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Abstract

Novel therapeutics against multidrug-resistant Neisseria gonorrhoeae are urgently needed.
Gonococcal lipooligosaccharide (LOS) often expresses lacto- A-neotetraose (LNNT), which
becomes sialylated /n vivo, enhancing factor H (FH) binding and contributing to the organism’s
ability to resist killing by complement. We previously showed that FH domains 18-20 (with a D-
to-G mutation at position 1119 in domain 19) fused to Fc (FHD1119G/Fc) displayed complement-
dependent bactericidal activity /n vitro and attenuated gonococcal vaginal colonization of mice.
Gonococcal LOS phase-variation can result in loss of LNNnT expression. Loss of sialylated LNNT,
although associated with a considerable fitness cost, could decrease efficacy of FHD1119G/Fc.
Similar to N. meningitidis, gonococci also bind FH domains 6 and 7 through Neisseria surface
protein A (NspA). Here we show that a fusion protein comprising FH domains 6 and 7 fused to
human IgG1 Fc (FH6,7/Fc) bound to 15 wild-type antimicrobial resistant isolates of .
gonorrhoeae and to each of six /gtA gonococcal deletion mutants. FH6,7/Fc mediated
complement-dependent killing of 8 of the 15 wild-type gonococcal isolates and effectively reduced
the duration and burden of vaginal colonization of three gonococcal strains tested in wild-type
mice, including two strains that resisted complement-dependent killing, but on which FH6,7/Fc
enhanced C3 deposition. FH/Fc lost efficacy when Fc was mutated to abrogate C1q binding and in
CIg™" mice, highlighting the requirement of the classical pathway for its activity. Targeting
gonococci with FH6,7/Fc provides an additional immunotherapeutic approach against multidrug-
resistant gonorrhea.
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Introduction

Gonorrhea is caused by the gram-negative bacterium, Neisseria gonorrhoeae. About 78
million cases of gonorrhea occur world-wide, annually (1). Gonorrhea infects mucosal
epithelia primarily and commonly manifests as cervicitis, urethritis, proctitis, and
conjunctivitis. Infections at these sites, if left untreated, can lead to local complications
including endometritis, salpingitis, tuboovarian abscess, bartholinitis, peritonitis, and
perihepatitis in women, periurethritis and epididymitis in men, and ophthalmia neonatorum
in newborns. Disseminated gonococcal infection is an uncommon event whose
manifestations include skin lesions, tenosynovitis, septic arthritis, and rarely, endocarditis or
meningitis.

Over the years N. gonorrhoeae has become resistant to almost every antibiotic that has been
used for treatment (2). Strains that are resistant or show decreased susceptibility to
ceftriaxone have been reported on almost every continent (3—-6). The recent emergence of
azithromycin-resistant isolates in several countries (5, 7) could render the first-line therapy,
ceftriaxone plus azithromycin, recommended by the Centers for Disease Control and
Prevention (8), ineffective in the near future.

In light of rapidly emerging multidrug-resistant N. gonorrhioeae worldwide, development of
safe and effective vaccines and novel therapeutics against gonorrhea is a high priority (9).
An approach for developing new and effective therapeutics against gonorrhea is to target key
bacterial virulence mechanisms. One of these, is the ability of N. gonorrhioeaeto sialylate
the lacto-A-neotetraose (LNNT) glycan extension from heptose I (Hepl) on
lipooligosaccharide (LOS) (10, 11). Sialylation of LNnT LOS enhances binding of the
complement inhibitor, factor H (FH) (12), viathe three C-terminal domains of factor H
(domains 18, 19 and 20) (12-14). Previously, we targeted this key virulence mechanism by
constructing a chimeric protein comprising FH domains 18-20 fused to 1gG Fc (FH18-
20/Fc) and showed that this immunotherapeutic possessed complement-dependent
bactericidal activity against gonococci /n vitro and shortened the duration and diminished
bacterial loads in the mouse model of vaginal colonization (15).

Phase-variation of LOS glycans occurs /n vivo (11) as a result of slipped-stand mispairing of
Neisserial LOS glycosyltransferase (/gt) genes (16—19) and results in gonococci not
remaining sialylated throughout their life cycle, yet they are able to survive in the
unsialylated state, at least temporarily, until they are re-sialylated (20). Phase variation “off’
of /gtA results in Hepl substitution with lactose, which decreases binding and efficacy of
FH18-20/Fc. Although rare, an example of a clinical gonococcal isolate that cannot express
LNNT because of a genetic deletion of three genes in the /gt locus, has been reported (21).

Numerous pathogens also bind FH through domains 6 and 7 (reviewed in (22)) and we have
previously characterized Neisserial surface protein A (NspA) on N. meningitidis as a ligand
for FH domains 6 and 7 (23). A fusion protein that consists of FH domains 6 and 7 fused to
1gG Fc (FH6,7/Fc) is efficacious against N. meningitidis (24), nontypeable Haemophilus
influenzae (25) and group A streptococci (26) in rodent models. Gonococcal NspA also
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binds to human FH domains 6 and 7 (27) and in this report we examine the efficacy of
FH6,7/Fc against . gonorrhoeae to counter the threat of antimicrobial resistance.

