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ABSTRACT Omadacycline is an effective therapy for community-acquired bacterial
pneumonia (CABP). Given its potent activity against methicillin-susceptible Staphylo-
coccus aureus (MSSA) and methicillin-resistant S. aureus (MRSA), we sought to deter-
mine the pharmacodynamic activity and target pharmacokinetic/pharmacodynamic
(PK/PD) exposures associated with a therapeutic effect in the neutropenic mouse
pneumonia model against 10 MSSA/MRSA strains. The area under the concentration-
time curve (AUC)/MIC associated with 1-log kill was noted at 24-h epithelial lining
fluid (ELF) and plasma AUC/MIC exposures of �2 (ELF range, �0.93 to 19; plasma
range, �1.06 to 17) and 2-log kill was noted at 24-h ELF and plasma AUC/MIC expo-
sures of �12 (ELF range, 2.5 to 130; plasma range, 3.5 to 151).
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Omadacycline (NUZYRA; Paratek Pharmaceuticals), an aminomethylcycline
antibiotic, has potent in vitro and in vivo activity against Gram-positive pathogens,

in particular, Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA)
(1–4). It has been approved in the United States for the treatment of adults with acute
bacterial skin and skin structure infection (ABSSSI) and community-acquired bacterial
pneumonia (CABP) given its demonstrated efficacy in large randomized control trials
(5–7). Based on these preclinical and clinical findings, a logical consideration is to what
extent omadacycline could be useful for S. aureus pneumonia. Therefore, we attempted
to answer this question by examining the pharmacodynamics of omadacycline against
a diverse group of S. aureus strains in the neutropenic mouse pneumonia model to
delineate the pharmacodynamic activity and target exposures associated with efficacy.

Ten S. aureus strains were utilized (Table 1) that included 6 MRSA and 4 MSSA strains.
Susceptibility testing was performed in triplicates according to CLSI guidelines (8). The
MIC range was relatively narrow at 0.25 to 0.5 mg/liter, consistent with previous in vitro
surveillance studies (1–4). The neutropenic mouse lung infection model was used for all
animal studies (9). Animals were maintained in accordance with American Association
for Accreditation of Laboratory Animal Care (AAALAC) criteria, and all studies were
approved by the University of Wisconsin and the William S. Middleton Memorial VA
Hospital animal research committees. Neutropenic mice were infected with an inocu-
lum of 8.01 � 0.06 CFU/ml by the intranasal route resulting in a zero hour burden of
6.41 � 0.11 CFU/lungs. The burden in untreated control mice increased to 8.91 � 0.14
CFU/lungs over 24 h; thus, on average, there was an approximately 2.5 log10 CFU
increase in burden, demonstrating fitness in the model. Two hours after inoculation
into lungs, groups of 3 mice were treated by the subcutaneous route with 4-fold
increasing doses of omadacycline (0.25 to 64 mg/kg/12 h). The dose range was selected
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based upon prior study with this drug and these strains in a similar murine thigh
infection model. After 24 h, the burden of organisms was enumerated from lung
homogenates. The dose-response curves are shown in Fig. 1. Low doses of omadacy-
cline resulted in net cidal activity, even at the lowest dose tested, against 7 of 10 strains.
As doses were increased, there was a further increase in killing activity, and there was
a �2-log kill achieved against all organisms over the dose range.

