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The intimate relationship between humans and Neisseria gonorrhoeae infections span
centuries, which is evidenced in case reports from studies dating back to the late 1700s
and historical references that predate medical literature. N. gonorrhoeae is an exclusive
human pathogen that infects the genital tract of both men and women as well as other
mucosal surfaces including the oropharynx and rectum. In symptomatic infections, N.
gonorrhoeae induces a robust inflammatory response at the site of infection. However,
infections can also present asymptomatically complicating efforts to reduce transmission.
N. gonorrhoeae infections have been effectively treated with antibiotics since their use
was introduced in humans. Despite the existence of effective antibiotic treatments,
N. gonorrhoeae remains one of the most common sexually transmitted pathogens
and antibiotic resistant strains have arisen that limit treatment options. Development
of a vaccine to prevent infection is considered a critical element of controlling this
pathogen. The efforts to generate an effective gonococcal vaccine is limited by our poor
understanding of the natural immunologic responses to infection. It is largely accepted
that natural protective immunity to N. gonorrhoeae infections in humans does not occur
or is very rare. Previous studies of the natural history of infection as well as some of
the humoral and cellular immune responses to infection offer a window into the issues
surrounding N. gonorrhoeae vaccine development. In this review, we summarize the
current body of knowledge pertaining to human immune responses to gonococcal
infections and the role of these responses in mediating protection from N. gonorrhoeae.

Keywords: Neisseria gonorrhoeae, immune response, natural history, human infection, immunoglobulin,
lymphocyte

INTRODUCTION

Neisseria gonorrhoeae is a bacterial sexually transmitted pathogen that most commonly infects the
lower genital tract, the cervix in women, and anterior urethra in men. N. gonorrhoeae can also
infect other mucosal surfaces, particularly the pharynx and rectum. Symptoms associated with
disease including purulent urethral or cervical discharge and discomfort at the site of infection
are due to the pathogens ability to induce robust localized inflammation within the host. However,
asymptomatic infections with N. gonorrhoeae are common and may serve as a significant reservoir
of transmissible bacteria in the population. In women, untreated infections can ascend to the upper
genital tract leading to a number of health complications including pelvic inflammatory disease
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and infertility. Rarely, infection with N. gonorrhoeae disseminates
leading to septic arthritis and skin manifestations. Antibiotic
resistance in N. gonorrhoeae strains is on the rise worldwide
and effective treatment options have become limited. Although
individuals with gonococcal infections are known to produce
anti-gonococcal humoral immune responses, it is clear that
most of these responses are insufficient for providing protection
from future infection. We will review the current state of
knowledge regarding immune responses to gonococcal infections
and the role of those responses in mediating protection from
N. gonorrhoeae in humans. Better understanding of the immune
response to natural infection with N. gonorrhoeae is vital for the
prevention of disease transmission and the development of an
effective gonococcal vaccine.

NATURAL HISTORY OF NEISSERIA
GONORRHOEAE INFECTION

Our understanding of the natural history of N. gonorrhoeae
infection is hampered by a lack of rigorous scientific studies of
microbiologically defined N. gonorrhoeae infection from the pre-
antibiotic era. Since the introduction of sulfa-based antibiotics
and subsequently penicillin, antibiotic treatment for men with
symptomatic N. gonorrhoeae infection, usually urethritis, has
been the standard of care. In studies of men seeking care
for gonococcal urethritis subjects reported average incubation
periods of ~6-8 days between presumed exposure and onset of
symptoms (1, 2). However, some individuals reported symptom
onset as early as 1-2 days. These studies also indicated that men
with symptomatic gonococcal urethritis were symptomatic on
average for 7 days before seeking care, though that time ranged
from 1 day to 1 year. Because current guidelines indicate men
with symptomatic gonorrhea should be treated with antibiotics,
there are no prospective studies describing natural clearance
or natural progression of symptomatic infection. However,
some information about the persistence of symptomatic N.
gonorrhoeae infection can be drawn from treatment failures
in therapeutic trials of antibiotics for gonococcal urethritis.
Svinland et al. examined bacterial clearance after treatment
with flumequine in 239 patients with uncomplicated gonorrhea
(3). Although multiple dosing regimens with flumequine were
effective at curing the vast majority of patients, there was a small
number of patients who failed to clear the infection following
treatment. N. gonorrhoeae infection was found to persist at the
test of cure obtained after 14 days in 10 subjects. Six of those
subjects harbored strains with high level flumequine resistance.
Those six strains represented all high-level resistant strains found
in the study and therefore represented a complete cohort of
subjects who received ineffective antibiotic therapy in the study.
The persistence of infection in all of these subjects suggests that
a large proportion of symptomatic N. gonorrhoeae infections
that go without treatment are likely to persist at least 14 days.
Treatment failures have also been reported in a number of
other therapeutic trials that also support the hypothesis that
N. gonorrhoeae can infect the lower genital tract and persist
in the face of localized inflammatory response for at least 14

days (4, 5). To characterize the average bacterial load during
infection, Isbey et al. analyzed the urine and semen of men with
symptomatic urethritis.

