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ABSTRACT Animal infection models are invaluable in optimizing antimicrobial
dosage in humans. Utilization of human-simulated regimens (HSRs) in animal
models helps to evaluate antimicrobial efficacy at clinically achievable drug con-
centrations. To that end, pharmacokinetic studies in infected animals and confir-
mation of the HSR pharmacokinetic profile are essential in evaluating observed
versus expected drug concentrations. We present and compare two murine
meropenem-vaborbactam HSR profiles, their potential impact on bacterial killing,
and clinical translatability.
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Translation of antimicrobial pharmacokinetic and pharmacodynamic (PK/PD) pro-
files from animal models to humans has become an invaluable tool in optimiz-

ing antimicrobial dosing strategies and predicting clinical outcomes (1–3). Murine
models of human-simulated antimicrobial exposures have been utilized for �2
decades and have included agents with time-dependent bacterial killing (4, 5),
agents with concentration-dependent protein binding (6, 7), and profiles human-
ized to exposure at the infection site (i.e., epithelial-lining fluid) (8, 9). Administra-
tion of human-simulated regimens (HSRs) in animal models ensures that antimi-
crobial efficacy is evaluated at clinically relevant exposures.

Recently, investigators have employed HSR to increase the translational value of
their in vivo experiments; however, it is imperative that the pharmacokinetic profiles
mimic human exposure in terms of biologically active free drug across the MIC
distribution. With �-lactam–�-lactamase inhibitor or potentiator combinations, this is
even more critical because the efficacy of the �-lactam is dependent on the humanized
profile of both compounds over the dosing interval (8, 10–13). Here, we offer some
considerations with regard to study design that may influence how readers interpret
observations derived from murine infection models using human-simulated antimicro-
bial exposures.

Pharmacokinetic evaluations of human-simulated exposures in animal models may
vary depending on the agent and dosing regimen, but several principles are funda-
mental. A significant criticism is the performance of pharmacokinetic analyses in
uninfected animals and subsequent utilization in infection models (14, 15). Authors
have described this as a limitation when, in fact, it renders the data suboptimal and
uninterpretable from a translation standpoint. Indeed, numerous reports have demon-
strated that the pharmacokinetics of antimicrobials can differ markedly in infected
versus uninfected mice, as in humans (16–20). Free-drug exposures at infection sites
and the volume of distribution can be altered during infection; thus, pharmacokinetic
studies in uninfected mice may not reflect the true drug exposure during infection
models and subsequently result in altered PK/PD relationship profiles (20, 21). Specific
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infection sites (e.g., epithelial lining fluid penetration in pneumonia models) also
contribute to pharmacokinetic alterations between infected and uninfected animals
(16). Comparative pharmacokinetic parameters and profiles should still be described in
scenarios where no differences in antimicrobial exposure are observed by investigators
(22, 23).

Confirmatory concentration-time profiles are essential in providing readers with the
opportunity to evaluate whether the developed HSR profile is similar to simulated
exposures derived from single-dose pharmacokinetic analysis (24). The following data
illustrate the importance of confirmatory pharmacokinetic analysis. Before conducting
the meropenem-vaborbactam murine study, we reproduced the pharmacokinetic pro-
file of the meropenem-vaborbactam murine HSR (originally developed in uninfected
mice) of Sabet et al. (14) in the neutropenic thigh infection model, in addition to
simulating relevant human exposures (25). All murine studies were IACUC approved.
Notably, this regimen (PK1, Sabet et al. regimen [14] [Fig. 1]) consists of 4 intraperito-
neal doses of meropenem 300 mg/kg and vaborbactam 50 mg/kg coadministered
every 2 h (q2h) over 8 h. We subsequently developed a meropenem-vaborbactam
HSR (65/10.8 mg/kg at 0 and 1.25 h, 55/6 mg/kg at 3.5 h, and 50/4 mg/kg at 6 h)
administered via subcutaneous injection in a neutropenic thigh infection model (CD-1
female mice; average weight, 20 to 22 g) to yield exposures similar to those achieved
in humans after administration of meropenem-vaborbactam 2/2 g q8h as a 3-h infusion
(26) (PK2, this study regimen [Fig. 2]) to compare drug exposure between the two
dosing regimens. Human profiles were simulated for comparison using the human
pharmacokinetic parameters from published data using Phoenix (version 8.1; Certara,
Princeton, NJ) (25, 26). In PK1 and PK2, the murine thigh infection model was prepared
as previously described (4), except that 150 mg/kg of cyclophosphamide was admin-
istered on days �4 and �1 (14). In PK2 only, animals were pretreated with uranyl
nitrate as previously described (4, 5). Groups of six mice were sacrificed by CO2

asphyxiation at prespecified time points (n � 7 and 5 for PK1 and PK2, respectively) of
the 8-h dosing interval. Confirmatory plasma sampling time points were selected to

