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Background. Carbapenem-resistant Acinetobacter baumannii (CRAB) infections, driven by metallo- and class-D serine
B-lactamases, pose significant therapeutic challenges. f-Lactam-based combinations offer a promising alternative to agents like
colistin and tigecycline, which are associated with toxicity, and to cefiderocol, which is facing emerging resistance.

Methods. The pharmacodynamic activity of ampicillin/sulbactam and ceftazidime/avibactam was evaluated against three
CRAB strains: AMA3, AMAI133, and AMA205. Genotypic and phenotypic resistance profiles were characterized, and
antibacterial activity was assessed using static concentration time-kill (SCTK) assays. A mechanism-based pharmacodynamic
model (MBM) was developed using SCTK data, incorporating the bacterial resistome. This model informed the design of in
vitro dynamic infection model studies, which were subsequently used to validate MBM predictions.

Results. These strains harboring resistance genes including blagxa 23 (AMA133), blaxpy.1 (AMA3), or both (AMA205) were
resistant to ampicillin/sulbactam and ceftazidime/avibactam. However, combination therapy significantly reduced bacterial
burden, achieving approximately 90% reduction in the area under the log;(-CFU-versus-time curve for AMAI133, and
approximately 50-70% for AMA3 and AMA205.

The MBM incorporated sulbactam hydrolysis by NDM-1 and OXA23 enzymes, along with drug acylation kinetics to penicillin-
binding proteins. Potency (EC50) estimates revealed a resistance hierarchy: AMA3 > AMA205 > AMA133. Avibactam notably
enhanced sulbactam’s activity. Simulations and experimental validation demonstrated that high-dose ampicillin/sulbactam
combinations were required to achieve 4-6 log;o-CFU reductions in blanpn.; strains, while lower doses sufficed for AMA133.

Conclusions. This study highlights the potential of integrating genomic insights into MBM to optimize antibiotic regimens.
The ampicillin/sulbactam and ceftazidime/avibactam combinations demonstrated promising activity against highly resistant
CRAB strains, supporting their potential for clinical application in managing difficult-to-treat infections.
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Carbapenem-resistant Acinetobacter baumannii (CRAB) is a
significant global health threat, particularly among critically
ill patients, with bloodstream infection mortality rates reaching
up to 70% [1]. The Centers for Disease Control and Prevention
(CDC) has classified CRAB as an urgent threat due to the lim-
ited efficacy of current treatment options and the pressing need
for new therapeutic approaches [2].

CRAB’s resistance is driven by both intrinsic and acquired
mechanisms. Intrinsic resistance includes low-permeability
outer membrane porins such as OmpA, intrinsically expressed
B-lactamases, and multidrug efflux pumps like AdeABC and
AdelJK, which contribute to resistance against key antibiotics,
including aztreonam (ATM) [3]. Acquired resistance,
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primarily due to OXA-type B-lactamases, further complicates
treatment [4]. Multidrug-resistant (MDR) Acinetobacter spe-
cies expressing carbapenemases are highly resistant to ceftazi-
dime/avibactam (CAZ/AVI), with reported rates exceeding
73.6% [5, 6]. Moreover, A. baumannii’s intrinsic resistance to
ATM renders combinations such as CAZ/AVI with ATM
ineffective against metallo-B-lactamase (MBL) producing
CRAB. This ineffectiveness is attributed to limited membrane
permeability and active efflux mechanisms, including
OmpA-associated pathways [7]. The Infectious Diseases
Society of America (IDSA) has emphasized that aztreonam is
intrinsically inactive against A. baumannii [8], and
Dumbleton et al. demonstrated that CAZ/AVI plus ATM failed
to achieve >2 log;o CFU/mL killing at 24 hours in CRAB iso-
lates [9]. Although cefiderocol was initially considered a prom-
ising salvage therapy for CRAB, post-hoc analysis of the
CREDIBLE-CR trial revealed increased mortality among
CRAB-infected patients treated with cefiderocol, potentially
due to heteroresistance [10, 11]. Additionally, in vitro studies
have documented NDM-mediated resistance to cefiderocol in
A. baumannii, along with high cross-resistance between
CAZ/AVI and cefiderocol in some species [12, 13].

While polymyxin and tigecycline-based regimens are widely
used, their toxicity, inconsistent efficacy, and poor tissue pene-
tration have led to increased interest in sulbactam-based com-
binations. High-dose ampicillin/sulbactam (AMP/SUL), in
combination with other agents, has shown favorable outcomes
in reducing mortality among critically ill CRAB patients and is
now recommended as backbone therapy [14]. SUL, an irrevers-
ible B-lactamase inhibitor, can saturate penicillin-binding pro-
teins (PBPs) at high doses [15]. However, SUL is susceptible to
degradation by B-lactamases produced by CRAB.

