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ABSTRACT The protective efficacy of tedizolid phosphate, a novel oxazolidinone
that potently inhibits bacterial protein synthesis, was compared to those of linezolid,
vancomycin, and saline in a rabbit model of Staphylococcus aureus necrotizing
pneumonia. Tedizolid phosphate was administered to rabbits at 6 mg/kg of body
weight intravenously twice daily, which yielded values of the 24-h area under
the concentration-time curve approximating those found in humans. The overall
survival rate was 83% for rabbits treated with 6 mg/kg tedizolid phosphate twice
daily and 83% for those treated with 50 mg/kg linezolid thrice daily (P = 0.66 by
the log-rank test versus the results obtained with tedizolid phosphate). These sur-
vival rates were significantly greater than the survival rates of 17% for rabbits
treated with 30 mg/kg vancomycin twice daily (P = 0.003) and 17% for rabbits
treated with saline (P = 0.002). The bacterial count in the lungs of rabbits treated
with tedizolid phosphate was significantly decreased compared to that in the lungs
of rabbits treated with saline, although it was not significantly different from that in
the lungs of rabbits treated with vancomycin or linezolid. The in vivo bacterial pro-
duction of alpha-toxin and Panton-Valentine leukocidin, two key S. aureus-secreted
toxins that play critical roles in the pathogenesis of necrotizing pneumonia, in the
lungs of rabbits treated with tedizolid phosphate and linezolid was significantly in-
hibited compared to that in the lungs of rabbits treated with vancomycin or saline.
Taken together, these results indicate that tedizolid phosphate is superior to vanco-
mycin for the treatment of S. aureus necrotizing pneumonia because it inhibits the
bacterial production of lung-damaging toxins at the site of infection.

KEYWORDS PVL, alpha-toxin, linezolid, pneumonia, rabbit model, tedizolid,
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edizolid phosphate (also known as TR-701 FA), a novel oxazolidinone prodrug, is
rapidly converted in the bloodstream to microbiologically active tedizolid (TR-700).
Tedizolid interacts with the 23S ribosome initiation complex to inhibit bacterial protein
synthesis and is active against clinically relevant Gram-positive pathogens, including
Staphylococcus aureus. Tedizolid phosphate is approved for use for the treatment of
acute bacterial skin and skin structure infections (1, 2). Tedizolid and linezolid were
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TABLE 1 Pharmacokinetic parameters of tedizolid after administration of a single
intravenous dose of tedizolid phosphate to uninfected New Zealand White rabbits?

Tedizolid phosphate

dose (mg/kg) Cinax (mg/ml) t,» (h) AUC,_,, (g - h/ml)
2.5 2603 58+ 15 57*09

5 6.1 £0.3 5.1=*0.7 99+ 15

6 7.9+ 08 57*09 149+16

aData are means = SDs for three rabbits treated with each dose. C,,,,, maximum concentration of drug in
plasma; t,,, half-life.

recently shown to be comparable in their ability to inhibit in vitro toxin production at
similar subinhibitory concentrations; because tedizolid inhibits S. aureus growth at a
concentration 4- to 8-fold lower than that of linezolid, tedizolid could more potently
inhibit toxin production at a lower overall drug concentration (3).

Although the clinical efficacy of tedizolid phosphate compared to that of linezolid
for the treatment of methicillin-resistant S. aureus (MRSA) pneumonia remains to be
established (ClinicalTrials.gov identifier NCT02019420), linezolid is already recommended
in clinical practice guidelines as an acceptable alternative to vancomycin for this
indication (4). In a preclinical rabbit model of necrotizing pneumonia caused by MRSA
strain USA300, linezolid was shown to be superior to vancomycin, a cell wall synthesis
inhibitor, in improving survival outcomes by inhibiting the production of two key
lung-damaging staphylococcal toxins, Panton-Valentine leukocidin (PVL) and alpha-
toxin (Hla) (5-7). MRSA strain USA300 is currently causing epidemic disease within
communities and hospitals throughout the United States and other countries (8, 9) and
is an important cause of difficult-to-treat and potentially lethal community-associated
and hospital-associated pneumonia (10, 11).

