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The activity of WCK 771, an experimental quinolone developed to overcome quinolone resistance in staph-
ylococci and other bacteria, was determined against quinolone-susceptible and -resistant Staphylococcus aureus
and S. epidermidis. WCK 771 MICs for 50 and 90% of the strains tested (MIC, and MIC,,, respectively) were
0.008 and 0.015 pg/ml for S. aureus (n = 43) and 0.015 and 0.03 pg/ml for S. epidermidis (n = 44) for
quinolone-susceptible isolates, compared to ciprofloxacin values of 0.12 and 0.25 pg/ml and 0.25 and 0.5 pg/ml,
respectively. Values for levofloxacin were 0.12 and 0.25 pg/ml and 0.12 and 0.25 pg/ml, those for clinafloxacin
were 0.015 and 0.03 pg/ml and 0.015 and 0.03 pg/ml, those for moxifloxacin were 0.03 and 0.06 pg/ml and 0.06
and 0.12 pg/ml, and those for gatifloxacin were 0.06 and 0.12 pg/ml and 0.12 and 0.25 pg/ml, respectively. The
WCK 771 MIC;, and MIC,,, respectively, were 0.5 and 1 pg/ml for both species of staphylococci (n = 73 for
S. aureus, n = 70 for S. epidermidis) for isolates highly resistant to ciprofloxacin (MIC;, and MIC,,, >32 and
>32 pg/ml, respectively). Values for levofloxacin were 8 and 32 pg/ml and 8 and 32 pg/ml, those for
clinafloxacin were 1 and 2 pg/ml and 0.5 and 2 pg/ml, those for moxifloxacin 4 and >4 pg/ml and 4 and >4
rg/ml, and those for gatifloxacin were 4 and >4 pg/ml and 2 and >4 pg/ml, respectively. WCK 771 and
clinafloxacin demonstrated MICs of 1 pg/ml against three vancomycin-intermediate strains. WCK 771 showed
concentration-independent killing for up to 24 h at 2, 4, and 8 times the MICs against quinolone-resistant
staphylococci and was also bactericidal after 8 h for high-density inocula (10 CFU/ml) of quinolone-resistant
strains at 5 pg/ml, whereas moxifloxacin at 7.5 pg/ml was bacteriostatic. WCK 771 was not a substrate of the
NorA efflux pump as evident from the similar MICs against both an efflux-positive and an efflux-negative
strain. Overall, WCK 771 was the most potent quinolone tested against the staphylococci tested, regardless of

quinolone susceptibility.

As the prevalence of multidrug-resistant strains of Staphylo-
coccus aureus and coagulase-negative staphylococci has in-
creased worldwide, there has been an attendant need for ef-
fective new agents. Strains of Staphylococcus species have
showed increasing resistance to B-lactam compounds. As early
as the 1970s, 70 to 85% of S. aureus isolates were penicillin
resistant (4). Previously a problem of nosocomial transmis-
sion—methicillin-resistant S. aureus (MRSA) prevalence in
hospitals was estimated by the Centers for Disease Control and
Prevention to be approximately 50% in 1998—it is increasingly
a problem in the community (4). Methicillin resistance is often
accompanied by resistance to other antimicrobial agents, in-
cluding quinolones. A Mexican study of 211 strains of S. aureus
(30 methicillin resistant) and 998 strains of coagulase-negative
staphylococci (533 methicillin resistant) showed only 10% cip-
rofloxacin susceptibility among S. aureus isolates and 43% sus-
ceptibility to ciprofloxacin in the coagulase-negative staphylo-
cocci, regardless of methicillin susceptibility (2). A European
study of blood isolates showed similar results (9). Ciprofloxacin
resistance as high as 24% in staphylococci has been reported in
parts of Europe and is nearly 10% in Canada (28). In recent
bloodstream isolates in the United States, susceptibility of me-
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thicillin-susceptible staphylococci to ciprofloxacin was high
(94.3% for S. aureus and 89.9% for coagulase-negative staph-
ylococci); however, 88.6% of methicillin-resistant S. aureus
isolates were resistant to ciprofloxacin, as were 54.9% of
coagulase-negative staphylococci (6). Isolates with reduced
glycopeptide susceptibility have emerged in staphylococci, al-
though their prevalence is currently low (0.25% of 15,439 S.
aureus isolates, 1.9% of 6,350 coagulase-negative staphylo-
cocci) (6, 10). Recently, two strains of vancomycin-resistant S.
aureus (VRSA) have been detected in the United States (3, 5).

