J AMERICAN mB' &
8 sociETy For
MICROBIOLOGY

RESEARCH ARTICLE
Therapeutics and Prevention

L)

Check for
updates

Repurposed Drugs That Block the Gonococcus-Complement
Receptor 3 Interaction Can Prevent and Cure Gonococcal
Infection of Primary Human Cervical Epithelial Cells

Jessica Poole,? Christopher J. Day,® Thomas Haselhorst,® Freda E.-C. Jen,? Victor J. Torres,® Jennifer L. Edwards,*

Michael P. Jennings?

alnstitute for Glycomics, Griffith University, Southport, Queensland, Australia
bDepartment of Microbiology, New York University School of Medicine, New York, New York, USA

<The Center for Microbial Pathogenesis, The Abigail Wexner Research Institute at Nationwide Children’s Hospital and The Department of Pediatrics, The Ohio State

University, Columbus, Ohio, USA

Jessica Poole and Christopher J. Day contributed equally to the manuscript. Co-first authorship order was determined by workflow.

ABSTRACT In the absence of a vaccine, multidrug-resistant Neisseria gonorrhoeae
has emerged as a major human health threat, and new approaches to treat gonor-
rhea are urgently needed. N. gonorrhoeae pili are posttranslationally modified by a
glycan that terminates in a galactose. The terminal galactose is critical for initial con-
tact with the human cervical mucosa via an interaction with the I-domain of com-
plement receptor 3 (CR3). We have now identified the |-domain galactose-binding
epitope and characterized its galactose-specific lectin activity. Using surface plasmon
resonance and cellular infection assays, we found that a peptide mimic of this
galactose-binding region competitively inhibited the N. gonorrhoeae-CR3 interaction.
A compound library was screened for potential drugs that could similarly prohibit
the N. gonorrhoeae-CR3 interaction and be repurposed as novel host-targeted thera-
peutics for multidrug-resistant gonococcal infections in women. Two drugs, methyl-
dopa and carbamazepine, prevented and cured cervical cell infection by multidrug-
resistant gonococci by blocking the gonococcal-CR3 I-domain interaction.

IMPORTANCE Novel therapies that avert the problem of Neisseria gonorrhoeae with ac-
quired antibiotic resistance are urgently needed. Gonococcal infection of the human cer-
vix is initiated by an interaction between a galactose modification made to its surface
appendages, pili, and the I-domain region of (host) complement receptor 3 (CR3). By tar-
geting this crucial gonococcal-I-domain interaction, it may be possible to prevent cervi-
cal infection in females. To this end, we identified the I-domain galactose-binding
epitope of CR3 and characterized its galactose lectin activity. Moreover, we identified
two drugs, carbamazepine and methyldopa, as effective host-targeted therapies for gon-
orrhea treatment. At doses below those currently used for their respective existing indi-
cations, both carbamazepine and methyldopa were more effective than ceftriaxone in
curing cervical infection ex vivo. This host-targeted approach would not be subject to N.
gonorrhoeae drug resistance mechanisms. Thus, our data suggest a long-term solution
to the growing problem of multidrug-resistant N. gonorrhoeae infections.

KEYWORDS CD11b I-domain, CR3, complement receptor 3, Mac-1, Neisseria
gonorrhoeae, adherence, glycosylation, gonococcal cervicitis, gonococci, multidrug
resistance, pilin, repurposed drug

eisseria gonorrhoeae (the gonococcus) is an exclusive human pathogen that causes
the sexually transmitted infection, gonorrhea. Infections caused by N. gonorrhoeae
continue to be a global intractable problem (1). Asymptomatic cervicitis generates a
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FIG 1 The pilin-linked disaccharide and biosynthetic pathway. Strain MS11 pilin glycosylation and pilin-linked
glycan structures. (a) Pilin-linked glycan biosynthesis begins at the gonococcal cytoplasmic membrane. The pilin
glycosyltransferase, PglA, transfers a galactose to a lipid-linked basal sugar, diNAcBac. The Gal(a1-3)diNAcBac lipid
structure is “flipped” to the periplasm by PglF and then attached to the structural pilus subunit, PilE (at Ser63), by

PglL. (b) The Gal(a1-3)diNAcBac disaccharide structure expressed on MS11 pilin when the phase-variable gene pglA
expression is on.

carrier-like state in up to 80% of N. gonorrhoeae-infected women (2-6) and is the
primary cause for the global prevalence of N. gonorrhoeae and its disease sequelae (7).
The absence of a gonococcal vaccine together with the continuing emergence of
antibiotic-resistant and untreatable strains indicate that N. gonorrhoeae poses an
“urgent” public health threat (8).

N. gonorrhoeae express type IV pili (fimbriae), which are crucial to interactions with
epithelial cells (9-11). These pili are polymers with variable phase and antigenic
expression composed of thousands of pilin subunits encoded by the pilE gene (12).
Pilin can be posttranslationally modified with an O-linked monosaccharide, N,N’-
diacetylbacillosamine (diNAcBac), or a disaccharide, Gal(«1-3)diNAcBac (Fig. 1) (13-15).
Pilin glycosylation results from the activity of pilin glycosyltransferase (pgl) gene
products. For example, PgID is essential for diNAcBac biosynthesis, whereas the glyco-
syltransferase PglA adds the terminal galactose to Gal(a1-3)diNAcBac (16). Expression
of pglA is phase variable (high frequency, reversible on/off switching of gene expres-
sion) (Fig. 1) (17-19). Thereby, the pilin-linked glycan can be either a disaccharide or a
monosaccharide depending on pglA expression status (i.e., on or off).

Complement receptor 3 (CR3; also known as integrin «,,8,, CD11b/CD18, and
Mac-1) is an innate immune pattern recognition receptor. Expression of CR3 has
historically been limited to cells of monocytic lineage; however, CR3 is also expressed
on the apical surface of the human cervix (20). The alpha subunit of CR3, CD11b,
contains an approximately 200-amino-acid insertion, known as the I-domain (see Fig. S1
in the supplemental material). The CR3 I-domain is the primary binding site for iC3b and
many other protein ligands (21). Several important human pathogens (e.g., Streptococ-
cus, Mycobacterium, Toxoplasma, and Staphylococci) use CR3 as a mechanism to pro-
mote disease (22-31). In this regard, CR3 is critical to N. gonorrhoeae infection of human
cervical epithelial cells, both in vivo (20) and ex vivo (20, 32).

We previously reported the fundamental discovery that the N. gonorrhoeae-CR3
interaction occurs solely through the I-domain (32) and is mediated by the pilin-linked
glycan (33). Infection of primary human cervical epithelial (Pex) cells requires pili with
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TABLE 1 Surface plasmon resonance analysis of the gonococcal pilin-CR3 interaction?

Ko (nM)

rl-domain
Strain Glycan Mouse Human Human CR3
MS11 wild type Gal(a1-3) diNAcBac NCDI 349 * 45 907 + 43.8
MS11 pglA diNAcBac NCDI NCDI NCDI

aThe interaction between N. gonorrhoeae MS11 pilin modified with either a disaccharide or a
monosaccharide and mouse rl-domain, human rl-domain, and human rCR3 was characterized by SPR
analysis. Results listed are the means = standard errors from three replicate experiments. No concentration-
dependent interaction (NCDI; no binding of =2 uM glycan to immobilized protein) was observed with
either of the gonococcal pilins and the mouse rl-domain. The human rl-domain and rCR3 showed NCDI
with MS11 pglA pilin. A high-affinity interaction (nanomolar range) was only observed between the
disaccharide modified pilin and both the human rl-domain and rCR3.

Gal(a1-3)diNAcBac. Bacteria expressing a diNAcBac monosaccharide do not survive Pex
cell infection (33). Given the important role of CR3 in numerous human infections, we
sought to define the kinetics and specificity of this novel lectin function for the human
CR3 |-domain and apply this information to the development of a novel strategy to
prevent and cure gonococcal infections in women.

