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ABSTRACT Gepotidacin (formerly GSK2140944) is a novel, first-in-class, triazaace-
naphthylene antibacterial that inhibits bacterial DNA gyrase and topoisomerase
IV via a unique mechanism and has demonstrated in vitro activity against Neisse-
ria gonorrhoeae, including drug-resistant strains, and also targets pathogens as-
sociated with other conventional and biothreat infections. Broth microdilution
was used to evaluate the MIC and minimum bactericidal concentration (MBC) activ-
ity of gepotidacin and comparators against 25 N. gonorrhoeae strains (including five
ciprofloxacin-nonsusceptible strains). Gepotidacin activity was also evaluated against
three N. gonorrhoeae strains (including a ciprofloxacin-nonsusceptible strain) for resis-
tance development, against three N. gonorrhoeae strains (including two tetracycline- and
azithromycin-nonsusceptible strains) using time-kill kinetics and checkerboard meth-
ods, and against two N. gonorrhoeae strains for the investigation of postantibiotic
(PAE) and subinhibitory (PAE-SME) effects. The MIC;, and MICy, for gepotidacin
against the 25 N. gonorrhoeae isolates tested were 0.12 and 0.25 ug/ml, respectively.
The MBC,, and MBC,, for gepotidacin were 0.25 and 0.5 ug/ml, respectively.
Gepotidacin was bactericidal, and single-step resistance selection studies did not re-
cover any mutants, indicating a low rate of spontaneous single-step resistance. For
combinations of gepotidacin and comparators tested using checkerboard methods,
there were no instances where antagonism occurred and only one instance of syn-
ergy (with moxifloxacin; fractional inhibitory concentration, 0.375). This was not con-
firmed by in vitro time-kill studies. The PAE for gepotidacin against the wild-type
strain ranged from 0.5 to >2.5 h, and the PAE-SME was >2.5 h. These in vitro data
indicate that further study of gepotidacin is warranted for potential use in treating
infections caused by N. gonorrhoeae.

KEYWORDS Neisseria gonorrhoeae, minimum bactericidal activity, postantibiotic
effect

eisseria gonorrhoeae causes a range of sexually transmitted diseases and is the
second most reported notifiable infectious disease in the United States (1). N.
gonorrhoeae is known to facilitate the acquisition of HIV infection (2). The incidence of
infection caused by N. gonorrhoeae in the United States is currently estimated at
820,000 cases per year, with an estimated yearly health care cost of $162 million (1).
N. gonorrhoeae has proven to be very adept at developing resistance to antimicro-
bials used to treat gonococcal disease. After penicillin resistance became prevalent,
fluoroquinolones became a mainstay of treatment until resistance emerged in this class
in the early to mid-2000s (3), leaving only cephalosporins as a treatment option in the
United States. However, declining cefixime susceptibility was found to correlate with
treatment failures (4) and, in 2012, oral cephalosporins were no longer recommended
for treatment in the United States (5). In addition, it has been found that azithromycin
resistance has coevolved with cephalosporin resistance, hence compromising combi-
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TABLE 1 Summary of MIC;q,4, values, MBCs,0, values, and MBC/MIC ratios for
gepotidacin and ceftriaxone against 25 N. gonorrhoeae strains

MIC or MBC/MIC ratio Gepotidacin Ceftriaxone
MIC (pg/ml)
MICs, 0.12 0.002
MICq,q 0.25 0.008
MBC,, 0.25 0.002
MBCo, 0.5 0.008
MBC/MIC ratio?
MBCso/MICs, 2 1
MBCoo/MICqq 2 1

aAll isolates exhibited an MBC/MIC ratio of =4.

nation therapy with these two classes of antibiotics (6). Faced with an already limited
and potentially complete lack of treatment options in the future, there is an urgent
need to research and develop new antimicrobial agents to treat gonococcal infections.

Gepotidacin (formerly GSK2140944) is a novel, first-in-class, triazaacenaphthylene
antibacterial that selectively inhibits bacterial DNA gyrase and topoisomerase IV by a
unique mechanism, one that is not utilized by any currently approved human thera-
peutic agent. Structural data with a type IIA topoisomerase enzyme, DNA gyrase, has
revealed the novel binding mode of the triazaacenaphthylene class and has distin-
guished it from the binding mode of the quinolone antibacterials (7). As a consequence
of its novel mode of action, gepotidacin is active in vitro against target pathogens
carrying resistance determinants to established antibacterials, including fluoroquino-
lones (8). Gepotidacin has demonstrated in vitro activity against key pathogens, includ-
ing drug-resistant strains, associated with a range of conventional and biothreat
infections (8).