Combining SUL with a broad-spectrum B-lactamase inhibi-
tor like durlobactam (DUR) enhances antimicrobial activity,
but the SUL/DUR combination remains ineffective against
MBLs [16]. Moreover, access to SUL/DUR may be limited in
low- and middle-income countries (LMICs). As a more acces-
sible alternative, AVI was evaluated, given emerging evidence
suggesting it may exert effects beyond B-lactamase inhibition.
Notably, the SUL/AVI combination has demonstrated signifi-
cant reductions in SUL’s minimum inhibitory concentrations
(MICs), against MBL-producing CRAB, potentially through
mechanisms involving disruption of bacterial cell wall synthe-
sis, modulation of efflux pump activity, and alterations in mem-
brane permeability [17].

The objective of this study was to evaluate the efficacy of
AMP/SUL and CAZ/AVTI against clinical CRAB strains by in-
tegrating bacterial genomics, in vitro experiments, and in sil-
ico mathematical modeling. Next-generation sequencing
(NGS) was employed to identify antimicrobial resistance
(AMR) genes. Antibiotic efficacy at clinically relevant expo-
sures was assessed using both static and dynamic in vitro

infection models. A mechanism-based pharmacokinetic—
pharmacodynamic (PK/PD) model (MBM) was developed,
accounting for drug degradation by B-lactamases and PBP af-
finities. This model was further used to optimize dosing strat-
egies and inform the design of the in vitro dynamic infection
model (IVDIM), enabling robust validation of the MBM
prediction.

METHODS

Antibiotics, Medium, and Bacterial Isolates

Three clinically isolated MDR CRAB strains, AMA3 and
AMA133 (sequence type ST25), and AMA205 (ST79) were
used in this study. Cation-adjusted Mueller-Hinton broth
(CAMHB: 25 pg/mL Ca®", 12.5 uyg/mL Mg**) and Mueller-
Hinton II agar (BD Biosciences, Franklin Lakes, NJ) were
used for all in vitro models. The antibiotics SUL
(Sigma-Aldrich, St. Louis, MO), AMP (Sigma-Aldrich,
St. Louis, MO), CAZ (Sigma-Aldrich, St. Louis, MO), and
AVI (MedChemExpress, Monmouth Junction, NJ) were freshly
prepared in sterile phosphate-buffered saline and filter steril-
ized using a 0.22 um Millex GP syringe filter (Corning Inc.,
Corning, NY).

Phenotypic and Genotypic Antibiotic Susceptibility Testing

MICs for the three CRAB strains were determined for multi-
ple agents, including AMP/SUL (256/128-0.5/0.25 pg/mL)
and CAZ/AVI (256-0.5 pg/mL with fixed AVI concentration
of 4 mg/L), using the broth microdilution method in tripli-
cates, following Clinical and Laboratory Standards Institute
guidelines [18]. To evaluate synergy, AMP/SUL (512/256-1/
0.5 ug/mL) was tested in combination with fixed concentrations
of CAZ/AVI (64/16, 32/8, and 16/4 ug/mL) or AVI (16, 8, and
4 pg/mL) in duplicates, assessing the fold reduction in MICs.
The details of the whole-genome sequencing (WGS) and bioin-
formatic analysis are provided in the Supplementary Text.

Static Concentration Time-kill Assays
Static concentration time-kill (SCTK) assays were conducted
using three CRAB isolates grown overnight in CAMHB. All ex-
periments were performed with an initial inoculum of ~ 10°
CFU/mL. Antibiotic concentrations were selected based on
previously published human PK data for a dose of 2.5 g of
CAZ/AVI [19, 20] (maximum plasma concentration Cp.x =
45-90.4 and 12.0-15.5 pg/mL for CAZ and AVI, respectively)
and 2/1 g—8/4 g of AMP/SUL [21, 22], (Cppax = 40.8-132 and
25.3-70.2 pg/mL for AMP and SUL, respectively) assuming
95% plasma protein binding for CAZ/AVT and 28% and 38%
for AMP and SUL, respectively.