RESULTS

The gonococcal pilin glycan interacts with the human I-domain. Jennings et al.
showed that a direct interaction occurs between the N. gonorrhoeae pilin-linked glycan
and the CR3 I-domain (33). This was a major finding, as previous literature ascribed CR3
carbohydrate binding to a separate lectin domain (see Fig. ST in the supplemental
material). To further define the pilin-linked glycan-CR3 I-domain interaction, we per-
formed surface plasmon resonance (SPR). Gonococcal pilin with diNAcBac or Gal(a1-
3)diNAcBac (Fig. 1) were flowed over immobilized recombinant (r)l-domain or rCR3
protein (Table 1). A high-affinity interaction was observed between N. gonorrhoeae
MS11 wild-type pili (disaccharide glycan) and both human rl-domain (dissociation
constant [Ky], 349 nM) and rCR3 protein (Kp, 907 nM). This high-affinity interaction was
dependent upon the terminal galactose of Gal(a1-3)diNAcBac, as no interaction was
detected for MS11 pglA pili, which have diNAcBac, in the concentration range tested
(Table 1; Fig. S2). MS11 wild-type- and pglA mutant-derived pili did not bind to mouse
rl-domain in a glycan-dependent manner (Table 1; Fig. S2).

The human I-domain has high-affinity galactose-specific lectin activity. SPR
analyses showed an interaction between the pilin-linked glycan and the I-domain and
suggested this interaction required the terminal a-galactose. To confirm the galactose—
I-domain interaction in the absence of pilin protein components, we again performed
SPR. Synthetic glycans with a terminal a1-3 galactose, similar to the pilin disaccharide,
were flowed across immobilized human rl-domain and rCR3 (Table 2; Fig. S2). These
structures bound with high affinity to the rl-domain (dissociation constant [Ky], 229 to
320 nM) and rCR3 (Kp, 26.2 to 68.7 nM). We then investigated the effects of linkage and
anomeric configuration on galactose recognition. Synthetic glycans with a terminal
a1-4 galactose bound with similar affinity to «1-3 galactose: rl-domain (K, ~202 nM)
and rCR3 (K, 48.3 to 79.8 nM). Synthetic glycans linked with a terminal 81-3 or B1-4
galactose also bound with high affinity (Table 2). Methyl-a-p-galactose monosaccharide
was used to confirm that the observed glycan-l-domain interaction occurred through
the terminal galactose versus an underlying alternative sugar. Sucrose, which has a
terminal glucose, did not bind to rl-domain or rCR3. Taken together, these data
indicated that the I-domain has high-affinity galactose lectin activity that is indepen-
dent of anomeric configuration and linkage.

Mapping the I-domain galactose-specific lectin activity. Our data suggested that
the I-domain has high-affinity lectin activity. Herein, we took the strategy of mapping
the galactose-binding epitope using a tiled array of peptides. Forty overlapping 15-
amino-acid peptides were synthesized that covered the entire 208-amino-acid se-
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TABLE 2 Surface plasmon resonance analysis of carbohydrates similar to the pilin
disaccharide?

Glvean Glycan rI-domain rCR3 G2 Peptide
y Structure (nM) (nM) (nM)
. 3 229 68.7 174
Galactobiose 0*=0 +73.1 +1.75 45.1
Linear B-2 a3 ~B4 293 44.8 N/T
Trisaccharide +13.1 +18.1
al-3,1-4,a1-3 W3 B4~ 03 320 26.2 N/T
Galactotetraose +67.2 +9.18
4 202 79.8
aLactose o*‘e 544 +15.0 N/T
Pl Antigen o%om ﬁ‘%zj f184.32 N/T
4 117 138
Lactose OB_. 1133 4337 N/T
Methyl-a-D- o 269 56.5 118
galactose O™-ME +85.1 +19.8 +11.8
Sucrose .O‘_/ﬁ. NCDI NCDI NCDI

OGal @Glc M GIcNAc @ Fruf

aTo determine the galactose specificity of the interaction between the I-domain and the gonococcal pilin-
linked disaccharide, SPR was performed using carbohydrates with terminal a- or B-galactose in various
linkages. Results shown are the means =+ standard errors from three replicate experiments (N/T; not tested).
These data showed that the human I-domain can form a high-affinity interaction with various terminal
galactose structures. The G2 peptide is a biotin-Ahx-labeled peptide (Ahx is a six-carbon spacer). Sucrose
was used as a negative control and showed no concentration-dependent interaction (NCDI; no interaction
at any concentration between 0.0078 uM and 2 uM).

quence of the human I-domain (amino acids Gly127 to Ala325 of CD11b, accession
number NP_000623.2) (Fig. S1 and Table S1). These peptides were used in SPR assays
to assess their ability to block galactose from binding to rl-domain and/or rCR3.
Galactobiose (Gala1-3Gal) was chosen as the ligand because of its high affinity for
human rl-domain and rCR3 (Table 2) as well as its similarity to the pilin disaccharide.
Peptide-galactobiose mixtures (molar ratio of 25:1) or peptide only (control) were
flowed over immobilized human rl-domain and rCR3. This screen revealed one peptide,
named G2, that was able to block galactobiose binding to rl-domain and rCR3 (see
Fig. S3). The G2 peptide region has the amino acid sequence RIHFTFKEFQNNPNP, which
corresponds to amino acids Arg197 to Pro211 of human CD11b (Fig. S1).

Having identified the G2 region as a galactose-binding site, we performed SPR to
test whether the G2 peptide exhibited high-affinity galactose-binding activity. Syn-
thetic glycans, galactobiose or methyl-a-p-galactose, were flowed over immobilized
biotinylated G2 peptide (biotin-AhxG2) complexed with streptavidin. The reference cell
contained streptavidin complexed with biotin. Both galactobiose and methyl-a-b-
galactose interacted with the G2 peptide with high affinity (Table 2; Fig. S2); the K,
values obtained were similar to values obtained for the rl-domain. As observed for the
rl-domain and rCR3, the G2 peptide had no concentration-dependent interaction with
sucrose. Thus, these data indicated that high-affinity galactose lectin activity occurs
through the G2 peptide region of the CR3 I-domain and, further, that the G2 peptide
can recapitulate this lectin activity.

Modeling of the G2 peptide region. The above data showed that the G2 peptide
can recapitulate the galactose-specific lectin activity of the CR3 I-domain. Using the G2
region (amino acids 181 to 196 in the X-ray crystal, Protein Data Bank identifier [ID]
1TMF7 [34]) as a starting point, we conducted molecular docking studies using galactose
to identify ligand-receptor pairs. We found four distinct clusters, A1, B1, C1, and D1,
after 999 dockings of potentially bound galactose-a-OH conformations in the G2-
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LEU 198

PHE 184

FIG 2 Galactose-a-OH in the preferred cluster, A1, when docked into the G2 region of the human I-domain. (a) The G2 region is shown
as the blue ribbon. (b) Amino acids within the G2 region of the I-domain that engage in the major interactions are marked.

region (see Fig. S4). The most preferred cluster, A1, had the highest binding energy
(3.955 kcal/mol) (35) and the highest percentage (70%) of populated ligand conforma-
tions (Fig. S4). Galactose-a-OH bound to the main A1 cluster within the G2 peptide
region (Fig. 2a) and engaged His183 through two hydrogen bonds (OH-3 and OH-4)
(Fig. 2b). Leu198 also interacts with galactose-a-OH in the form of a hydrogen bond
with OH-6 plus a hydrophobic interaction with the CH, group at C-6. Galactose-a-OH
is further flanked and stabilized by Phe184 and Arg181. Overall, cluster A1 represents
a galactose-binding pocket.