Since the treatment of men with asymptomatic gonorrhea
has not always been the standard for clinical management of
N. gonorrhoeae infection, Handsfield and colleagues conducted
a prospective study of the natural history of asymptomatic
male infection in the early 1970%. Asymptomatic men were
identified via positive N. gonorrhoeae urethral cultures from men
requesting STI screening or men that were contacts of women
positive for symptomatic gonorrhea at Seattle STD clinics. Of
the 28 patients examined weekly, 18 remained asymptomatic
until they were treated, which varied from 7 to 165 days. Of
the remaining 10 subjects, 5 developed urethritis, and the other
5 spontaneously cleared the infection (6). The determinants of
symptomatic vs. asymptomatic infection remain unknown. The
total number of N. gonorrhoeae recovered per urine sample
(~6*10° CFUs) and from semen (~7*10°® CFUs) suggests that
N. gonorrhoeae are carried and/or excreted at large quantities
during male infection (7). Experimental gonococcal infection
with male volunteers mimics much of the clinical features of
naturally acquired infections and has provided some insight
on the natural history of early symptomatic infection. Infected
subjects often develop dysuria and urethritis with the onset
of symptoms ranging from ~1 to 6 days post inoculation
and N. gonorrhoeae can be recovered from the urine in as
little as 2h following inoculation. The quantity of bacteria
recovered (~102-10> CFUs/sample) does not appear to correlate
with the severity of infection symptoms (8). Overall, these
studies highlight the ability of N. gonorrhoeae to persist for
prolonged periods in both symptomatic and asymptomatic men.
Additionally, it is clear that asymptomatic infection can progress
to symptomatic infection across a broad time spectrum. The
determination of the natural rate of clearance of infection is
complicated by the need to treat infected individuals with
effective antibiotics.

Studies of the natural history of N. gonorrhoeae infection
in women are also limited due to a standard of care that
requires the use of antibiotics to treat known N. gonorrhoeae
infection. In a case survey comparing cure rates of N. gonorrhoeae
infection after treatment with sulfathiazole or penicillin, patients
were followed for 3 months before being declared cured. The
majority of the observed patients were female in this report.
Sulfathiazole treatment had a 21% failure rate, with some
patients found to have positive cultures 3 months or longer
after initial therapy (9). A study of women determined to be
recently exposed (average of 11 days after exposure) to N.
gonorrhoeae provided some insight into the acquisition and
presentation of N. gonorrhoeae infection. Twenty-six women
were identified through contact tracing of partners of men with
gonococcal urethritis. Of the 26 subjects, 19 were found to be
infected with N. gonorrhoeae. Risk of infection after exposure
in these women increased with number of exposures to the
infection (sexual encounters with the infected contact): 6/12
women with one exposure were found to be infected while 6/7
women with two exposures and 7/7 women with more than
two exposures were found to be infected. Of the 19 infected
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subjects, 9 subjects had clinically defined pelvic inflammatory
disease or tenderness of the adnexa suggestive of inflammation
in the upper reproductive tract (10). Because of the risk for
ascending infection, study of the natural history of asymptomatic
infection in women, once identified is not considered ethically
acceptable. However, Stupiansky et al. performed a study using
self-collected vaginal swabs samples collected in a prospective
cohort designed to study sexual health in adolescent women.
In this study, subjects underwent examination and clinic-based
STD screening every 3 months, 4 times more frequently than
recommended for asymptomatic adolescent women. In between
screenings, the subjects self-collected cervicovaginal swabs and
kept diaries of sexual activity and urogenital symptoms. N.
gonorrhoeae DNA was identified in cervicovaginal samples
collected prior to the identification of N. gonorrhoeae infection
at a quarterly visit in 18 women. Although the quantity of N.
gonorrhoeae DNA found in self-collected swabs from individual
women varied greatly, the mean bacterial load (~103-10°> CFUs/
sample) was similar regardless of the length of time of infection.
Additionally, women with Chlamydia trachomatis coinfections
displayed higher mean bacterial load, though the difference in
N. gonorrhoeae DNA levels between C. trachomatis co-infected
and uninfected subjects was not statistically significant. Because
the longest period between clinic-based STD screens in this was
12 weeks, persistent infection longer than 12 weeks could not
be identified in this group. Interestingly, vaginal discharge and
dysuria were reported in the diaries of 3 of the 18 women.
However, the presence of symptoms did not correlate with
bacterial load (11). These studies suggest that both symptomatic
and asymptomatic N. gonorrhoeae infections can persist in
women for at least 12 weeks. Further, the frequency of natural
clearance in the setting of prolonged infection was not reported
for these 18 subjects, but it at least some infections persisted from
initial onset up to the quarterly in person visit. Taken together
with evidence of persistent symptomatic and asymptomatic
infections in men, this report suggests that N. gonorrhoeae
is capable of evading or resisting host immune responses
to infection.

