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ABSTRACT
Neisseria gonorrhoeae and its obligate human host require transition metals for biological
functions including cell signaling and metabolism, gene regulation, enzymatic processing, and
oxidative stress resistance. During infection, the host employs two innate immunity
mechanisms: either starve the pathogen of metals or overload the pathogen with intoxicating
amounts of metals, either resulting in bacterial growth inhibition. The mechanisms by which
the host starves or overloads the pathogen with metal nutrients are termed nutritional
immunity and metal overload, respectively. In response to nutritional immunity and metal
overload, N. gonorrhoeae differentially expresses metal transport systems that allow it to
maintain homeostatic metal concentrations within the cytoplasm. Such transporters include the
high-affinity zinc importer, ZnuABC, which is regulated by the zinc uptake regulator Zur, and the
manganese exporter, MntX. As the gonococcus acquires and maintains antibiotic resistance
mechanisms, the necessity to develop novel therapeutics and treatments becomes more
urgent. Metal transporters are attractive therapeutic targets as they are often required for
survival and virulence. However, the precise mechanism by which zinc and manganese are
transported, sensed by Zur, and impact the transcriptional response to maintain metal
homeostasis have not yet been elucidated. Investigating the mechanism by which zinc and
manganese are transported and sensed is crucial to characterizing gonococcal metal
homeostasis in the face of host-employed nutritional immunity and metal overload. In this
work, | hypothesized that Zur mounts zinc- and manganese-dependent transcriptional
responses to metal limitation and metal overload and that this response maintains internal

metal concentrations at homeostatic levels. RNA-sequencing, RT-qPCR showed that Zur is a



zinc-dependent regulator of the genes encoding ZnuABC and that manganese-dependent
regulation by Zur is strain-specific. ICP-MS, growth assays, and transporter complementation
experiments showed that internal homeostatic manganese levels differ between gonococcal
strains and that this difference can be attributed to the manganese exporter, MntX. Therefore,
novel treatment strategies that target metal transporters as a means of starving or overloading
and subsequently killing N. gonorrhoeae should be informed by the metal environment sensed
by N. gonorrhoeae and the intracellular metal pools maintained by different gonococcal

strains.
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DEDICATION

To the one true God (Deut. 4:4, 1 Tim. 2:5), who goes by many names - Yahweh, Jehovah,
Adonai, | AM, to the unchanging (Mal. 3:6), eternal (Rev. 1:4,8), and self-existent (John 5:26)
Almighty God of the universe, from whom, through whom, and to whom all things flow (Rom.
11:36), | dedicate the first fruits (Neh. 10:35) of this dissertation, this uncovering of the facts
God foreordained at the beginning. It is God and God only who established the things to be
uncovered through science and it is his unwavering compassion and grace which has provided
science as a means of revealing himself and his creation to us. Science is the tool God has given
us to discover new ways to heal the sick, feed the many, and serve the helpless. However,
science can only reveal that which is seen and observable — things of the flesh and this fallen
world and not those things which are unseen — those things which are of the Spirit. Science
cannot tell us how things ought to be or how things will ultimately be in the future. It cannot
tell that which is good or evil, just or unjust, moral or immoral. To uncover these unseen truths,
we must rely on Scripture, which in turn informs our scientific ethics and integrity. The ultimate
purpose of science is to increase the quality of this physical life for all that we might turn to God
in recognition of who he is and what he has done — to glorify him. However, there is life beyond
this physical life, eternal life which is unseen by us now but will be known fully upon death (1
Cor. 13:12). This eternal life is a free gift from God (Rom. 6:23) to those who accept that God
accomplished what science cannot — the forgiveness and expiation of sin through the crucifixion
and resurrection of his Son, Jesus the Christ (Col. 1:20). It is my prayer that whoever reads this

will be saved from a death that science cannot overcome and will come to a knowledge of the
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truth (1 Tim. 2:4) - that is salvation from sin and death by the grace of God through faith alone
(Eph. 2:8,9).

To my mother, Janet, father, Paul, and sister, Brianna, each of whom have sacrificed
time, money, and comfort to help me grow into the God-serving woman and scientist | am
today and will be in the future, | dedicate a portion of this dissertation. It was my mother who
showed me how to walk with the Lord. It was she who stewarded the whole Armor of God
(Eph. 6:10-17) and in doing so passed it down to me that | might carry it through all the battles,
seen and unseen, that come with completing a dissertation. It was my father who showed me
that God is still doing a sanctifying work in me (Phil. 2:13), which surpasses my work as a
scientist. It was my sister who demonstrated unconditional love, abounding generosity, and
steadfast grace to all in the midst of and sometimes by the way of her own lament. It was she
that God used to reveal the character of his heart that | might extend those same graces to my
colleagues and students.