Gonococcal adherence to primary cervical cells can be blocked by peptide G2.
Analysis of cervical biopsy specimens from women with active gonococcal infections
showed that more than 92% of N. gonorrhoeae cells are associated with the female
uterine cervix via an interaction with CR3 (20). The N. gonorrhoeae-CR3 interaction
occurs solely through the I-domain, requires gonococcal pilus (32), and is mediated by
the pilin-linked glycan (33). Therefore, to examine the galactose-lI-domain interaction in
a biological system, we performed fluorometric adherence assays (Fig. 3). Pex cells, as
well as CR3-expressing (CHO-CR3) and -nonexpressing (CHO-neo) Chinese hamster
ovary (CHO) cells, were seeded onto microtiter plates, and gonococcal adherence was
quantitated fluorometrically. MS11 gfp adherence to Pex and CHO-CR3 cells decreased
in the presence of I-domain blocking (G2) but not control (P1 and P2 nonblocking)
peptides (Fig. 3a and b). The decreased gonococcal adherence to Pex and CHO-CR3
cells was not significantly (P =0.45 and P = 0.67, respectively) different from that to
uninfected cells with the use of 100 uM G2 peptide. Only background fluorescence was
recorded for assays performed using CHO-neo cells or uninfected cells and for wells
devoid of Pex or CHO cells incubated with MS11 gfp. Thus, these data confirmed the
lectin function of the CR3 I-domain, and they highlight the importance of the pilin
Gal(a1-3)diNAcBac glycan-CR3 I-domain interaction to cervical infection.

Repurposed drugs that block the pilin glycan-lI-domain interaction prevent
and cure cervical infection. Having demonstrated that gonococcal adherence to Pex
cells could be inhibited by the G2 peptide, we concluded this interaction is a novel and
promising target for therapeutic drugs. A library of 3,141 drugs, small molecules,
nutraceuticals, and dyes was screened for binding to the human I-domain by SPR. Initial
screening of the compounds at 1 uM identified 30 possible targets (see Fig. S5a and b).
These 30 compounds were rescreened for binding affinity and for their ability to block
N. gonorrhoeae MS11 wild-type pilin from binding to human rl-domain in direct
competition SPR experiments. Only six compounds bound with high affinity to rl-
domain and completely blocked the interaction of N. gonorrhoeae MS11 pilin with rCR3
or rl-domain. Two of these blocking compounds met our criteria for current use
and safety in humans, carbamazepine (K, = 2.12 nM * 0.24) and methyldopa (K =
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FIG 3 Blocking the I-domain prohibits N. gonorrhoeae adherence to CR3-expressing host cells. Fluorometric adherence assays were performed as described
in the text using CHO-neo, CHO-CR3, or Pex cells. Fluorescence (y axis), indicative of adherence, was recorded following a 1-h infection with GFP-expressing
N. gonorrhoeae strains MS11 gfp, 1291 gfp, UT38097 gfp, LT38885 gfp, PID-26 gfp, or SK92-679 gfp. A dose-dependent reduction in N. gonorrhoeae adherence
occurred when I-domain blocking (G2) but not control (P1 and P2 nonblocking) peptides were included in the infection assay using CR3-expressing CHO-CR3
(@) and Pex (b) cells, but not CHO-neo (a) cells, which do not express CR3. Carbamazepine (Cz) (c to e) and methyldopa (f) also blocked N. gonorrhoeae host
cell adherence. A dose-dependent decrease in gonococcal adherence to CHO-CR3 (d) and Pex (e) cells was observed in the presence of carbamazepine. (c)
However, carbamazepine had no effect on N. gonorrhoeae adherence to CHO-neo cells, in which only background levels of adherence occurred. (f) Methyldopa
similarly resulted in a dose-dependent decrease in N. gonorrhoeae adherence to Pex cells. Each assay was performed in triplicates on 3 separate occasions. Data
are presented as the means and variances of the average values obtained for each assay. Ul, uninfected cells; B, blank; *, P = 0.0001 versus uninfected cells,

blank wells, and/or infections performed in the absence of any peptide or drug (all comparisons).

1.01 nM = 0.09), which were further evaluated for their potential utility in treating N.
gonorrhoeae cervical infection (Fig. S5¢ and d).

The ability of carbamazepine and methyldopa to block N. gonorrhoeae adherence to
CHO-neo, CHO-CR3, and Pex cells was evaluated using a fluorometric adherence assay
(Fig. 3; see also Fig. S6a). Gonococcal adherence to CHO-CR3 and Pex cells, but not to
CHO-neo cells, decreased in a dose-dependent manner with the use of either drug,
which is consistent with a CR3-dependent mechanism of action.

To assess the ability of either drug to cure an established gonococcal infection, Pex
cells were challenged with the noted gonococcal strains for 90 min and then treated
with carbamazepine, methyldopa, or ceftriaxone. In these treatment assays, less than
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FIG 4 Carbamazepine and methyldopa can cure N. gonorrhoeae infection of human cervical cells. To determine the potential utility of carbamazepine (Cz) and
methyldopa (Md) in treating gonococcal cervicitis, Pex cells were infected with the noted strain of N. gonorrhoeae and cure assays were performed.
Carbamazepine (a) and methyldopa (b) treatment resulted in dose-dependent reductions in N. gonorrhoeae strain MS11 survival at 24 h posttreatment, which
was further reduced by 48 h (b). Carbamazepine (c) and methyldopa (d) were also effective against a panel of multidrug-resistant N. gonorrhoeae isolates. In
this regard, both drugs were more effective than ceftriaxone (Cfx), the current recommended therapy, in treating multidrug-resistant gonococci. (e) Bacteria
harvested from a 24-h infection (I-1) did not develop carbamazepine-resistance, in that 100% killing occurred when these bacteria were used in a second
sequential infection (I-2) and treated with carbamazepine. (f) Well diffusion assays showed that carbamazepine had no effect on the N. gonorrhoeae strains
tested in the absence of human cells. Each assay was performed in triplicates on 3 separate occasions. Data are presented as the means and variances of the

average values obtained for each assay. *, P = 0.0001 versus vehicle control; Cip, ciprofloxacin.

99.95% of viable gonococci remained after a 24-h treatment with =10 uM carbamaz-
epine or =10 uM methyldopa for all strains tested, including multidrug-resistant
gonococci (Fig. 4a to d and S6b and ). Killing was mediated by the host cell, as neither
carbamazepine nor methyldopa had an effect on gonococcal viability in the absence of
Pex cells (Fig. 4f and S6d). To investigate whether the small percentage of those
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bacteria that survived carbamazepine treatment had developed treatment resistance,
sequential infection assays were conducted. Viable bacteria from the colony count
plates of a treatment assay were harvested and then used to inoculate new Pex cell
monolayers. These sequential assays revealed that the survivor population of bacteria
was no more resistant to carbamazepine treatment than the initial inocula; 100% of this
survivor population was killed during the second infection (Fig. 4e).

DISCUSSION

Until recently, carbohydrate-binding activity involving CR3 was attributed to its
lectin domain, located within the C-terminal region of CD11b (see Fig. S1 in the
supplemental material) (36, 37). The lectin domain functions as a binding site for a wide
variety of exogenous polysaccharides, lacks a C-type lectin consensus sequence, and is
cation dependent (36, 38, 39) The I-domain, located within the N-terminal region of
CD11b, is also reported to have glycan-binding ability, with previous studies demon-
strating |-domain lectin activity for glycosylated pili of Neisseria gonorrhoeae strains
1291 and MS11 (33).

Gonococcal pili are phase-variably modified with a monosaccharide or a disaccha-
ride (13, 16). In the previous study (33), pili isolated from wild-type (pilin-linked
disaccharide) and pg/A mutant (pilin-linked monosaccharide) bacteria were shown to
bind the CR3 I-domain. Using SPR, we found that a high-affinity (Kp, 349 nM) interaction
with the I-domain occurred for pili with a Gal(a1-3)diNAcBac disaccharide, whereas no
concentration-dependent interaction (defined herein as no binding of =2 uM glycan
to rl-domain or rCR3) was recorded for pili isolated from MS11 pglA (diNAcBac mono-
saccharide). These data suggest that, whereas gonococcal pili with both a di- and
monosaccharide are capable of binding to the CR3 I-domain, a high-affinity pilin
glycan-CR3 I-domain interaction requires the terminal galactose. That is, the diNAcBac
present on pglA pilin, by itself, was not sufficient to allow a high-affinity interaction with
the CR3 I-domain.