In the study described here, we compared the protective efficacies of tedizolid
phosphate, linezolid, and vancomycin for the treatment of necrotizing pneumonia
caused by USA300 in a rabbit model, focusing on whether improved host survival
outcomes are associated with the in vivo inhibition of staphylococcal toxin production.
Rabbits were used in the present study because, like humans, this animal species is
highly susceptible to the toxigenic effects of the PVL and Hla toxins (5, 12, 13). We
found that tedizolid phosphate and linezolid, which exhibited similar protective effi-
cacies, were superior to vancomycin in improving survival outcomes in the rabbit
model of necrotizing pneumonia because they inhibit the bacterial production of the
PVL and Hla toxins.

RESULTS

The MICs of the test drugs for USA300 clinical strain SF8300 were 0.5 ug/ml for
tedizolid (TR-700), 2.0 pg/ml for linezolid, and 1.0 wg/ml for vancomycin. In uninfected
rabbits, the tedizolid area under the concentration-time curve from 0 to 24 h (AUC,_,,.
mean = standard deviation [SD]) was 5.7 = 0.9 ug - h/ml for a single intravenous dose
of 2.5 mg/kg of body weight tedizolid phosphate, 9.9 = 1.5 ug - h/ml for 5 mg/kg
tedizolid phosphate, and 14.9 = 1.6 ug - h/ml for 6 mg/kg tedizolid phosphate (Table
1). Because the intravenous administration of 6 mg/kg tedizolid phosphate yielded
AUC,_,, values similar to those found in humans (14), we selected this dosing regimen
for use in the rabbits.

In the rabbit model of necrotizing pneumonia, the overall survival rate was 83%
(10/12) for rabbits treated with 6 mg/kg tedizolid phosphate twice daily, whereas the
overall survival rates were 83% (10/12) for those treated with 50 mg/kg linezolid thrice
daily (P = 0.66 by the log-rank test versus tedizolid phosphate), 17% (2/12) for those
treated with 30 mg/kg vancomycin twice daily (P = 0003 versus tedizolid phosphate),
and 17% (2/12) for those treated with saline (P = 0.002 versus tedizolid phosphate) (Fig.
1A). The 50-mg/kg linezolid dosing regimen yielded mean = SD peak serum
concentration of 10.5 = 2.3 ug/ml at 1 h postdosing, whereas 30 mg/kg vancomy-
cin yielded 36.1 = 4.2 ug/ml at 1 h postdosing, as determined in uninfected rabbits
in a previous study (6).
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FIG 1 Treatment efficacy of tedizolid phosphate compared to that of linezolid, vancomycin, and saline in a rabbit model of USA300 necrotizing
pneumonia. (A) Kaplan-Meier survival curves for animals treated with 6 mg/kg tedizolid phosphate intravenously at 1.5, 13, 25, and 37 h
postinfection (hpi; n = 12 rabbits), 50 mg/kg linezolid subcutaneously at 1.5, 10, 18, and 26 h postinfection (n = 12 rabbits), 30 mg/kg vancomycin
intravenously at 1.5, 13, 25, and 37 h postinfection (n = 12 rabbits), or saline intravenously at 1.5, 13, 25, and 37 h postinfection. A two-sided
log-rank (Mantel-Cox) test was used to test the hypothesis that the rate of survival of animals treated with tedizolid phosphate is not different
from the rate of survival of those treated with linezolid, vancomycin, or saline; a P value of <0.0167 (a significance level of 0.05 divided by 3 for
three different comparisons), determined using the Bonferroni method to account for multiple comparisons, was considered statistically
significant. (B, C) The lung weight-to-body weight (LW/BW [103]) ratio (B) and bacterial densities (in log,, number of CFU per lung) (C) for
saline-treated animals were compared to those for animals in each of the other three treatment groups by a nonparametric one-way ANOVA with
the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. Filled symbols, data from dead animals; open symbols, data from surviving
animals that were euthanized at 48 h after infection. (D) Representative images of lungs from rabbits in the four treatment groups.

The lung weight-to-body weight (LW/BW) ratio, a marker of acute lung injury, was
not significantly different among the groups (Fig. 1B). Although the bacterial count in
the lungs of rabbits treated with tedizolid phosphate was significantly decreased
compared to that in the lungs of rabbits treated with saline (P = 0.010), it was not
significantly different from that in the lungs of rabbits treated with vancomycin or
linezolid (Fig. 1C). Gross examination of rabbit lungs showed severe and extensive
necrosis and hemorrhage in rabbits treated with vancomycin or saline, but compara-
tively less acute lung injury was observed in those treated with tedizolid phosphate or
linezolid (Fig. 1D).