There is, consequently, a need for newer agents with supe-
rior activity against methicillin- and quinolone-resistant staph-
ylococci, particularly in view of emerging glycopeptide resis-
tance. There is also a need for oral compounds for outpatient
treatment of infections caused by staphylococci, particularly
methicillin- and quinolone-resistant isolates. Introduced in the
1980s, fluoroquinolones initially fulfilled this need and remain
important in the treatment of a wide range of infections. How-
ever, resistance to many members of this class of agent, par-
ticularly older ones such as ciprofloxacin, is increasing in staph-
ylococci (13, 28). Development and spread of quinolone
resistance among clinical isolates have been greatest in S. au-
reus, particularly among methicillin-resistant strains, in which
both selection by quinolone exposure and transmission of
clonal strains in health-care settings have contributed to the
high prevalence of quinolone resistance in this species.

WCK 771 is a new, broad-spectrum, experimental quinolone
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TABLE 1. Broth microdilution MICs for 230 staphylococci overall and by quinolone susceptibility
Quinolone susceptibility”
Bacterial species (no. MIC (pg/ml) for all isolates
of isolates tested) and Susceptible Resistant
antimicrobial agent
Range MICs, MICy, MICs, MICy, MICs, MICy,
S. aureus (116)
WCK 771 =0.008->4 0.5 1 =0.008 0.015 0.5 1
Levofloxacin 0.06—>32 4 32 0.12 0.25 8 32
Ciprofloxacin 0.12->32 16 >32 0.25 0.5 >32 >32
Clinafloxacin =0.008->4 0.25 2 0.015 0.03 1 2
Moxifloxacin =0.015->4 2 >4 0.03 0.06 4 >4
Gatifloxacin =0.015->4 2 >4 0.06 0.12 4 >4
Vancomycin 0.5-2 1 1 —r — — —
Linezolid 1-4 4 4 — — — —
Oxacillin® 0.12->4 0.5 >4 — — — —
S. epidermidis (114)
WCK 771 =0.008->4 0.5 0.5 0.015 0.03 0.5 1
Levofloxacin 0.06->32 4 16 0.12 0.25 8 32
Ciprofloxacin =0.06->32 8 >32 0.12 0.25 >32 >32
Clinafloxacin =0.008-4 0.25 1 0.015 0.03 0.5 2
Moxifloxacin =0.015->4 1 4 0.06 0.12 4 >4
Gatifloxacin 0.03->4 2 4 0.12 0.25 2 >4
Vancomycin 0.25-4 2 2 — — — —
Linezolid 1-2 1 2 — — — —
Oxacillin? =0.06—>4 2 >4 — — — —

@ Of the 116 S. aureus isolates, 43 were quinolone susceptible (ciprofloxacin MICs, =2.0 pg/ml) and 73 were quinolone resistant (ciprofloxacin MICs, >2.0 wg/ml).
of the 114 S. epidermis isolates, 44 and 70 were susceptible and resistant, respectively. All values are in micrograms per milliliter.

® _ not applicable.
€43 (37%) oxacillin susceptible.
4 44 (39%) oxacillin susceptible.

under development by the Wockhardt Research Center, Au-
rangabad, India. This agent is the arginine salt of the active
S-(—)-isomer of the racemic fluoroquinolone nadifloxacin,
which has been developed for topical use because of solubility
problems (17, 19-21, 27). The arginine salt formulation of
S-(—)-nadifloxacin has overcome the solubility issue and allows
parenteral administration of this agent. This study examined
the in vitro antistaphylococcal activity of WCK 771, which was
compared to those of ciprofloxacin, levofloxacin, gatifloxacin,
moxifloxacin, clinafloxacin, vancomycin, and linezolid against
both quinolone-susceptible and -resistant staphylococci. Addi-
tionally, kill kinetics and the effect of WCK 771 concentration
on killing of high inocula of two quinolone-resistant staphylo-
coccal isolates was determined.