The galactose-I-domain interaction observed for wild-type gonococcal pili was not
limited to a-galactose. SPR analyses showed that glycans with both «- and B-linked
structures formed high-affinity (Ky values in the low to mid nanomolar range) interac-
tions with human rl-domain and rCR3. Notably, this galactose-binding activity was
limited to the human CR3 I-domain; mouse I-domain was unable to bind any of the
glycans tested. Thus, although murine and human I-domain share 77% similarity at the
amino acid level, the functional galactose-specific lectin activity that we observed may
be limited to humans or higher primates. In this regard, the production (in response to
normal flora) of natural anti-galactose antibodies is also limited to higher primates (40).
It is accepted that engagement of the CR3 I-domain alone does not trigger a proin-
flammatory response and, thereby, is thought to confer a survival advantage to invasive
organisms that use this mechanism as a means to promote infection. Although
speculative, galactose-binding activity of the human, but not the murine, I-domain
might suggest that CR3, and specifically, the CR3 I-domain, has evolved to bind and
phagocytose resident microorganisms that display galactose on their surfaces without
stimulating a proinflammatory response. Consistent with this idea is our finding that 5
of the 15 amino acids in the identified G2 peptide, the galactose-binding region
(Fig. S1), of the human I-domain are different in the same region of the murine
I-domain.

N. gonorrhoeae is a highly human-adapted pathogen known to subvert numerous
host cell functions to ensure successful infection and its continued survival. Moreover,
the transformability and genetic plasticity of N. gonorrhoeae have resulted in the rapid
emergence of multidrug-resistant and “untreatable” gonococcal strains. We set out to
obtain a greater understanding of the molecular mechanism (specificity, affinity, and
location) that governs the interaction between gonococcal pilin and the human CR3
I-domain, which is critical to infection of the female cervix. A further goal was to
determine whether we could target the gonococcus-CR3 interaction as a potential
novel approach to the growing problem of untreatable gonorrhea. To this end, we
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identified a peptide receptor mimic, G2, which replicates the high-affinity terminal
galactose binding activity observed for I-domain and CR3. Both CHO-CR3 and Pex cells
were tested, and with both cell types, the G2 peptide displayed dose-dependent
blocking. The ability of the G2 peptide to block gonococcal adhesion in these models
validates prophylactic and therapeutic strategies targeting CR3 as a novel approach to
combat this multidrug-resistant pathogen.

Repurposing existing drugs is the most rapid path to clinical intervention. Carbam-
azepine and methyldopa are widely prescribed orally administered drugs and are
available in mucosal secretions and in serum (~17 uM for carbamazepine [41, 42] and
14 to 11.4 uM for methyldopa [43]) at concentrations above those found to be
therapeutically effective in our studies. Our demonstration that these widely prescribed safe
drugs can target CR3 to prevent and cure gonococcal infection of primary human cervical
cells is a major advance in tackling multidrug-resistant gonococci. This host-factor targeting
approach is less likely to lead to the development of resistance and thus may represent a
long-term solution to the growing problem of antibiotic-resistant N. gonorrhoeae. Addi-
tionally, targeting CR3 may exist as a viable option to treat other antibiotic-resistant
human pathogens that use this receptor to initiate infection/disease.

MATERIALS AND METHODS

Bacteria and cell cultures. Deidentified cervical tissues were obtained from the Cooperative Human
Tissue Network (Columbus, OH, USA) and used to procured Pex cells as described previously (44).
CHO-neo (vector control parent cell) and CHO-CR3 (CR3-expressing) cells (45) were a gift from R. Ingalls
(Boston University, Boston, MA, USA) and from L. Schlesinger (Texas Biomedical Research Institute, San
Antonio, TX, USA). CHO cells were maintained in Ham’s F12 medium (Gibco, Grand Island, NY, USA)
supplemented with 5% fetal bovine serum plus 0.5 mg/ml G418 (both from Gibco).

N. gonorrhoeae strains used in this study included the laboratory strains 1291 and MS11 (46-48), a
panel of low-passage-number clinical isolates (strains LT38097, UT38885, PID-26, and SK92-679), and a
panel of multidrug-resistant strains (WHO-L, WHO-M, WHO-X [H041], WHO-Y [F89], and WHO-Z [A8806]
[49]). Strains 1291 and LT38097 are male urethral isolates, strains MS11 and UT38885 were obtained from
women with uncomplicated gonococcal cervicitis, strain PID-26 was obtained from a patient with pelvic
inflammatory disease, and strain SK92-679 is a blood isolate from a patient with disseminated infection.
Multidrug-resistant N. gonorrhoeae strains were obtained from Public Health England. Green fluorescent
protein (GFP)-expressing gonococci were made by transforming the noted strains with the plasmid
pCmMGFP (GenBank accession number FJ172221) (44, 50). The MS11 pglA mutant was originally generated
by the insertion of a kanamycin resistance cassette (16, 17, 51, 52) into pglA and is described elsewhere
(33). For use, bacteria were harvested from overnight (37°C, 5% CO,), GC-IsoVitaleX agar plate cultures
and enumerated spectrophotometrically, as previously described (44).

Recombinant proteins. Recombinant human and mouse I-domain proteins were made and purified
as previously described (31). Human rCR3 (integrin «,,,) was purchased from R&D Systems (Minneap-
olis, MN, USA).

Pilin purification. Pilin was prepared based on previously described methods (53, 54). Bacteria were
harvested following overnight growth on GC agar plates and added to 500 ul of 0.15 M ethanolamine
(pH 10.7) to help dissociate the pili. Pili were then sheared by vortexing vigorously for 1 min, after which
bacterial cells were removed by centrifugation (12,000 X g, 15 min). The supernatant, containing pili, was
transferred to a new tube and incubated at 56°C for 1 h. This crude pilus preparation was separated on
a 4% to 12% polyacrylamide gradient gel. Pilin was isolated by electroelution (100 mA, 30 min) into SDS
buffer using a Mini Whole Gel Eluter (Bio-Rad; Gladesville, NSW, Australia). To verify pilin isolation,
different mass fractions were collected, and 20 ul of each fraction was analyzed by Western blotting
using an anti-pilin antibody (18).

Surface plasmon resonance. SPR analyses were performed using a Biacore S200 system (GE
Healthcare Life Sciences, Parramatta, NSW, Australia). Samples were analyzed at 25°C in phosphate-
buffered saline (PBS) at a flow rate of 10 ul/min and by using single-cycle kinetics. Human rl-domain,
mouse rl-domain, and human rCR3 were immobilized onto separate cells of a Series S CM5 sensor chip
using an NHS capture kit (both from GE Healthcare Life Sciences) for purified pilin experiments. For
experiments in which pilin-glycan-like structures were examined, human rl-domain and rCR3 were
immobilized onto separate cells of a CM5 chip. A blank immobilization was used as a control/reference
on all chips. MS11 wild-type and MS11 pglA pilin were serially diluted from 2 uM to 0.125 uM in PBS.
Glycans (Dextra Laboratories, Reading, UK) (Table 2), resembling the gonococcal Gal(a1-3)diNAcBac
pilin-linked glycan, were serially diluted from 2 wM to 0.0078 uM in PBS. Affinity data points were taken
at 15 s after injection to avoid an artefactual signal resulting from bulk transport. SPR sensorgrams were
analyzed using Biacore Evaluation software (GE Healthcare Life Sciences).

