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The oxadiazole antibacterials target the bacterial cell wall and are bactericidal. We investigated the synergism of ND-421 with
the commonly used (3-lactams and non-f3-lactam antibiotics by the checkerboard method and by time-kill assays. ND-421 syner-
gizes well with B-lactam antibiotics, and it also exhibits a long postantibiotic effect (4.7 h). We also evaluated the in vivo efficacy
of ND-421 in a murine neutropenic thigh infection model alone and in combination with oxacillin. ND-421 has in vivo efficacy
by itself in a clinically relevant infection model (1.49 log, , bacterial reduction for ND-321 versus 0.36 log; , for linezolid with
NRS119) and acts synergistically with B-lactam antibiotics in vitro and in vivo, and the combination of ND-421 with oxacillin is
efficacious in a mouse neutropenic thigh methicillin-resistant Staphylococcus aureus (MRSA) infection model (1.60 log, , bacte-

rial reduction). The activity of oxacillin was potentiated in the presence of ND-421, as the strain would have been resistant to

oxacillin otherwise.

Methicﬂlin—resistant Staphylococcus aureus (MRSA) is a hu-
man pathogen associated with serious community-acquired
infections and is one of the leading causes of nosocomial infec-
tions in the United States and around the world (1). MRSA har-
bors the mecA gene, which encodes penicillin-binding protein 2a
(PBP2a), which confers resistance essentially to all B-lactam anti-
biotics (2). The currently available treatment options for MRSA
are glycopeptides (vancomycin and telavancin), oxazolidinones
(linezolid and tedizolid), daptomycin, and ceftaroline, of which
only the oxazolidinones are orally bioavailable drugs. Linezolid-
and vancomycin-resistant strains have already been reported (3—
6); mutations leading to daptomycin resistance have also been
observed (7). An increased vancomycin MIC has also been linked
to a possible cross-resistance to daptomycin (8). Ceftaroline was
approved in 2010 for treatment of community-acquired pneumo-
nia and acute bacterial skin infections, owing to its ability to bind
penicillin-binding proteins (PBPs). The binding in the case of the
MRSA PBP2a is at both the allosteric and the active sites, impart-
ing an interesting angle to the mechanism of action of this antibi-
otic (9, 10). Recently, ceftaroline heteroresistance among S. aureus
strains has also been reported (11), and ceftaroline-resistant
MRSA strains have been isolated (12, 13). Tedizolid was approved
in 2014 for skin and soft tissue infections; resistance to it has been
described in vitro (14).

The oxadiazoles are a new class of non-f-lactam antibacterials
targeting cell wall biosynthesis with excellent in vitro and in vivo
activity against MRSA and other Gram-positive bacteria (15).
ND-421 (Fig. 1) is a lead oxadiazole and was also found to be
bactericidal against vancomycin- and linezolid-resistant MRSA
(16). This compound exhibits efficacy comparable to that of lin-
ezolid in a mouse peritonitis model of infection and has low clear-
ance, a long half-life (¢,,,), and 97% oral bioavailability (16). As
resistance to new antibiotics emerges upon their introduction into
the clinic and combination therapy can minimize the develop-
ment of resistance (17), we investigated the possibility of syner-
gism of ND-421 with the commonly used B-lactams and non-f3-
lactam antibiotics and found that ND-421 synergizes well with
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B-lactam antibiotics. We also evaluated the in vivo efficacy of ND-
421 in a murine neutropenic thigh infection model alone and in
combination with oxacillin and demonstrated that the combina-
tion decreased bacterial load significantly compared to single-
agent treatment.

MATERIALS AND METHODS

Reagents. The antimicrobial agents used in the study included cefepime
(Sigma-Aldrich, St. Louis, MO), piperacillin (TCI, Portland, OR), lin-
ezolid (AmplaChem Inc., Carmel, IN), and imipenem, meropenem, van-
comycin, oxacillin, gentamicin, azithromycin, and doxycycline (all from
Sigma-Aldrich). The oxadiazole ND-421 and the internal standard were
synthesized in our laboratory using methodology reported earlier (16).
High-performance-liquid-chromatography-grade acetonitrile (Sigma-
Aldrich) and formic acid (Sigma-Aldrich) were used for mass spectrom-
etry experiments. Distilled water was purified on a MilliQ system (Milli-
pore, Billerica, MA).