The experiments were conducted over 24 hours with
AMP/SUL (2:1 ratio) at concentrations of 200/100, 100/50,
and 25/12.5 pg/mL, and CAZ/AVI (4:1 ratio) at concentrations
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Table 1. Antibiotic Regimens Simulated in the One-Compartment in Vitro Dynamic Infection Model (IVDIM)

Simulated PK
Cmax* T1/2 cL®

Antibiotic Regimen (ug/mL) (h) (mL/h) Strain(s) Clinical Evidence
AMP/SUL 8 g/4g 184/98.4 3 60 AMA205, AMA3 FDA-label”

as 2-h infusion every 8h IDSA® recommendation
AMP/SUL 4 g/2g 89.3/47.6 3 60 AMA133 Prospective® randomized trial

as 2-h infusion every 8h
CAZ/AVI 2 g/0.5g 57.6/11.0 3 60 AMA133, AMA205, AMA3

as 2-h infusion every 8h
AMP/SUL 8 g/4g+ 184/98.4 3 60 AMA205, AMA3
CAZ/AVI 2 g/0.5g 57.6/11.0 3 60

as 2-h infusion every 8h
AMP/SUL 4 g/2g+ 89.3/47.6 3 60 AMA133, AMA205, AMA3
CAZ/AVI 2 g/0.5g 57.6/11.0 3 60

as 2-h infusion every 8h
AMP/SUL 2 g/1g+ 49.4/26.1 3 60 AMA133
CAZ/AVI 2 g/0.5g 57.6/11.0 3 60

as 2-h infusion every 8h

Parameters from published population pharmacokinetic models for these antibiotics [27, 28] were used to simulate fC,x, accounting for protein binding: 28% for AMP, 38% for SUL, and 95%

for both CAZ and avibactam AVI.

Abbreviations: AMP, ampicillin; SUL, sulbactam; CAZ, ceftazidime; AVI, avibactam; fCax, unbound maximal plasma concentration; CL, clearance; Ty, elimination half-life.

“In vitro CL was simulated using the Masterflex peristaltic pump to reflect the Ty, of each drug. (CL = volume of the one-compartment [VDIM system x 0.693/T+5).

®Food and Drug Administration (FDA) recommendation: < 4 g/day [25].
°Infectious Diseases Society of America (IDSA) recommendation: up to 9 g/day [26].

9Randomized trial in critically ill patients with ventilator-associated pneumonia by MDR A. baumannii: 24 g/12 g per day [27].

of 200/50, 100/25, and 25/6.25 ug/mL, as previously described
[23]. Details of SCTK assay are
Supplementary Text.

included in the

One-Compartment in Vitro Dynamic Infection Model

A one-compartment [IVDIM was used, as previously described
[23], with an initial inoculum of ~ 107 CFU/mL over 72 hours,
to evaluate the efficacy of AMP/SUL and CAZ/AVI as mono
and combination therapies. The published half-lives of SUL
and CAZ/AVI are 2.15+1.16 hours and 2.6 + 0.3 hours, re-
spectively [19, 24]. Half-life of 3 hours was simulated for
both drugs and the PK profiles for AMP/SUL and CAZ/AVI
were simulated based on published population pharmacokinet-
ic (PopPK) studies [19, 20]. Drug regimens were selected using
MBM-based simulations of pharmacodynamic effects, in-
formed by existing dosage regimens (Table 1) [25-27].
Details of the IVDIM experiment are included in the
Supplementary Text.

Mechanism-based Model (MBM) Development and Simulations

The MBM was developed to characterize the pharmacodynam-
ic effects of AMP/SUL and CAZ/AVI on bacterial growth and
killing. This model incorporated natural growth dynamics of
the bacteria and bacterial subpopulations with varying suscep-
tibilities to SUL and CAZ. Drug effects were driven by bacterial
enzyme-mediated hydrolysis and drug target interactions.
Mechanistic synergy between the drugs along with subpopula-
tion synergy, was integrated to gain mechanistic insights into

the effects of combination therapy. Enzyme-mediated hydroly-
sis of SUL by NDM-1 and/or OXA-23 was described using
Michaelis-Menten kinetics, with catalytic efficiency (Kgq)
and substrate affinity (K,,) values specific to each enzyme, ob-
tained from literature [29]. The drug effects were modeled us-
ing the Hill function and acylation rate constants of the
respective drugs for purified PBP1la, PBP2, and PBP3 isolated
from A. baumannii informed the Emax [28]. The final MBM
model parameters were used to perform in silico simulations
that guided drug-regimen selection for the IVDIM. Model de-
velopment was conducted using the S-ADAPT software (ver-
sion 1.57) with SADAPT-TRAN (pmethod = 4) [30]. Detailed
model methods and codes are included in the Supplementary
Text.