Peptide library construction and screening. The human I-domain sequence (NP_000623.2, amino
acids Gly127 to Ala325 of CD11b) was used to generate a peptide library (Mimotopes; Mulgrave, VIC,
Australia). Each peptide comprised 15 amino acids, with a 5-amino-acid sliding window, to give a
10-amino-acid overlap down the sequence, for a total of 40 peptides (see Table S1 in the supplemental
material). Competitive SPR (Biacore T200 system; GE Healthcare Life Sciences) was used to screen the
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blocking potential of the peptide library. To this end, 100 ng/ml of each peptide was mixed with
1.382 png/ml (2 uM) «1-3 galactobiose and flowed over immobilized human rl-domain and rCR3 on a
Series S CM5 chip. Flow cell 1 was a blank immobilization/reference cell. Blocking peptides were defined
as those peptides in which the peptide plus glycan response was less than those for the peptide and
glycan alone. SPR sensorgrams were analyzed as noted above.

SPR analysis of the G2 peptide. To assess the kinetics of the selected peptides, biotinylated versions
of each peptide were synthesized. This enabled immobilization via streptavidin onto Series S CM5 sensor
chips. Purified biotin-AhxG2 (G2 peptide with a six-carbon spacer linked to biotin) (Table S1), was
incubated with streptavidin (Sigma, Castle Hill, NSW, Australia) for 2 h on ice at a 12:1 molar ratio of
peptide to protein. Unreacted peptide was removed using a 10-kDa-molecular-weight-cutoff size exclu-
sion column (EMD Millipore, Bayswater, VIC, Australia). Semi-native SDS-PAGE analysis was used to
confirm peptide binding to streptavidin. To this end, streptavidin-peptide complexes were added
to nonreducing NuPAGE sample buffer (Life Technologies, Scoresby, VIC, Australia). To ensure that
peptide-streptavidin complexes were not denatured, heat was not applied before loading onto SDS-
polyacrylamide 4% to 12% gradient gels (Life Technologies). A streptavidin-biotin complex was used as
a reference control for the molecular weight shift that could be attributed to the peptide. Serially diluted
glycans (1 uM to 0.0625 uM) were flowed over sensor chips. Other aspects of SPR analysis were as
described above.

Modeling the G2 peptide region. All molecular modeling was performed using YASARA (35). A
rectangular box with dimensions 31.89 A by 18.19 A by 24.13A (x, y, and z) was centered on the
coordinates of the G2 peptide region (RIHFTFKEFQNNPNP), amino acids Arg 197 to Pro211 of CD11b
or 181 to 196 as found in the X-ray crystal (Protein Data Bank ID 1TMF7 [34]). The coordinates of
galactose-a-OH were taken from YASARA carbohydrate builder and saved as a ligand Protein Data Bank
structure. Molecular docking experiments were performed using Autodock VINA (55), as implemented in
the YASARA software suit. Calculated ligand-receptor pairs were clustered using a root mean square
deviation [RMSD] cutoff of 5.0 A and ranked according to binding energy, with more positive energies
indicating stronger binding and negative energies meaning no binding. The final pose of ligand bound
with the protein was selected by giving priority to the binding energy conformation with the largest
binding cluster of the total conformers. The results were viewed using YASARA. During the docking
process, 999 different conformers were generated in clusters A1, B1, C1, and D1, which were populated
at 70%, 10%, 15%, and 5%, respectively (Fig. S3).

Fluorometric adherence assay. Fluorometric adherence assays were performed essentially as
described previously (36). In brief, N. gonorrhoeae MS11 gfp was used to challenge (1 h) Pex or CHO cells
simultaneously with peptide or drug competitor. Infected (devoid of peptide or drug) and uninfected
(with peptide, drug, or dimethyl sulfoxide [DMSO] vehicle) control cell assays were treated in parallel with
competitive peptide/drug inhibition assays. Fluorescence (485 nm excitation, 528 nm emission) intensity,
corresponding to bacterial adherence, was recorded using a Synergy HT multimode microplate reader
(BioTek Instruments, Winooski, VT, USA). Blank wells, devoid of Pex or CHO cells, were inoculated with
bacteria and served as a control for nonspecific binding. Each assay was performed in triplicates on 3
separate occasions. Peptides used are described in Table S1. A nonparametric analysis of variance
(ANOVA) was used to determine the statistical significance of the calculated mean of bacterial adherence.

Repurposed drug screen against human CR3 I-domain. Human rl-domain was immobilized onto
a CM5 sensor chip with a blank control flow cell as described above. A combination of two FDA-approved
drug libraries, Microsource-CPOZ (2,400 drugs) and ML Drug (741 drugs), was purchased from Com-
pounds Australia. Each drug was made up to 1 uM in 10% DMSO in a 384-well plate, with a new chip for
every plate screened, just before use in the Biacore S200. A single-concentration injection screen (yes/no)
binding assay was performed. Binding was determined based on the response unit shift (equal to the
molecular weight-corrected response units of the positive-control glycan) of the stability of the binding
phase of the dissociation cycle. Binding “hits” were rescreened across a concentration range of 1.6 nM to
1 uM to define the K, of each interaction. For carbamazepine and methyldopa, saturation occurred
between 1.6 nM and 8 nM, and so a new concentration range (10 nM to 0.625 nM) was tested. Any drug
with a K of >1 uM was discarded from further analyses. For competitive SPR assays, N. gonorrhoeae
pilin, drug, or drug plus pilin were flowed at 1 M over human rl-domain, and the response units of each
interaction were recorded. Any drug that could not compete with pilin for binding (a 2-fold reduction
cutoff, 50% of the drug and pilin response units [RU] combined) to the I-domain was also omitted from
further analyses. All SPR sensorgrams and result plots described above were analyzed with Biacore S200
evaluation software (GE Healthcare Life Sciences). A literature review was used to evaluate the remaining
drugs for known long-term safety in humans and known therapeutic concentrations.

Infection and treatment assays. Infection studies were performed as previously described with
modification using a multiplicity of infection of 100 (44). To establish infection before treatment, Pex cells
were challenged with N. gonorrhoeae for 90 min. The infection medium was then removed, the cells were
rinsed thrice, and fresh medium containing 0.1% DMSO (vehicle control), carbamazepine (100 pM to
100 uM), methyldopa (100 pM to 100 uM), or ceftriaxone (0.1 wg/ml or 0.5 pg/ml, positive control) was
added. Infections then proceeded for an additional 24 h or 48 h, after which, the infection medium was
removed. Pex cell monolayers were subsequently lysed, serial dilutions of the Pex cell lysates were plated,
and viable gonococci were enumerated by counting CFU after 48 h of incubation (37°C, 5% CO,). For
sequential infection assays, viable bacterial colonies that survived a treatment assay were harvested from
the enumeration (CFU) plates and used to inoculate new Pex cell monolayers. For these sequential
assays, each infection (the original infection or the infection with bacteria that had survived the original
infection) proceeded for 24 h. Pex cells were then processed, and bacteria were enumerated, as
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described above. For all assays, the percentage of N. gonorrhoeae that survived carbamazepine, meth-
yldopa, or ceftriaxone treatment was determined as a function of bacteria that survived DMSO treatment
(set to 100%). All assays were performed in triplicates on 3 separate occasions. A nonparametric ANOVA
was used to determine the statistical significance of bacterial survival.
Well diffusion assays. Well diffusion assays were performed essentially as described previously (56).
Briefly, N. gonorrhoeae strains were spread uniformly across the surfaces of GC agar plates at a culture
density of 107 bacteria per ml. Wells were then punctured within the agar surface to which carbamaz-
epine or methyldopa (100 pM to 100 uM), 0.2 ug/ml ceftriaxone, 10 ug/ml ciprofloxacin, or 1% DMSO
(vehicle control) was added. Following an overnight incubation (37°C, 5% CO,), inhibition of N. gonor-
rhoeae growth was measured as the diameter (in millimeters) of the area of clearing surrounding (and
inclusive of) each well on each agar plate, i.e., the zone of inhibition (ZOI). For agar plates in which a ZOI
was not visible, data were recorded as the diameter of the well (6 mm). Assays were performed in
triplicates on 3 separate occasions. Statistical significance of data obtained was determined using a
Student’s t test.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.1 MB.