Materials and Methods

Bacterial strains.

Strains F62 (28), Ctx-r(Spain) (similar to strain F89) (3), H041 (also known as WHO
reference strain X) (6, 29), MS11 (11), UMNJ60_06UM (abbreviated to ‘NJ-60’) (30) and
FA1090 (31) have all been described previously. Strains Ctx-r(Spain), H041 and NJ-60 are
resistant to ceftriaxone. To genetically construct /gzA mutants, the LOS glycosyltransferase
A (lgtA) was insertionally inactivated with a kanamycin-resistance marker (1gtA. kan)
cloned into a unique Sty site in /gtA, as described previously (23, 32). Opacity protein-
negative mutants of MS11 (33) and FA1090 (34) (all gpa genes deleted) have been described
previously. Supplemental Table S1 summarizes the characteristics of the strains listed above.
Genotypic/phenotypic characteristics of nine N. gonorrhoeae isolates that were isolated as
part of the Gonococcal Isolate Surveillance Project (GISP) site in California in 2012 (4, 35)
are listed in Supplemental Table S2.

IgG and IgM depleted normal human serum (human complement).

Serum was obtained from normal healthy adult volunteers with no history of gonococcal or
meningococcal infection who provided informed consent. Participation was approved by the
University of Massachusetts Institutional Review Board for the protection of human
subjects. Serum was obtained from whole blood that was clotted at 25 °C for 30 min
followed by centrifugation at 1500 g for 20 min at 4 °C. To study the effects of the FH6,7/Fc
proteins without confounding by natural anti-gonococcal antibodies present in NHS, we
depleted 1gG and IgM from freshly collected human serum, as described previously (36).
Briefly, EDTA (final concentration 10 mM) and NacCl (final concentration 1 M) were added
to freshly prepared human serum and treated sera was passed first over anti-human IgM
agarose (Sigma), followed by passage through protein G-Sepharose; both columns were
equilibrated in PBS containing 10 mM EDTA and 1 M NaCl. NaCl was added to minimize
loss of C1q during passage of serum through the anti-human IgM column. The flow-through
was collected, spin concentrated and dialyzed against PBS/0.1 mM EDTA to its original
volume using a 10-kDa cutoff Amicon Ultra-15 centrifugal filter device (Millipore, Bedford,
MA), sterilized by passage through a 0.22-um filter (Millipore), aliquoted and stored at
—70°C. Hemolytic activity was confirmed using a total complement hemolytic plate assay
(The Binding Site Inc., Birmingham, U.K).

Expression and purification of FH/Fc fusion proteins in CHO cells.

Cloning, expression in CHO cells and purification from cell culture supernatants of a
chimeric protein comprising human FH (HuFH) domains 6 and 7 or domains 18-20
(D1119G) fused to human IgG1 Fc has been described previously (25, 37). Protein
concentrations were determined using the BCA protein Assay kit (Pierce); mass was
determined by Coomassie Blue staining of proteins separated by SDS-PAGE. The role of
classical pathway activation in efficacy of FHD1119G/Fc and FH6,7/Fc was examined by
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introducing two amino acid point mutations — D270A and K322A — in the Fc region, which
abrogates C1q binding (38, 39).

Sheep anti-human C3c-FITC was obtained from AbD Serotec (cat. # AHP031F), and anti-
human IgG FITC was from Sigma. Both antibodies (Abs) were used at a dilution of 1:200 in
HBSS*™ and 1% bovine serum albumin (BSA) (HBSS**/BSA) in flow cytometry assays.

Flow cytometry.

Bactericidal

Binding of FH/Fc to bacteria and C3 fragments deposited on bacteria were measured by
flow cytometry as described previously (24). Data were acquired on a LSRII flow cytometer
and data were analyzed using FlowJo software.

assay.

Bactericidal assays with FH/Fc were performed as described previously (15), except that
growth media lacked CMP-Neu5Ac. Approximately 2000 colony forming units (CFUs) of
N. gonorrhoeae were incubated with 20% human complement (IgG and IgM depleted
normal human serum) in the presence or the absence of the FH/Fc fusion protein
(concentration indicated for each experiment). The final volume of the bactericidal reaction
mixture was 150 pl. Aliquots of 25-ul reaction mixtures were plated onto chocolate agar in
duplicate at the beginning of the assay (tp) and again after incubation at 37°C for 30 min
(t30). Survival was calculated as the number of viable colonies at tq relative to tg.

Opsonophagocytosis assay.