RESULTS

Phenotypic and Genotypic Antibiotic Susceptibility Testing

Figure 1 illustrates the resistome of the isolates with multiple
genes from the same family grouped together for clarity, along
with the phenotypic resistance (MIC changes). Genomic anal-
ysis identified both shared and strain-specific resistance mech-
anisms among the three CRAB isolates. Consistent with
previous studies [31, 32], AMA3 and AMA205 harbored the
MBL gene blaxpym.1, while AMA133 carried blagxa o3, an ac-
quired class-D B-lactamase associated with carbapenem resis-
tance [3]. All three strains possessed intrinsic blagxa.s1-like
genes and chromosomal ADC-type cephalosporinase genes
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Figure 1. A, The genotypic resistance shows the antibiotic resistome for the three CRAB strains, AMA3, AMA205 and AMA133. Each colored box represents the presence
of a specific resistance gene or mutation, with functional categories indicated by color. B, Phenotypic resistance: Sulbactam’s minimum inhibitory concentration (MIC) in the

presence and absence of ceftazidime/avibactam (16/4 mg/L) or avibactam (4 mg/L).

(blaspc)- The presence of multiple efflux pump genes, includ-
ing components of the AdeABC and AdelJK systems, was also
observed. These combined resistance mechanisms underline
the reduced susceptibility of these strains to B-lactam agents,
including SUL and CAZ/AVI.

Phenotypic testing showed that all three strains were
resistant to AMP/SUL and CAZ/AVI as per CLSI break-
points (CAZ: MIC <8 ug/mL- susceptible and MIC >32
pg/mL-resistant, AMP/SUL: MIC <8/4 ug/mL- susceptible
and MIC >32/16 pg/mL-resistant) [33]. The MIC values
for CAZ/AVI were 32/8 ug/mL for AMA133 and >256/
64 pg/mL for AMA205 and AMA3. The MIC values for
AMP/SUL were 32/16, 128/64, and >256/128 pg/mL for
AMA133, AMA3, and AMA205, respectively. The addition
of CAZ/AVI restored susceptibility to SUL, with similar
fold reductions in MIC observed across the tested CAZ/
AVI concentrations. MICs for other tested agents are provid-
ed in Supplementary Table 1.

In the AMAI133 strain, the presence of OXA-23-like
B-lactamases, which are not effectively inhibited by AVI, was
confirmed, along with the efflux transporter AbuO responsible
for the active efflux of multiple antibiotics [3]. The MIC of SUL
decreased from 16 pug/mL to < 0.5 pug/mL (>32-fold reduction)
when combined with CAZ/AVI, and to 2 pg/mL (8-fold reduc-
tion) with AVT alone, effectively restoring SUL susceptibility.

In AMAS3, the blanpn.1 gene, encoding a MBL that confers
resistance to nearly all B-lactams, not inhibited by AVI and
blapgr.7, an extended-spectrum B-lactamase with limited sus-
ceptibility to AVI was identified [34]. This strain also harbored
OprD porin mutations. SUL MIC decreased from 64 pg/mL to
4 pg/mL (16-fold reduction) with both CAZ/AVI and AVL

In AMA205, blanpp.1> as well as blagxa.»z and blagxa-es»
were identified. Additionally, the presence of blacyy.s and

blargm 1, which confer resistance to cephalosporins, was de-
tected; however, these enzymes are typically inhibited by AVI
[35]. LpxA gene mutation that increases the membrane perme-
ability to non-polymyxin antibiotics such as f-lactams was also
present [36]. SUL MIC decreased from >128 pg/mL to 4 pg/mL
(>32-fold reduction) with both CAZ/AVI and AVI.

The fold reductions in SUL’s MIC indicate that CAZ/AVI
provides no significant benefit compared to AVI alone in the
presence of MBLs. Further, higher fold reductions in the
AMA205 strain compared to AMA3 were evident.

Static Concentration Time-Kill Assays

Figure 2 shows percentage reductions in AUC_CFU for sulbac-
tam and CAZ/AVI, both as monotherapy and in combination.
Supplementary Figure 1 illustrates the change in bacterial bur-
den over time. The combination of sulbactam and CAZ/AVI
consistently outperformed either drug alone across all three
CRAB strains, aligning with the lower MICs of sulbactam
when combined with CAZ/AVI.