We assessed the pharmacodynamic relationship for omadacycline epithelial lining
fluid (ELF) and plasma area under the concentration-time curve over 24 h (AUC)/MIC, as
this has been shown to be the predictive index of therapeutic effect for tetracyclines,
including omadacycline (9–13). Previously published ELF and plasma pharmacokinetic
data for omadacycline from mice in this model from our laboratory was utilized to
estimate drug exposures (9). Treatment effect relative to the pharmacokinetic/pharma-
codynamic (PK/PD) index AUC/MIC was modeled utilizing the Hill equation sigmoid
maximum effect (Emax) model and is shown in Fig. 2A based on ELF AUC/MIC and in Fig.
2B based on plasma AUC/MIC. One will note the exposure response curves are quite
similar between ELF and plasma exposures. This is due to the uniform and nearly
complete penetration of plasma into the ELF, with ELF/plasma AUC ratios ranging from
0.86 to 1.17 over the dose range. Additionally, protein binding in plasma is very low for
omadacycline (14). Due to the low protein binding, we report total drug concentrations
in plasma. Based on the best-fit line (see Fig. 2A and B), a 1-log kill was noted at 24-h
AUC/MIC exposures of approximately 2 based on ELF and plasma drug exposures, and
a 2-log kill was noted at 24-h AUC/MIC exposures of approximately 12. We did observe
more variability in treatment effects for MRSA than for MSSA organisms. Individual
AUC/MIC exposures, using both ELF and plasma exposures, for each organism for the
various microbiological endpoints are shown in Table 1. Due to the unexpected efficacy
over the dose range, static targets were not able to be accurately identified; however,
1-log kill was noted at 24-h ELF AUC/MIC exposures of �0.93 to 19 and 24-h plasma
AUC/MIC exposures of �1.06 to 17. A 2-log kill was observed at 24-h ELF AUC/MIC
exposures of 2.5 to 130 and 24-h plasma AUC/MIC exposures of 3.5 to 151.

Omadacycline demonstrated a potent in vivo effect in the mouse pneumonia model.
The target exposures were relatively similar to those in our previous study in the
pneumonia model against Streptococcus pneumoniae (9). In both studies, even the

FIG 1 Dose-response curves for omadacycline against 10 S. aureus (blue symbols, MSSA; red symbols,
MRSA) strains in the neutropenic mouse pneumonia model. Each symbol represents the mean and
standard deviation from three mice. Five different dose levels were administered by the subcutaneous
route every 12 h. The burden of organisms was enumerated at the start and end of antimicrobial therapy
over a 24-h experiment duration. The horizontal dashed line at 0 represents the burden of organisms at
the start of therapy. Data points above the line represent net growth (i.e., increase) in burden, and those
below the line represent net cidal activity (i.e., decrease) in bacterial burden.
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lowest doses of omadacycline tested in the pneumonia model demonstrated net killing
activity against numerous test organisms. Additionally, in the previous study, we also
experienced moderate variability in exposure response relationships, as the 1-log-kill
ELF AUC/MIC target for S. pneumoniae ranged from 6 to 180, and the 2-log kill ranged
from 19 to �486. In the present study, the S. aureus 1-log-kill ELF AUC/MIC ranged from
�0.93 to 19, and for 2-log kill, from 2.5 to 130. This variability in exposure-response
relationships within a species in mouse pneumonia models has been consistently
demonstrated in a number of labs and across the tetracycline class (9, 15–18). The
reasons for this variability are not well understood. There are a few model factors that
we speculate are unlikely to be the etiology of the observed variability, including
organism fitness and inoculum effect. In this and previous studies, fitness was similar
based upon equal growth measurements in untreated control animals (e.g., �2-log
increase in burden for all organisms was noted in this study). Similarly, start-of-therapy
control groups (at zero hour) were extremely closely matched.

Previous in vivo mouse pneumonia model studies have been undertaken for a
number of tetracycline derivatives. For example, in a similar neutropenic mouse model,
Koomanachai and colleagues demonstrated that the 1-log-kill plasma AUC/MIC for free,
unbound drug (fAUC/MIC) (including lower and upper bounds) for tigecycline against
6 S. aureus strains was 1 to �50 (15). This range of plasma AUC/MIC exposures
associated with 1-log kill in this study are very similar to those observed in the present
study of omadacycline, in which 1-log kill was observed at plasma AUC/MIC exposures
of �1.06 to 17 and at ELF exposures of �0.93 to 19. An additional interesting finding
is the demonstration of lower ELF AUC/MIC targets than for thigh targets. In our
previous thigh infection study, using the same set of S. aureus strains, we observed a
1-log kill at 24-h plasma AUC/MIC targets, on average, 3- to 4-fold higher than what was
observed in the present pneumonia model studies (13). This difference in targets
between thigh and lung infection models has been noted for other drugs and, in
particular, for ribosomal inhibitors, including tetracyclines, oxazolidinones, and strep-
togramins (11, 15, 19–23). For example, tigecycline targets for net stasis against S.
aureus in the thigh were a 24-h fAUC/MIC of 38 in a study by Van Ogtrop and colleagues
(11); whereas, in a separate murine lung infection model against S. aureus, the fAUC/