To my church family who took me in with love and grace and demonstrated in action
and words the truth of God, | dedicate the remaining portion of this dissertation. You
welcomed me when | was a stranger, prayed for me when | was sick, and fed me when | was
hungry (Matt. 25:35,36). You, the 99, were standing firm on the Rock when |, the 1, had gone
astray and fell into sinking sand that through Christ | might be welcomed into the fold to stand
firm with you.

Science has taught me that in this world, there are many troubles, but | take heart

because Christ has overcome the world (John 16:33).
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ZINC AND MANGANESE HOMEOSTATIS IN GC 1

CHAPTER 1: INTRODUCTION

I. The Neisseria Genus

The Neisseria genus is composed of non-motile, oxidase- and catalase-positive, Gram-
negative, B-proteobacteria. The genus is composed of both commensal and pathogenic species
with both human and non-human hosts (4). These bacteria are fastidious meaning they require
media supplemented with growth factors. Growth for these capnophilic bacteria requires a
moist, warm (35-37°C) environment supplemented with ~2-10% carbon dioxide (5, 6).
Additionally, the Neisseria can utilize only some carbon sources for growth, those being
glucose, lactate, pyruvate, and in some species, maltose (7-9). Growth of the Neisseria species
is optimal under aerobic conditions and suboptimal but supported nonetheless under

anaerobic conditions when nitrite serves as a terminal electron acceptor (10, 11).

Il. Commensal Neisseria

The growth requirements of the commensal and pathogenic Neisseria are met within
the host niches they occupy. Of the commensal species (spp.), Neisseria perflava, Neisseria
mucosa, Neisseria flava, Neisseria cinera, Neisseria lactamica, and Neisseria sicca among other
commensal Neisseria spp. are known to colonize the human nasopharynx (12, 13) and are a
part of a healthy oral microbiome (14). Among the pathogenic Neisseria is Neisseria
meningitidis which is carried asymptomatically by ~10% of children and young adults (15) but
can cause disease only after crossing the nasopharyngeal barrier. Thus, N. meningitidis is both a
commensal and a pathogenic species. Although, the transition from the carriage to disease

state is poorly understood, limited horizontal recombination between N. meningitidis of
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different clonal complexes due to clade-associated restriction modification systems (16) results
in reduced exchange of virulence genes and thus limits the potential for transition from the
commensal to the pathogenic state. Consequently, clonal complexes are reliable indicators of
N. meningitidis virulence (16, 17). Infection by Neisseria gonorrhoeae , the other pathogenic
Neisseria spp., can be asymptomatic in females. However, in contrast to carriage of N.
meningitidis, asymptomatic infection by N. gonorrhoeae results in a disease state that often
goes undetected; thus N. gonorrhoeae is considered strictly pathogenic.

As a consequence of occupying the same niche, commensal and pathogenic Neisseria
spp. likely compete for space and resources. This is evidenced by reduced epithelial cell
association and microcolony formation of N. meningitidis in the presence of Neisseria cinera
(18). When individuals were challenged with Neisseria lactamica (Nla), N. meningitidis carriage
was reduced in N. meningitidis carriers (19). However, the reduction in N. meningitidis in the
presence of Nla was due in part to cross-reactive antibodies against the pathogen rather than
direct competition between bacteria. Similarly, in the presence of Neisseria elongata (Nel), N.
gonorrhoeae exhibits reduced viability and is cleared more rapidly during murine vaginal
infection (20). Despite the ability of the commensals to limit pathogenic Neisseria viability ex
vivo, the pathogenic Neisseria establish a foothold at the colonization site. Established infection
in the presence of commensal killing mechanisms could be in part attributed to the activity of
type four secretion system (T4SS), which is present in the pathogenic Neisseria spp. but not the
commensals and is able to export DNA (21).