Microorganisms. MRSA strains NRS70 (N315), NRS123 (MW2),
NRS100 (COL), and NRS119 and methicillin-sensitive S. aureus (MSSA)
strain NRS128 were obtained through the Network on Antimicrobial Re-
sistance in Staphylococcus aureus (NARSA). ATCC 29213 and MRSA 252
were purchased from the American Type Culture Collection (ATCC;
Manassas, VA).

MIC determination. The MIC values of ND-421 against these organ-
isms were determined in triplicates in cation-adjusted Mueller-Hinton II
broth (CAMHB-II; Becton Dickinson and Co., Sparks, MD) using the
microdilution technique according to the Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines (18).
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FIG 1 Synergy of ND-421 with (-lactams and non-B-lactams. The FIC values were determined using the checkerboard assay against S. aureus strains. XFIC
index values of =0.5 are considered synergistic. OXA, oxacillin; PIP, piperacillin; IPM, imipenem; MEM, meropenem; FEP, cefepime; VAN, vancomycin; LZD,
linezolid; GEN, gentamicin; DOX, doxycycline; AZM, azithromycin. ND-421 showed the highest synergy with oxacillin.

Inoculum effect. The inoculum effect was determined in CAMHB-II
according to the CLSI guidelines for broth microdilution (18) using final
bacterial concentrations of 10%, 10°, 10°, 107, and 10® CFU/ml in 96-well
plates containing 2-fold serial dilutions of ND-421.

Checkerboard assay. The synergistic interaction of ND-421 with the
panel of B-lactams and non-f-lactams was tested on four MRSA strains
(NRS70, NRS123, NRS100, and MRSA 252) and one MSSA strain
(NRS128), using the checkerboard assay in 96-well plates. The final inoc-
ulum in each well was 5 X 10°> CEFU/ml, and the results were read after an
18-h incubation at 37°C. The fractional inhibitory concentration (FIC)
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index was calculated for each combination as reported previously (19). An
FIC index of =0.5 was considered synergistic, one of >0.5 to <2 was
considered indifferent, and one of >2 was considered antagonistic. The
experiments were done in triplicates. The synergistic combinations were
further validated with time-kill assays.

Time-kill assay. Time-kill assays were performed in triplicates in
CAMHB-II. The assay was done in 5-ml tubes using 1/4 MIC of ND-421
alone and in combination with 1/2 to 1/64 MICs of the B-lactams. A
control tube with no antibiotic was also included. Bacteria were grown to
a density of approximately 108 CFU/ml and diluted 100-fold in fresh
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MHB. This bacterial suspension was added to the MHB tubes to a final
concentration of 5 X 10° CFU/ml and incubated at 37°C for 24 h. A
100-pl aliquot was obtained from each tube at 0, 3, 6, 12, and 24 h; serially
diluted in saline; and plated on antibiotic-free agar (LB agar) in duplicate
to determine colony counts. Synergy was defined as a =2 log, , decrease in
colony counts at 24 h with the combination, compared to the most active
single drug alone (19), and the final inoculum in the combination was =2
log,, CFU/ml below the starting inoculum.

PAE. NRS70 was grown in MHB to an optical density at 600 nm
(ODgy) of 0.1 and diluted 1:10 with fresh MHB. A 2.5-ml aliquot of this
culture was mixed with 2.5 ml of antibiotic solutions to a final concentra-
tion of ~10° CFU/ml. The cultures were incubated with ND-421, lin-
ezolid, and vancomycin at 2X and 4X MIC for 2 h. A growth control in
the absence of antibiotic was included. The antibiotics were diluted
1:1,000 in fresh prewarmed (37°C) MHB, and the regrowth rate was mea-
sured by viable colony counting. The growth control in the absence of
antibiotic was also treated similarly. Samples were drawn at 0 h, 2 h (be-
fore and after dilution), and every hour thereafter for 7 h and plated on LB
agar plates. The postantibiotic effect (PAE) was calculated as PAE = T —
C, where T is time (hours) required for the CFU in the test culture to
increase by 1 log,, above the count immediately after dilution and C is
time (hours) required for the CFU in the control culture to increase by 1
log,, above the count immediately after dilution (20). The experiment
was performed in duplicates.

Animals. Outbred, pathogen-free female ICR mice (Harlan Labora-
tories Inc., Indianapolis, IN) aged 6 to 8 weeks old and weighing 24 to 26
g were used. Mice were housed in polycarbonate shoebox cages with 1/4-
inch corncob (The Andersons Inc., Maumee, OH) and Alpha-Dri (Shep-
herd Specialty Papers, Inc., Richland, MI) bedding with a 12-h light/dark
cycle at 72°F. The animals were given food (Teklad 2918 irradiated ex-
truded rodent diet) and water ad libitum. All procedures were performed
in accordance with and approved by the University of Notre Dame Insti-
tutional Animal Care and Use Committee.