FIG S2, PDF file, 0.7 MB.

FIG S3, PDF file, 0.6 MB.

FIG S4, PDF file, 0.1 MB.

FIG S5, PDF file, 0.2 MB.

FIG S6, PDF file, 0.2 MB.

TABLE S1, DOCX file, 0.1 MB.

ACKNOWLEDGMENTS
This work was supported by National Health and Medical Research Council program
grant 1071659 (to M.P.J), Principal Research Fellowship 1138466 (to M.P.).), project
grant 1108124 (to M.PJ. and CJ.D.), Australian Research Council discovery grant
DP170104692 (to T.H. and M.P.J.), and National Institutes of Health NIAID grant
RO1AI134848 (to J.L.E. and M.P.J.) The PhD Scholarship for J.P. was supported by a
Queensland Government Research Partnerships program grant to M.P.J. Cervical tissue
samples were obtained from the Cooperative Human Tissue Network/Human Tissue
Resource Network, funded by the National Cancer Institute. Work on the CD11b
I-domain in the Torres Lab is supported by an NIH-NIAID grant (2R01 Al099394 to V.J.T.).
We acknowledge Compounds Australia (www.compoundsaustralia.com) for their
provision of specialized compound management research services to the project. J.P.,
T.H., F.E-C.J., and V.J.T. declare no competing interests. C.J.D., J.L.E., and M.P.J. declare
a provisional patent protecting the use of carbamazepine and methyldopa for the
treatment and prevention of gonococcal infection in women.

REFERENCES

1.

March/April 2020 Volume 11

Unemo M, Shafer WM. 2014. Antimicrobial resistance in Neisseria gon-
orrhoeae in the 21st century: past, evolution, and future. Clin Microbiol
Rev 27:587-613. https://doi.org/10.1128/CMR.00010-14.

. Aledort JE, Hook IIE, Weinstein MC, Goldie SJ. 2005. The cost effective-

ness of gonorrhea screening in urban emergency departments. Sex
Transm Dis 32:425-436. https://doi.org/10.1097/01.0lq.0000154501
.22566.fa.

. Farley TA, Cohen DA, Elkins W. 2003. Asymptomatic sexually transmitted

diseases: the case for screening. Prev Med 36:502-509. https://doi.org/
10.1016/50091-7435(02)00058-0.

. Hook EW, Hansfield HH. 2008. Gonococcal infection in the adult, p

627-645. In Holmes KK (ed), Sexually transmitted diseases. McGraw-Hill,
New York, NY.

. Stupiansky NW, Van Der Pol B, Williams JA, Weaver B, Taylor SE, Forten-

berry JD. 2011. The natural history of incident gonococcal infection in
adolescent women. Sex Transm Dis 38:750-754. https://doi.org/10.1097/
OLQ.0b013e31820ff9a4.

. WHO. 2011. Prevalence and incidence of selected sexually transmitted

infections. Chlamydia trachomatis, Neisseria gonorrhoeae, syphilis and
Trichomonas vaginalis. Methods and results used by WHO to generate
2005 estimates. World Health Organization, Geneva, Switzerland.

Issue 2 e03046-19

. Bolan G, Ehrhardt AA, Wasserheit JN. 1999. Gender perspectives and

STDs, p 117-127. In Holmes KK, Mardh P-A, Sparling PF, Lemon SM,
Stamm WE, Piot P, Wasserheit JN (ed), Sexually transmitted diseases, 3rd
ed. McGraw-Hill, New York, NY.

. Edwards JL, Jennings MP, Seib KL. 2018. Neisseria gonorrhoeae vaccine

development: hope on the horizon? Curr Opin Infect Dis 31:246-250.
https://doi.org/10.1097/QC0.0000000000000450.

. Patel P, Marrs CF, Mattick JS, Ruehl WW, Taylor RK, Koomey M. 1991.

Shared antigenicity and immunogenicity of type 4 pilins expressed by
Pseudomonas aeruginosa, Moraxella bovis, Neisseria gonorrhoaea, Dich-
elobacter nodosus, and Vibrio cholerae. Infect Immun 59:4674-4676.

. McGee ZA, Stephens DS. 1984. Common pathways of invasion of mu-

cosal barriers by Neisseria gonorrhoeae and Neisseria meningitidis. Surv
Synth Pathol Res 3:1-10.

. Virji M, Kayhty H, Ferguson DJ, Alexandrescu C, Heckels JE, Moxon ER.

1991. The role of pili in the interactions of pathogenic Neisseria with
cultured human endothelial cells. Mol Microbiol 5:1831-1841. https://
doi.org/10.1111/j.1365-2958.1991.tb00807.x.

. Seifert HS. 1996. Questions about gonococcal pilus phase- and antigenic

variation. Mol Microbiol 21:433-440. https://doi.org/10.1111/j.1365
-2958.1996.tb02552 x.

mbio.asm.org 11


http://www.compoundsaustralia.com
https://doi.org/10.1128/CMR.00010-14
https://doi.org/10.1097/01.olq.0000154501.22566.fa
https://doi.org/10.1097/01.olq.0000154501.22566.fa
https://doi.org/10.1016/s0091-7435(02)00058-0
https://doi.org/10.1016/s0091-7435(02)00058-0
https://doi.org/10.1097/OLQ.0b013e31820ff9a4
https://doi.org/10.1097/OLQ.0b013e31820ff9a4
https://doi.org/10.1097/QCO.0000000000000450
https://doi.org/10.1111/j.1365-2958.1991.tb00807.x
https://doi.org/10.1111/j.1365-2958.1991.tb00807.x
https://doi.org/10.1111/j.1365-2958.1996.tb02552.x
https://doi.org/10.1111/j.1365-2958.1996.tb02552.x
https://mbio.asm.org

Poole et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

March/April 2020 Volume 11

Hegge FT, Hitchen PG, Aas FE, Kristiansen H, Lovold C, Egge-Jacobsen W,
Panico M, Leong WY, Bull V, Virji M, Morris HR, Dell A, Koomey M. 2004.
Unique modifications with phosphocholine and phosphoethanolamine
define alternate antigenic forms of Neisseria gonorrhoeae type IV pili.
Proc Natl Acad Sci U S A 101:10798-10803. https://doi.org/10.1073/pnas
.0402397101.

Hartley MD, Morrison MJ, Aas FE, Borud B, Koomey M, Imperiali B. 2011.
Biochemical characterization of the O-linked glycosylation pathway in
Neisseria gonorrhoeae responsible for biosynthesis of protein glycans
containing N,N'-diacetylbacillosamine. Biochemistry 50:4936 -4948. https://
doi.org/10.1021/bi2003372.

Aas FE, Vik A, Vedde J, Koomey M, Egge-Jacobsen W. 2007. Neisseria
gonorrhoeae O-linked pilin glycosylation: functional analyses define both
the biosynthetic pathway and glycan structure. Mol Microbiol 65:
607-624. https://doi.org/10.1111/j.1365-2958.2007.05806.X.

Power PM, Roddam LF, Dieckelmann M, Srikhanta YN, Tan YC, Berrington
AW, Jennings MP. 2000. Genetic characterization of pilin glycosylation in
Neisseria meningitidis. Microbiology 146:967-979. https://doi.org/10
.1099/00221287-146-4-967.

Jennings MP, Virji M, Evans D, Foster V, Srikhanta YN, Steeghs L, van der
Ley P, Moxon ER. 1998. Identification of a novel gene involved in pilin
glycosylation in Neisseria meningitidis. Mol Microbiol 29:975-984. https://
doi.org/10.1046/j.1365-2958.1998.00962.x.