In the present study, in vitro methods were used to evaluate the MIC/MBC activity
of gepotidacin and comparator agents against N. gonorrhoeae. Gepotidacin in vitro
activity was also evaluated for resistance development and using time-kill kinetics, for
broth microdilution checkerboard methods for synergy testing, and for postantibiotic
effects.

RESULTS

Quality control. The recommended method for N. gonorrhoeae susceptibility test-
ing is an agar dilution method (9). Quality control criteria for gepotidacin against N.
gonorrhoeae by agar dilution have been proposed at 0.25 to 1 wg/ml (10, 11). In the
present study, the MIC values for gepotidacin for the quality control strain (N. gonor-
rhoeae ATCC 49226) were 0.5 ug/ml when tested on agar for the resistance develop-
ment analysis and 0.12 to 0.25 ug/ml when tested in fastidious broth (FB). Quality
control results for ceftriaxone were all within published Clinical and Laboratory Stan-
dards Institute (CLSI) ranges (11).

MIC/MBC studies. The MIC;,,o, for gepotidacin against 25 N. gonorrhoeae isolates
selected for this study was 0.12/0.25 ug/ml (Table 1). The highest gepotidacin MIC
value was 0.25 pg/ml. The ceftriaxone MIC;, and MIC,, for the N. gonorrhoeae isolates
were 0.002 and 0.008 ng/ml. The MBCs,6, for gepotidacin against 25 N. gonorrhoeae
isolates selected for this study was 0.25/0.5 ng/ml. The highest gepotidacin MBC value
was 1 ug/ml. The ceftriaxone MBCs,,oo for the N. gonorrhoeae isolates was 0.002/0.008
ng/ml. Gepotidacin was bactericidal when tested against N. gonorrhoeae, with a total
of 100% (25/25) of isolates exhibiting an MBC/MIC ratio of =4. For 80% (20/25) of the
isolates tested, the MBC/MIC ratio was =2. Ceftriaxone was bactericidal against N.
gonorrhoeae, with a total of 100% (25/25) of the N. gonorrhoeae isolates tested
exhibiting an MBC/MIC ratio of =2 (Table 1).

Frequency of single-step resistance development. The MIC values for gepotida-
cin against the three N. gonorrhoeae strains tested ranged from 0.25 to 0.5 wg/ml (Table
2). The ciprofloxacin MIC value for N. gonorrhoeae isolate 12 was 16 ug/ml, with a
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TABLE 2 Summary of MIC values and mutation rates for ciprofloxacin and gepotidacin for
three N. gonorrhoeae strains

Ciprofloxacin Gepotidacin Gepotidacin
Ciprofloxacin agar mutation baseline agar mutation
Isolate MIC (pg/ml) frequency MIC (pg/ml) frequency
12 169 <1.25 X 10—° 0.25 <1.25 X 10~°
MS11 0.004 <9.09 X 101 0.5 <9.09 X 101
ATCC 49266 0.004 <9.09 X 1010 0.5 <9.09 X 10710

dlsolate 12 was determined to have the following genotype: GyrA S91F and D95A mutations and a ParC
S87R mutation.

corresponding gepotidacin MIC value of 0.25 ng/ml (Table 2). This isolate was deter-
mined to have the following genotype: GyrA (S91F, D95A) and ParC (S87R) mutations.
The ciprofloxacin MIC value for N. gonorrhoeae isolates MS11 and ATCC 49226 was
0.004 pg/ml. The MIC values for the three N. gonorrhoeae strains tested ranged from
0.004 to 0.015 wg/ml for ceftriaxone, 0.25 to 2 ug/ml for azithromycin, and 0.12 to 1
ng/ml for tetracycline (data not shown). No mutants were observed for gepotidacin,
ciprofloxacin, ceftriaxone, azithromycin, or tetracycline against any of the three strains
tested. These results show a spontaneous single-step mutation rate among these N.
gonorrhoeae strains to be less than 1.25 X 10~° for gepotidacin (Table 2).

Time-kill studies. Figure 1 shows the in vitro time-kill activity of gepotidacin against
N. gonorrhoeae isolate 12584, which was nonsusceptible to both azithromycin and
tetracycline. Against this isolate, gepotidacin was bactericidal at 4 X MIC at the 8-h time
point. At 10X MIC, gepotidacin was bactericidal at the 4-h time point. Figure 2 shows
the in vitro time-kill activity of gepotidacin against a second isolate of N. gonorrhoeae
(12588), which was also nonsusceptible to both azithromycin and tetracycline. Gepoti-
dacin was bactericidal against this isolate at the 24-h time point at both 4X and 10X
MICs. No regrowth for gepotidacin was seen for either isolate. Figure 3 shows the in
vitro time-kill activity of gepotidacin against a wild-type reference isolate of N. gonor-
rhoeae, ATCC 49226. Gepotidacin was bactericidal against this isolate at 24 h at 2%, 4X,
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FIG 1 Time-kill curve for gepotidacin against N. gonorrhoeae (isolate 12584).
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FIG 2 Time-kill curve for gepotidacin against isolate N. gonorrhoeae (isolate 12588).