Historical writings like those from James Boswell, an
eighteenth century biographer who reported 20 episodes of
symptoms consistent with gonococcal infection, have long been
offered as anecdotal evidence that N. gonorrhoeae infection
does not induce protective immunity (12). Studies that provide
insight into the natural history of N. gonorrhoeae infection
suggest that prior infection with N. gonorrhoeae induces little
protective immune responses to the pathogen. Platts study of
N. gonorrhoeae acquisition by women exposed to men with
gonococcal urethritis demonstrated that 1-7 women exposed
and uninfected had prior history of N. gonorrhoeae infection
while 10 of 19 exposed and infected individuals had prior history
of N. gonorrhoeae, which is consistent with prior infection not
leading to protective immune response (10). An epidemiologic
study of N. gonorrhoeae infections in rural North Carolina
found 14.8% of N. gonorrhoeae infected individuals experienced
a second infection during the study period. The N. gonorrhoeae
strain recovered from those repeatedly infected individuals was
more likely to be the same serovar as the strain recovered from

their initial infection than an alternative serovar, suggesting that
strain specific immune responses were inadequate to provide
protection from N. gonorrhoeae (13). In the prospective cohort
study of adolescent women that described the presence of N.
gonorrhoeae DNA in self-collected cervicovaginal swabs, no
difference in the quantity of N. gonorrhoeae DNA was observed
between individuals with a history of prior infection (11).
Opverall, the data from clinical studies of N. gonorrhoeae infection
suggest that immune clearance of infection and protection from
repeated infection are largely inadequate leading to prolonged
symptomatic and asymptomatic infections (Figure 1).

HUMORAL IMMUNE RESPONSES TO N.
GONORRHOEAE INFECTION (TABLE 1)

Individuals infected with N. gonorrhoeae have been shown to
produce anti-gonococcal antibodies in sera, seminal plasma,
and cervical secretions. Although increases in the different
immunoglobulin classes are detected in the serum and secretions
of infected individuals, the difference between infected and
uninfected individuals have often been reported as modest.
Hedges et al. tested both serum and secretions of infected and
uninfected male and female attendees of an STD clinic for
antibodies against the MS11 strain and homologous infecting
strains. When compared to uninfected patients, slight increases
in serum IgAl from female patients and serum IgG from male
patients against the MS11 strain were observed. The level of
serum IgA and IgG against infecting isolates did not drastically
change over the 6-week observation period. Additionally, no
difference in anti-gonococcal antibody levels was noted between
individuals with no prior history of infection and previously
infected individuals regardless of their current infection status
(20). However, this study focused on antibody directed against
fixed whole bacteria and not specific antigens, suggesting that
the bulk of the reactive antibodies measured in this assay
resulted from cross reactive immunoglobulins directed against
commensal bacterial targets or that the assay was performed
in a way that detected high level non-specific antibody binding
that masked the ability to detect specific immune responses
to gonococcal infection. Antigen specific antibody responses
have been reported for a number of gonococcal polysaccharide
and protein antigens, in some studies preadsorption of sera
with other bacterial species may have contributed to the
ability to detect antibodies that developed specifically during
N. gonorrhoeae infection.

Polysaccharides are a major source of microbial antigens from
pathogenic Neisseria species, as well as many other bacteria.
Unlike Neisseria meningitidis, N. gonorrhoeae does not produce
a polysaccharide capsule, which is a major immunogenic,
saccharide-based antigen for N. meningitidis. However, both N.
gonorrhoeae and N. meningitidis produce lipooligosaccharide
(LOS) which makes up roughly 50% of the mass of the outer
membrane of the bacteria. LOS from N. gonorrhoeae and N.
meningitidis share a common core oligosaccharide along with
lipid A structure (21). The structure of the oligosaccharide of
LOS is determined by the expression of multiple phase variable
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FIGURE 1 | N. gonorrhoeae exposure can lead to bacterial clearance or prolonged infection with or without symptoms. A diagram of the natural history of N.
gonorrhoeae infection after exposure demonstrates as many as 33% of exposed individuals will not develop infection. Infected individuals can have symptoms or
remain asymptomatic. Asymptomatic infection can eventually progress to symptomatic infection, with studies indicating this progression may occur in as many as
25% of asymptomatic infections. Symptomatic infection can persist at least 14 days and infection is documented to last as long as 1 year. Asymptomatic infection is
documented to persist as long as 165 days with as many as 25% of asymptomatic infections clearing over that time frame. The use of antibiotic therapy in all studies
generating these data limit our knowledge of the actual rates of bacterial clearance and length of time chronic infection can persist.