MATERIALS AND METHODS

Antimicrobials. WCK 771 and clinafloxacin were synthesized at the Wock-
hardt Research Centre (Aurangabad, India). Other antimicrobial agents were
either recovered from their commercial preparations or obtained from their
manufacturers.

MIC determination. Broth microdilution methodology was used to test the
staphylococcal isolates in Mueller-Hinton broth by using frozen commercially
prepared trays (Trek Diagnostics, Westlake, Ohio) (16). Standard quality control
strains, including Staphylococcus aureus ATCC 25923, were included in each run
of broth microdilution testing (16). The staphylococcal species tested included
116 S. aureus and 114 S. epidermidis isolates. Forty-three (37%) of the S. aureus
isolates were quinolone susceptible, as were 44 (39%) of the S. epidermidis
isolates tested. Isolates originated from the United States, Canada, Mexico,
Germany, Italy, Spain, and Hong Kong. There were 53 S. aureus and 55 S.
epidermidis isolates that were methicillin resistant, all of them quinolone resis-
tant. Additionally, WCK 771 was also comparatively evaluated with several
fluoroquinolones against reference vancomycin-intermediate S. aureus (VISA)
strains by the agar dilution method (16). The VISA strains used were ATCC

700698, ATCC 700699, and ATCC 700789, obtained from the American Type
Culture Collection.

The antimicrobial agents and the ranges tested against the staphylococci in-
cluded WCK 771 (tested at 0.008 to 4 wg/ml), levofloxacin (0.03 to 32 pg/ml),
ciprofloxacin (0.06 to 32 pg/ml), clinafloxacin (0.008 to 8 pg/ml), moxifloxacin
(0.015 to 8 pg/ml), gatifloxacin (0.015 to 4 wg/ml), vancomycin (0.25 to 4 pwg/ml),
linezolid (0.5 to 8 pg/ml), and oxacillin (0.06 to 4 pg/ml).

Effect of staphylococcal NorA efflux pump on quinolone MICs. In order to
determine whether WCK 771 is a substrate for the NorA efflux pump in com-
parison to other fluoroquinolones such as norfloxacin, ciprofloxacin, levofloxacin,
gatifloxacin, moxifloxacin, and clinafloxacin, the MICs of these fluoroquinolones
for norA-hyperexpressing S. aureus 1199B (NorA™) and the parent S. aureus
1199 (NorA™) were determined by the agar dilution method, with and without
addition of the efflux pump inhibitor reserpine at a concentration of 20 wg/ml, as
follows (25). A stock solution of 10 mg of reserpine (Sigma) per ml in dimethyl
sulfoxide (DMSO; Sigma) was prepared, and 50 pl of this stock solution was
added to 25 ml of molten Mueller-Hinton agar to provide a reserpine concen-
tration of 20 pg/ml. An equal volume of DMSO (50 wl) was incorporated in
reserpine-free, fluoroquinolone-containing plates and drug-free control plates to
control for the use of DMSO as the solvent for reserpine. A fourfold or greater
decrease in the fluoroquinolone MIC in the presence of reserpine was inter-
preted as evidence of an efflux effect.

Effect of WCK 771 concentrations on bactericidal activity. Time-kill kinetic
studies of WCK 771 were performed with MRSA 32 and MRSA 5023. Initial
inocula of 10° CFU of log-phase cultures per ml at 35°C in Mueller-Hinton broth
were prepared. The concentrations of WCK 771 used were 0.5 to 8 pg/ml,
representing a concentration below the MIC to 8 times the MICs for both MRSA
strains. Viable counts were determined at 0, 2, 4, 6, and 24 h. WCK 771 was
considered bactericidal at the lowest concentration that reduced the original
inoculum by =3 log,, CFU/ml (99.9% killing) in each of the time periods and
bacteriostatic if the inoculum was reduced by <3 log,, CFU/ml. The problem of
drug carryover was addressed by dilution as described previously (22).