Opsonophagocytic killing of gonococci with freshly isolated human polymorphonuclear
leukocytes (PMNs) was performed as described previously (15). Briefly, heparinized venous
blood was obtained from a healthy adult volunteer in accordance with a protocol approved
by the Institutional Review Board. PMNs were isolated using Mono-Poly resolving medium
(MP Biomedicals), according to the manufacturer’s instructions. Isolated PMNs were
washed and suspended in HBSS without added divalent cations, counted, and diluted to 1 x
107/ml in HEPES-buffered RPMI 1640 medium supplemented with L-glutamine and 1%
heat-inactivated FBS. To measure survival of gonococci in the presence of PMNs, Opa
protein—negative mutants of N. gonorrhoeae strain FA1090 and MS11 were added to 1 x 10°
PMNs at a multiplicity of infection (MOI) of 1 (1 bacterium to 1 PMN). Opa-negative (Opa
7) N. gonorrhoeae was used because select Opa proteins serve as ligands for human
carcinoembryonic Ag-related cell adhesion molecule (CEACAM)3 that is expressed by
PMNs and results in phagocytosis (40). FH6,7/Fc was added at a concentration of 67 pg/ml,
followed by 10% human complement (prepared as described above). The reaction mixtures
were incubated for 60 min at 37°C in a shaking water bath. Bacteria were serially diluted
and plated at 0 and 60 min on chocolate agar plates. Percent survival of gonococci in each
reaction was calculated as a ratio of CFUs at 60 min to CFUs at the start of the assay (0
min).
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Mouse vaginal colonization model.

Use of animals in this study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Massachusetts Medical School. Female BALB/c mice 6-8
weeks of age (Jackson Laboratories) in the diestrus phase of the estrous cycle were started
on treatment (that day) with 0.1 mg Premarin (Pfizer) in 200 pl of water given
subcutaneously on each of three days; —2, 0 and +2 days (before, the day of and after
inoculation) to prolong the estrus phase of the reproductive cycle and promote susceptibility
to Mg infection. Antibiotics (vancomycin, colistin, neomycin, trimethoprim and
streptomycin) ineffective against Mg were also used to reduce competitive microflora (41).
Mice were infected on Day 0 with either strain OC7, MS11 or FA1090 (inoculum specified
for each experiment). Mice were treated daily with 10 ug FH6,7/Fc intravaginally from day
0 till the conclusion of the experiment, or were given a corresponding volume of PBS
(vehicle controls). In the experiments with FA1090 and MS11, we also included a group of
mice that received FHD1119G/human Fc (25) to evaluate the comparative efficacies of the
two FH/Fc molecules. We have previously shown that FHD1119G fused to mouse 1gG2a Fc
was efficacious against N. gonorrhoeae F62 (25).

Efficacy of FH6,7/Fc and FHD1119G/Fc against strain FA1090 were also evaluated in C1lq
deficient mice (CZg™~~ mice) on the C57BL/6 background (42) and in transgenic mice that
expressed human FH and human C4BP on the BALB/c background (43). FH/C4BP
transgenic mice expressed levels of human FH and C4BP that are comparable to those found
in normal human serum and show similar responses to a variety of stimuli as wild-type
BALB/c mice.

Statistical analyses.

Experiments that compared clearance of N. gonorrhoeae in independent groups of mice
estimated and tested three characteristics of the data (44): Time to clearance, longitudinal
trends in mean log;p CFU and the cumulative CFU as area under the curve (AUC).
Statistical analyses were performed using mice that initially yielded bacterial colonies on
Days 1 and/or 2. Median time to clearance was estimated using Kaplan-Meier survival
curves; times to clearance were compared between groups using the Mantel-Cox log-rank
test. Mean logyg CFU trends over time were compared between groups using a linear mixed
model with mouse as the random effect using both a random intercept and a random slope.
A quadratic or cubic function in time was determined to provide the best fit; random slopes
were linear in time. A likelihood ratio test was used to compare nested models (with and
without the interaction term of group and time) to test whether the trend differed over time
between the two groups. The mean AUC (logyo CFU versus time) was computed for each
mouse to estimate the bacterial burden over time (cumulative infection); the means under the
curves were compared between groups using the nonparametric two-sample Wilcoxon rank-
sum (Mann-Whitney) test because distributions were skewed or kurtotic. The Kruskal-Wallis
equality-of-populations rank test was also applied to compare more than two groups in an
experiment.
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Binding of FH6,7/Fc to non-sialylated wild-type N. gonorrhoeae and their IgtA deletion

mutants.

FH domains 6 and 7 bind to Neisserial surface protein A (NspA) on N. meningitidis (23).
Based on the ability of N. gonorrhoeae NspA to bind to factor H like protein 1 (FHL-1;
contains FH domains 1 through 7) and FH domains 5 through 8 fused to Fc (27), we
concluded that similar to . meningitidis NspA, domains 6 and 7 were also required for
binding to gonococcal NspA. To address efficacy of FH6,7/Fc against non-sialylated A.
gonorrhoeae, first we examined binding of FH6,7/Fc by flow cytometry to six strains of non-
sialylated N. gonorrhoeae that included three ceftriaxone-resistant isolates (Ctx-r(Sp), HO41
and NJ-60) and the isogenic /gtA mutants of all six strains (Fig.1). The /gtA mutants lack the
LNNT acceptor site for sialic acid. Binding of FH domains 6 and 7 to meningococcal /
gonococcal NspA increases with LOS truncation (23, 27), as was observed here for the /gtA
mutants of strains MS11, NJ-60 and FA1090 that showed reproducible increases in
FH6,7/Fc binding compared to their wild-type counterparts. Wild-type F62, CTX-r(Spain)
and HO041 bound similar amounts of FH6,7/Fc as their respective /gtA mutants (Fig. 1).

