used
to evaluate the persistence of infection in mice, using the log-rank test.
P<0.05 (two-tailed) was considered significant.
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