In AMA133, higher concentrations of AMP/SUL and CAZ/
AVTalone reduced AUC_CFU by approximately 90% and 70%,
respectively, while lower concentrations resulted in modest re-
duction (<30% in AUC_CFU). However, against AMA3 and
AMA205, monotherapy showed negligible activity with <10%
reduction in AUC_CFU. Combination regimens achieved
80%-90% AUC_CFU reduction in AMA133 and 50%-70% in
AMA3 and AMA205. AMA205 showed slightly greater killing
(approximately 10% more than AMA3), likely due to the [pxA
mutation. SUL was the main driver of efficacy, as low sulbactam
concentrations (12.5 pug/mL) were ineffective even with high
CAZ/AVI concentrations. Sulbactam activity showed minimal
difference between 50 and 100 mg/mL, indicating concentra-
tion-independent activity above a threshold.
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various concentrations of AMP/SUL and CAZ/AVI. A, in combination and B, as monotherapy. AUC_CFU = area under the colony-forming unit versus time curve, AMP/

SUL = ampicillin/sulbactam, CAZ/AVI = ceftazidime/Avibactam.

Mechanism-based Model
Figure 3 presents the PK/PD model schematic detailing the
pharmacological interactions of AMP/SUL and CAZ/AVI
with molecular targets and resistance mechanisms across the
three CRAB strains. The model incorporates bacterial subpop-
ulations with varying susceptibilities to these antibiotics for
each strain. For AMA3 and AMA205, two subpopulations
were identified: one resistant to CAZ but susceptible to SUL,
and another resistant to both drugs. In contrast, AMA133 ex-
hibited three subpopulations, including one with intermediate
susceptibility to CAZ and susceptibility to SUL.

SUL’s killing was modeled using the non-hydrolyzed frac-
tion, with Emax fixed based on the acylation rate constants
for PBPs 1, 2, and 3. The low acylation factors for these targets

indicate SUL’s limited PBP-inactivation potential. However, an
augmentation factor, modeled as a two-fold increase in Emax,
was estimated, likely due to activity on additional targets and
enhanced permeation. The EC50 values for SUL’s susceptible
and resistant subpopulations were lowest for AMA133, 3-4
times higher in AMA205 compared to AMA133, and highest
for AMA3 (approximately 3 times higher than AMA205).
These differences highlight that, in the absence of AVI, SUL’s
efficacy was best against the non-MBL strain AMA133.

AVT significantly enhanced SUL potency by reducing SUL’s
EC50 by approximately 100-fold in AMA205, 30-fold in
AMA3, and 8-fold in AMA133. The prominent enhancer effect
in strains with NDM-1 highlights AVT’s critical role in targeting
resistance mediated by MBLs. Furthermore, the overall
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primarily through targeting PBP2. Drug abbreviations: SUL = sulbactam, CAZ = ceftazidime, AVI = avibactam.

enhancing effect of AVI was greater for AMA205 compared to
AMA3, which aligns with the resistome and MIC fold
reductions.

This limitation was reflected in its EC50 values, which were
significantly higher than those of SUL. It's EC50 in the
CAZ-resistant AMA3 subpopulation was approximately
20,000-fold higher than SUL’s EC50 in susceptible populations.
Final parameter estimates, along with their relative standard er-
rors, are summarized in Table 2. The parameters were estimat-
ed with good precision, as demonstrated by the relative
standard errors of the estimates. The model accurately predict-
ed the time course of viable bacterial density for different mono
and combination therapies against the three strains, as shown
by the observed versus predicted fits in Figure 4.

Model-based Simulations and Validation of the MBM

Model-based simulations were performed using the MBM pre-
dicted parameters to guide the experimental design and optimi-
zation of AMP/SUL and CAZ/AVI dosing regimens. These
simulations were validated by assessing the killing activity in re-
sponse to these regimens, utilizing a one-compartment IVDIM
for more reliable clinical translation.

MBM-based simulations showed minimal activity for CAZ/
AVI monotherapy across all strains, resembling growth con-
trol. AMP/SUL monotherapy achieved >2- log,, killing against
AMA133, followed by regrowth, and approximately 1- log;,
killing against AMA205 and AMA3, followed by regrowth.
However, high-dose AMP/SUL (8 g/4g) with CAZ/AVI
achieved 4-6 log;, reduction against AMA205 and 3-4 log;,
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Table 2. Final Parameter Estimates for the Mechanism-based Model for the Three CRAB Isolates (AMA133, AMA205, and AMA3)