Power PM, Roddam LF, Rutter K, Fitzpatrick SZ, Srikhanta YN, Jennings
MP. 2003. Genetic characterization of pilin glycosylation and phase
variation in Neisseria meningitidis. Mol Microbiol 49:833-847. https://doi
.org/10.1046/j.1365-2958.2003.03602.x.

Warren MJ, Roddam LF, Power PM, Terry TD, Jennings MP. 2004. Analysis
of the role of pgll in pilin glycosylation of Neisseria meningitidis. FEMS
Immunol Med Microbiol 41:43-50. https://doi.org/10.1016/j.femsim
.2004.01.002.

Edwards JL, Brown EJ, Ault KA, Apicella MA. 2001. The role of comple-
ment receptor 3 (CR3) in Neisseria gonorrhoeae infection of human
cervical epithelia. Cell Microbiol 3:611-622. https://doi.org/10.1046/j
.1462-5822.2001.00140.x.

Yakubenko VP, Lishko VK, Lam SC, Ugarova TP. 2002. A molecular basis
for integrin alphaMbeta 2 ligand binding promiscuity. J Biol Chem
277:48635-48642. https://doi.org/10.1074/jbc.M208877200.

Antal JM, Cunningham JV, Goodrum KJ. 1992. Opsonin-independent
phagocytosis of group B streptococci: role of complement receptor type
three. Infect Immun 60:1114-1121.

Blackwell JM. 1985. Receptors and recognition mechanisms of Leishma-
nia species. Trans R Soc Trop Med Hyg 79:606-612. https://doi.org/10
.1016/0035-9203(85)90166-x.

Courret N, Darche S, Sonigo P, Milon G, Buzoni-Gatel D, Tardieux I. 2006.
CD11c- and CD11b-expressing mouse leukocytes transport single Toxo-
plasma gondii tachyzoites to the brain. Blood 107:309-316. https://doi
.org/10.1182/blood-2005-02-0666.

Cuzzola M, Mancuso G, Beninati C, Biondo C, Genovese F, Tomasello F,
Flo TH, Espevik T, Teti G. 2000. Beta 2 integrins are involved in cytokine
responses to whole Gram-positive bacteria. J Immunol 164:5871-5876.
https://doi.org/10.4049/jimmunol.164.11.5871.

Drevets DA, Campbell PA. 1991. Roles of complement and complement
receptor type 3 in phagocytosis of Listeria monocytogenes by inflamma-
tory mouse peritoneal macrophages. Infect Immun 59:2645-2652.
Hetland G, Wiker HG. 1994. Antigen 85C on Mycobacterium bovis, BCG
and M. tuberculosis promotes monocyte-CR3-mediated uptake of mi-
crobeads coated with mycobacterial products. Immunology 82:445-449.
Jawhara S, Pluskota E, Verbovetskiy D, Skomorovska-Prokvolit O, Plow
EF, Soloviev DA. 2012. Integrin alphaXbeta, is a leukocyte receptor for
Candida albicans and is essential for protection against fungal infections.
J Immunol 189:2468-2477. https://doi.org/10.4049/jimmunol.1200524.
Relman D, Tuomanen E, Falkow S, Golenbock DT, Saukkonen K, Wright
SD. 1990. Recognition of a bacterial adhesion by an integrin: macro-
phage CR3 (alpha,beta,, CD11b/CD18) binds filamentous hemaggluti-
nin of Bordetella pertussis. Cell 61:1375-1382. https://doi.org/10.1016/
0092-8674(90)90701-F.

Wright SD, Jong MT. 1986. Adhesion-promoting receptors on human
macrophages recognize Escherichia coli by binding to lipopolysaccha-
ride. J Exp Med 164:1876-1888. https://doi.org/10.1084/jem.164.6.1876.
DuMont AL, Yoong P, Day CJ, Alonzo F, 3rd, McDonald WH, Jennings MP,
Torres VJ. 2013. Staphylococcus aureus LukAB cytotoxin kills human
neutrophils by targeting the CD11b subunit of the integrin Mac-1. Proc

Issue 2 e03046-19

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

mBio’

Natl Acad Sci U S A 110:10794-10799. https://doi.org/10.1073/pnas
.1305121110.

Edwards JL, Brown EJ, Uk-Nham S, Cannon JG, Blake MS, Apicella MA.
2002. A co-operative interaction between Neisseria gonorrhoeae and
complement receptor 3 mediates infection of primary cervical epithelial
cells. Cell Microbiol 4:571-584. https://doi.org/10.1046/j.1462-5822.2002
t01-1-00215.x.

Jennings MP, Jen FE, Roddam LF, Apicella MA, Edwards JL. 2011. Neis-
seria gonorrhoeae pilin glycan contributes to CR3 activation during
challenge of primary cervical epithelial cells. Cell Microbiol 13:885-896.
https://doi.org/10.1111/j.1462-5822.2011.01586.X.

McCleverty CJ, Liddington RC. 2003. Engineered allosteric mutants of the
integrin alphaybeta, | domain: structural and functional studies.
Biochem J 372:121-127. https://doi.org/10.1042/BJ20021273.

Krieger E, Koraimann G, Vriend G. 2002. Increasing the precision of
comparative models with YASARA NOVA-a self-parameterizing force
field. Proteins 47:393-402. https://doi.org/10.1002/prot.10104.
Thornton BP, Vétvicka V, Pitman M, Goldman RC, Ross GD. 1996. Analysis
of the sugar specificity and molecular location of the beta-glucan-
binding lectin site of complement receptor type 3 (CD11b/CD18). J
Immunol 156:1235-1246.

Xia Y, Ross GD. 1999. Generation of recombinant fragments of CD11b
expressing the functional beta-glucan-binding lectin site of CR3 (CD11b/
CD18). J Immunol 162:7285-7293.

Ahearn JM, Rosengrad AM. 1998. The complement system in reproduc-
tion, p 167-202. In Volanakis JE, Frank MM (ed), The human complement
system in health and disease. Marcel Dekker, Inc., New York, NY.
Morley BJ, Walport MJ. 2000. The complement factsbook. Academic
Press, San Diego, CA.

Huai G, Qi P, Yang H, Wang Y. 2016. Characteristics of alpha-Gal epitope,
anti-Gal antibody, alpha1,3 galactosyltransferase and its clinical exploi-
tation (review). Int J Mol Med 37:11-20. https://doi.org/10.3892/ijmm
.2015.2397.

Bondareva IB, Jelliffe RW, Andreeva OV, Bondareva KI. 2011. Predictabil-
ity of individualized dosage regimens of carbamazepine and valproate
mono- and combination therapy. J Clin Pharm Ther 36:625-636. https://
doi.org/10.1111/j.1365-2710.2010.01215.x.

Bondareva B, Jelliffe RW, Gusev El, Guekht AB, Melikyan EG, Belousov YB.
2006. Population pharmacokinetic modelling of carbamazepine in epi-
leptic elderly patients: implications for dosage. J Clin Pharm Ther 31:
211-221. https://doi.org/10.1111/j.1365-2710.2006.00717.x.

Jones HM, Cummings AJ. 1978. A study of the transfer of alpha-
methyldopa to the human foetus and newborn infant. Br J Clin Phar-
macol 6:432-434. https://doi.org/10.1111/j.1365-2125.1978.tb04609.x.
Edwards JL, Shao JQ, Ault KA, Apicella MA. 2000. Neisseria gonorrhoeae
elicits membrane ruffling and cytoskeletal rearrangements upon infec-
tion of primary human endocervical and ectocervical cells. Infect Immun
68:5354-5363. https://doi.org/10.1128/iai.68.9.5354-5363.2000.

Ingalls RR, Arnaout MA, Golenbock DT. 1997. Outside-in signaling by
lipopolysaccharide through a tailless integrin. J Immunol 159:433-438.
Apicella MA. 1974. Antigenically distinct populations of Neisseria
gonorrhoeae: isolation and characterization of the responsible determi-
nants. J Infect Dis 130:619-625. https://doi.org/10.1093/infdis/130.6
.619.