Bactericidal activity of FH6,7/Fc against non-sialylated wild-type N. gonorrhoeae and their
IgtA deletion mutants.

The ability of FH6,7/Fc to mediate complement-dependent Killing of the strains shown in
Fig. 1 was evaluated in bactericidal assays using human serum depleted of 1gG and IgM as
the complement source. FH6,7/Fc showed bactericidal activity (>90% killing) against wild-
type F62, Ctx-r(Spain), H041 and NJ-60 and their corresponding /gtA mutants (Fig. 2). In
contrast, neither the wild-type nor the /gtA mutants of MS11 or FA1090 showed any
significant killing (>70% survival) in the presence of FH6,7/Fc and complement.

C3 fragment deposition and opsonophagocytic killing of non-sialylated N. gonorrhoeae
resistant to complement-dependent killing in the presence of FH6,7/Fc.

FHD1119G/Fc mediates complement activation and C3 fragment deposition on .
gonorrhoeae strains that resist direct killing by FHD1119G/Fc and this results in enhanced
opsonophagocytosis (15). iC3b deposits on microbes and engages complement receptor 3
(CR3) on phagocytes that results in bacterial uptake and killing (45, 46). We measured
FH6,7/Fc mediated C3 fragment deposition on the 2 wild-type strains, MS11 and FA1090,
and their /gtA mutants that had resisted direct killing by FH6,7/Fc and complement (Fig. 2).
As shown in Fig. 3, the addition of FH6,7/Fc to complement enhanced C3 deposition
(measured as median fluorescence) on wild-type MS11 and the corresponding MS11 /gtA
mutant, ~13- and ~15-fold respectively, compared to complement alone. In contrast,
FH6,7/Fc enhanced C3 deposition only ~3-fold on wild-type FA1090. Consistent with
greater binding of FH6,7/Fc to FA1090 /gtA mutant compared to wild-type, we observed a
~7-fold increase in C3 deposition on the /gtA mutant by FH6,7/Fc compared to complement
alone.

We next determined whether increased C3 deposition in the presence of FH6,7/Fc facilitated
opsonophagocytosis by human PMNs (Supplemental Figure S1). Opacity protein (Opa)-
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negative mutants of MS11 and FA1090 were used to abrogate opsonic interactions between
select Opa proteins and CEACAM3 on human PMNSs. Despite greater C3 deposition on
MS11 and FA1090, we noted only marginal killing by human PMNs when both FH6,7/Fc
and active complement were present.

Binding and bactericidal activity of FH6,7/Fc against wild-type clinical isolates of N.
gonorrhoeae.

We tested binding and efficacy of FH6,7/Fc against 9 recent clinical isolates of A.
gonorrhoeae that were recovered by the GISP site in California in 2012 (4, 35); three (SD5,
SD15 and SF2) displayed reduced susceptibility to ceftriaxone (0.125 ug/ml) and shared the
same NG-MAST type (1407, Supplemental Table S2). The nine GISP isolates bound
FH6,7/Fc to varying degrees (Fig. 4A). Four of the nine isolates (OC7, OC14, SD3 and SF6)
were killed (<50 % survival) in the presence of complement and FH6,7/Fc (Fig. 4B). There
was a trend towards less killing with lower FH/Fc binding (P=0.07; SD5 (included in the
analysis) was an outlier). Substantial variation occurred in the binding of FH6,7/Fc to the 3
isolates that shared NG-MAST type 1407; however, percent survival in the bactericidal assay
compared to control was >80% for the three isolates (Fig. 4). Collectively, these data show
that FH6,7/Fc binds to and kills the tested N. gonorrhoeae strains to varying degrees.

Efficacy of FH6,7/Fc against N. gonorrhoeae in the BALB/c mouse vaginal colonization

model.

We next evaluated the efficacy of FH6,7/Fc against . gonorrhoeae in the mouse vaginal
colonization model of gonorrhea. We tested three strains that differed in their abilities to
resist killing by FH6,7/Fc and complement. Strain OC7 was highly sensitive to killing /7
vitro (0% survival; Fig. 4), while MS11 and FA1090 were resistant, showing ~75% survival
and 100% survival, respectively (Fig. 2).

Treatment of OC7-infected mice (n=10) with FH6,7/Fc administered intravaginally at a dose
of 10 pg daily, significantly shortened the duration of infection (Fig 5A). Ten control (PBS-
treated) animals remained infected on day 8, while 90% of FH6,7/Fc treated mice cleared
infection by day 5; 100% by day 6 (P<0.0001). Fig. 5B shows that the burden of infection
declined more rapidly in FH6,7/Fc treated mice after 4 days. FH6,7/Fc was also more
efficacious in reducing the Area Under Curve (AUC), a measure of overall bacterial burden
over time (P<0.0001; Fig. 5C).

MS11 and FA1090 are both resistant to complement-mediated killing by FH6,7/Fc in vitro
(Fig. 2) and we were uncertain whether FH6,7/Fc would show activity against these two
isolates /n vivo. We speculated that FHD1119G/Fc would be effective /n vivo against MS11
based on its known bactericidal activity against MS11 and its ability to mediate
opsonophagocytic killing of FA1090 (15), therefore we included a group of mice that
received FHD1119G/Fc intravaginally as a positive control.