FIG 1 Observed meropenem and vaborbactam murine concentration-time profile compared with hu-
man simulation PK1. Observed concentrations of free meropenem and vaborbactam in the neutropenic
murine thigh infection model after meropenem-vaborbactam 300/50 mg/kg administered intraperito-
neally q2h. Plasma sampling occurred at 0.75, 1, 2.25, 3, 5, 5.5, and 7.75 h. Solid lines, human simulations
derived from healthy volunteers for meropenem and vaborbactam. Dashed lines, estimated simulated
murine exposure based on indices reported by Sabet et al. (14) from uninfected mice. Circles (red) and
triangles (green), observed murine meropenem and vaborbactam concentrations (means � SD),
respectively.
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compare murine drug concentrations with simulated murine concentrations. These
time points captured peak and trough concentrations on the murine-simulated
profile, as well as murine-simulated concentrations that were expected to be similar
to human drug concentrations. Plasma sampling was collected via cardiac puncture
as previously described (4), and free-drug concentrations were estimated (14).
Murine-simulated regimens were calculated using Phoenix. For PK1, the simulation
was constructed using the meropenem-vaborbactam 300/50-mg/kg q2h regimen
and matching the simulated output to the free-drug area under the concentration-
time curve (fAUC) and percentage of the dosing interval during which free drug
concentrations are above the MIC of 8 mg/liter (%fT�MIC 8 mg/liter) to what was
reported for both meropenem and vaborbactam to estimate how the proposed
profile may look over the 8-h interval (14). Of note, the simulated exposures were
based on pharmacokinetics from uninfected mice. The PK2 simulation was based on
parameters of previous meropenem pharmacokinetic experiments in infected animals
and in the presence of uranyl nitrate (4). Our experience with the PK2 meropenem
regimen from previous publications allowed for a robust assessment with five sampling
time points (4, 27). Based on equivalent human exposures (i.e., overlapping profiles) of
meropenem and vaborbactam, the goal of PK2 was to attain similar meropenem and
vaborbactam exposures in the mouse model. The murine-simulated meropenem
concentration-time profile therefore served as a target vaborbactam profile. Drug
concentration determination was performed using a validated high-performance liquid
chromatography assay on murine plasma. The murine plasma assay was linear over the
range 0.25 to 50 �g/ml (R2 � 0.998). The coefficients of variation of the quality control
samples for meropenem and vaborbactam were �6.1%. Interday coefficients of varia-
tion were �4.1% for meropenem and �4.0% for vaborbactam. The accuracy for inter-
day and intraday quality control samples for both compounds was �95%.

FIG 2 Observed meropenem and vaborbactam murine concentration-time profile compared with hu-
man simulation PK2. Observed concentrations of free meropenem and vaborbactam in the neutropenic
murine thigh infection model receiving meropenem-vaborbactam 65/10.8 mg/kg at 0 and 1.25 h, 55/6
mg/kg at 3.5 h, and 50/4 mg/kg at 6 h. Plasma sampling occurred at 1, 1.5, 2, 4.75, and 8 h. Solid lines,
simulated human meropenem (red) and vaborbactam (green) concentrations derived from infected
patients in the phase 3 meropenem-vaborbactam trials. Dashed line (red), murine-simulated exposure of
meropenem and vaborbactam. Circles (red) and triangles (green), observed murine meropenem and
vaborbactam concentrations (means � SD), respectively.
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Pharmacokinetic parameters of the simulated human regimens and evaluated mu-
rine regimens for PK1 and PK2 are described in Table 1. For comparison, pharmaco-
kinetic data from healthy volunteers (25) and a population pharmacokinetic model
(derived from phase 3 clinical trials) (26) were simulated. Figure 1 (PK1) depicts our
reproduced meropenem-vaborbactam murine profile (14). Notably, we observed an
initial meropenem concentration similar to the previously reported peak concentration
(210 versus 260 mg/liter) (14). Compared with the simulated murine meropenem
profiles, elevated meropenem concentrations were observed, particularly at the end
of the murine dosing interval, with observed meropenem concentrations of
393 � 104 and 36 � 22 mg/liter at 5 and 7.75 h (trough), respectively, compared with
murine-simulated exposures of 14 and 1 mg/liter, respectively. To avoid exposures that
are inconsistent with those of humans during the pharmacodynamic investigations,
confirmation of the proposed pharmacokinetic profile should be evaluated before
initiation of these studies. Furthermore, the presence of infection may explain this
supratherapeutic exposure, highlighting potential pharmacokinetic differences in in-
fected versus uninfected animals. The observed elevated concentrations may explain
the unexpected meropenem efficacy (bacterial stasis) reported by Sabet et al. (14, 28)
against a range of KPC-harboring Enterobacterales, including isolates with meropenem
MICs of �64 mg/liter. Similarly, using the same meropenem-vaborbactam regimen,
unexpected differences in bacterial density reduction were observed between
meropenem-vaborbactam and meropenem alone against Pseudomonas aeruginosa
despite the same MIC (29). Confirmatory pharmacokinetic studies of the HSR are
ultimately required to determine whether pharmacokinetic discrepancies, like those
described above, are products of aberrant drug exposures (e.g., due to drug accumu-
lation, murine drug-drug interactions when combination therapy is administered). In
comparison, the confirmatory pharmacokinetic studies for PK2, as depicted in Fig. 2 and
Table 1, show a meropenem-vaborbactam HSR that results in observed murine con-
centrations and pharmacokinetic indices comparable to those of the human profile. For
example, at the 4.75- and 8-h time points, the observed murine meropenem concen-
tration was 20 � 18 and 4 � 4 mg/liter, respectively, compared to target murine-
simulated exposures of 11 and 4 mg/liter, respectively.