Schoolnik GK, Fernandez R, Tai JY, Rothbard J, Gotschlich EC. 1984.
Gonococcal pili. Primary structure and receptor binding domain. J Exp
Med 159:1351-1370. https://doi.org/10.1084/jem.159.5.1351.

Segal E, Billyard E, So M, Storzbach S, Meyer TF. 1985. Role of chromo-
somal rearrangement in N. gonorrhoeae pilus phase variation. Cell 40:
293-300. https://doi.org/10.1016/0092-8674(85)90143-6.

Unemo M, Golparian D, Sanchez-Buso L, Grad Y, Jacobsson S, Ohnishi M,
Lahra MM, Limnios A, Sikora AE, Wi T, Harris SR. 2016. The novel 2016
WHO Neisseria gonorrhoeae reference strains for global quality assurance
of laboratory investigations: phenotypic, genetic and reference genome
characterization. J Antimicrob Chemother 71:3096-3108. https://doi
.0rg/10.1093/jac/dkw288.

Srikhanta YN, Dowideit SJ, Edwards JL, Falsetta ML, Wu HJ, Harrison OB,
Fox KL, Seib KL, Maguire TL, Wang AH, Maiden MC, Grimmond SM,
Apicella MA, Jennings MP. 2009. Phasevarions mediate random switch-
ing of gene expression in pathogenic Neisseria. PLoS Pathog
5:1000400. https://doi.org/10.1371/journal.ppat.1000400.

Jennings MP, Hood DW, Peak IRA, Virji M, Moxon ER. 1995. Molecular
analysis of a locus for the biosynthesis and phase-variable expression of
the lacto-N-neotetraose terminal lipopolysaccharide structure in Neisse-

mbio.asm.org 12


https://doi.org/10.1073/pnas.0402397101
https://doi.org/10.1073/pnas.0402397101
https://doi.org/10.1021/bi2003372
https://doi.org/10.1021/bi2003372
https://doi.org/10.1111/j.1365-2958.2007.05806.x
https://doi.org/10.1099/00221287-146-4-967
https://doi.org/10.1099/00221287-146-4-967
https://doi.org/10.1046/j.1365-2958.1998.00962.x
https://doi.org/10.1046/j.1365-2958.1998.00962.x
https://doi.org/10.1046/j.1365-2958.2003.03602.x
https://doi.org/10.1046/j.1365-2958.2003.03602.x
https://doi.org/10.1016/j.femsim.2004.01.002
https://doi.org/10.1016/j.femsim.2004.01.002
https://doi.org/10.1046/j.1462-5822.2001.00140.x
https://doi.org/10.1046/j.1462-5822.2001.00140.x
https://doi.org/10.1074/jbc.M208877200
https://doi.org/10.1016/0035-9203(85)90166-x
https://doi.org/10.1016/0035-9203(85)90166-x
https://doi.org/10.1182/blood-2005-02-0666
https://doi.org/10.1182/blood-2005-02-0666
https://doi.org/10.4049/jimmunol.164.11.5871
https://doi.org/10.4049/jimmunol.1200524
https://doi.org/10.1016/0092-8674(90)90701-F
https://doi.org/10.1016/0092-8674(90)90701-F
https://doi.org/10.1084/jem.164.6.1876
https://doi.org/10.1073/pnas.1305121110
https://doi.org/10.1073/pnas.1305121110
https://doi.org/10.1046/j.1462-5822.2002.t01-1-00215.x
https://doi.org/10.1046/j.1462-5822.2002.t01-1-00215.x
https://doi.org/10.1111/j.1462-5822.2011.01586.x
https://doi.org/10.1042/BJ20021273
https://doi.org/10.1002/prot.10104
https://doi.org/10.3892/ijmm.2015.2397
https://doi.org/10.3892/ijmm.2015.2397
https://doi.org/10.1111/j.1365-2710.2010.01215.x
https://doi.org/10.1111/j.1365-2710.2010.01215.x
https://doi.org/10.1111/j.1365-2710.2006.00717.x
https://doi.org/10.1111/j.1365-2125.1978.tb04609.x
https://doi.org/10.1128/iai.68.9.5354-5363.2000
https://doi.org/10.1093/infdis/130.6.619
https://doi.org/10.1093/infdis/130.6.619
https://doi.org/10.1084/jem.159.5.1351
https://doi.org/10.1016/0092-8674(85)90143-6
https://doi.org/10.1093/jac/dkw288
https://doi.org/10.1093/jac/dkw288
https://doi.org/10.1371/journal.ppat.1000400
https://mbio.asm.org

Blocking CR3 to Prevent/Cure Gonococcal Cervicitis

52.

53.

March/April 2020 Volume 11

ria meningitidis. Mol Microbiol 18:729-740. https://doi.org/10.1111/j
.1365-2958.1995.mmi_18040729.x.

van der Ley P, Kramer M, Martin A, Richards JC, Poolman JT. 1997.
Analysis of the icsBA locus required for biosynthesis of the inner core
region from Neisseria meningitidis lipopolysaccharide. FEMS Microbiol
Lett 146:247-253. https://doi.org/10.1111/j.1574-6968.1997.tb10201 x.
Virji M, Saunders JR, Sims G, Makepeace K, Maskell D, Ferguson DJ. 1993.
Pilus-facilitated adherence of Neisseria meningitidis to human epithelial
and endothelial cells: modulation of adherence phenotype occurs con-
currently with changes in primary amino acid sequence and the glyco-
sylation status of pilin. Mol Microbiol 10:1013-1028. https://doi.org/10
.1111/j.1365-2958.1993.tb00972 x.

Issue 2 e03046-19

54.

55.

56.

mBio’

Wolfgang M, Park HS, Hayes SF, van Putten JPM, Koomey M. 1998.
Suppression of an absolute defect in type IV pilus biogenesis by loss-
of-function mutations in pilT, a twitching motility gene in Neisseria
gonorrhoeae. Proc Natl Acad Sci U S A 95:14973-14978. https://doi.org/
10.1073/pnas.95.25.14973.

Trott O, Olson AJ. 2010. AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimization,
and multithreading. J Comput Chem 31:455-461. https://doi.org/10
.1002/jcc.21334.

Salit IE. 1982. The differential susceptibility of gonococcal opacity vari-
ants to sex hormones. Can J Microbiol 28:301-306. https://doi.org/10
.1139/m82-044.

mbio.asm.org 13


https://doi.org/10.1111/j.1365-2958.1995.mmi_18040729.x
https://doi.org/10.1111/j.1365-2958.1995.mmi_18040729.x
https://doi.org/10.1111/j.1574-6968.1997.tb10201.x
https://doi.org/10.1111/j.1365-2958.1993.tb00972.x
https://doi.org/10.1111/j.1365-2958.1993.tb00972.x
https://doi.org/10.1073/pnas.95.25.14973
https://doi.org/10.1073/pnas.95.25.14973
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1139/m82-044
https://doi.org/10.1139/m82-044
https://mbio.asm.org

	RESULTS
	The gonococcal pilin glycan interacts with the human I-domain. 
	The human I-domain has high-affinity galactose-specific lectin activity. 
	Mapping the I-domain galactose-specific lectin activity. 
	Modeling of the G2 peptide region. 
	Gonococcal adherence to primary cervical cells can be blocked by peptide G2. 
	Repurposed drugs that block the pilin glycan–I-domain interaction prevent and cure cervical infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacteria and cell cultures. 
	Recombinant proteins. 
	Pilin purification. 
	Surface plasmon resonance. 
	Peptide library construction and screening. 
	SPR analysis of the G2 peptide. 
	Modeling the G2 peptide region. 
	Fluorometric adherence assay. 
	Repurposed drug screen against human CR3 I-domain. 
	Infection and treatment assays. 
	Well diffusion assays. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