High cell density kill kinetics. To increase the stringency of assessment of
bactericidal activity determination, the time-kill kinetics of WCK 771 at a con-
centration of 5 pg/ml and those of moxifloxacin at a concentration of 7.5 pg/ml
against two methicillin- and quinolone-resistant S. aureus strains, MRSA 97 and
MRSA 32, were studied by using higher cell density cultures (~10% CFU/ml). To
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TABLE 2. MICs of WCK 771 and other agents against
VISA isolates

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 3. Effects of the NorA efflux pump and the efflux pump
inhibitor reserpine on quinolone MICs

MIC (jug/ml) MIC (jug/ml)
Compound MU-3 ATCC MU-50 ATCC MRSA ATCC Agent S. aureus S. aureus S. aureus 1199B NorA™ +
700698 700699 700789 1199 NorA~  1199B NorA™ reserpine (20 wg/ml)
WCK 771 1 1 1 WCK 771 0.015 0.03 0.03
Clinafloxacin 1 1 1 Norfloxacin 4 16 4
Moxifloxacin 4 4 4 Ciprofloxacin 0.5 8 1
Trovafloxacin 2 2 2 Levofloxacin 0.25 1 0.5
Levofloxacin 16 8 8 Gatifloxacin 0.12 0.5 0.25
Ciprofloxacin 32 32 32 Moxifloxacin 0.06 0.25 0.25
Vancomycin 8 16 4 Clinafloxacin 0.015 0.25 0.06
Teicoplanin 16 16 8

obtain log-phase high-density cultures, overnight shake flask-grown cultures
(~10° CFU/ml) were diluted 1:100 in fresh, warm Mueller-Hinton broth and
brought to log phase to a density of 108 CFU/ml. To assess viability changes, the
colony counts were measured at 4, 6, and 8 h by plating 0.1-ml volumes of serial
10-fold dilutions of cultures on drug-free medium. Antimicrobials were consid-
ered bactericidal on the basis of the criteria listed above.

RESULTS

The MICs for the 230 staphylococcal isolates (116 of S.
aureus, 114 of S. epidermidis) tested are presented in Table 1.
WCK 771 was the most potent agent tested against both spe-
cies of staphylococci, with overall MICs for 50 and 90% of the
strains tested (MICs, and MIC,,, respectively) of 0.5 and 1
pg/ml for S. aureus and 0.5 and 0.5 pg/ml for S. epidermidis.

WCK 771 was highly potent against quinolone-susceptible
staphylococci, with an MIC,, of 0.015 wg/ml, compared to
MICys of 0.06 to 0.5 pg/ml for currently available quinolones.
Although MICs were higher, WCK 771 and clinafloxacin had
superior potency against quinolone-resistant isolates, with
MICyys of 1 pg/ml and 2 pg/ml, respectively. In contrast, the
MIC,,s of the other quinolones tested against quinolone-re-
sistant staphylococci were all >4 pg/ml. However, the relative
differences between the MICs of quinolone-susceptible and
-resistant isolates were similar for all of the quinolones tested
in this study.

WCK 771 and clinafloxacin had the lowest MICs of the
fluoroquinolones tested against VISA strains MU-3 and
MU-50 (Table 2). With an MIC of 0.5 pg/ml, WCK 771 was
found to be fourfold more active than clinafloxacin against the
second VRSA isolate from Hershey Medical Center (1). Sig-
nificantly, WCK 771 retained its bactericidal activity against
this VRSA strain bearing a change from serine to leucine at
position 84 in GyrA and a change from glutamic acid to lysine
at position 471 in GrlB (1). The potencies of all of the other
fluoroquinolones tested against VISA and VRSA strains were
four- to eightfold lower than that of WCK 771.