Due to their proximity at the site of colonization, natural competence (22) and DNA

sequence homology, commensal and pathogenic Neisseria readily exchange DNA sequences
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(23) which are maintained in the chromosome and contribute to antimicrobial resistance
among the pathogenic Neisseria spp (24-26). Thus, the commensal Neisseria are a genetic
reservoir for the pathogenic Neisseria. The commensal and pathogenic Neisseria species
demonstrate a balanced tension between competition and cooperation that allows both groups

to persist in a highly specific host niche.

lll. Pathogenic Neisseria

The pathogenic Neisseria, N. meningitidis and N. gonorrhoeae, are human-specific
pathogens with significant public health impacts. Although the DNA sequence similarity
between these two strains is 80-90%, they cause quite different diseases (27). N. meningitidis is
carried asymptomatically in the naso- and oropharynx of ~5-10% of the population (15), but
transitions to the disease state once it crosses the epithelial barrier, can result in invasive
meningococcal disease, bacterial meningitis, and sepsis (28). N. gonorrhoeae is a strictly
pathogenic species meaning that infections should always be treated in human host. N.
gonorrhoeae primarily infects the urogenital and oropharyngeal mucosa but can also infect
rectal and ocular tissues. Disseminated gonococcal infections do occur and can result in septic

arthritis and endocarditis, although these symptoms are less common.

IV. Neisseria meningitidis

A. Meningococcal Disease

B. Etiology

Invasive meningococcal disease (IMD) is caused by N. meningitidis and manifests as

meningitis and/or septicemia (meningococcemia). N. meningitidis infection symptoms can
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include fever, headache, stiff neck, nausea, vomiting, photophobia, and confusion. Symptoms
of late infection include disseminated intravascular coagulation (29), which can lead to bleeding
into the skin and organs, skin necrosis and limb amputation (30). Septic shock due to N.
meningitidis infection is difficult to manage and can lead to death within hours (29).

N. meningitidis is classified into serogroups based on differences in the capsular polysaccharide
(28, 31). There are 12 characterized N. meningitidis serogroups, six of which (A, B, C, W135, X
and Y) predominantly cause invasive meningococcal disease (31). Unencapsulated N.
meningitidis is rarely associated with disease (32). Meningococcal meningitis is a rapidly
progressing disease with a case fatality rate (CFR) between 10% and 15% (33).

C. Epidemiology

Incidence of N. meningitidis infection in the United States had steadily declined since
2006; however, in 2023 incidence reached ~0.06/100,000, a rate not seen since 2011 (34). This
upward trend is due to increase in incidence of infection by N. meningitidis of serogroup Y.
Rates of meningococcal disease are highest among infants and children under 1 year old. N.
meningitidis infection is a significant public health concern on a national and global scale. In a
portion of sub-Saharan Africa known at the “meningitis belt”, incidence rates of 1,000/100,000
persons have been reported (33). Meningococcal meningitis is hyperendemic in the meningitis
belt and this region experiences large-scale epidemics every 5-12 years (33). In the past 50
years, 25 countries have experienced a deadly meningococcal meningitis outbreak with case

fatality rates as high at 100% (35).
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D. Treatment and Prevention

The current recommended treatment for confirmed N. meningitidis infection is penicillin
G, ampicillin, ceftriaxone or cefotaxime (36). Resistance to these antimicrobials has previously
been uncommon. However, resistance to penicillin, rifampicin, cefotaxime, and ciprofloxacin
has emerged in recent years (37). The most effective prevention for IMD is vaccination.
Meningococcal vaccines have been generated using polysaccharide only, polysaccharide
conjugated to proteins, outer membrane vesicles, and protein only antigens (38). Generally,
effective N. meningitidis vaccines generate high levels of bactericidal antibodies that are
maintained in the vaccinated individuals resulting in herd protection (38). Some serogroups
however are more difficult to protect against through vaccination due to the sialylation state of
the capsule which mimics host antigen (39). Additionally, the incidence of disease associated
with certain N. meningitidis serogroups impacts the vaccine recommendations for each

geographic location (38).

V. Neisseria gonorrhoeae

A. Gonococcal Disease

B. Etiology

N. gonorrhoeae is a human-specific pathogen that causes the sexually transmitted
infection gonorrhea. N. gonorrhoeae infects mucosal membranes including those in the
urogenital tract, conjunctiva (40), rectum and oropharynx (41). Gonococcal disease commonly
presents as urethritis, cervicitis, proctitis, conjunctivitis, and pharyngitis (42). However, N.

gonorrhoeae infection commonly presents asymptomatically in women (43), and thus increases
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the risk of disseminated gonococcal disease. Infection sequelae is characterized by pelvic
inflammatory disease, ectopic pregnancy and infertility (44). Disseminated infection is
characterized by septic arthritis, endocarditis and dermatitis (45). N. gonorrhoeae lacks a
capsule and therefore is not classified according to polysaccharide capsular composition like N.
meningitidis. Instead, N. gonorrhoeae is serotyped according to the major outer membrane
protein, porin (46, 47).