The improved survival outcomes of rabbits treated with tedizolid phosphate and
linezolid were associated with the in vivo suppression of two key lung-damaging toxins
in the lungs, the two-component Panton-Valentine leukocidin (LukF-PV and LukS-PV)
and alpha-toxin (HIa) (5). The LukF-PV amount (mean = SD) was 0.08 = 0.05 ug/lungs
for rabbits treated with tedizolid phosphate, whereas it was 0.20 = 0.25 ug/lungs for
those treated with linezolid (P = 0.63), 0.82 = 0.87 ug/lungs for those treated with
vancomycin (P = 0.016), and 2.22 * 2.04 ug/lungs for those treated with saline (P <
0.001) (Fig. 2A). The LukS-PV amount was 0.45 = 0.41 ug/lungs for rabbits treated with
tedizolid phosphate, whereas it was 0.98 = 0.84 ug/lungs for those treated with
linezolid (P = 0.90), 2.14 = 1.37 ug/lungs for those treated with vancomycin (P =
0.013), and 5.84 = 3.27 ug/lungs for those treated with saline (P < 0.001) (Fig. 2B). The
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FIG 2 Concentrations of the key lung-damaging toxins PVL and Hla in the lungs of rabbits. The LukF (A), LukS (B), and Hla (C) concentrations
(in micrograms per lungs) of rabbits treated with tedizolid phosphate, linezolid, vancomycin, and saline were compared by a nonparametric
one-way ANOVA with the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. Filled symbols, data from dead animals; open
symbols, data from surviving animals that were euthanized at 48 h after infection.

alpha-toxin amount was 0.16 0.11 ug/lungs for rabbits treated with tedizolid
phosphate, whereas it was 0.19 = 0.22 pg/lungs for those treated with linezolid (P =
1.00), 1.09 = 2.13 pg/lungs for those treated with vancomycin (P = 0.040), and 3.93 *=
3.01 pg/lungs for those treated with saline (P < 0.001) (Fig. 2Q).

*
*

DISCUSSION

Tedizolid phosphate demonstrated superiority over vancomycin but exhibited
protective efficacy similar to that of linezolid for the treatment of MRSA USA300
necrotizing pneumonia in the rabbit model according to their effects on survival
outcomes (Fig. 1). The enhanced protective efficacies of tedizolid phosphate and
linezolid were associated with their inhibition of the bacterial production of alpha-
toxin and PVL in the rabbit lungs (Fig. 2), a finding which is consistent with our
previous findings on the mechanism of protection of linezolid in this rabbit model
(6). These data demonstrate the potential clinical utility of tedizolid phosphate as
an alternative to linezolid for the treatment of S. aureus necrotizing pneumonia.
Tedizolid phosphate is also known to be active in vitro against clindamycin-resistant
S. aureus strains (15) as well as linezolid-resistant S. aureus strains harboring the
chloramphenicol-florfenicol resistance gene carried by a plasmid (16), thereby
expanding potential therapeutic options.

Subinhibitory concentrations of protein synthesis inhibitors, including clindamycin,
linezolid, and tedizolid phosphate, have previously been shown to inhibit the bacterial
production of alpha-toxin and PVL (17-19). Both alpha-toxin and PVL have previously
been shown to play critical roles in disease pathogenesis in a rabbit model of MRSA
necrotizing pneumonia (5, 7). Preexposure prophylaxis and postexposure treatment
with human monoclonal antibodies that neutralize alpha-toxin and PVL were previ-
ously shown to be sufficient for improving survival outcomes in the rabbit pneumonia
model (12). More recently, we showed that combination treatment with human intra-
venous immunoglobulins—which are pools of polyvalent antibodies from thousands of
donors which contain specific antibodies that neutralize both alpha-toxin and PVL—
and linezolid provided even greater protection against community-associated MRSA
necrotizing pneumonia than either one alone (7). Accordingly, antitoxin antibodies plus
protein synthesis inhibitors, like linezolid and tedizolid phosphate, are expected to
work together to further enhance survival outcomes by neutralizing preformed toxins
and preventing their cytotoxic effects in the lungs, as well as inhibiting the bacterial
production of these toxins.