Neutropenic thigh infection model. The mouse neutropenic thigh
infection model described by Craig and Andes (21) was used to assess the
efficacy of ND-421. Briefly, the mice (n = 10 mice per group) were ren-
dered neutropenic by intraperitoneal treatment with 100 .l cyclophos-
phamide (Alfa Aesar, Haverhill, MA) at 200 mg/kg of body weight, 4 days
and 1 day prior to the infection. MRSA strains NRS70 and NRS119 were
grown in brain heart infusion broth to an OD,,, of 0.5 and then diluted to
a final concentration of approximately 10° CFU/ml in fresh brain heart
infusion broth. An 0.1-ml aliquot of the bacterial inoculum was injected
intramuscularly into the right thigh. One hour after infection, the animals
were administered a single oral dose of 40 mg/kg of ND-421, linezolid, or
vehicle (10% dimethyl sulfoxide [DMSO], 25% Tween 80, 65% water) by
oral gavage. The animals were sacrificed by CO, asphyxiation 48 h after
infection. Terminal plasma was collected by cardiac puncture, followed by
aseptic removal of both thigh muscles (uninfected and infected). The
infected thigh was weighed, homogenized in phosphate-buffered saline
using a Bullet blender (Next Advance, Inc., Averill Park, NY), serially
diluted, and plated on LB agar plates (Fisher Scientific, Waltham, MA) to
determine colony counts. The plates were incubated at 37°C for 24 h. The
colony counts were expressed as log CFU/gram of tissue. Groups were
compared using the Mann-Whitney U test.

In vivo synergy. The in vivo efficacy of ND-421 in combination with
oxacillin was evaluated in the neutropenic thigh infection model, as de-
scribed above. The study included four groups (n = 8 mice/group): con-
trol (vehicle = 10% DMSO-25% Tween 80-65% water), ND-421 (40
mg/kg orally once a day for 2 days), oxacillin (20 mg/kg subcutaneously
three times a day for 2 days), and combination of ND-421 plus oxacillin
(40 mg/kg ND-421 orally once a day for 2 days and 20 mg/kg oxacillin
subcutaneously three times a day for 2 days). The animals were sacrificed
at 48 h. The infected thighs were processed as described above for bacterial
counts, and the uninfected thighs and plasma were analyzed as described
below for determination of drug levels.
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Statistical analysis. Statistical analysis was done using the Mann-
Whitney U test on GraphPad Prism 5.0 (GraphPad Software Inc., San
Diego, CA, USA).

Dose preparation. Compounds were dissolved in 10% DMSO-25%
Tween 80-65% water (vehicle) ata concentration of 10 mg/ml (equivalent
to 40 mg/kg) or 5 mg/ml (20 mg/kg). For subcutaneous injections of
oxacillin, the doses were filter sterilized using nylon membranes (0.2 pm;
Pall Life Sciences, Port Washington, NY). Mice were given 100 pl of com-
pound orally (ND-421, linezolid, or vehicle) or subcutaneously (oxacil-
lin).

Drug levels in plasma and thigh. Terminal blood collected from the
neutropenic thigh infection model was centrifuged at 1,500 X gfor 10 min
to obtain plasma and stored at —80°C until analysis. Uninfected thighs
were weighed and were stored at —80°C until analysis.