C. Epidemiology

In 2020, The World Health Organization (WHO) estimated over 80 million new cases of
gonorrhea globally (48). Additionally, the WHO reported and incidence rate of 19/1,000 women
and 23/1,000 men (48). In 2022, the Center for Disease Control and Prevention (CDC) reported
over 600,000 cases of gonorrhea in the United States alone (49). Gonorrhea disproportionally
affects young adults (15-24 y.0.), men who have sex with men (MSM), pregnant women, and
racial/ethnic minority groups; of those minority groups, Black and African American people
experience highest morbidity (50, 51). Additionally, individuals infected with N. gonorrhoeae
are more likely to be infected with human immunodeficiency virus (HIV), and N. gonorrhoeae

infection significantly increases HIV load and transmission (52).

D. Treatment and Prevention

Gonococcal infection is not associated with high mortality rates. However, as N.
gonorrhoeae continues to acquire and maintain antimicrobial resistance determinants,
morbidity is expected to increase as the infection becomes more challenging to treat. N.
gonorrhoeae has acquired antimicrobial resistance determinants that protect it from all classes

of antimicrobials including sulfonamides (53), penicillins (54, 55), tetracyclines,
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fluoroquinolones, and cephalosporins (56). The mechanisms by which N. gonorrhoeae resists
killing by these antimicrobials has been reviewed previously (57). Briefly, resistance is conferred
through three primary mechanisms whereby mutations in the N. gonorrhoeae genome result in
(a) change of the antimicrobial target, (b) change in the level of intracellular antimicrobials by
controlling import or export, and (c) change in the antimicrobial itself that make it no longer
harmful to the bacteria. Each of these mechanisms have been observe in N. gonorrhoeae.
Resistances to sulfonamides, conferred through mutation in the target, folP (58, 59) emerged in
the 1940s (60). Resistance to penicillins emerged in the late 1970s (61) and can be conferred
through mutations in mtrR that results in upregulation of MtrCDE which effluxes those
antimicrobials (62). Additionally, penicillin resistance can be conferred by the non-mobile
plasmid, pbla, which encodes TEM B-lactamases that degrade B-lactams (61). Fluroquinolone
resistance emerged in the late 90s and is confers through mutations in the topoisomerases,
gyrA and parC (63). Resistance to cephalosporins emerged in the late 1980s (64) but increased
resistance within the gonococcal population has been observed since the early 2000s (65, 66).
Resistance to cephalosporins can be conferred through mutations in genes encoding the
penicillin binding proteins (PBPs) (i.e. penA (64, 67) and ponA (68)), or porin (penB) (69), and
pilQ (70). Each antimicrobial resistance determinant can be acquired through DNA uptake and
maintained through homologous recombination into the gonococcal chromosome. This can
result in a step-wise increase in multi-drug resistance as new determinants are shared between
gonococci (68). In the past, the proportion of multi-drug resistant gonococci was proportionally
lower resulting in the CDC recommendation of a dual antimicrobial treatment which included a

dose of cephalosporin (i.e. cefixime or intramuscular ceftriaxone) and another antimicrobial
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(i.e. azithromycin) (71). However, in 2012, the CDC ceased recommending cefixime for routine
treatment of gonococcal infections due to increased cefixime resistance. Again, multi-drug
resistance in the pathogen increased in 2015 causing the CDC to remove azithromycin from the
recommended treatment regimen (72). The current recommended treatment is a single dose of
intramuscular ceftriaxone (72). As the number of cases of multi-drug-resistant N. gonorrhoeae
infections increases (73-75), the need for novel therapeutics and effective prophylactic
treatments and vaccines becomes more urgent. Currently the only means of preventing
gonococcal disease is abstaining from sexual intercourse. Condom usage can limit transmission
if used correctly (76), but no prophylactic to prevent infection after exposure exists.