Estimate Estimate Estimate
Parameter (%RSE) (%RSE) (%RSE)
(units) Description AMA133 AMA205 AMA3
Log10CFUq Initial inoculum 6.28 6.41 6.34
(LogqoCFU/mML) (3.7) (3.6) (3.6)
L0g10CFUmax Maximum population size 8.9 8.9 8.9
(LogqoCFU/mL) (Fix) (Fix) (Fix)
Log10CFUy, Population size at which rate of replication is half maximal 8.05 7.70 7.75
(Log1oCFU/mL) (0.89) (1.0 (0.36)
Log:oMFgg Mutation frequency for SUL?/CAZR -5.88 -5.48 -5.39
(12) (7.4) 6.2)
Log;oMFsg Mutation frequency for SULS/CAZ" -1.33 -0.234 —-0.509
(42) (54) (39)
Log;oMFg Mutation frequency for SULS/CAZ' -0.432 NA NA
(24)
Kd Natural death rate 0.2 0.2 0.2
(h') (Fix) (Fix) (Fix)
Kacy, caz Acylation rate constant for CAZ 5781 5781 5781
M~"s7T) (Fix) (Fix) (Fix)
EC50, caz, | CAZ concentration resulting in 50% of Eqax, CAZ in the intermediate susceptibility population 139 NA NA
(pg/mL) (35)
EC50, caz r CAZ concentration resulting in 50% of Eqay, CAZ in the resistant population 1380 7258 20585
(ug/mL) (9.3) (14) (18)
v, CAZ Hill coefficient for CAZ 3.56 1.42 1.05
(19) (8.3) 6.2)
Kacy, suL Acylation rate constant for sulbactam 26.1 (Fix) 26.1 26.1 (Fix)
(M~"-s7) (Fix)
EC50. suL, s SUL concentration resulting in 50% of Eqax, SUL in the susceptible population 0.0603 0.335 1.11
(ng/mL) (34) (31) (32)
EC50, suL, r SUL concentration resulting in 50% of E., SUL in the resistant population 230 1114 2220
(pg/mL) (22) (18) 8.7)
AF Augmentation factor for Kaeyi, sur 2 2.34 2
(Fix) (7.8) (Fix)
v, SUL Hill coefficient for SUL 0.450 0.237 0.243
(17) (12) (28)
Enzso Bacterial concentration 4.95 6.65 7.88
(Log;oCFU/mL) resulting in 50% of Enznax (24) (12) (10)
ENnzmax Maximum enzyme production capacity by the bacterial population 3.26 2.98 4.61
(27) (18) (22)
AVlenn AVI's enhancer effect on SUL 0.123 0.0103 0.0336
(32) (39) (52)
Keat, NDM1 Turnover number for SUL hydrolysis by NDM-1 NA 430 430
(s7") (Fix) (Fix)
Kin, NDM1 Michaelis—-Menten constant for SUL hydrolysis by NDM-1 3 3
(mM) (Fix) (Fix)
Keat, OxA23 Turnover number for SUL hydrolysis by OXA-23 16 16 NA
(s7") (Fix) (Fix)
Km, oxa23 Michaelis—Menten constant for SUL hydrolysis by OXA-23 1.7 1.7 NA
(mM) (Fix) (Fix)
z Log-additive error (variance) 0.400 0.077 0.111 (7.5)
(7.2) (7.3)

The extent of precision for each parameter is represented by the relative standard error (RSE%).
Abbreviations: SUL, sulbactam, CAZ, ceftazidime, AVI, avibactam.

reduction against AMA3. Moderate-dose AMP/SUL (4 g/2 g)
with CAZ/AVT resulted in 6 log, killing in AMA133 and 3-4
log;o in AMA205, but only 2-3 log;, in AMA3. Even the lowest
AMP/SUL dose (2 g/1 g)-based combination achieved substan-
tial killing against AMA133, with 4-5 log; o reduction highlight-
ing its increased susceptibility compared to MBL-positive
strains (AMA205 and AMA3). Simulation results for the high-

dose (8 g/4 g) AMP/SUL mono and combination therapies are
presented in Supplementary Figure 2. The bacterial killing ob-
served in the one-compartment IVDIM was largely consistent
with MBM predictions (Figure 5), showing similar trends
across all strains. However, some discrepancies were noted.
The model did not capture the delay in killing at lower doses
and incorporating a 4-hour lag-time improved early-phase
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Figure 4. (Observed versus model predicted curves for change in bacterial burden overtime based on static concentration time-kill assays with CAZ/AVI alone (top row),
AMP/SUL alone (first column), and their combination against AMA3 (green), AMA205 (blue) and AMA133 (red). Symbols are total bacteria (Log;q CFU/mL) quantified, and the
solid lines are the mechanism-based model predicted fits. AMP/SUL = ampicillin/sulbactam, CAZ/AVI = ceftazidime/avibactam.

predictions (Supplementary Figure 3). Despite these limita-
tions, these results highlight the MBM’s potential to guide ex-
perimental design and optimize dosing regimens, taking
patient characteristics and bacterial resistance mechanisms
into consideration.

