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respectively) (Fig. 3B). This was markedly faster than the median time to clearance for
the control groups (empty pVax vector and the complement-null 2C7_A/A mutant),
which ranged from 7 to 7.5 days. The overall burden of infection, measured by analysis
of the area under the curve, was similarly and significantly reduced in the groups that
expressed complement-active 2C7 DMAbs relative to control groups (P, 0.0001)
(Fig. 3C). These data show that prophylactic delivery of highly expressing, comple-
ment-activating 2C7 DMAbs accelerates clearance of N. gonorrhoeae colonization soon
after immunization.

To better define the kinetics of in vivo expression and functional durability each
2C7 DMAb variant, mice were monitored for .2months post-challenge. Robust
expression levels (.20mg/ml) were achieved in all mice given 2C7, which remained
high for several weeks (through D70) before decreasing by D85 (Fig. S5). Even at this
delayed time point, mean 2C7 IgG antibody levels for each DMAb group exceeded
5mg/ml. To evaluate the relative long-term efficacy of 2C7 DMAbs, mice that had
undergone primary challenge and were in the diestrus phase of the estrous cycle and
therefore amenable to recolonization were rechallenged with strain FA1090 on D65.
While parental 2C7_WT had a modest effect on infection kinetics (Fig. 4A and B),
2C7_E430G was particularly potent, clearing secondary infection faster than all other
groups (median time to clearance, 3 days, versus 5, 6, and 8 days for the 2C7_E345K,
2C7_WT, and 2C7_A/A groups, respectively) (Fig. 4B). Mice expressing the 2C7_E430G
DMAb had significantly lower overall bacterial burdens than control mice (P, 0.05)
(Fig. 4C). Collectively, these studies demonstrate superior and extended activity of the
2C7_E430G variant against delayed secondary infection.

Passive transfer of purified 2C7 DMAbs confirms superior protection afforded
by the 2C7_E430G variant at dose-sparing levels. Variation in DMAb serum concen-
trations across groups confounded the ability to evaluate relative efficacy afforded by
different complement-enhancing Fc mutations. To control for expression levels and
determine the relative efficacies in vivo of these constructs, we purified DMAbs from
sera of JHD mice and tested the potency of each 2C7 variant when it was passively
transferred into wild-type BALB/c and JHD mice at defined doses (5mg or 1mg, deliv-
ered intravenously [i.v.] as a single dose) (Fig. 5A). As a nonspecific DMAb control, an
additional group received a purified, previously characterized anti-HIV DMAb HIV (39).
Mice were challenged intravaginally on the following day with N. gonorrhoeae FA1090.
All complement-activating DMAbs (2C7_WT, 2C7_E345K, and 2C7_E430G), when
administered intravenously at a single dose of 5mg, rapidly reduced bacterial loads

FIG 4 2C7_E430G DMAb demonstrates durable protection following delayed rechallenge with N. gonorrhoeae.
Mice that were initially challenged and were in the diestrus phase of the estrous cycle and thus amenable to
reinfection (n=5/group) underwent a rechallenge on D65 postadministration (see Fig. S4 for experimental
design) with N. gonorrhoeae FA1090 (3.5� 107 CFU). Bacterial burden was monitored daily by vaginal
swabbing. (A) Bacterial burden following rechallenge. The graph depicts the average log10 CFU (mean 6 SEM)
detected in the vaginal mucosa on the indicated days postinfection. Comparison across groups using a mixed-
effects model with a cubic fit showed significant differences between 2C7_E430G and each of the other groups
(P, 0.001 versus pVax, 2C7_A/A, and 2C7_WT; P= 0.0017 versus 2C7_E435K). (B) Time to bacterial clearance is
shown using Kaplan-Meier curves, which display the percentage of each group with detectable vaginal CFU on
the given day post-challenge. (C) Estimated bacterial burden over time (cumulative infection) computed for
each mouse using AUC (log10 CFU) analysis. Each point represents an individual mouse. AUC values for each
group were compared using the Kruskal-Wallis test followed by Dunn’s post hoc test (*, P , 0.05).

Parzych et al. ®

March/April 2021 Volume 12 Issue 2 e00242-21 mbio.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

7 
Ju

ne
 2

02
1 

by
 1

46
.1

89
.2

39
.8

0.

https://mbio.asm.org


FIG 5 Passive transfer studies verified the superior efficacy of 2C7 _E340G. (A) Experimental layout of the
passive transfer study. The indicated 2C7 DMAbs were purified from sera pooled from immunized JHD mice.
On D0, groups (n=5) of naive BALB/c mice (left) and JHD mice (right) received intravenous injections of
purified 2C7 DMAb variants at a single dose of 5mg (solid circles) or 1mg (open circles). Mice were challenged
intravaginally with N. gonorrhoeae FA1090 (3.2� 107 CF) a day later on D1. (B) Average bacterial burden (log10