TABLE 1 Estimated meropenem-vaborbactam murine pharmacodynamic parameters compared with humans for the two murine
regimens

Regimena

%fT>MIC at MIC (mg/liter) of:
fAUC0–24

(mg · h/liter)0.5 1 2 4 8 16 32 64 128

PK1 (Sabet et al. regimen [14])
Meropenem (2 g i.v. q8h over 3 h), human (25),b healthy subjects 100 100 98 85 70 54 33 0 0 533
Meropenem (300 mg/kg i.p. q2h), murine (14), reported 51 1,572
Meropenem (300 mg/kg i.p. q2h), murine (PK1),c simulation 95 85 75 65 55 45 35 25 20 1,387
Vaborbactam (2 g i.v. q8h over 3 h), human (25),b healthy subjects 413e

Vaborbactam (50 mg/kg i.p. q2h), murine (14), reported 360e

Vaborbactam (50 mg/kg i.p. q2h), murine (PK1),d simulation 391e

PK2 (this study regimen)
Meropenem (2 g i.v. q8h over 3 h), human (26),f infected patients 100 100 100 100 86 63 37 0 0 623
Meropenem (various doses s.c.), murineg 100 100 100 94 75 55 29 5 0 560
Vaborbactam (2 g i.v. q8h over 3 h), human (26),f infected patients 504e

Vaborbactam (various doses s.c.) murineg 560e

ai.v., intravenous; i.p., intraperitoneal; s.c., subcutaneous.
bParameters from Wenzler et al. (25): meropenem: elimination rate constant (ke), 0.673; volume of distribution (V), 16.3; vaborbactam: Ke, 0.55; V, 17.6.
cParameters used in simulation: central volume of distribution (V1), 0.6; absorption rate constant (k01), 17; elimination rate constant (k10), 3.7 (uninfected mice).
dParameters used in simulation: V1, 0.7; k01, 17; k10, 2 (uninfected mice).
eOther described human vaborbactam fAUC0 –24s included 343 mg · h/liter (14) and �500 mg · h/liter (33).
fPopulation model using phase 3 study patients. Assumptions used for simulation approximate the median from the derived study population: age, 58 years;
estimated glomerular filtration rate, 90 ml/min/1.73 m3; body surface area, 1.88 m3; height, 168 cm. Meropenem: k10, 0.54; rate constant to the peripheral from the
central compartment (k12), 0.09; rate constant to the central from the peripheral compartment (k21), 0.61; volume of distribution in the central compartment (Vc), 17.4;
volume of distribution in the peripheral compartment (Vp), 2.5; vaborbactam: k10, 0.48; k12, 0.18; k21, 2.21; Vc, 16.9; Vp, 1.41.

gPK2 meropenem-vaborbactam regimen: 65/10.8 mg/kg at 0 and 1.25 h, 55/6 mg/kg at 3.5 h, and 50/4 mg/kg at 6 h. Mice pretreated with uranyl nitrate before study
(day �3). Simulated murine meropenem parameters: V1, 0.04; k01, 1.34; k10, 27.13.
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As described in Table 1, Sabet and colleagues (14, 28, 30) compared murine %fT�MIC

for meropenem and free area under the curve from 0 to 24 h (fAUC0 –24) for vaborbac-
tam with human data, utilizing PK/PD relationships that best correlate with efficacy for
each agent. Unfortunately, key pharmacokinetic parameters and indices were not
reported, making interpretation of the results challenging. The comparison of the
murine and human exposures was solely based on the percentage of the dosing
interval during which meropenem exceeds a single MIC of 8 mg/liter (i.e., %fT�8 mg/liter)
(14). The murine exposure may in fact be similar to the human profile at other MICs, but
given the discordant meropenem exposures (i.e., 4-fold difference) in the murine model
compared with that in humans (meropenem fAUC0 –24, 1,572 versus 402 mg · h/liter,
respectively) (14), the %fT above other MICs should be presented. Additionally, Table 1
(PK2) provides an example displaying the %fT�MIC for a murine meropenem regimen
compared with the human profile. By providing the %fT�MIC data over a range of
clinically relevant MICs, readers can assess how well the murine exposure compares
with the human PK/PD relationships against all included isolates at different
meropenem-vaborbactam MICs. This includes isolates with MICs around the CLSI (i.e.,
4 mg/liter) and EUCAST (i.e., 8 mg/liter) breakpoints (31, 32).

In summary, consideration of the points above for future studies utilizing human-
ized drug exposures in mice will allow for valid inferences with respect to breakpoint
determination or activity against multidrug-resistant isolates when clinical data are
difficult to obtain. No model will perfectly simulate human exposure in mice; however,
these considerations are imperative for translation of findings from mice to humans.
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