FH6,7/Fc and FHD1119G/Fc were both effective against FA1090. As shown in Fig. 6A-C
the difference in median times to clearance (Fig. 6A) between the PBS and FH6,7/Fc groups
were significant (P<0.0001), even though they differed by only 1 day (8 and 7 days for the
PBS and FH6,7/Fc groups, respectively) because low levels of bacteria (102 to 103 CFU/
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swab) persisted in the FH6,7/Fc-treated animals on day 6 (Fig 6B). The median time to
clearance for the FHD1119G/Fc group was 5.5. days. However, both FH6,7/Fc and
FHD1119G/Fc performed comparably when log,g CFU versus time (Fig. 6B) and AUC
(Fig. 6C) were measured.

Both FH/Fc molecules were also efficacious and performed similarly against strain MS11
(Fig. 6D-F). They significantly reduced the duration (median times to clearance for PBS,

FH6,7/Fc and FHD1119G/Fc were 8.5, 5.5 and 5 days, respectively; Fig. 6D) and overall

burden of infection as measured by AUC was reduced compared to the PBS control group
(P<0.0001 for PBS vs FHD1119G/Fc and P=0.001 for PBS vs FH6,7/Fc; Fig. 6F).

FH/Fc requires an intact classical pathway for efficacy.

To assess the role of classical pathway activation in efficacy of FH/Fc, we used C1g™~ mice.
We infected either C57BL/6 wild-type mice or CZg™~ mice (n=10/group) with FA1090 and
treated them with either saline, FHD1119G/Fc or FH6,7/Fc (each given at 10 ug
intravaginally daily, starting on day 0O, through day 10). As shown in Fig. 7, loss of C1q
abrogated activity of both FH/Fc molecules, suggesting that engagement of C1q by Fc is
critical for activity of FH/Fc.

Efficacy of FH6,7/Fc against N. gonorrhoeae in factor H (FH) / C4b-binding protein (C4BP)
dual transgenic mice.

N. gonorrhoeae bind to the complement inhibitors, factor H (FH) and C4b-binding protein
(C4BP) in a human-specific manner (13, 47). Thus, complement activation on N,
gonorrhoeae mediated by the FH/Fc molecules is expected to occur in an uninhibited
manner in wild-type mice, whose FH and C4BP do not bind to gonococci. In humans, FH/Fc
molecules must surmount the complement-dampening effects of human FH and human
C4BP bound to the bacterial surface in order to be efficacious as immunotherapeutics. To
model this, we tested the efficacy of FH6,7/Fc against strain OC7 (sensitive to killing by
both FH/Fc molecules in serum bactericidal assays) in transgenic mice that express human
FH and C4BP (FH/C4BP dual Tg mice) (Fig. 8; 10 animals/group)). To reiterate the role of
the classical pathway for efficacy of FH6,7/Fc, we tested FH6,7/Fc that contained two
mutations to abrogate C1q binding: D270A and K322A. Because we expected lower efficacy
of FH6,7/Fc in FH/C4BP Tg mice compared to wildtype mice (Fig. 5), the Fc mutant protein
also served as a control for specificity. As shown in Fig 8, FH6,7/Fc was efficacious against
OC7 in Tg mice. The Fc mutant molecule that did not engage C1q was inactive, further
emphasizing a role for classical pathway activation for anti-gonococcal activity of FH6,7/Fc.

We also tested efficacy of FH/Fc against strain FA1090; this strain was chosen because,
unlike OC?7, it binds high levels of C4BP (48, 49) and is resistant to complement-dependent
killing by both FHD1119G/Fc (15) and FH6,7/Fc in vitro and therefore provides a stringent
test of FH/Fc efficacy. As shown in Fig. 9 (left graph), both FH6,7/Fc and FHD1119G/Fc
shortened the duration of infection compared to PBS-treated control mice (median duration
of infection for PBS-, FH6,7/Fc- and FHD1119G/Fc-treated mice were 8, 7 and 6 d,
respectively). While FHD1119G/Fc significantly shortened the duration of FA1090
colonization, the differences between the PBS and active FH6,7/Fc groups did not reach
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statistical significance. Inactivated FH6,7 (mutated Fc) showed no decrease in median time
to clearance compared to PBS controls. Fig. 9 (middle graph) shows the log;g CFU versus
time. Again, D1119G/Fc showed the greatest activity, while FH6,7/Fc only marginally
enhanced clearance. The AUC analyses that indicates the overall burden of infection showed
that both FH6,7/Fc and FHD1119G/Fc significantly decreased AUCs compared to PBS-
treated mice. However, the FHD1119G/Fc-treated group showed a significantly lower AUC
compared to FH6,7/Fc-treated group, suggesting superior efficacy compared to FH6,7/Fc
against wild-type N. gonorrhioeae. Activity of FHD1119G/Fc and FH6,7/Fc against FA1090
in FH/C4BP Tg mice was repeated in a separate experiment (Supplemental Figure S2) with
similar results.