TABLE 1 | Anti-gonococcal immunoglobulins identified in humans.

Antigen Losab.c piliad Protein | Protein Il Protein Il Lip@ Tbpf Whole
(PorB)? (Opa)? (Rmp)? Bacteria9

Pre-existing Antibody (or + + + + + + + +

present in healthy controls)

Post-infection Antibody ++ ++ + + + +

Immunoblot/ELISA I/E E | | | | E E

aHicks et al. (14); PSchmidit et al. (15); ¢ Yamasaki et al. (16); Meittenen et al. (17); €Plummer et al. (18); ' Price et al. (19); 9Hedges et al. (20).

saccharide transferases (22). Thus, even within a single strain
there can be substantial LOS heterogeneity. The ability of these
variations in structure to lead to heterogeneity in antigenic
epitopes that can be recognized by antibodies was demonstrated
clearly by the characterization of N. gonorrhoeae LOS from 20
different strains with a panel of murine monoclonal antibodies
(23). Despite these variations in LOS structure, almost all N.
gonorrhoeae strains examined by Gulati and colleagues maintain
expression of the LOS structure recognized by monoclonal
antibody 2C7 (24). Antibodies to LOS have been detected in both
normal human sera and in sera from N. gonorrhoeae infected
individuals. Sera collected from a small subset of male subjects in
a gonococcal pilus-based vaccine trial were used to characterize
antigen specific antibody responses during acute gonococcal
infection. These subjects who received the placebo vaccination,
reported no previous history of STIs, had a negative culture
at the start of the trial and developed gonococcal urethritis
during the trial period. Sera were collected bi-weekly over the

course of 8 weeks. This study found 4 of 13 subjects carried
pre-existing LOS antibodies that presumably arose from cross
reactivity with polysaccharides from other commensal bacteria
species. Of the remaining 9 subjects who did not have preexisting
antibodies that recognize N. gonorrhoeae LOS, 6 developed LOS
antibodies after developing N. gonorrhoeae infection (14). In
another study, sera collected from patients with complicated
gonococcal infections [8 disseminated gonococcal infections,
4 cases of pelvic inflammatory disease (PID), and 1 case of
epididymitis] was used to characterize antibody responses to
N. gonorrhoeae outer membrane proteins. Sera obtained from a
majority of patients (9/13) exhibited antibody responses to LOS
(4). Antibodies against LOS were also studied by researchers
using an experimental human male urethral inoculation to test
whether recent gonococcal urethritis led to protection from
reinfection. Some immunoreactivity toward N. gonorrhoeae LOS
was detected in serum from 21 of 24 subjects prior to inoculation
with N. gonorrhoeae for the first time. Of the 14 subjects in the
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study who were rechallenged, 6 of 14 demonstrated an increase
in anti-LOS antibody demonstrated by immunoblot, and 9 of
14 had at least a 2-fold increase in antibody titer measured by
ELISA (15). Consistent with baseline observations of subjects
in these studies, the presence of N. gonorrhoeae LOS-directed
antibodies was detected from pooled sera taken from eight
volunteers with no history of gonococcal infection (16). The
predominant antibodies that bound LOS in this study were of the
IgG class. Affinity purified anti-oligosaccharide IgG isolated from
normal human serum was found to contain bactericidal activity
toward a serum sensitive strain of N. gonorrhoeae. In a separate
study, Yamasaki and colleagues found that N. gonorrhoeae
LOS-binding IgG2 from NHS recognized at least 3 different
oligosaccharide (25). Thus, numerous studies indicate that the
majority, but not all, humans mount antibody responses to a
variety of saccharide epitopes found in the lipooligosaccharide of
N. gonorrhoeae in response to mucosal or invasive infection with
the bacteria.