DISCUSSION

This study demonstrates the therapeutic potential of combining
AMP/SUL with CAZ/AVTIagainst CRAB strains harboring MBLs
and class-D carbapenemases, which represent some of the most
formidable resistance mechanisms in Gram-negative bacteria.
Historically, the colistin-meropenem combination was consid-
ered the cornerstone of treatment for A. baumannii infections.
However, randomized controlled trials have reported poor out-
comes with clinical failure rates of 83% for colistin monotherapy
and 81% for the colistin-meropenem combination, and corre-
sponding 28-day mortality rates of 46% and 52% [13].

A. baumannii’s ability to survive without lipooligosacchar-
(LPS) renders its outer

ides (LOS)/lipopolysaccharides

membrane a poor therapeutic target [37]. In contrast, peptido-
glycan synthesis remains essential for maintaining cell struc-
ture and integrity, making B-lactam antibiotics a viable
treatment option. These agents exert bactericidal effects by ac-
ylating the active serine sites of PBPs, forming covalent bonds,
thereby disrupting cell wall synthesis. This time-dependent ac-
ylation process is fundamental to the pharmacodynamic activ-
ity of B-lactams and is quantitatively captured by the MBM.
Prolonged or irreversible PBP acylation can elicit a significant
post-antibiotic effect [38]. Importantly, the favorable safety
profile of B-lactams allows for dose escalation without toxicity
concerns.

AMP/SUL has demonstrated potent in vitro activity against
CRAB, showing a low frequency of spontaneous resistance in a
hollow-fiber infection model [39]. A systematic review further
supports the superior efficacy of high-dose SUL-based regi-
mens compared to colistin-based regimens [13]. Additionally,
sulbactam may benefit from enhanced permeation through
OmpA, a non-specific slow porin, due to its low molecular
weight, offering an advantage over other B-lactams [40].
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Figure 5. Insilico simulations performed using the mechanism-based model developed based on the time course of bacterial killing activity quantified by performing static
concentration time-kill assays. The mean predicted viable bacterial count profiles in response to clinically relevant exposure simulated for AMP/SUL and CAZ/AVI as mono
and combination therapies are shown for (4) AMA133, (B) AMA3, and (C) AMA205. The shaded region indicates the 95% Cl, and points represent observed experimental
values based on quantification of viable bacteria following exposure to these regimens in a one-compartment in vitro dynamic infection model (IVDIM). AMP/SUL = ampi-
cillin/sulbactam, CAZ/AVI = ceftazidime/avibactam.

Despite these advantages, treating NDM-1-producing  exhibited a MIC50 of 256 pg/mL, which was reduced to 32 ug/mL
strains remains a significant challenge. In a prior study involv- ~ when combined with avibactam. This study tested MDR
ing 40 NDM-producing A. baumannii isolates, sulbactam alone ~ Acinetobacter spp clinical isolates with diverse resistance genes
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[17]. These findings informed the clinical use of CAZ/AVI+
AMP/SUL in a pediatric CRAB case, where previous treatments,
including tigecycline, meropenem, trimethoprim/sulfamethoxa-
zole, aztreonam, and colistin, had failed. This combination led
to marked clinical improvement within 48 hours and eventual
resolution of the infection [41].

Two strains used in our study were resistant to cefiderocol
[Supplementary Table 1], and a recent clinical outbreak high-
lighted high microbiological failure rates with cefiderocol treat-
ment. In that same outbreak, AMP/SUL + CAZ/AV], selected
based on in vitro synergy testing, achieved clinical cure in cases
of bacteremia and ventilator-associated pneumonia [42]. These
findings highlight the translational potential of this combina-
tion, even in scenarios where newer agents like cefiderocol
have limited efficacy.

Our findings demonstrate the efficacy of AMP/SUL and
CAZ/AVI combinations in both static and dynamic in vitro in-
fection models. High-dose AMP/SUL (8 g/4 g) combinations
were especially effective against MBL-producing pathogens.
Although AVI does not directly inhibit NDM-1, its role as a
B-lactam enhancer may significantly boost the activity of both
SUL and CAZ.