and 10X MICs. No regrowth for gepotidacin was noted. No colonies grew on the
gepotidacin 4X MIC agar screen plates inoculated from the 24-h time point time-kill
curve tubes containing either 2X, 4X, or 10X MIC gepotidacin concentrations for any
of the 3 N. gonorrhoeae isolates tested.
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FIG 3 Time-kill curve for gepotidacin against isolate N. gonorrhoeae ATCC 49226.
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TABLE 3 PAE results for time-kill curves for gepotidacin and comparator agents after 1 h
of exposure at 1X, 5%, and 10X baseline MIC values

Gepotidacin Ceftriaxone
PAE (h) at various PAE (h) at various
N. gonorrhoeae  Baseline MIC MICs— Baseline MIC MICs—
isolate (mg/ml) 1X 5% 10X (mg/ml) 1X 5x 10X
ATCC 49226 0.25 0.5 1.0 >2.5 0.004 0.3 0.0 0.0
12584 0.12 07 07 0.7 0.004 07 02 00

Determination of interactions (checkerboard) evaluation. For all of the combi-
nations of gepotidacin and comparators tested in vitro against N. gonorrhoeae, there
were no occurrences of antagonism, and there was only one occurrence of synergy
(data not shown). For the remaining combinations, indifference was noted for 80.0% of
in vitro checkerboard results, and 13.3% of results could not be determined due to
off-scale MIC values (data not shown). There was one occurrence of synergy (fractional
inhibitory concentration [FIC] index, 0.375) for gepotidacin tested in combination with
moxifloxacin against N. gonorrhoeae strain 12588). To further confirm this synergy, an
in vitro time-kill study was performed with various concentrations of gepotidacin and
moxifloxacin. This in vitro time-kill study did not confirm the potential synergy noted in
the in vitro checkerboard testing.

Determination of postantibiotic and subinhibitory effects. Against the wild-type
reference strain (ATCC 49226), the PAE-SME value for gepotidacin was >2.5 h at 0.25X
MIC and 0.5X MIC. The PAE-SME values for ceftriaxone were 0.5 h at 0.25X MIC and 0.1
h at 0.5X MIC (Tables 3 and 4).

Against the tetracycline- and azithromycin-nonsusceptible strain (isolate 12584), the
PAE-SME values for gepotidacin were 1.2 h at 0.25X MIC and 2.7 h at 0.5X MIC. The
PAE-SME values for ceftriaxone were 1.3 h at 0.25X MIC and 0.0 h at 0.5X MIC (Tables
3 and 4).

DISCUSSION

In the present study, gepotidacin was shown to be active (MICsy,5, Value of
0.12/0.25 png/ml) and bactericidal against N. gonorrhoeae (MBC/MIC ratios of =4 against
100% of isolates tested), including strains nonsusceptible to penicillin, ciprofloxacin,
and tetracycline. In vitro resistance selection studies indicated a low rate of mutational
resistance with gepotidacin. Gepotidacin also demonstrated bactericidal activity in
time-kill curves against N. gonorrhoeae, including isolates that were nonsusceptible
to azithromycin and tetracycline. In vitro checkerboard experiments showed no
occurrences of antagonism when testing gepotidacin in combination with a variety
of currently used antimicrobial agents against N. gonorrhoeae. The PAE for gepoti-
dacin that occurred when testing N. gonorrhoeae ranged from short to modest, with
an extended PAE-SME observed for the two isolates tested.

Gepotidacin is a member of the new triazaacenaphthylene class of novel bacterial
topoisomerase inhibitors (NBTIs) and inhibits both bacterial gyrase and topoisomerase
IV. Gepotidacin and other mechanistically related (but structurally different) NBTIs have

TABLE 4 PAE-SME results observed for time-kill curves for gepotidacin and comparator
agents after 1 h of exposure at 5X MIC and addition of 0.25X MIC or 0.5X MIC of the
antimicrobial agent

Gepotidacin Ceftriaxone
PAE-SME (h) at: PAE-SME (h) at:
N. gonorrhoeae  5x MIC 5x MIC+ 5x MIC+ 5x MIC 5x MIC + 5% +
isolate (pg/ml) 025X MIC 05X MIC  (ug/ml) 025X MIC  0.5X MIC
ATCC 49226 1.25 >2.5 >2.5 0.02 0.5 0.1
12584 0.625 1.2 2.7 0.02 1.3 0.0
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a mode of action which differs from fluoroquinolones in that they bind to the
DNA-protein complex at a location that is away from the cleavage site and do not form
a cleavage complex (12, 13). Since gepotidacin and NBTIs bind at a different location
than fluoroquinolones, they have demonstrated in vitro activity against strains resistant
to other antibacterial classes, including fluoroquinolones (7, 8).

