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ABSTRACT QPX7728 is a recently discovered ultra-broad-spectrum beta-lactamase
inhibitor (BLI) with potent inhibition of key serine and metallo-beta-lactamases.
QPX7728 enhances the potency of many beta-lactams, including carbapenems, in
beta-lactamase-producing Gram-negative bacteria, including Acinetobacter spp. The
potency of meropenem alone and in combination with QPX7728 (1 to 16 wg/ml)
was tested against 275 clinical isolates of Acinetobacter baumannii (carbapenem-
resistant A. baumannii [CRAB]) collected worldwide that were highly resistant to car-
bapenems (MIC,, and MICy, for meropenem, 64 and >64 ug/ml). Addition of
QPX7728 resulted in a marked concentration-dependent increase in meropenem po-
tency, with the MICy, of meropenem alone decreasing from >64 ug/ml to 8 and
4 ng/ml when tested with fixed concentrations of QPX7728 at 4 and 8 ug/ml, re-
spectively. In order to identify the mechanisms that modulate the meropenem-
QPX7728 MIC, the whole-genome sequences were determined for 135 isolates with
a wide distribution of meropenem-QPX7728 MICs. This panel of strains included 116
strains producing OXA carbapenemases (71 OXA-23, 16 OXA-72, 16 OXA-24, 9 OXA-
58, and 4 OXA-239), 5 strains producing NDM-1, one KPC-producing strain, and 13
strains that did not carry any known carbapenemases but were resistant to mero-
penem (MIC =4 ug/ml). Our analysis indicated that mutated PBP3 (with mutations
localized in the vicinity of the substrate/inhibitor binding site) is the main factor that
contributes to the reduction of meropenem-QPX7728 potency. Still, >90% of iso-
lates that carried PBP3 mutations remained susceptible to =8 ug/ml of meropenem
when tested with a fixed 4 to 8 ug/ml of QPX7728. In the absence of PBP3 muta-
tions, the MICs of meropenem tested in combination with 4 to 8 ug/ml of QPX7728
did not exceed 8 ug/ml. In the presence of both PBP3 and efflux mutations, 84.6%
of isolates were susceptible to =8 ug/ml of meropenem with 4 or 8 ug/ml of
QPX7728. The combination of QPX7728 with meropenem against CRAB isolates with
multiple resistance mechanisms has an attractive microbiological profile.
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ecent decades have seen a surge in the frequency and severity of infections caused

by Acinetobacter, which was initially considered a low-virulence pathogen of min-
imal significance (1, 2). There are an estimated 45,000 cases of Acinetobacter infections
per year in the United States and 1 million cases worldwide per year (3), with most
infections occurring in intensive care units (ICUs) (3).

The significant challenges associated with the treatment of infections caused by
Acinetobacter baumannii stem from its high levels of intrinsic (4) and acquired (5)
antibiotic resistance, which are routinely manifested as an extensively drug-resistant
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(XDR) phenotype, or resistance to all available systemic antibiotics except those that are
known to be less effective or more toxic than first-line agents (6). Until recently,
carbapenems were the agents of choice to treat A. baumannii infections due to their
well-documented efficacy against susceptible strains and excellent safety profiles.
Unfortunately, the rate of resistance to carbapenems in A. baumannii is around 50%
among ICU isolates in the United States (7) and appears to be even higher in Asia and
Latin America (8). ICU-acquired infections with carbapenem-resistant Acinetobacter
species, mainly A. baumannii, are associated with a high risk of death (3). In 2017,
carbapenem-resistant A. baumannii was named a top-priority pathogen requiring
research and development of new antibiotics by the World Health Organization (9), and
its multidrug-resistant (MDR) strains were recently reclassified as an urgent resistance
threat by the U.S. CDC (10).

The most frequently observed mechanism of carbapenem resistance in A. bauman-
nii, which also provides the highest degree of resistance, is the production of carbap-
enemases that are able to hydrolyze carbapenems and other beta-lactam antibiotics
(11). The predominant carbapenemases in acinetobacters belong to a diverse group of
serine beta-lactamases from molecular class D (12), exemplified by OXA-23/0XA-24 (13,
14). Some clinical isolates may also produce metallo-beta-lactamases, such as New
Delhi metallo-beta-lactamase (NDM) (15), that are structurally and mechanistically
different from serine enzymes (16). The ubiquitous role that carbapenemase-
hydrolyzing enzymes play in carbapenem resistance in A. baumannii provides an
excellent rationale for the beta-lactamase inhibition approach. Various non-beta-
lactamase-mediated mechanisms, such as inactivation or reduced expression of porin
genes (4, 17), changes in expression (18), or mutations in the genes encoding penicillin
binding proteins (19) and efflux pumps (4, 19), have also been shown to contribute to
carbapenem resistance.