A number of studies have surveyed whether different
gonococcal protein antigens induce humoral immune
responses during infection. Sera isolated from 68 patients
with uncomplicated and 35 women with PID were used
to characterize antibody responses to gonococcal pili (17).
The mean antibody levels of IgG, IgA, and IgM against N.
gonorrhoeae pilus was significantly higher in men with urethritis
(~2-fold increase) and women with cervicitis (~4-fold increase)
when compared to sera from uninfected patients. Anti-pilus
antibodies were also significantly higher in sera from women
with confirmed gonococcal PID when compared to sera from
patients with non-gonococcal PID. In addition to testing for anti-
LOS antibodies, sera isolated from male volunteers participating
in pilus vaccine trial who acquired gonorrhea and who reported
no previous history of gonococcal infection were analyzed
for the presence on anti-gonococcal protein antibodies using
immunoblot analysis. Pre-existing antibodies were detected in 12
of 13 subjects by western blot analysis using pre-infection serum.
Not only were preexisting antibodies against LOS detected
but antibodies against a number of abundant outer-membrane
proteins were observed including: Protein I (PorB), Protein III
(Rmp), Pili, and Lip. The authors suggested that the preexisting
antibodies to LOS and N. gonorrhoeae proteins may be a result of
cross reactivity to antigens from nasal carriage of N. meningitidis.
After acquisition of N. gonorrhoeae infection, 9 of 13 subjects
developed IgG serum antibody responses with antibodies against
all 6 major outer membrane antigens analyzed in this study (LOS
as well as Proteins [, II, IIL, Pili, and Lip). In the aforementioned
study by Hook et al. in which sera collected from 8 patients with
complicated N. gonorrhoeae infections, Protein I antibodies were
found in sera collected from all 13 patients with complicated
gonococcal infections (4). Antibodies against both PorB (Protein
I) and Opa (Protein II) were also detected in the sera of almost
all commercial sex workers in Nairobi, Kenya, that were enrolled
in a prospective cohort study of sexually transmitted infections
(18, 26). The combination of increased levels of gonococcal
antigen-directed antibodies in infected humans combined with
prevalent antibodies in a highly exposed cohort, suggest that
infection with N. gonorrhoeae can cause the development of

antibodies directed toward the pathogen. A study of antibody
titer or development of specific pathogen-directed antibodies
during prolonged infection or after resolution of infection would
be required to demonstrate the antibodies develop in response
to infection.

Immune responses to gonococcal transferrin binding proteins
were analyzed by ELISA using sera and secretions collected from
patients attending STD clinics who had confirmed positive N.
gonorrhoeae cultures. Sera from healthy volunteers were used as
controls. Antibodies to both transferrin binding proteins, TbpA
and TbpB, were detected in sera from men and women. However,
only IgA and IgM concentrations against TbpB in women was
significantly higher than the levels of anti-TBP antibodies in
uninfected control sera. One male subject’s serum antibody levels
to TbpA and TbpB were followed for 6 months. A slight increase
in IgG, IgM, and IgA was observed 1 month after infection and
the levels returned to baseline for the following 5 months of the
study, suggesting that the antibody titers increased in response
to infection (19). In the previously mentioned two phase study
utilizing urethral challenge and rechallenge, with N. gonorrhoeae
in male volunteers with no previous history of gonococcal
infection, pre-infection sera from each volunteer contained IgG
to atleast one of the major gonococcal Outer Membrane Proteins.
A majority (18/24) of the volunteers had pre-existing anti-pilus
antibodies. Immunoblots conducted with pre- and post-infection
sera were reported from a subset of these subjects. Increases in
sera antibodies to outer membrane proteins, particularly IgG,
was detected following infection in most subjects however the
pattern of recognized proteins varied from subject to subject.
Though N. gonorrhoeae exposure or infection prior to enrollment
was thought to explain the preexisting detectable antibodies
to N. gonorrhoeae antigens in the Kenyan commercial sex-
worker cohort study, the number of different serogroups of PorB
recognized by sera from subjects in this cohort rose with the
number of study visits, suggesting that ongoing exposure to new
strains of N. gonorrhoeae was resulting in additional antibody
responses to that gonococcal antigen (26). Overall, these studies
also support the finding that as with lipooligosaccharide, pre-
existing antibodies to gonococcal protein antigens are common
in humans but antibodies to some antigens do appear to increase
in response to infection.