A 50-pl aliquot of plasma was quenched with 150 pl of internal stan-
dard in acetonitrile to precipitate protein. Standards of each compound
ranging from 0 pg/ml to 20 wg/ml were spiked in 50 .l of mouse plasma
(Bioreclamation IVT, Baltimore, MD) and quenched with 150 pl of in-
ternal standard (1 pg/ml) in acetonitrile. Samples and standards were
then centrifuged for 10 min at 10,000 X g, and the supernatants were
analyzed using a Waters Acquity ultraperformance liquid chromatograph
(UPLC; Waters Corp., Milford, MA) coupled with a triple quadrupole
mass spectrometer (TQD; Waters, Milford, MA) with multiple reaction
monitoring (MRM). The uninfected thighs were homogenized in an
equivalent volume of acetonitrile and were centrifuged at 10,000 X g for
10 min. A 50-pl aliquot of the thigh supernatant was diluted with 150 pl
of internal standard solution in acetonitrile (1 wg/ml). The thigh samples
containing ND-421 were diluted 10-fold with acetonitrile prior to internal
standard addition. Samples were analyzed using UPLC-MRM. Acquisi-
tion parameters were as follows: Supelco Ascentis C,4 column (3-pm
particle size, 10 cm by 2.1 mm; Sigma-Aldrich, St. Louis, MO), electros-
pray ionization positive mode (ESI™), flow rate of 0.5 ml/min, capillary
voltage of 4 kV, cone voltage of 30 V, and collision voltage of 25 V. The
solvent program was as follows: 95% A-5% B for 0.25 min, 0.75-min
linear gradient to 5% A-95% B, hold for 4 min, where A is 0.1% formic
acid-water and B is 0.1% formic acid-acetonitrile. Retention times were
1.76 min for linezolid, 1.77 min for oxacillin, 2.60 min for ND-421, and
2.85 min for the internal standard. The methods were linear between 0
pg/ml and 20 pwg/ml (R? values > 0.98). MRM transitions for each com-
pound were 338.2—296.1 for linezolid, 422.0—143.7 for ND-421,
401.9—160.1 for oxacillin, and 401.1—122.8 for the internal standard.
Peak areas for each compound were calculated relative to those for the
internal standard using Waters MassLynx software. A standard curve of
peak area ratios plotted against standard concentration was generated
from which drug concentrations were determined using regression pa-
rameters and dilution factor. Concentrations are reported in micrograms
per milliliter for plasma and in micrograms per gram of tissue for thigh.

RESULTS AND DISCUSSION

MIC and inoculum effect. We determined the MIC values of ND-
421 for the S. aureus strains used in the study, including NRS119,
a linezolid-resistant strain; the values ranged from 2 to 4 pg/ml
(Table 1), indicating that ND-421 was efficacious by itself. The
MICs of vancomycin for the same strains ranged from 1 to 2 pg/
ml, and those of linezolid were from 1 to 32 pg/ml.

As the inoculum effect can reduce the potency of an antibiotic
with increasing bacterial concentration, we investigated the effect
of high MRSA density (up to 10® CFU/ml) on the activity of ND-
421. An inoculum effect is defined as an 8-fold or greater increase
in MIC with a higher inoculum. Thus, ND-421 showed no inoc-
ulum effect (Table 2).

Checkerboard assay. The checkerboard assay was used to eval-
uate the in vitro synergy between ND-421 and six cell wall agents,
five B-lactams (oxacillin, piperacillin, imipenem, meropenem,
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TABLE 1 MIC values of ND-421 against a panel of S. aureus strains
MIC (pg/ml) of drug:

S. aureus strain ND-421 Vancomycin Linezolid
N315 (NRS70)“ 2 1
NRS100 (COL)* 2 2 1
NRS119” 2 1 32
NRS123¢ 4 2 2
NRs128¢ 4 2 1
MRSA252° 2 1 2

ATCC 29213/ 2 1 2

“ mecA positive; resistant to methicillin, oxacillin, and tetracycline; susceptible to
vancomycin and linezolid.

b mecA positive; resistant to ciprofloxacin, gentamicin, oxacillin, penicillin, and
linezolid.

¢ Community-acquired strain also designated MW2, C1999000459, USA400, and
99065.

@ Also designated NCTC8325 and RN0031.

¢ Hospital-acquired strain isolated in the United Kingdom, also designated ATCC BAA-
1720.

f Quality control MSSA strain.

and cefepime) and a non--lactam (vancomycin), as well as four
additional antibiotics targeting protein synthesis (the oxazolidi-
none linezolid, the aminoglycoside gentamicin, the tetracycline
doxycycline, and the macrolide azithromycin). We used four
MRSA strains, NRS70, NRS123, NRS100, and MRSA252, and an
MSSA strain (NRS128).