There is currently no effective vaccine against N. gonorrhoeae due to high frequency variation
of many surface-exposed proteins on the outer membrane of the gonococcus. Recent progress
in the development of the meningococcal serogroup B vaccine, 4CMenB (Bexsero, GSK)
provides a promising outlook for gonococcal vaccine development. Antigens in the Bexsero®
vaccine include outer membrane vesicles (OMV) from MeNZB (GSK), Neisserial Adhesin A
(NadA), and two fusion proteins - neisserial heparin binding protein (NHBA) fused to GNA1030
and factor H binding protein (fHbp) fused to GNA2091. The immune response to Bexsero is
characterized by production of cross-reactive, anti-N. gonorrhoeae antibodies (77).
Additionally, retrospective and comparative studies correlated Bexsero vaccination with
reduced N. gonorrhoeae infection prevalence in young adults (16-23 yo) (1, 78). However, the
exact correlates of protection against N. gonorrhoeae remain poorly defined, and high
bactericidal antibody titers alone are not correlated with protection (79). In spite of this,

immunization of mice with Bexsero results in accelerated N. gonorrhoeae clearance (80)
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suggesting that a protective immune response may be conferred via bactericidal antibody
function in addition to another response such a cellular response, although such response
remains to be uncovered. Thus, an effective gonorrhea vaccine should include antigens that are
not subject to high-frequency variation, exhibit bactericidal activity, and confer long-lasting

protection.

Immune response to N. gonorrhoeae

N. gonorrhoeae employs mechanisms of evading the host immune system. For example,
sialylated gonococcal lipooligosaccharide (LOS) binds factor H and C4b irrespective of sialylation
state. C4b is rapidly converted to iC4b on the gonococcal surface (81), inhibiting the
complement cascade. The innate cellular response to N. gonorrhoeae is immune suppressive in
that macrophages secrete predominately immune inhibitory cytokines such as interleukin-10
(IL-10) rather than activating cytokines interleukin-6 (IL-6) (82). Additionally, presentation of N.
gonorrhoeae to dendritic cells results in suppressed T cell activation (83). The T cell response
that remains is skewed toward a T-helper 17 (Th17) response through production of
interleukin-17 (IL-17) and transforming growth factor- (TGF-B) and away from a T-helper 1
(Th1) and T-helper 2 (Th2) response, resulting in an influx of neutrophils (84, 85). The
neutrophil response to N. gonorrhoeae is essentially non-productive because N. gonorrhoeae
suppresses oxidative burst in Polymorphonuclear leukocytes (PMN) (86) and produces catalase
and peroxidases that allow it to propagate with PMNs (87). Fortunately, immunization of mice
with N. gonorrhoeae OMVs in the presence of interleukin-12 (IL-12), which is involved in Th1
response activation, resulted in higher IgG and IgA titers and more rapid clearance in a mouse

model of infection (88). Thus, an effective vaccine will need to elicit antibodies that are
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bactericidal to even serum-resistant, immune-camouflaged gonococcal strains, and also

promote a Thl and Th2 response.

VI. Gonococcal Virulence Factors

N. gonorrhoeae expresses a number of virulence factors that allow it to attach to and
invade host cells while evading the immune system or driving non-productive immunological
responses (Figure 1). Virulence factors discussed in this work include pilin, opacity proteins,

porin, LOS, reduction modifiable protein (Rmp), and IgA protease.
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Figure 1. The Surface of N. gonorrhoeae is Highly Variable

N. gonorrhoeae expresses multiple virulence factors in the outer membrane (OM). AV indicates
antigenically variable proteins. These proteins are encoded by multiple loci on the gonococcal genome;
therefore different versions of the protein can be expressed simultaneously. PV indicates phase variable

proteins. Expression of these proteins can be turned “on” or “off.” Surface-exposed proteins not subject to
AV or PV do not have this denotation (i.e. Porin, Rmp, and the Tdts). TonB and the proton motive force
(pmf) which powers it are depicted in the cytoplasmic membrane (CM). Also depicted in the CM is ZnuABC,

the zinc ABC transporter. In the cytoplasm is depicted the Zinc uptake regulator, Zur