While there is clear in vitro evidence that some antibodies
directed toward N. gonorrhoeae antigens can promote either
complement mediated killing or opsonophagocytic killing of the
bacteria, whether these antibodies can prevent human infection
or play a role in immunologic clearance of the pathogen remains
an open question. In a study of experimental human infection
followed by rechallenge with N. gonorrhoeae, 7 of 8 subjects
who experienced at least a 2-fold increase in anti-LOS antibody
resisted reinfection while only 1 of the 6 subjects who had
less than a 2-fold increase in anti LOS were susceptible to
reinfection (15). Many human IgG and mouse monoclonal
antibodies that recognize N. gonorrhoeae LOS epitopes are
bactericidal (16, 27). Passive immunization with an antibody
directed against the common 2c7 epitopes of N. gonorrhoeae is
protective in a mouse model of vaginal N. gonorrhoeae infection
(28). In a prospective study of a cohort of commercial sex
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workers in Kenya, a strong association between the number of
different serogroups of N. gonorrhoeae Opa protein (protein II)
recognized by antibodies in subject sera and reduced relative
risk of gonococcal salpingitis was observed (18). However, in
the same cohort, detectable antibody to Rmp (protein III) was
associated with increased risk of gonococcal infection during
the study as well as increased rate of gonococcal salpingitis
(26). Although antibodies against Rmp are detected during
infection, there is substantial evidence indicating that many of
the antibodies against N. gonorrhoeae Rmp can block bactericidal
activity of other N. gonorrhoeae-directed antibodies. Serum
isolated from patients with disseminated gonococcal infection
was shown interfere with in vitro killing of N. gonorrhoeae
by normal human sera. Early studies aimed at identifying the
mediators responsible for this blocking of normal human sera
bactericidal activity demonstrated that IgG was the major source
of blocking activity in sera from subjects with disseminated
gonococcal infection (29, 30). IgG reactive with gonococcal outer
membrane proteins was more effective at inhibiting bactericidal
activity when compared to normal IgG and depletion of Outer
Membrane Protein-binding IgG restored the bactericidal activity
of serum. Further examination into specific antigens that elicit
blocking antibody responses found that RMP-binding IgG
contributed to the majority of the blocking activity observed
in vitro (31). Price and colleagues were able to demonstrate that
by preincubating N. gonorrhoeae with Rmp-directed IgG from
immune sera decreased the binding of bactericidal antibodies
from normal human sera to N. gonorrhoeae and inhibited killing
of the bacteria by normal human sera (31, 32). Some mouse
monoclonal antibodies against N. gonorrhoeae Rmp generated
through immunization have been found to have bactericidal
activity while others have been shown to have blocking activity
similar to that of human sera containing anti-Rmp IgG. Analysis
of two Rmp-directed monoclonal antibodies with blocking
activity revealed they ound an overlapping linear epitope of the
protein between amino acids 24-33, an epitope with substantial
homology to an outermembrane protein from Escherichia coli,
OmpA (33-35). Another study examining the blocking epitope
of Rmp bound by antibodies in sera from humans with
disseminated gonococcal infection demonstrated that antibodies
directed to residues in disulfide-containing loop near the OmpA
homologous region (amino acids 47-64) also had blocking
activity (36). In a recent study, Gulati et al. demonstrated that
passive immunization with an anti-Rmp monoclonal antibody
abrogated the protective effects of the 2¢7 monoclonal antibody
administration in a female mouse N. gonorrhoeae infection
model, causing both increased bacterial burden and duration of
infection (28, 37). Although the Rmp protein is conserved and
immunogenic, the production of anti-Rmp antibodies can inhibit
the development of protective humoral responses. Overall,
despite clear evidence that humans develop anti-gonococcal
antibodies in response to infection, repeat infections with N.
gonorrhoeae are common. These data indicate that the humoral
immune responses induced by N. gonorrhoeae infection are
complex and in most cases are insufficient to provide protection
from infection.

CELL MEDIATED IMMUNE RESPONSES
TO N. GONORRHOEAE (TABLE 2)

In addition to humoral immune responses to N. gonorrhoeae,
there is also evidence that humans with N. gonorrhoeae
develop adaptive cellular immune responses specific to N.
gonorrhoeae antigens during infection. Early studies of N.
gonorrhoeae cellular immunity were conducted by measuring
proliferation in response to antigen stimulation as demonstrated
by radioactive adenine incorporation into DNA in cultured
primary lymphocytes. Mauss and colleagues studied proliferation
of lymphocytes obtained from patients with N. gonorrhoeae
infection as well as a set uninfected male controls in response
to a variety of N. gonorrhoeae antigen preparations. For the
best characterized antigen preparation 3 of 6 female subjects
and 4/4 male subjects with N. gonorrhoeae infection had a
positive proliferative response while 1 of 7 uninfected men had a
positive response (9). Two similar but larger and better controlled
studies confirmed these findings, Kraus and colleagues studied
lymphocyte proliferation in response to gonococcal antigens
in men with gonorrhea and control male subjects with no
reported history of gonorrhea (40). Lymphocyte proliferation
was higher in lymphocytes from men with two or more
gonococcal infections while lymphocytes from those subjects
with their initial case of gonorrhea did not exhibit antigen
induced proliferation. Similarly, Wyle et al. found that 21 women
and 29 men with culture proven N. gonorrhoeae infection
were found to have significantly higher proliferative indexes
in response to N. gonorrhoeae antigen than lymphocytes from
uninfected men and women who denied prior history of N.
gonorrhoeae infection (41). Proliferative responses observed in
lymphocytes from N. gonorrhoeae infected individuals fell below
the level of detection in most individuals within 5 weeks
of treatment (43). The specific N. gonorrhoeae antigens that
are recognized by cellular immune responses in humans are
poorly studied. One study demonstrated that the abundant
membrane protein PorB could provide antigenic stimulation
to lymphocytes from 20 and 24 of 30 N. gonorrhoeae infected
subjects (38). In that study, a lack of PorB-induced proliferation
was reported for lymphocytes from uninfected control subjects,
suggesting PorB-directed lymphocytes that might arise from
cross-reactive bacterial antigens are not highly represented in
humans. In a separate study, lymphocytes from 8 of 8 healthy
individuals demonstrated proliferative responses to treatment
with N. gonorrhoeae IgA protease (39). It is possible these
findings result from cross-reactive lymphocyte responses in
lymphocytes that recognize homologous IgA proteases from
commensal oral pharyngeal bacteria or even N. meningitidis.
Genomic analysis of 4 gonococcal strains identified 23 conserved
proteins with predicted T and B cell epitopes that could serve as
universal antigens (44). However, the gonococcal antigens that
elicit natural immune responses during infection remains largely
unstudied, or at least unreported in the medical literature, at
this time.