April 2017 Volume 61 Issue 4 €02734-16 aac.asm.org 4


http://aac.asm.org

Tedizolid in Rabbit Model of MRSA Necrotizing Pneumonia

The superior protective efficacy of tedizolid phosphate over that of vancomycin in
the rabbit MRSA USA300 pneumonia model stands in contrast to the superior protec-
tive efficacy of vancomycin over that of tedizolid phosphate in the rabbit model of
aortic valve endocarditis (20). One potential explanation for this discrepancy could be
that the USA300/SF8300 clinical strain used in the rabbit pneumonia model is known
to naturally hyperproduce alpha-toxin and PVL (21), which together play critical roles in
the pathogenesis of necrotizing pneumonia (5, 7). In contrast, although alpha-toxin is
known to contribute to the pathogenesis of aortic valve endocarditis (22), the MRSA
strain used for evaluating the protective efficacies of tedizolid phosphate and vanco-
mycin in the rabbit aortic valve endocarditis model, strain COL, produces little alpha-
toxin and is largely nonhemolytic (23); COL also does not produce PVL because it lacks
the horizontally acquired prophage encoding this toxin (24). Tedizolid phosphate may
exert its protective effects in vivo through inhibition of bacterial toxin production,
which could explain why tedizolid phosphate demonstrates greater protection against
toxin-mediated pneumonia but is less effective against biofilm-centered endocarditis.

Our study has certain limitations. The protective efficacies of tedizolid phosphate
and other antimicrobials against a single strain of community-associated MRSA
USA300, strain SF8300, were evaluated in the rabbit model of necrotizing pneumonia.
This strain is known to exhibit the upregulated expression of many toxins, including
alpha-toxin and PVL (25). It remains to be determined whether tedizolid phosphate
would be superior to vancomycin for the treatment of pneumonia caused by a less
toxic hospital-associated MRSA strain. Moreover, tedizolid phosphate, linezolid, and
vancomycin were administered at a single time point (1.5 h postinfection) in the
present study. We have previously shown that although linezolid was protective when
administered at 1.5 h postinfection, the delay of treatment to 4 to 9 h postinfection
decreased or abolished its protective effects (6). It is not clear whether tedizolid
phosphate could potentially extend the therapeutic window beyond 1.5 h postinfec-
tion in the rabbit model. It is also not clear how well our rabbit model mimics the full
pathogenesis of S. aureus necrotizing pneumonia, since it is an end-stage disease
model that requires a very high number of bacteria (i.e., 5 X 10° CFU) to induce lethal
infection.

In conclusion, tedizolid phosphate is as effective as linezolid and superior to
vancomycin in a rabbit model of MRSA necrotizing pneumonia. The mechanism of
protection of tedizolid phosphate is similar to that of linezolid, in that they both
suppress the in vivo production of S. aureus toxins.

MATERIALS AND METHODS

Bacterial strain. Community-associated MRSA clinical isolate SF8300 (pulsed-field type USA300-
0114, multilocus sequence type 8) was used to establish infection in the rabbit model of pneumonia (5,
6). SF8300 was cultured in tryptic soy broth at 37°C with shaking for 6 h to late exponential phase of
growth (optical density at 600 nm, 1.2 to 1.5), harvested by centrifugation, washed twice with phosphate-
buffered saline (PBS), resuspended in PBS containing 10% glycerol to a concentration of 1 X 10'° to 2 X
10" CFU/ml, aliquoted into individual cryovials, and immediately stored at —80°C. Frozen aliquots were
thawed to room temperature immediately before each use and diluted with saline to approximately
3.5 X 10°to 4.0 X 10° CFU/ml, and the titer was determined by serial dilution and plating onto 5% sheep
blood agar plates to determine the actual number of bacteria used for infection of rabbits.

In vitro susceptibility studies. MIC determinations were performed in triplicate by microdilution
methods according to CLSI recommendations (26).