CFU [mean 6 SEM]) measured daily in vaginal secretions after infectious challenge on D1. (C) Time to bacterial
clearance is shown using Kaplan-Meier curves, which display the percentage of each group with detectable
vaginal CFU, measured daily after infectious challenge on D1. (D) Overall bacterial control in each animal was
assessed using AUC (log10 CFU) analysis. AUC values for each group were compared using the Kruskal-Wallis
test followed by Dunn’s post hoc test (*, P , 0.05; **, P, . 001; ***, P, 0.0001).
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(Fig. 5B), leading to complete clearance within 3 to 4 days (Fig. 5C). Clearance in these
groups was significantly faster than in the 3 control groups (2C7_A/A, nonspecific
DMAb, and pVax controls), where infection did not clear until 8 days (P, 0.05).
Comparison of values of area under the curve (AUC) for the complement-engaging var-
iants demonstrated superior activity of the 2C7_E430G variant relative to the parental
2C7_WT DMAb at the 5-mg i.v. dose in both strains of mouse (P, 0.05) (Fig. 5D). At the
5-mg i.v. dose, 2C7_E345K treatment appeared intermediate (i.e., between 2C7_WT and
2C7_E430G) in the AUC analysis; however, it cleared infection within the same time
frame as 2C7_E430G (3 days) (Fig. 5B and C). These findings were consistent in both
mouse strains.

Differences in the relative potency of the purified 2C7 DMAb variants were further
revealed when the 1-mg i.v. dose of DMAb 2C7_WT was shown to be ineffective in
clearing infection (Fig. 5B to D). Conversely, 2C7_E430G retained potency at this low
dose, indicated by faster median times to clearance than in control groups (3 days ver-
sus 7 to 8 days) (Fig. 5B and C). AUC analysis also showed lower bacterial burdens
achieved by the 1-mg i.v. dose of 2C7_E430G relative to the parental 2C7_WT and con-
trol groups (Fig. 5D). These data confirm the enhanced potency of DNA-delivered, in
vivo-produced 2C7_E430G compared to 2C7_WT when used at similar concentrations.
Finally, we demonstrated a correlation between MAb levels and efficacy using recombi-
nant chimeric 2C7_E430G, where clearance of colonization occurred in a dose-responsive
manner (Fig. S6). This experiment reiterates the importance of attaining a high concen-
tration of MAb 2C7, which is achieved by the DMAb platform.

DISCUSSION

A steady increase in incidence combined with growing rates of drug resistance has
led the CDC to classify N. gonorrhoeae as an “urgent health threat” according to a 2019
antibiotic resistance threat report (41). In 2018, nearly half of all clinical N. gonorrhoeae
isolates showed resistance to at least one antibiotic. A safe and effective vaccine that
confers durable protection against gonorrhea would be highly desirable but has pro-
ven elusive thus far. N. gonorrhoeae has evolved numerous strategies to subvert pro-
tective host immune responses (20, 42). Thus, it is not surprising that natural infection
does not confer protective immunity and reinfections are relatively common (7,
10–16). Recently, administration of doxycycline as either pre- or postexposure prophy-
laxis to prevent bacterial STIs among high-risk populations of men who have sex with
men (MSM) has been studied (reviewed in reference 43). This approach appears to
reduce the incidence of chlamydia and syphilis but, rather expectedly, does not dimin-
ish rates of gonorrhea acquisition, given widespread resistance of gonococci to this
agent. Dysbiosis, the development of antimicrobial resistance among other (commen-
sal) organisms, and drug side effects are potential concerns associated with long-term
antibiotic prophylaxis. Therefore, pathogen-targeting preventive strategies that are
safe, cover a wide array of clinically relevant strains, and provide durable protection at
a low cost are preferable.

Because of its broad bactericidal activity against a wide array of gonococcal isolates
(26, 28, 44) and in vivo potency (31), MAb 2C7 is a promising candidate for the develop-
ment of an antibody-based immunotherapeutic. A variant of MAb 2C7 designed to
enhance complement activation improved its efficacy both in vitro and in a mouse
model (31). While 2C7 with increased activity represents a significant advance in the
development of an antigonococcal immunotherapeutic, the relatively short half-life of
IgG may confine its use to the treatment of acute infections and may make it unsuit-
able for the ensuing months when repeat infections commonly occur. Fc mutations
that increase binding to the neonatal Fc receptor (FcRn) have been successfully
employed to increase the half-life of IgG MAbs (reviewed in reference 45). As an exam-
ple, the complement C5 inhibitor ravulizumab has a 4-fold-longer half-life than the par-
ent molecule eculizumab but still requires readministration to maintain sufficient serum
levels (46, 47). Furthermore, the cost associated with MAb production and distribution
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