Results are shown as isobolograms in Fig. 1, where the FIC of
ND-421 is plotted on the x axis and the FIC of antibiotic is plotted
on the y axis; a concave curve is observed for synergy, a linear
curve represents additivity, and a convex curve indicates antago-
nism (22). With NRS100, ND-421 synergized with oxacillin, pip-
eracillin, and imipenem; with MRSA 252, synergy was observed
with oxacillin, imipenem, cefepime, and doxycycline. However,
ND-421 synergized with all the B-lactams tested using MRSA
strains NRS70 and NRS123. With the NRS128 strain, synergy was
observed in combination with oxacillin and piperacillin. Cassat et
al. compared the genomes of several S. aureus strains, including
those of NRS70, NRS123, NRS100, MRSA 252, and NRS128 (23).
A difference between these strains is the expression of the major
histocompatibility complex (MHC) class II analog protein Map in
S. aureus strains that do not show synergy, namely, NRS100,
MRSA 252, and NRS128, and its absence in NRS70 and NRS123,
strains that display synergy. Map is an immunomodulator that
potentiates the survival of S. aureus by interfering with T cell-
mediated host immunity (24). Mice infected with S. aureus defi-
cient in Map have significantly reduced arthritis, osteomyelitis,
and abscesses compared to controls, and mice treated with recom-
binant Map had reduced T cell-mediated responses and signifi-
cantly reduced hypersensitivity, when challenged with antigen
(24). Therefore, Map plays a role in S. aureus infections by inter-
fering with cellular immunity. It is not known if this factor also
influences the lack of in vitro synergy between ND-421 and B-lac-
tamsin S. aureus strains expressing Map. With non-B-lactams, the
only synergy observed with ND-421 was in the case of strain
NRS123 for gentamicin and with strains NRS123 and MRSA 252
for doxycycline combinations.

Among the B-lactam antibiotics, the highest synergy is with
oxacillin (2FIC values of 0.31 and 0.37 against NRS70 and
NRS123, respectively), which inhibits PBP1, -2, and -3, and the
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TABLE 2 MIC values of ND-421 with increasing bacterial
concentration

MIC (pg/ml) at bacterial concn (CFU/ml):

Strain 10* 10° 10° 107 108
NRS70 2 2 2 4 4
NRS100 2 2 2 4 4
NRS119 1 2 2 2 2
NRS123 4 4 4 4 4
NRS128 2 4 4 4 4
MRSA252 1 2 2 2 2
ATCC 29213 2 2 2 4 4

least synergy is with piperacillin (SFIC values of 0.41 against
NRS70 and 0.50 against NRS123), which inhibits PBP3. Synergy is
found with imipenem (preferentially inhibits PBP2; 3 FIC values
of 0.41 and 0.30 against NRS70 and NRS123, respectively), mero-
penem (preferentially inhibits PBP1 but also inhibits PBP2 and
PBP4; SFIC values of 0.35 against NRS70 and 0.31 against
NRS123), and cefepime (inhibits PBP2 and PBP3; 2FIC values of
0.35 and 0.33 against NRS70 and NRS123, respectively). As the
oxadiazoles inhibit PBP2a (15) in MRSA and cooperation be-
tween the transpeptidase domain of PBP2a and the transglycosy-
lase domain of PBP2 is required for cell wall synthesis in the pres-
ence of B-lactam antibiotics (25), we hypothesize that this is the
basis of synergy between ND-421 and B-lactam antibiotics. In-
deed, good synergy is observed between ND-421 and oxacillin,
imipenem, meropenem, and cefepime, all of which inhibit PBP2,
while the weakest synergy is observed with piperacillin, which in-
hibits preferentially PBP3.

In support of this mechanism for synergy, while ND-421 syn-
ergizes with B-lactam antibiotics that inhibit transpeptidases in
cell wall biosynthesis, it does not synergize with vancomycin, an
inhibitor of transglycosylation. Likewise, ND-421 does not syner-
gize with the protein-synthesis inhibitor linezolid (bacteriostatic),
the aminoglycoside gentamicin (bactericidal; synergy observed
only with strain NRS123), the tetracycline doxycycline (bacterio-
static; mild synergy observed in NRS123), or the macrolide azi-
thromycin (bacteriostatic).

Time-kill curves. Synergy between ND-421 and the 3-lactams
(oxacillin, piperacillin, imipenem, and cefepime) and doxycycline
was confirmed using time-kill assays with MRSA strains NRS70
and NRS123, as we had observed synergy by the checkerboard
assay with these strains. In order to allow for assessment of syn-
ergy, 1/4 MIC of ND-421 was used, a concentration at which a
bacteriostatic effect was observed up to 12 h of growth. The con-
centrations of the B-lactams and doxycycline ranged from 1/2 to
1/64 MIC. Following 24 h of incubation, a =2 log,, reduction in
NRS70 colony counts was observed with the combination of ND-
421 plus 1/4, 1/8, or 1/16 MIC of B-lactams compared to either of
the single agents alone and from the starting inoculum (Fig. 2),
indicating that ND-421 synergizes with B-lactam antibiotics.
With the NRS123 strain, synergy was observed for oxacillin, imi-
penem, and cefepime in combination with ND-421; however, the
combination of piperacillin and doxycycline with ND-421
showed a =2 log, , reduction of inoculum at the end of 24 h com-
pared to the single agent but a <2 log;, reduction from the start-
ing inoculum.