Lymphocytes can elicit a variety of functional responses
that are aimed at clearing pathogens from the host upon
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TABLE 2 | Anti-gonococcal cellular immune responses identified in humans.

Whole
Bacteria®de:f

Antigen Protein | IgA

(PorB)? protease®

LYMPHOCYTE PROLIFERATION

uninfected, - + +
pre-infected
infected + NT ++
STIMULATED CYTOKINE RELEASE: (CELL TYPE)
IL-4 + + +
(CD4 & CD8T (PBMC) (PBMC)
cell)
IL-10 - + +
(PBMC) (PBMC)
IFNy - + +
(CDAT cell, (PBMC)
PBMC)
TNF-a - + NT
(PBMC)

NT, not tested; CD4 or CD8T cell, cytokine detected in T cell population by intra-cellular
cytokine staining; PBMC, cytokine detected in Peripheral Blood Mononuclear Cell culture
supernatant by ELISA. 2Simpson et al. (38); P Tsirpouchtsidis et al. (39); °Kraus et al. (40);
IWyle et al. (41); Mauss (9); Rarick et al. (42).

recognition of pathogen-derived antigens. Differential functions
of T lymphocytes are mediated by differential expression
of a combination of cell surface proteins and secreted
mediators (cytokines and chemokines). Lymphocytes responsible
for coordinating immunologic responses known as T helper
cells are positive for the CD4 antigen (CD4+4) and are
generally sub-classified into 4 broad groups that each have a
predominant secreted cytokine: 1) Th1 which secrete interferon-
gamma (IFNy), Th2 which secrete interleukin-4 (IL-4), Th17
which secrete interleukin-17 (IL-17), and Treg which secrete
interleukin-10 (IL-10). Mucosal infections typically do not
induce profound differences in systemic or circulating levels of
cytokines. However, sera isolated from patients with gonococcal
infection were found to have modestly higher circulating levels
of IL-17, IFNy, and IL-23, when compared to sera from healthy
controls (45). An inverse correlation between serum levels of IL-
17 and serum levels of IFN-y was observed suggesting that Th1
responses are blunted as Th17 responses are generated during
N. gonorrhoeae infection. In a study of cervical immunologic
factors in women undergoing STI screening at primary care
clinics in Durbin, South Africa, IL-17 was found to elevated in
cervical secretions of women with N. gonorrhoeae infection when
compared to women without evidence of bacterial STT (46). IL-
17 and other inflammatory cytokines (IL-1a, IL-1p, IL-12p70,
TNF-a, RANTES, G-CSF, FIt3L, IL-2, IL-5, IL-15, and IL-17)
were also found elevated in cervical lavage of N. gonorrhoeae
infected women when compared to women with no detectable
STI (47). In a study of women seeking care in a Nairobi STI clinic
for acute abdominal pain or vaginal discharge, cervical IL-10, a
cytokine produced by both regulatory T cells (Treg), and other
immunoregulatory cells, was detected in 19 of 59 women with no
detected bacterial STI and in 19 of 36 women with N. gonorrhoeae
infection. Overall, published studies suggest that N. gonorrhoeae

induces a complex lymphocyte response that is largely driven by
an I1-17 or Th17 pro inflammatory response.