Restoration of beta-lactam antibiotic potency through fixed drug combination
products with beta-lactamase inhibitors (BLIs) is a well-precedented clinical strategy
(20, 21). Four beta-lactam-BLI combination products, ceftazidime-avibactam,
ceftolozane-tazobactam, meropenem (MER)-vaborbactam, and imipenem-relebactam,
were recently approved by the FDA (22). Three of these BLls, avibactam, relebactam,
and vaborbactam, have a broader spectrum of inhibition that includes Klebsiella
pneumoniae carbapenemase (KPC), the major carbapenemase found in Enterobactera-
les; however, none of these BLls have any activity against class D carbapenemases
found in Acinetobacter or against class B metallo-beta-lactamases. QPX7728 is a recently
discovered ultra-broad-spectrum beta-lactamase inhibitor from a class of cyclic boro-
nates (23). It has two major improvements in spectrum compared to the currently
marketed agents (the diazabicyclooctanes [DBO] avibactam and relebactam and the
cyclic boronate vaborbactam): it is an efficient inhibitor of class D carbapenemases from
A. baumannii, such as OXA-23, OXA-24/0XA-40, and OXA-58, and it inhibits various class
B metallo-beta-lactamases from the B1 subclass, such as NDM, Verona integron-
encoded metallo-B-lactamase (VIM), and imipenemase (IMP). Similar to these BLlIs, it is
a covalent low-off-rate inhibitor of serine enzymes. At the same time, inhibition of
metallo-beta-lactamases by QPX7728 proceeds through a simple one-step complex
formation typical of “fast on, fast off” inhibitors (24). QPX7728 is able to reverse
resistance to numerous beta-lactam antibiotics in strains producing beta-lactamases
(25, 26). This makes it an ideal product that could be coadministered with multiple
different beta-lactam antibiotics, depending on the resistance mechanisms present in
the specific pathogen, for individualized treatment of drug-resistant pathogens. We
initiated a systematic evaluation of QPX7728 potency in combination with multiple
partner antibiotics against panels of clinical isolates of target pathogens with varying
resistance mechanisms. Against carbapenem-resistant Enterobacterales producing ei-
ther serine or metallo-beta-lactamases with or without permeability defects, QPX7728,
in combination with cephalosporins or carbapenems, including meropenem, was found
to have excellent activity (27). The concentration of QPX7728 required to shift mero-
penem MICs for >90% of these carbapenem-resistant Enterobacteriales isolates to
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TABLE 1 MIC distributions for meropenem, alone and combined with QPX7728 at various concentrations, and comparator antibiotics
against 275 carbapenem-resistant strains of A. baumannii (n = 268) and A. nosocomialis (n = 7)

% inhibited at MIC (ug/ml) of:

MIC,, MICq,
Drug(s)? =0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 >64 (pg/ml) (pg/ml)
MER
Alone 0.0 0.0 0.0 0.0 0.0 0.0 1.5 3.6 149 46.9 78.2 100 64 >64
W/QPX 1 pg/ml 0.4 0.4 0.7 1.5 2.2 7.3 18.5 38.2 56.4 72.7 88.7 100 16 >64
W/QPX 2 pg/ml 0.7 1.1 1.5 6.2 15.6 32.0 57.5 74.2 89.8 96.4 98.2 100 4 32
W/QPX 4 pg/ml 1.1 1.8 4.7 16.4 33.1 60.4 80.0 94.5 99.3 100 100 100 2 8
W/QPX 8 wg/ml 5.8 12.4 24.7 342 56.4 75.6 91.3 98.5 100 100 100 100 1 4
W/QPX 16 ug/ml 33.1 39.3 50.2 65.5 771 86.9 97.5 100 100 100 100 100 0.25 4
LVFX 0.4 0.4 0.4 0.7 1.5 2.2 6.5 24.4 56.4 74.2 89.5 100 16 >64
MINO 0.0 0.0 0.4 4.0 16.4 28.7 36.7 50.5 82.5 97.1 99.6 100 8 32
TIG 0.0 1.1 2.5 4.7 15.6 42.2 84.0 94.5 99.6 100 100 100 4 8
SUL 0.0 0.0 0.0 0.0 0.0 1.1 44 11.6 26.2 61.1 88.4 100 32 >64
PmB 0.0 0.0 1.8 30.5 74.9 88.0 91.3 93.8 96.0 97.5 99.3 100 1 4

9MER, meropenem; QPX, QPX7728; LVFX, levofloxacin; MINO, minocycline; TIG, tigecycline; SUL, sulbactam; PmB, polymyxin B; W/, with.

below the pharmacokinetic-pharmacodynamic (PK-PD) breakpoint for meropenem
(=8 ng/ml for a dose of 2 g every 8h [gq8h] as a 3-h infusion), the 90% target
potentiation concentration (TPC,,), was 8 ug/ml or less. As a continuation of this
evaluation, we investigated QPX7728 potency in combination with meropenem against
carbapenem-resistant A. baumannii.