Synergistic activity of antibiotics such as vancomycin and dap-
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FIG 2 Time-kill curves against MRSA strains S. aureus NRS70 (left) and
NRS123 (right) for combination of ND-421 (0.5 pg/ml, equivalent to 1/4
MIC; in red) with oxacillin (OXA; 1/8 MIC for NRS70; 1/4 MIC for NRS123;in
blue) (A), piperacillin (PIP; 1/4 MIC; in blue) (B), imipenem (IPM; 1/4 MIC
for NRS70, 1/2 MIC for NRS123; in blue) (C), cefepime (FEP; 1/8 MIC for
NRS70, 1/4 MIC for NRS123; in blue) (D), and doxycycline (DOX; 1/4 MIC; in
blue) (E). The limit of detection was 50 CFU/ml (1.6 log CFU/ml). The com-
bination of ND-421 and antibiotic is shown in green, with the highest concen-
tration of antibiotic in the combination depicted as a solid line, the interme-
diate concentration as a dashed line, and the lowest concentration as a dotted
line.
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tomycin with B-lactams has been reported in previous investiga-
tions, which showed that subinhibitory concentrations of the
drugs could effectively inhibit bacterial growth (26, 27). Further-
more, daptomycin synergy is greater with B-lactams that prefer-
entially bind to PBP1, such as meropenem, than with -lactam
antibiotics that preferentially bind to PBP2 (ceftriaxone), PBP3
(cefaclor), or PBP4 (cefoxitin) (28). However, no in vivo synergy
studies have been reported for these combinations.

PAE. Antibiotics that exhibit postantibiotic effect (PAE) are
considered more attractive than those that do not, as it often im-
proves efficacy in vivo and requires less frequent dosing, which
might improve patient compliance in taking the antibiotic. A PAE
was seen at 2X and 4X MIC for ND-421, linezolid, and vancomy-
cin, with ND-421 showing superior PAE (Fig. 3). After dilution,
the growth control increased 1 log in 1.6 = 0.2 h, while the lin-
ezolid- and vancomycin-treated cultures took 3.1 + 0.4 and 3.4 =
0.2 h, respectively. The ND-421-treated cultures took 6.3 = 0.2 h
to increase 1 log. The PAE for ND-421 was calculated at 4.7 h,
compared to those of linezolid and vancomycin, which were 1.5
and 1.8 h, respectively.

Neutropenic thigh infection. We had previously shown that
ND-421 has efficacy similar to that of linezolid (50% effective dose
[EDs,] of 3.1 mg/kg for ND-421 versus 2.8 mg/kg for linezolid) in
the mouse peritonitis infection model (16), a widely used model
that is relatively rapid with simple endpoints (death or survival).
This model provides rapid evaluation of in vivo efficacy, as it re-
quires good pharmacokinetic (PK) properties to observe efficacy.
The neutropenic thigh infection model is a widely used mouse
model that provides a quantitative assessment of the efficacy of an
antibiotic, and also, it is more clinically relevant and reliably pre-
dicts efficacy in the clinic (29). This model resembles the compli-
cated skin and tissue infections that are frequently seen in the
clinic with MRSA infections. We, thus, evaluated ND-421 in this
model after oral administration, compared it to linezolid, and
used two MRSA strains: NRS70 (linezolid sensitive) and NRS119
(linezolid resistant). After 48 h of incubation, the bacteria in-
creased to 5.9 X 10” and 5.3 X 107 CFU/g of thigh in the vehicle
group with NRS70 and NRS119, respectively (Fig. 4). Treatment
with ND-421 or linezolid resulted in 1.05 log and 1.00 log
reductions of NRS70 (linezolid-sensitive MRSA), respectively,
with no significant statistical differences between mice treated
with ND-421 and those treated with linezolid (P > 0.05). We
attributed the similar efficacy to the longer half-life and good
tissue distribution of ND-421 and its greater PAE than that of
linezolid (Fig. 3). However, the lower plasma-protein binding
of linezolid (31% versus 98% for ND-421) (16, 30) would ap-
pear to compensate for the other superior attributes of ND-421
to make its efficacy equivalent in the neutropenic thigh infec-
tion model. However, the in vivo efficacy of ND-421 was sig-
nificantly better than that of linezolid in the NRS119 strain
(linezolid resistant), with 1.7 X 10° CFU/g or 1.49 log reduc-
tion compared to vehicle (P < 0.001), whereas linezolid re-
sulted in no statistical reduction in bacterial counts (2.3 X 107
CFU/g [P > 0.05], Fig. 4).