The impact of the staphylococcal NorA efflux pump on the
MICs of WCK 771 and the other quinolones is shown in Table
3. The MIC of WCK 771 against the NorA™ strain was only
onefold higher than that of the NorA™ strain and was not
affected by the presence of reserpine, indicating the lack of
significant efflux of WCK 771 from the NorA™ strain. Under
similar test conditions, the MICs of ciprofloxacin and clina-
floxacin were 16 times higher and those of other fluoroquino-
lones were 2 to 4 times higher.

Response of MRSA to increasing concentrations of WCK
771. MRSA 32 and 5023 at densities of 10° CFU/ml were
exposed to WCK 771 concentrations ranging from a concen-
tration below the MIC (0.5 times the MIC) to 8 times the MIC
(Fig. 1 and 2). Both of the strains treated with a concentration
0.5 times the MIC showed regrowth at 24 h, whereas there was
initial killing with regrowth to <10° CFU/ml at the MIC. The
MIC:s for isolates recovered after regrowth were the same as
those for the initial isolates. Higher concentrations of WCK
771, ranging from 2.0 to 8.0 pwg/ml, produced bactericidal ef-
fects that were concentration independent and resulted in
3-log,, killing by 24 h. WCK 771 produced transient killing of
1 to 1.5 log,, at 6 h at 0.5 times the MIC.

The results of high cell density time-kill experiments with the
two quinolone-resistant MRSA strains are shown in Fig. 3 and
4. WCK 771 and clinafloxacin retained their bactericidal activ-
ity at 5 pg/ml, whereas moxifloxacin at 7.5 pwg/ml showed no
bactericidal effect during the 8-h exposure period. The bacte-
ricidal activities of WCK 771 and clinafloxacin against both
MRSA strains at high cell density were similar.

DISCUSSION

WCK 771, an experimental quinolone under development
for clinical use, is the arginine salt of the active isomer of
nadifloxacin (19). Nadifloxacin has been reported to be very
active against wild-type S. aureus and a grl4 mutant, with only
moderate decrease in activity against a gyr4 mutant (27) and
has been used topically to treat staphylococcal skin infections
(15, 18). Initial studies, published in abstract form, have doc-
umented the excellent antistaphylococcal activity of WCK 771,
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FIG. 1. Time-kill study of WCK 771 against MRSA 32 showing
concentration-independent bactericidal activity by 24 h.
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FIG. 2. Time-kill study of WCK 771 against MRSA 5023 showing
concentration-independent bactericidal activity by 24 h.

even against quinolone-resistant strains (M. V. Patel, S. V.
Gupte, S. K. Agarwal, D. J. Upadhyay, K. Sreenivas, Y. Chugh,
N. Shetty, R. K. Beri, N. J. De Souza, and H. Khorakiwala,
Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. F-539, 2001; M. R. Jacobs, S. Bajaksouzian, A. Windau,
M. V. Patel, N. De Souza, H. Khorakiwala, and P. C. Appel-
baum, Abstr. 41st Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. F-542, 2001). The present study reflects these
preliminary findings, documenting antistaphylococcal MICs
lower than any of the currently available quinolone agents.
Additionally, WCK 771 was slightly more potent than clina-
floxacin (MICys 1 dilution lower) against S. aureus and equally
potent against S. epidermidis, including quinolone-susceptible
and -resistant isolates. The MICs of other quinolones against
the two staphylococcal species were consistent with those re-
ported previously (14, 23, 24). At 0.5 to 1 pg/ml, WCK 771 and
clinafloxacin had the lowest MICs of the fluoroquinolones
tested against two VISA strains and one VRSA strain. While
WCK 771 and clinafloxacin had the best potency of the quin-
olones studied, the relative differences between the MICs of all
of the quinolones tested for quinolone-susceptible and -resis-
tant isolates were similar, indicating similar effects of quino-
lone resistance mechanisms on the study agents.