Discussion

We have shown previously that FHD1119G/Fc binds to sialylated gonococci and reduces the
duration and burden of N. gonorrhoeae infection in the mouse vaginal colonization model
when administered topically (15). Gonococci are heterogeneously sialylated in the female
genital tract (50), attributable, in part, to sialidases elaborated by coexisting bacteria, such as
Gardnerella vaginalis and Prevotella bivia (51). Further, phase variation of LOS as occurs /n
vivo (11) could result in loss of expression of sialylatable LNNT (e.g., /gtA ‘off’). In this
study, we have shown that FH6,7/Fc, which targets NspA (27) in these strains and does not
require sialylated LOS for binding, also reduces the duration and burden of N. gonorrhoeae
in the mouse model. Although unsialylated gonococcal strains are often reduced in fitness
(10, 11, 52-54), an immunotherapeutic agent that remains effective against strains that do
not express sialylated LNnT and therefore show reduced binding to FHD1119G/Fc, would
serve as an effective adjunct to FHD1119 therapy. However, it was not possible to test
efficacy of FH6,7/Fc against gonococci that express only lactose from Hepl in this animal
model because /gtA mutants infect mice for only 3—4 days (our unpublished observations).
Therefore, testing the efficacy of FH/Fc molecules /n vivo was restricted to wild-type
isolates that express sialylatable LNnT on LOS. Not surprisingly, FHD1119G/Fc showed
greater efficacy than FH6,7/Fc against all wild-type isolates whose LOSs become sialylated
in vivo, which is consistent with our prior observations of decreased binding upon LOS
sialylation of a chimeric protein that comprised FH domains 6-10 fused to Fc (55). Lack of
efficacy of FH6,7/Fc relative to FHD1119G/Fc was evident in FH/C4BP Tg mice colonized
with strain FA1090 (Fig. 9 and Supplemental Fig. S2).

Combinations of drugs are often used to prevent the development of resistance. Therapeutic
use of FHD1119G/Fc and FH6,7/Fc in combination would diminish binding of FH (14) to
two separate sites on the gonococcal surface in addition to exerting Fc function. In order to
achieve resistance, gonococci would have to evolve away from displaying both FH binding
sites thereby losing fitness. Given the promising efficacy data when each of the FH/Fc
molecules are used individually, the use of these two molecules in combination may provide
additive or synergistic killing, especially when LOS may phase-vary /n vivo, and merits
further investigation.

Here, using two independent approaches we show that efficacy of FH/Fc depends on C1q
engagement by Fc. First, Fc mutations (D270A/K322A) that abrogated C1q binding
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rendered FH/Fc ineffective. Second, FH/Fc lost activity in CZg™~ mice. Strain FA1090
resists killing by both FH6,7/Fc and FHD1119G/Fc in direct complement-dependent
bactericidal assays that employ human complement (15). It is worth noting that the ‘serum
resistant” phenotype of N. gonorrhoeae is confined to human and in some strains,
chimpanzee serum, in large part because N. gonorrhoeae bind only to human complement
inhibitors such as FH and C4BP (13, 47). Thus, in wild-type mice, whose FH and C4BP do
not bind to . gonorrhoeae, complement activation is unimpeded and possibly bactericidal
against strains that resist human complement thereby explaining why in these mice
FH6,7/Fc was efficacious against MS11 and FA1090, both of which resisted killing by
human complement and FH6,7/Fc (Fig. 6).

We have shown previously that FHD1119G/Fc enhances C3 deposition and mediates Killing
by human PMNs in a complement-dependent manner (15). FH6,7/Fc also enhanced human
C3 deposition on two wild-type strains that resist direct killing by complement, more so on
MS11 than on FA1090 (Fig. 3). However, both strains were killed only marginally by human
PMNs when FH6,7/Fc and active complement were present. Our experiments that used
human FH/C4BP transgenic mice (43) for challenge with strain FA1090 that is highly
resistant to human complement were intended to raise the barrier for efficacy of the fusion
proteins. While FHD1119G/Fc overcame human FH and C4BP-mediated complement
inhibition on the bacterial surface and reduced the duration and burden of wild-type FA1090
infection in FH/C4BP dual transgenic mice, FH6,7/Fc showed minimal efficacy in this
situation, consistent with its lack of bactericidal and opsonic activity in the presence of
human complement inhibitors.

Several human pathogens have evolved to bind to human FH using the same FH domains
that interact with human cell surfaces (22). Binding of FH/Fc to human cells could activate
complement and cause unwanted tissue damage. To mitigate this in FH18-20/Fc, we
introduced a mutation (D to G at position 1119) in domain 19 to Fc to yield FHD1119G/Fc,
which did not lyse anti-CD59-treated human RBCs (15). FH6,7/Fc also does not lyse anti-
CD59-treated human RBCs in a complement-dependent manner (26). We have also not
noted any short term renal (increases in creatinine) or hematologic (increase in LDH or
decrease in hematocrit) or adverse side effects following systemic administration of either of
these FH/Fc molecules to mice (our unpublished observations). However, further tissue cross
reactivity and toxicology will be necessary during the pre-clinical development of these
immunotherapeutic molecules.