Drug levels in plasma and thigh. The concentrations of ND-
421 and linezolid were measured in plasma and in uninfected
thighs using UPLC with MRM, a mass spectrometric method that
allows for quantification of a specific drug or compound of inter-
est based on an identified mass transition. This method uses a
triple quadrupole mass spectrometer, in which the molecular ion
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FIG 3 Postantibiotic effect of ND-421. S. aureus NRS70 was grown in MHB, adjusted to 10° CFU/ml, and incubated for 2 h without any antibiotic and in the
presence of 4X MIC of ND-421, vancomycin, or linezolid. After 2 h, the antibiotics were removed by 1:1,000 dilution. The cultures were allowed to grow for
another 7 h, and growth was monitored by viable colony counting. The growth of the control with no antibiotic increased 1 log in 1.6 h, while the linezolid- and
vancomycin-treated cultures took about 3 h. The ND-421-treated culture took about 6 h to increase 1 log.

for the compound is selected in the first quadrupole, followed by
specific fragmentation of the selected ion in the second quadru-
pole and selection and detection of a specific fragment in the third
quadrupole. This method is characterized by low background due

9 * k%
* % %

* % %

Log CFU/g

NRS70 NRS119
mVehicle mND-421 mLinezolid

FIG 4 Efficacy of ND-421 in the mouse neutropenic thigh infection model. Mice
(n = 10 mice/group) were rendered neutropenic by intraperitoneal administra-
tion of cyclophosphamide at 200 mg/kg at 4 days and 1 day prior to infection. The
right thigh was infected intramuscularly with 100 pl of 10° CFU/ml of MRSA
NRS70 (linezolid sensitive) or NRS119 (linezolid resistant). Mice were given a
single oral dose of ND-421 (40 mg/kg), linezolid (40 mg/kg), or vehicle at 1 h after
infection. The infected thighs were collected at 48 h after infection and homoge-
nized, and the homogenate was plated, followed by determination of bacterial
counts (mean * standard error of the mean). **, P < 0.01; *** P < 0.001, as
determined by Mann-Whitney U test. Efficacy of ND-421 was equivalent to that of
linezolid in the NRS70 strain and superior to that of linezolid in the NRS119 strain.
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to the mass selection and is highly sensitive and selective for a
particular compound of interest, e.g., an antibiotic. Levels of lin-
ezolid were not quantifiable in plasma or in thigh at 48 h, as the
drug had been eliminated (Table 3). The concentrations of ND-
421 in mice infected with NRS70 were 1.26 = 0.48 pg/ml in
plasma and 8.64 = 3.09 pg/g in the uninfected thigh at 48 h, both
above the MIC. The levels of ND-421 in mice infected with
NRS119 were similar, 1.05 * 0.64 pg/ml in plasma and 9.78 *
3.79 pg/g in the uninfected thigh at 48 h. This was expected as
linezolid has a relatively short half-life (t,,, = ~1 h) (31) com-
pared to ND-421 (¢,,, = 18.6 h) (16).

In vivo synergy. As we had observed synergy of ND-421 in
combination with oxacillin by the checkerboard assay and by
time-kill curves, we next investigated the in vivo synergy of ND-
421 in combination with oxacillin in the mouse neutropenic thigh
infection model using MRSA NRS70. We gave two doses of ND-
421 orally at 1 and at 25 h after infection. Oxacillin was dosed
subcutaneously three times a day for 2 days. The dose of oxacillin
was selected based on oxacillin pharmacokinetic (PK) parameters
in mice reported earlier (32). Based on this consideration, a single
subcutaneous dose of oxacillin at 20 mg/kg would give a maxi-
mum concentration of drugin serum (C,,,,,) of 36 pg/ml, which is
below the MIC of 64 pg/ml for oxacillin against NRS70. In the
untreated vehicle group, bacteria levels were 3.1 X 10° CFU/g at 48
h. The oxacillin, ND-421, and the combination groups showed
bacterial density lower than that of the vehicle group, 1.3 X 10
CFU/g, 4.1 X 107 CFU/g, and 7.8 X 10° CFU/g, respectively (Fig.
5). The decrease in bacterial load relative to the vehicle control was
0.38 log for the oxacillin group, 0.88 log for the ND-421 group,
and 1.60 log for the ND-421 plus oxacillin group. We attributed
the observation of the slight efficacy of oxacillin to the fact that
multiple 20-mg/kg doses of oxacillin were given, which could in-
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TABLE 3 Drug concentrations in the mouse neutropenic thigh infection model