SUL and CAZ primarily target PBP1 and PBP3, which are es-
sential for septal and lateral peptidoglycan synthesis, respectively.
AVI inhibits PBP2, disrupting cell elongation and re-sensitizing
bacteria to divisome-targeting antibiotics. This PBP2-mediated
synergy has been demonstrated in NDM-1-producing K. pneu-
moniae, where AVI combined with LL-37, an antimicrobial pep-
tide, achieved complete killing in SCTK assays [43]. Similarly, the
inclusion of mecillinam (a PBP-2 targeting agent) with aztreo-
nam against NDM-producing K. pneumoniae in a hollow-fiber
infection model resulted in enhanced bactericidal activity and a
pronounced post-antibiotic effect, emphasizing the therapeutic
of PBP2
NDM-1-producing pathogens [44]. In A. baumannii, disruption

potential inhibition in regimens targeting
of the elongasome sensitizes bacteria to antibiotics targeting divi-
some peptidoglycan synthesis. Checkerboard assays confirmed
synergistic interactions between elongasome-targeting agents
with divisome blockers, such as SUL [45]. Additionally, muta-
tions in IpxA compromise the outer membrane’s permeability
barrier, thereby enhancing B-lactam penetration and activity.
While [pxA mutants are resistant to colistin, they exhibit im-
proved susceptibility to B-lactams [36]. Furthermore, LOS defi-
ciency has been linked to hypersensitivity to elongasome
inhibitors, as elongasome synthesis becomes critical for main-
taining cell rigidity in the absence of LOS [37]. The improved sus-
ceptibility of AMA205 to the AMP/SUL and CAZ/AVI
combination, despite harboring both blaxpy.; and blagxa 23
could be attributed to the presence of the JpxA mutation.

Rapid diagnostics, such as immunochromatographic assays,
now allow for B-lactamase identification within minutes. For
example, the Resist Acineto test is an effective tool for the rapid

detection of CRAB species and their associated resistance
mechanisms [46]. When paired with mechanism-based model-
ing, these diagnostics can support tailoring antibiotic therapy
by using resistance profiles. MBMs extend beyond describing
bacterial dynamics observed in vitro or in vivo, they are de-
signed to translate experimental findings into clinically mean-
ingful outcomes. By simulating multiple treatment scenarios,
MBMs facilitate the selection of optimal regimens that would
otherwise be challenging to evaluate experimentally. This ap-
proach has proven effective in carbapenem-resistant K. pneu-
moniae isolates, where an MBM developed based on SCTK
data accurately predicted the bacterial killing and regrowth
in the dynamic IVDIM system, validating the developed
MBM [47].

Although this study focused on three CRAB strains from the
globally prevalent and high-risk lineages (ST25 and ST79) [48,
49], CRAB possesses a highly plastic genome, with substantial
genotypic and phenotypic variability even within monophyletic
lineages [50]. Future studies should include diverse CRAB iso-
lates to strengthen the generalizability and clinical relevance of
our findings. The mechanism underlying the CAZ/AVI-SUL in-
teraction remains incompletely understood. While PBP2 en-
gagement by AVI has been proposed, potential contributors
include altered membrane permeability, efflux modulation, inhi-
bition of non-MBL [-lactamases, and indirect stabilization of
partner B-lactams. These remain hypothetical and require target-
ed experimental validation. Integrating WGS with detailed phe-
notypic profiling across larger clinical and knockout CRAB
stains, coupled with computational approaches, will facilitate
the identification of key drivers of synergistic interactions and
therapeutic success. Incorporating bacterial-metabolomics will
provide deeper insights into these molecular mechanisms and
pathogen adaptation under antibiotic pressure [23]. Further re-
finement of the model could incorporate the inoculum effect,
which influences antibiotic activity and varies across different
in vitro systems. While IVDIMs used in this study simulated
drug exposures relevant to critically ill patients, they do not fully
capture the complexity of in vivo immunodynamics. Additional
limitations include the absence of drug concentration measure-
ments in the one-compartment IVDIM setup and the reliance on
literature-derived P-lactamase hydrolysis rates from recombi-
nant OXA-23 and NDM-1 enzymes, rather than direct quantifi-
cation from the study strains.

The combination of CAZ/AVI and high-dose AMP/SUL
against challenging CRAB isolates holds strong translational
potential, as both agents are widely available and have well-
established safety profiles in clinical practice. The MBM facili-
tates this translation by integrating patient-specific factors and
the pathogen genetic profiles into clinical decision-support al-
gorithms. This approach enables the development of individu-
alized antibiotic regimens aimed at optimizing therapeutic
outcomes.
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