11
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A. Pilin

The type IV pili (Tfp) of N. gonorrhoeae are hair-like, surface exposed projections
required for attachment (89), twitching motility (90), and natural competency (91). The Tfp is
extended by polymerization of the major pilin protein, PilE. Once in close proximity with host
epithelial cells, PilC binds to an unknown host cell receptor on the epithelial surface (92, 93).
Depolymerization of PilE helps to bring N. gonorrhoeae in close contact with the epithelial
surface. Attachment of pilin in conjunction with Opa cause microvilli formation and engulfment
of N. gonorrhoeae by epithelial cells (94). PilE is antigenically variable in that multiple silent pilS
loci can recombine into the pilE gene (95) result in the presence or absence of pilin on the
surface (96). Pilin is also required for natural competence of N. gonorrhoeae and therefore

plays a role in gene exchange and antimicrobial resistance determinant acquisition (97, 98).
B. Opacity Proteins

The opacity (99) proteins are phase and antigenically variable outer membrane invasins
that bind to host carcinoembryonic antigen-related cell adhesin molecules (CEACAMSs) on host
epithelial cells, endothelial cells and neutrophils (95, 100). Phase variation occurs due to the
CTCTT repeat within each opa gene, which results in slipped-strand mispairing that turns each
gene on or off depending on the number of repeats (101). There are 12 separate opa loci in N.
gonorrhoeae and each gene contains multiple hypervariable regions (101, 102). While pilin
helps N. gonorrhoeae make initial contact with the host cells, Opa also mediates invasion once
at the surface (103). The Opa-CEACAM interaction is particularly important in the neutrophil
response to N. gonorrhoeae. Expression of different Opa variants impacts neutrophil binding

and internalization. When human males were infected with a predominantly Opa- N.



ZINC AND MANGANESE HOMEOSTATIS IN GC 13

gonorrhoeae inoculum, only Opa+ strains were recovered demonstrating that the Opa+

phenotype is selected for during infection in men (104).
C. Porin

Porin is an essential outer membrane protein that acts as an ion and small molecule
channel (105, 106). N. meningitidis expresses both Porin A (107) (107) and Porin B (PorB), while
N. gonorrhoeae expresses only PorB. N. gonorrhoeae PorB is variable in that it is encoded by
two different alleles in the gonococcal population, those being PorB1A, and PorB1B, which is
the basis of the gonococcal serotyping system (108, 109). Gonococcal porin has been shown to
modulate the host immune response to N. gonorrhoeae. Porin binding to C4-binding protein
(C4BP) and factor H inhibits the complement cascade and contributes to serum resistance in
strains expressing the porB1A allele (110, 111). Additionally, LOS sialylation inhibits bactericidal
antibody activity directed towards PorB (112). The porB1A allele is present more frequently in
disseminated strains than urogenital strains (113), suggesting that Porin type may be a
determinant of disseminated gonococcal infection (DGI). Complement deficiency is associated
with increased risk of N. gonorrhoeae infection and recurrent infection (114). The cytotoxic
activity of Porin can be attributed to its channel activity. During N. gonorrhoeae infection of
macrophages, gonococcal PorB is hypothesized to be targeted to the mitochondrial membrane
where it disrupts the membrane potential causing apoptosis (105). Porin has also been shown

to inhibit dendritic cell-dependent activation of T cells (83).
D. Lipooligosaccharide (LOS)

LOS is anchored in the outer leaflet of the outer membrane by the hydrophobic lipid A moiety,

which is endotoxin (115). Lipooligosaccharide also contains a core oligosaccharide and lacks the
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distal O-antigen of LPS (115). The core oligosaccharide is composed primarily of glucose,
galactose, mannose, N-acetylneuraminic acid (Neu5Ac), 2-keto-3-deoxyoctulosonic acid (KDO),
glucosamine, and galactosamine (116). Glycosyltransferase genes, IgtA, IgtC, IgtD, and IgtG, are
responsible for LOS biogenesis and are themselves phase variable (117, 118). Phase variation in
Igt genes results in distinct LOS structures on the gonococcal surface depending on the /gt
genes expressed.

Expression of IgtA is critical to N. gonorrhoeae invasion of epithelial cells (93) suggesting
that N. gonorrhoeae strains expressing certain variants of LOS are more invasive than others.
LOS also binds to asialoglycoprotein receptor (ASGP-R) on human urethral cells (119) and sperm
cells demonstrating a role for LOS in both infection and transmission (107). Additionally,
sialylation of LOS is a mechanism of immune evasion by preventing antibody and complement
deposition and subsequent opsonic killing of N. gonorrhoeae (120). Despite the high levels of
variation in LOS due to the phase variability of the /gt genes, a glycan epitope identified by the
monoclonal antibody, 2C7, is highly conserved across N. go