Mean drug concn * SD in mouse infected with strain:

NRS70 NRS119
Compound Plasma (jg/ml) Thigh (pg/g) Plasma (jpg/ml) Thigh (ng/g)
Linezolid (single dose)® NQ° NQ NQ NQ
ND-421 (single dose)” 1.26 = 0.48 8.64 = 3.09 1.05 = 0.64 9.78 = 3.79
Oxacillin (multiple dose)” 0.07 = 0.15 NQ
ND-421 (multiple dose)” 3.18 = 1.08 23.36 + 5.38
ND-421 (combination, multiple dose)” 2.25 +0.72 20.39 £ 5.10
Oxacillin (combination, multiple dose)* 0.13 = 0.35 NQ

“ Drug concentrations at 48 h postinfection in the mouse neutropenic thigh infection model evaluating the efficacy of ND-421 versus linezolid (40-mg/kg oral dose at 1 h after

infection, n = 10 mice/group).

b Oxacillin given at 20 mg/kg subcutaneous doses at 1, 9, 17, 25, 33, and 41 h postinfection, n = 8 mice.

“ND-421 given at 40 mg/kg oral doses at 1 and 25 h postinfection, n = 8 mice.

@ Combination of oxacillin with ND-421 (two 40-mg/kg oral doses of ND-421 at 1 and 25 h postinfection and six 20-mg/kg subcutaneous doses of oxacillin at 1, 9, 17, 25, 33, and

41 h postinfection; n = 8 mice/group).
¢ NQ, not quantifiable.

crease the plasma concentrations of the antibiotic for brief periods
above the MIC of 64 pg/ml for the strain. The combination of
ND-421 with oxacillin showed increased efficacy with a signifi-
cantly lowered bacterial load compared to single-agent treatment
(1.22logreduction in the combination compared to oxacillin, P <
0.05;0.72 log reduction in the combination compared to ND-421,
P < 0.05) (Fig. 5).

Plasma levels of oxacillin at 48 h were 0.07 * 0.15 pg/ml and
0.13 = 0.35 pg/ml in mice given oxacillin only and ND-421 plus
oxacillin, respectively (Table 3). However, oxacillin levels were
below the limit of quantification in the thighs. Plasma levels of

Log CFU/g
[,

1 4

0 E

ND-421 ND-421+OXA

Vehicle Oxacillin

FIG 5 Efficacy of ND-421 in combination with oxacillin in the mouse neu-
tropenic thigh infection model. Mice (n = 8 mice/group) were rendered neu-
tropenic by intraperitoneal administration of cyclophosphamide at 200 mg/kg
on day 4 and day 1 prior to infection. The right thigh was infected intramus-
cularly with 100 .l of 10° CFU/ml of MRSA NRS70. Mice were given two oral
doses of ND-421 at 40 mg/kg at 1 and 25 h after infection; six subcutaneous
doses of oxacillin at 20 mg/kg at 1, 9, 17, 25, 33, and 41 h after infection; or a
combination of ND-421 plus oxacillin. The infected thighs were collected at 48
h after infection and homogenized, and the homogenate was plated, followed
by determination of bacterial counts (mean = standard error of the mean). %,
P=0.05**P=0.01;***,P=0.001, as determined by Mann-Whitney U test.
The combination of ND-421 with oxacillin showed increased efficacy with a
bacterial load significantly lower than that of the single-agent treatment.
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ND-421 at 48 h were 3.18 £ 1.08 pg/ml in mice given ND-421
alone and 2.25 * 0.72 pg/ml in mice given ND-421 plus oxacillin.
Higher levels of ND-421 at 48 h were found in the thighs of mice
receiving ND-421 only (23.36 = 5.38 pg/g) and ND-421 plus
oxacillin (20.39 * 5.10 pg/g).

In summary, we demonstrate that the cell wall biosynthesis
inhibitor ND-421 has in vivo efficacy by itself in a clinically rele-
vant infection model and acts synergistically with 3-lactam anti-
biotics in vitro and in vivo and that the combination of ND-421
with oxacillin is efficacious in a mouse neutropenic thigh MRSA
infection model.
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