A recent report showed that a monoclonal antibody against antibiotic resistant Ac/netobacter
baumaniiwas synergistic with colistin in enhancing bacterial clearance and evading sepsis
(56). Similarly, the possibility that binding and complement activation on N. gonorrhoeae by
FH/Fc may synergize with conventional antibiotics to reduce the duration and burden of
infection also merits investigation. In summary, we have shown efficacy of two FH/Fc fusion
proteins that target distinct epitopes against N. gonorrfioeae. These proteins may prove to be
useful adjunctive immunotherapeutic agents in the prevention and treatment of multidrug-
resistant gonococcal isolates that have emerged globally. The approach to combat infections
with FH/Fc may also be useful against other human pathogens, as shown by proof-of-
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concept studies against N. meningitidis, nontypeable Haemophilus influenzae and group A
streptococci (24-26).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Binding of FH6,7/Fc (10 ug/ml) to six strains of N. gonorrhoeae and their /gtA mutants.

FH6,7/Fc binding to wild-type (wt) N. gonorrhoeae strains F62, Ctx-r(Spain), H041, MS11,
UMNJ60_06UM (abbreviated to *‘NJ-60") and FA1090 by flow cytometry is shown by the
grey shaded histograms and binding to their respective /gtA mutants is shown by the
histograms depicted by solid lines. Conjugate controls for wt strains and /g¢tA mutants are
shown by dotted and dashed lines, respectively. Numbers alongside histograms in grey
shaded boxes and clear boxes represents the median fluorescence of binding to wt strains
and /gtA mutants, respectively. In every instance, the median fluorescence of the conjugate
controls was less than 10. X-axis, fluorescence on a logg scale; Y-axis, counts. One
representative experiment of two reproducible independently performed experiments is
shown.
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Figure 2.

Complement-dependent bactericidal activity of FH6,7/Fc against wild-type N. gonorrhioeae
strains and their /gtA mutants. The six strains of N. gonorrhoeae and their /gtA mutants
listed on the X-axis were incubated with either 20% complement (C"; normal human serum
(NHS) immunodepleted of 1gG and IgM) alone (black bars), or C” plus FH6,7/Fc (33 ug/ml)
(grey shaded bars) and percent survival (Y-axis) calculated as CFU that survived at 30 min
relative to CFU at 0 min. Each bar shows the mean (range) of two independently performed
experiments.
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Figure 3.
C3 fragment deposition on N, gonorrhoeae mediated by complement (C”) alone and C” +

FH6,7/Fc. Strains MS11, FA1090 and their /gtA mutants were incubated with either 20% C”
alone, or C” plus FH6,7/Fc for 30 min at 37 °C and C3 fragments (C3b and iC3b) deposited
on bacteria measured by flow cytometry using anti-human C3c FITC. X-axis, fluorescence
(logyg scale); Y-axis, counts. Numbers in boxes with dotted outlines, boxes with solid
outlines and grey shaded boxes represent median fluorescence of conjugate controls, C3
deposition in the presence of C” alone or C” plus FH6,7/Fc, respectively.
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Figure 4.
Binding to and complement (C")-dependent bactericidal activity mediated by FH6,7/Fc
against nine clinical strains of N. gonorrficeae. A. Binding of FH6,7/Fc to N. gonorrhoeae.
Binding of FH6,7/Fc (10 ug/ml) to each of the nine gonococcal isolates listed on the X-axis
(identified in the Table) was measured by flow cytometry. Binding (Y-axis) is shown as fold-
increase over conjugate controls. The mean (range) of at least two separate experiments is
shown. B. Complement-dependent bactericidal activity mediated by FH6,7/Fc. The nine
strains of N. gonorrhoeae were incubated with either 20% C” alone (black bars) or C” plus
FH6,7/Fc (33 pug/ml) (grey shaded bars) and percent survival (Y-axis) at 30 min was
measured. Each bar represents the mean (range) of at least two independently performed
experiments.
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Efficacy of FH6,7/Fc against N. gonorrhoeae OC7 in the mouse vaginal colonization model
of gonorrhea. Premarin®-treated wild-type BALB/c mice were given 6 x 10° CFU strain
OCY7 intravaginally on Day 0. Mice (n=10/group) were given either FH6,7/Fc or PBS
(control) daily, beginning on Day 0 through Day 8, when the experiment was terminated. A.
Kaplan Meier curves showing time to clearance of infection. P<0.0001 by Mantel-Cox log-
rank test. B. Logyg CFU versus time. X-axis, day; Y-axis, logyg CFU. C. Bacterial burdens
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consolidated over time (Area Under the Curve [log 19 CFU] analysis) for the two groups.
Comparison was made using the Mann-Whitney (non-parametric) test.
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Figure®6.