Rabbit model of necrotizing pneumonia. The protocol for the rabbit model of experimental
pneumonia was reviewed and approved by the University of California, San Francisco, Institutional
Animal Care and Use Committee. Outbred New Zealand White rabbits (age, 8 to 12 weeks; weight, 2.0
to 2.8 kg) were used. Necrotizing pneumonia was established by standard methods (5, 6). Briefly, a 1.5-ml
inoculum containing approximately 5 X 10° CFU of SF8300 was delivered directly into the lungs of
anesthetized rabbits through a 2.5-mm pediatric endotracheal tube, which was positioned 1 cm above
the main stem bronchi and then removed after instillation of the bacterial inoculum. Antibiotic treatment
was initiated at 1.5 h postinfection. Forty-eight infected rabbits were randomized into 1 of 4 experiment
groups: (i) 12 control animals were treated intravenously with 5 ml saline at 1.5, 13, 25, and 37 h
postinfection; (ii) 12 animals were treated intravenously with 30 mg/kg vancomycin (dissolved in saline)
at 1.5, 13, 25, and 37 h postinfection; (i) 12 animals were treated subcutaneously with 50 mg/kg linezolid
(dissolved in 5% cyclodextrin in phosphate-buffered saline) at 1.5, 10, 18, and 26 h postinfection; and (iv)
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12 animals were treated intravenously with 6 mg/kg tedizolid phosphate (TR-701 FA [Merck] dissolved
in phosphate-buffered saline) at 1.5, 13, 25, and 37 h postinfection.

The rabbits were monitored every 2 h postinfection for the first 36 h postinfection, and survivors were

euthanized at 48 h. Animals with profound pulmonary dysfunction (respiration rate of >75, cyanosis, and
cough) were euthanized for humane reasons. Animals found dead and those euthanized for pulmonary
dysfunction were counted similarly and in contrast to those that survived to 48 h postinfection. This is
a model of acute infection in which mortality beyond the first 48 h is extremely rarely encountered.

The lungs were aseptically removed from the euthanized rabbits or those that were found dead. The

lungs were cut into <0.5-cm pieces. Three lung pieces (weight, ~0.2 to 0.3 g) were homogenized in 0.9%
saline, and the titer was determined by plating serial dilutions on blood agar to determine the number
of CFU.
Pharmacokinetics of tedizolid. Nine uninfected rabbits were dosed intravenously with 2.5 mg/kg,
5 mg/kg, or 6 mg/kg of tedizolid phosphate (3 animals for each dose). Blood was drawn at approximately
5minand 1 h, 2 h, 4 h, 8 h, and 24 h postdosing into Vacutainer Plus plastic K2 EDTA tubes (Becton
Dickinson). Plasma was isolated in a refrigerated centrifuge and stored at —80°C until analysis of tedizolid
using a liquid chromatography-tandem mass spectrometry (LC-MS/MS) procedure (Charles River Labo-
ratories). The pharmacokinetic parameters of tedizolid were determined using Phoenix WinNonlin
(version 6.3) software (Certara, Princeton, NJ).
Quantification of LukS-PV, LukF-PV, and Hla concentrations in lung homogenates. In brief, 4 g
of lung pieces was added to 4 ml of PBS containing a protease inhibitor (PBS-PI; Thermo Fisher) and
homogenized using a Tissue-Tearor homogenizer. The lung homogenate was centrifuged at 3,500 X g
for 15 min at 4°C, and the supernatant was collected. The pellet was resuspended in another 4 ml of
PBS-PI. The cell suspension was freeze-thawed (20 min at —80°C) and homogenized with the Tissue-
Tearor homogenizer, and the supernatant was collected by centrifugation as described above. This
extraction procedure was repeated to yield a total of 4 supernatants, which were pooled, aliquoted, and
stored at —80°C until quantification by enzyme-linked immunosorbent assay (ELISA) of LukF-PV, LukS-PV,
and Hla (5, 6).
Statistical analyses. Survival curves were generated using the Kaplan-Meier method, and signifi-
cance was assessed by a two-sided log-rank (Mantel-Cox) test with the Bonferroni correction for multiple
comparisons (GraphPad software, version 6.0). A normal distribution was not assumed, so that the lung
weight/body weight ratio, bacterial count, and concentrations of toxins were compared using one-way
analysis of variance (ANOVA) with the Kruskal-Wallis test followed by Dunn’s multiple-comparison post
hoc test.
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