While there are a number of studies in which the level of
cytokines in serum or site-specific fluids from N. gonorrhoeae
infected individuals, few reported studies of the CD4+ T
cell functional responses to N. gonorrhoeae in humans also
exist. IgA protease-directed CD4 cells from healthy individuals
without known N. gonorrhoeae infection have been shown to
produce IFNy using both elispot and intracellular cytokine
staining. This finding is consistent with the ability of some
gonococcal antigens to elicit Thl type CD4 responses. In that
study, cultured PBMC produced IFNy, TNF-a, IL-4, and IL-
10 in response to IgA protease antigen while only producing
IFNy and TNF-a in response to tetanus toxoid (39). This
data suggests that the commensal bacteria colonization that
resulted in cross reactive immune response to N. gonorrhoeae
IgA protease elicited a polyfunctional immune response different
in character from that induced by tetanus toxoid vaccination.
In another ex vivo study of PBMC response to N. gonorrhoeae,
cultured PBMC from 2 anonymous donors (and unknown N.
gonorrhoeae infection history) were exposed to N. gonorrhoeae
and CD4+ T cells were found to upregulate CD25, a T cell
surface marker that is elevated in T regulatory cells and in
activated CD4+ T cells. Further culture supernatant from these
N. gonorrhoeae-treated PBMC was found to contain cytokines
associated with Thl (IFNy), Th2 (IL-4), and Treg (IL-10)
responses as well as the chemotactic factors IL-8 and MCP (42).
Though the cellular source of these cytokines is unknown, the
findings are consistent with the observation that N. gonorrhoeae
infection induces a pleotropic immunologic response at the site
of infection.

The role of cytotoxic T lymphocytes (CD8+ T cells), as well as
cytotoxic innate immune cells like Natural Killer cells (NK cells),
in gonococcal infection are unknown. Gonococcal PorB has been
shown to induce robust IL-4 production in CD8+ T cells from
N. gonorrhoeae infected individuals (38). However, contradicting
effects of N. gonorrhoeae infection on CD8+ T cell function
in humans are reported. In a longitudinal study of female
commercial sex workers, Kaul and colleagues found that CD8+
T cell functional responses to HIV (in HIV infected subjects)
and CMV (in HIV infected and uninfected individuals) were
reduced during episodes of incident N. gonorrhoeae infection
when compared to lymphocytes obtained when subjects were
not N. gonorrhoeae infected (48). In contrast, a longitudinal
study of HIV acquisition in a cohort of HIV negative female
commercial sex workers demonstrated that early HIV-directed
CD8+ T cell responses were more robust in subjects who were
infected with N. gonorrhoeae at the time of HIV acquisition
than in N. gonorrhoeae uninfected individuals (49). Additionally,
asymptomatic anorectal N. gonorrhoeae infection in men who
have sex with men taking pre-exposure prophylaxis to prevent
HIV was found to be associated with increased activation marker
in circulating CD8+ T cells (50). The adaptive immune response
in cytotoxic T cell populations to N. gonorrhoeae infection
remains largely unexplored at this time.

Cytokines from the IL-17 family are important for the
recruitment of neutrophils and to induce localized antimicrobial
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responses. Studies in a mouse model of N. gonorrhoeae infections
suggest that the magnitude of Thl7 responses to infection
are more robust than Th1/Th2 responses (51). These findings
are consistent with the neutrophilic inflammatory response
commonly associated with N. gonorrhoeae infection in humans
and the inverse relationship between systemic IL-17 and
IENy levels reported in N. gonorrhoeae infected individuals
(45). The relative resistance of N. gonorrhoeae to neutrophil
mediated killing may render this Th17-skewed immune response
less effective at clearing the pathogen than a more robust
Th1/Th2-supported immune response might, (52, 53). Further,
the ability of N. gonorrhoeae to induce IL-10 secretion and
promote or stimulate Treg cells may also reduce humoral and
cellular immune responses to infection (54). Supportive of
this hypothesis, manipulation of the mouse immune system
to block the induction of Treg related activity or to drive
more robust Th1/Th2 responses leads to enhanced clearance
of N. gonorrhoeae in model infection. Further, stimulation
of Thl responses through intravaginal IL-12 administration
during infection in the mouse vaginal infection model resulted
in enhanced clearance upon rechallenge when compared to
mice initially infected without supplemental IL-12 (55). Because
studies of lymphocyte proliferative response demonstrated that
prior natural infection was associated with significant increase
in proliferative response in subjects with current N. gonorrhoeae
infection when compared to subjects without previous infection,
it appears the cell mediated immunity being measured was
inadequate to provide robust protection from repeat infection.
Unfortunately, there are no studies to date that measure cellular
immune responses to N. gonorrhoeae either in naive or infected
individuals in which the subjects were subsequently prospectively
followed to determine whether these cellular immune responses
correlate with any degree of protection from re-infection.
Despite public health efforts, gonorrhea still remains one
of the most common sexually transmitted bacterial infections
responsible for ~100 million infections per year (56). The
development of a gonococcal vaccine had been a focus of
the field but no vaccine has been developed to the point
of human trials since the failure of the N. gonorrhoeae
pilin-based vaccine in clinical trials. The failure of the
pilin vaccine was unexpected after it had shown success
in preventing infection in a homologous strain challenge in
humans and highlights the complex relationship between this
human pathogen and its host (57). This review of published
literature of human immunologic responses to N. gonorrhoeae
largely supports the widely accepted supposition that N.
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