FIG 2 In vivo exposure-response relationships between the pharmacodynamic parameter 24-h ELF AUC/MIC and 24-h plasma AUC/MIC and treatment effect
for 10 S. aureus strains in the neutropenic mouse pneumonia model. Each symbol is the mean from three mice per treatment group. Five total drug dosing
regimens were fractionated into an every-12-h regimen. The omadacycline exposure is represented on the x axes as ELF AUC/MIC (A) and plasma total drug
AUC/MIC (B). Given the protein binding is very low, only total drug concentrations were considered in the analysis as they closely approximate free drug values.
The burdens of organisms were measured at the start and end of therapy over a 24-h experiment duration. The changes (i.e., differences) between the start
and end of therapy are represented on the y axes. The horizontal dashed lines at 0 represent the burden of organisms at the start of therapy, and dotted lines
represent 1- and 2-log kill, respectively. Data points above the dashed line represent a net increase, and those below the line represent a net decrease in
bacterial burden. The sigmoid lines drawn through the data are the best-fit lines based on the Emax model (Hill equation). Also shown are the pharmacodynamic
parameters Emax (maximum effect), ED50 (50% maximal effect point), N (slope of the line), and coefficient of determination (R2).
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MIC target for net stasis was approximately 2 (15). It has been well established that
many compounds in the tetracycline class penetrate well into the lung and, in partic-
ular, into ELF (20). They also concentrate in immune system cells, including resident
alveolar cells and macrophages (24, 25). Whether the enhanced pharmacodynamic
efficacy noted in lung infection models is due to site-specific factors, pharmacokinetic
properties, including enhanced killing, postantibiotic effect, or intracellular accumula-
tion, or to class effects, including synergizing with innate immune defenses, is unclear
but should be further explored.

Clinical studies have demonstrated that outcomes in patients are significantly
improved when PK/PD target AUC/MIC ratios are optimized based on preclinical
PK/PD target studies. For example, patients with hospital-acquired pneumonia
(HAP) treated with tigecycline with plasma fAUC/MIC of �0.9 had an 8.42-fold
higher odds of clinical success than those with plasma fAUC/MIC of �0.9 (26). This
clinical PK/PD threshold fits extremely well with the lower bound fAUC/MIC thresh-
old observed for 1-log kill (fAUC/MIC of 1) in the mouse model study by Kooma-
nachai and colleagues (15). Therefore, we also explored the PK/PD targets identified
in this study in the context of human PK and surveillance MIC distribution data.
Human plasma and ELF pharmacokinetic exposures have been published for intra-
venous and oral omadacycline (27, 28). ELF penetration in humans is slightly higher
(ELF/plasma of �1) than we observed in mice and result in mean steady-state
plasma and ELF AUC0 –24 of approximately 10 and 17 mg·h/liter, respectively, using
the currently approved human dosing regimens, which consist of 100 mg intrave-
nously (i.v.) daily or 300 mg orally (p.o.) daily (27, 28). Numerous large surveillance
studies examining omadacycline in vitro activity against S. aureus have demon-
strated an MIC90 of 0.25 mg/liter (1–4, 29). Thus, the clinical doses of omadacycline
would produce, on average, an ELF 24-h AUC/MIC exposure of approximately 69
and plasma 24-h AUC/MIC exposures of approximately 40 at the MIC90 value of
0.25 mg/liter. These values exceed all 1-log kill targets for both ELF and plasma
observed in the present study. Given the previous correlation between tigecycline
1-log-kill animal model PK/PD targets and PK/PD targets associated with clinical
success in patients with pneumonia, we project omadacycline may be a very useful
option for S. aureus pneumonia. Future clinical data sets incorporating drug PK,
organism MIC, and clinical outcome will be necessary to verify the clinical transla-
tion of the identified PK/PD targets from this study.
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