Resistance frequencies for NBTIs have been previously reported for other organisms
and were shown to be in the range of 1078 to 10~'° (13-15). In our study, spontaneous
mutations to gepotidacin in N. gonorrhoeae were not obtained for the strains tested;
however, the experimental approach used to select for resistance was a method that
would most likely identify single-step and not multistep mutations. Although in our
study, with our methodology, the spontaneous single-step mutation rate for ciprofloxa-
cin was low (107°), others have reported rates of ~1072 or that ciprofloxacin resistance
was readily selected (16, 17). Further studies are needed to evaluate the relative
development of resistance potential for gepotidacin compared to fluoroquinolones in
the treatment of infections caused by N. gonorrhoeae.

These in vitro data demonstrating the attributes of gepotidacin, including potency,
bactericidal activity, postantibiotic effect, and single-step resistance development, indicate
that further study is warranted for potential use in treating infections caused by N.
gonorrhoeae. Rapidly developing antimicrobial resistance in N. gonorrhoeae to all
current treatment options for gonococcal infections means new therapies are urgently
needed (5).

MATERIALS AND METHODS

For all liquid in vitro assays described in the present study, testing was performed using FB (18).

In vitro broth microdilution methods were used to evaluate the MIC/MBC activity of gepotidacin and
ceftriaxone (comparator agent) against 25 strains of N. gonorrhoeae (including five ciprofloxacin-
nonsusceptible, five penicillin-nonsusceptible, five penicillin- and ciprofloxacin-nonsusceptible, and five
azithromycin- or tetracycline-nonsusceptible strains) (9, 19). Quality control was tested daily for the broth
microdilution method and inoculum density was monitored by colony counts for each test run. ATCC
quality control strains were selected as appropriate for the conditions being tested and included N.
gonorrhoeae ATCC 49226 (11). A drug was considered to exhibit bactericidal activity against a particular
isolate when the MBC/MIC ratio was =4.

For frequency of resistance development studies, three strains were tested by reference agar dilution
MIC methods against gepotidacin plus the control agents, ciprofloxacin, ceftriaxone, azithromycin, and
tetracycline (9). N. gonorrhoeae MS11 (ATCC BAA-1833) was provided by Ann Jerse, Uniformed Services
University of the Health Sciences (Bethesda, MD). Based on the baseline agar dilution MIC results for
gepotidacin, individual agar plates were prepared with 4X and 8X MIC values in duplicate for each of
the three strains for both 0.1- and 1.0-ml inoculum volumes. Agar plates were inoculated and incubated
at 35°C in 5% CO, atmosphere for 24 and 48 h. Visible colonies of N. gonorrhoeae were quantitated and
compared to the starting inoculum concentration to determine the mutation rate (i.e., calculated as the
number of mutants/inoculum concentration).

For time-kill kinetics, gepotidacin and comparator agents were tested in FB at concentrations of
0.25%, 0.5%, 1X, 2X, 4%, and 10X MICs for each isolate and sampled at time zero hour (T), T,, T,, T
and T,, (20). Time-kill curves were performed in duplicate. Bactericidal activity was defined as a =3-log
reduction in bacterial counts (log,, CFU/ml). Three strains were used in these studies; including ATCC
49226 and fluoroquinolone-, tetracycline-, and azithromycin-nonsusceptible isolates.

Checkerboard synergy testing was performed by broth microdilution, as previously described (21).
Gepotidacin was tested alone and in combination with moxifloxacin, levofloxacin, azithromycin, tetra-
cycline, and ceftriaxone. The total fractional inhibitory concentration index (2FIC) was scored as follows:
synergy, =0.5; indifference, >0.5 to =4.0; and antagonism, >4.0.

Gepotidacin was tested against isolates using time-kill methods to the determine postantibiotic
effect (PAE) and the PAE-sub-MIC effect (SME) (22-24). In addition to gepotidacin, ceftriaxone was tested
as a comparator. The organisms were exposed for 1 h to gepotidacin or the comparison agent at 1, 5X,
and 10X MICs as determined from broth microdilution testing for each agent. For the PAE-SME, only an
initial 5X exposure was used; followed by 0.25X or 0.5X MIC reexposure. Antibacterials were removed
by centrifugation at 3,000 X g for 3 min and resuspension of the cells in prewarmed media, followed by
a 1:1,000 dilution in additional prewarmed media. Colony counts were performed at T, (preantimicrobial
exposure) and T, (after antimicrobial exposure). Colony counts were taken immediately after antimicro-
bial removal and at each subsequent hour until visible turbidity was observed or up to 9 h.
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