Efficacy of FH6,7/Fc and FHD1119G/Fc against strains MS11 and FA1090 in the mouse
vaginal colonization model. Premarin®-treated wild-type BALB/c mice (n=10/group) were
given 2.5 x 107 CFU strain FA1090 (panels A-C) or 3.4 x 10° CFU strain MS11 (panels D-
F) intravaginally on Day 0 and treated intravaginally daily with 10 pg/d of either FH6,7/Fc
(dashed grey lines and triangles) or FHD1119G/Fc (dotted black lines and non-filled
squares), or 10 pl PBS (vehicle control; solid black line and circles), from Days 0 to 8 (for
strain FA1090) or from Days 0 to 9 (for strain MS11). Vaginas were swabbed daily to
enumerate CFU. A and D. Kaplan Meier curves showing time to clearance of infection.
Groups were compared using the Mantel-Cox (log-rank) test. Significance was set at 0.017
(Bonferroni’s correction for comparisons across three groups). B and E. Log;g CFU versus
time. X-axis, day; Y-axis, logi;g CFU. C and F. Bacterial burdens consolidated over time
(Area Under the Curve [log 19 CFU] analysis) for the two groups. The three groups were
comparisons using the non-parametric Kruskal-Wallis equality of populations rank test. The
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XZ with ties (two degrees of freedom) was 25.1 (P=0.0001) for C and 19.2 (P=0.0001) for F.
Pairwise comparisons across groups was made with the Two-sample Wilcoxon rank-sum
(Mann-Whitney) test.
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FH/Fc requires an intact classical pathway for efficacy. Wildtype C57BL/6 mice or C1g—/-
mice on the C57BL/6 background (n=10 mice/group) were infected with 4 x 107 CFU A.
gonorrhoeae strain OC7 and treated with either saline, FHD1119G/Fc or FH6,7/Fc (both at
10 pg/d starting on the day of infection through day 10). Efficacy of FHD1119G/Fc is shown
in A-C, while efficacy of FH6,7/Fc is shown in graphs D—F. Note that the saline treated
controls are the same for both sets of data; results with FHD1119G/Fc and FH6,7/Fc are
shown separately for clarity. A and D. Kaplan Meier curves showing time to clearance of
infection. Groups were compared using the Mantel-Cox (log-rank) test. Significance was set
at 0.008 (Bonferroni’s correction for comparisons across four groups). B and E. Logig CFU
versus time. C and F. Bacterial burdens consolidated over time (Area Under the Curve [log
10 CFU] analysis). The four groups were compared using the non-parametric Kruskal-Wallis
equality of populations rank test. The XZ with ties (three degrees of freedom) was 22.4
(P<0.0001) for C and 18.5 (P=0.0003) for F. Pairwise comparisons across groups was made
with the Two-sample Wilcoxon rank-sum (Mann-Whitney) test.
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Figure 8.
Efficacy of FH6,7/Fc against N. gonorrhoeae strain OC7 in human FH/C4BP transgenic

(Tg) mice. Premarin®-treated FH/C4BP dual Tg mice (n=10/group) were given 6.2 x 107
CFU strain OC7 intravaginally on Day 0 and treated intravaginally daily with 10 pg/d of
either FH6,7/Fc (dashed grey lines and triangles) or FH6,7/Fc with D270A/K322A
mutations that abrogates C1q binding (solid grey lines and open inverted triangles) or 10 ul/d
PBS (control; solid black line and circles) from Day 0 to Day 10. Vaginas were swabbed
daily to enumerate CFU. A Kaplan Meier curves showing time to clearance of infection.
Groups were compared using the log-rank (Mantel-Cox) test. Significance was set at 0.017
(Bonferroni’s correction for comparisons across three groups). B. Logyg CFU versus time.
X-axis, day; Y-axis, logyg CFU. C. Bacterial burdens consolidated over time (Area Under
the Curve [log 19 CFU] analysis). The three groups were compared using the non-parametric
Kruskal-Wallis equality of populations rank test. The X2 with ties (two degrees of freedom)
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was 19.8 (P=0.0001). Pairwise comparisons across groups was made with the Two-sample
Wilcoxon rank-sum (Mann-Whitney) test.
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Efficacy of FH6,7/Fc and FHD1119G/Fc against FA1090 in the mouse vaginal colonization
model using FH/C4BP dual transgenic (Tg) mice. Premarin®-treated FH/C4BP dual Tg
mice (n=10/group) were given 7 x 107 CFU strain FA1090 intravaginally on Day 0 and
treated intravaginally daily with 10 ug/d of either CHO-cell produced FH6,7/Fc (dashed grey
lines and triangles), plant-produced FH6,7 fused to mutated Fc (D270A/K322A) (FH6,7/Fc
mut; solid grey lines with inverted non-filled triangles) or FHD1119G/Fc (dotted black lines
and non-filled squares) or 10 pl/d PBS (control; solid black line and circles) from Day 0 to
Day 10. Vaginas were swabbed daily to enumerate CFU. The graph on the left shows Kaplan
Meier curves for time to clearance of infection. Groups were compared using the log-rank
(Mantel-Cox) test. Significance was set at 0.008 (Bonferroni’s correction for comparisons
across three groups). The middle graph shows log;g CFU versus time. X-axis, day; Y-axis,
log1g CFU. The graph on the right shows bacterial burdens consolidated over time (Area
Under the Curve [log 19 CFU] analysis) for the two groups. The three groups were compared
using the non-parametric Kruskal-Wallis equality of populations rank test. The XZ with ties
(three degrees of freedom) was 28.5 (P<0.0001). Pairwise comparisons across groups were
made with the Mann-Whitney test.
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