The NorA efflux pump had no effect on the activity of WCK
771, with reserpine having no effect against the NorA-hyper-
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CFU/mI 7 1 -~ CONTROL
6
5 -
4 T T 1
0 4 6 8

Time

(h)

FIG. 3. Time-kill kinetics of WCK 771, clinafloxacin (CLX), and
moxifloxacin (MXF) against a high-density inoculum of MRSA 97.
Concentrations: WCK 771 and clinafloxacin, 5.0 wg/ml; moxifloxacin,
7.5 pg/ml. MICs: WCK 771, 1 pg/ml; CLX, 1 pg/ml; MXF, 4 pwg/ml.
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FIG. 4. Time-kill kinetics of WCK 771, clinafloxacin (CLX), and
moxifloxacin (MXF) against a high-density inoculum of MRSA 32.
Concentrations: WCK 771 and clinafloxacin, 5.0 wg/ml; moxifloxacin,
7.5 pg/ml. MICs: WCK 771, 1 pg/ml; CLX, 1 pg/ml; MXF, 4 wg/ml.

expressing strain S. aureus 1199B, in agreement with similar
findings for the racemic precursor of WCK 771, nadifloxacin
(21). However, MICs of norfloxacin, ciprofloxacin, and clina-
floxacin against the NorA™ strain were significantly elevated,
with fourfold or greater decreases in the MICs of these agents
in the presence of reserpine (Table 2). As a large proportion of
staphylococcal isolates express efflux-mediated fluoroquino-
lone resistance (25, 27), this is a significant advantage for WCK
771.

In kill kinetic studies, the interesting aspect of the bacteri-
cidal action of WCK 771 unraveled was its nondependence on
its concentration. Thus, for both of the MRSA strains, concen-
trations ranging from two to eight times the MIC caused com-
parable extents of killing at various time points. However, in
earlier comparative studies (D. J. Upadhyay, M. V.Patel,
S. V.Gupte, S. K. Agarwal, M. A. Jafri, S. S. Bhagwat, N. J. De
Souza, and H. F. Khorakiwala, Abstr. 41st Intersci. Conf. An-
timicrob. Agents Chemother., abstr. F-534, 2001), concentra-
tion-dependent killing of MRSA was shown for clinafloxacin.

The bactericidal efficacy of WCK 771 against high-density
MRSA cultures after exposure to a clinically relevant concen-
tration of 5 pg/ml for 8 h would be therapeutically advanta-
geous. This pharmacodynamic feature distinguishes WCK 771
from other, newer quinolones, such moxifloxacin, that lack this
ability (12). This property has clinical relevance as the bacterial
load in tissue can reach as high as 10° CFU/g in serious infec-
tions (7). A similar study comparing the bactericidal effects of
ciprofloxacin against Escherichia coli at cell densities of 10° and
10%/ml showed bactericidal activity against both inocula (11).
Another rationale for testing a 100-fold-higher cell density is to
expand subpopulations of fluoroquinolone-resistant clones
present within MRSA cultures. It is conceivable that under
such conditions, agents with superior affinity for molecular
targets should demonstrate better bactericidal activity than
agents that have relatively lower affinity for mutated targets.
The response of two MRSA strains at high density clearly
differentiated WCK 771 and clinafloxacin from moxifloxacin.
This novel approach of evaluating antimicrobial agents against
a denser pathogen population could lead to a new generation
of antibacterials with superior pathogen eradication. While the
recently introduced concept of the mutant prevention concen-
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tration (8) deals with a drug’s ability to prevent the growth of
resistant mutants from a high-density population, the approach
of high cell density kill kinetics used in the present investiga-
tion deals with a drug’s ability to effectively kill a larger patho-
gen population including potential mutants.

In summary, WCK 771 showed potency superior even to that
of newer quinolones in clinical use against staphylococci. WCK
771 is a promising new agent that has high potency against
staphylococci, including isolates resistant to other quinolones.
If ongoing clinical studies yield a favorable safety profile, and
if human pharmacokinetic studies support a susceptibility
breakpoint of =2 pg/ml, WCK 771 will be active against all
quinolone-susceptible staphylococci and >90% of quinolone-
resistant staphylococci, features not achieved by currently
available quinolones.
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