RESULTS AND DISCUSSION

Increasing concentrations of QPX7728 enhance the in vitro potency of mero-
penem against carbapenem-resistant A. baumannii. The tested panel of 275 strains
of Acinetobacter (268 A. baumannii and 7 A. nosocomialis) was highly resistant to
multiple antibiotics, with MIC;,/MIC,, values for minocycline, tigecycline, sulbactam,
polymyxin B, and meropenem similar to or 2- to 4-fold higher than those for the
recently reported global collections (28, 29). The meropenem MIC,, and MIC,, were
64 ng/ml and >64 pug/ml, respectively, and only 1.5% and 3.6% of strains were inhib-
ited at meropenem MICs of 4 ug/ml and 8 ug/ml (Table 1). MIC testing of meropenem
in combination with increasing concentrations of QPX7728 (1 to 16 ug/ml) resulted in
a concentration-related increase in the proportion of strains inhibited at each mero-
penem MIC; >75% and >90% of strains were inhibited at meropenem MICs of 4 ug/ml
and 8 ug/ml in the presence of QPX7728 at=4 ug/ml (Table 1). QPX7728 alone
exhibited some weak intrinsic antibacterial activity; 26.5% of strains were inhibited by
QPX7728 at 16 wg/ml. A much smaller proportion of strains were inhibited by QPX7728
at 8 ug/ml (3.3%), and only two strains (0.7%) in the panel were inhibited by QPX7728
at 4 ug/ml (see Fig. S1S in the supplemental material). Hence, while QPX7728 at
16 wg/ml has some intrinsic antimicrobial activity that accounts for some of the
observed MIC shifts with meropenem tested in combination with QPX7728, the ob-
served shifts of meropenem MIC distributions when tested in combinations with
QPX7728 at concentrations of =8 ug/ml are mainly attributable to beta-lactamase
inhibition.

We recently introduced a metric to enable comparison of the potency of a beta-
lactamase inhibitor tested in combination with different partner beta-lactam antibiotics
(27). This metric, the target potentiation concentration (TPC), describes the concentra-
tion of beta-lactamase inhibitor that is required to lower the MIC of the partner
beta-lactam below a PK-PD or susceptibility breakpoint. The PK-PD breakpoint for
meropenem at a dose of 2 g administered g8h by 3-h infusion is 8 wg/ml (30, 31); this
concentration of meropenem was used to determine the TPC,, of QPX7728 in the 275
carbapenem-resistant A. baumannii (CRAB) isolates. The TPC,, of QPX7728 required to
shift >90% of CRAB isolates to a meropenem MIC of =8 ug/ml was 4 ug/ml (Table 1).
The MICy0s of meropenem tested in combination with 4 or 8 wg/ml of QPX7728 were
8 ug/ml and 4 ug/ml, respectively.
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FIG 1 MIC distributions of meropenem alone or in combination with QPX7728 [(4), 4 ug/ml; (8), 8 wg/ml]
against carbapenem-resistant A. baumannii with genome sequences available (n = 135). The 135 strains
produced OXA-23 (n = 71), OXA-72 (n = 16), OXA-24 (n = 16; 2 strains also with OXA-72), OXA-58 (n =
9), OXA-239 (n = 4), KPC (n = 1), NDM-1 (n = 5), and no known carbapenemases (n = 13).

QPX7728 enhances the potency of meropenem against strains with diverse
carbapenemases. In order to better understand the impact of QPX7728, depending on
the mechanism of carbapenem resistance, whole-genome sequence analysis was per-
formed on 135 carbapenem-resistant isolates with a wide distribution of QPX7728-
meropenem MICs, from =0.06 to 16 wg/ml (tested with a fixed QPX7728 concentration
of either 4 or 8 ug/ml) (Fig. 1). Based on this analysis, the following acquired carbap-
enemases were identified: OXA-23 (n =71), OXA-72 (n = 16), OXA-24 (n = 16; two
strains also contained OXA-72), OXA-58 (n =9), OXA-239 (n =4), KPC (n=1), and
NDM-1 (n = 5); 13 isolates did not produce any known carbapenemases.

QPX7728 had a marked effect on the potency of meropenem against this subset of
135 isolates (Fig. 1). Overall, the geometric mean MICs for carbapenemase producers
were reduced 14- to 119-fold and 12- to 268-fold with QPX7728 at 4 and 8 ug/ml,
respectively (Table 2). For isolates producing OXA-23 (the most frequent beta-
lactamase produced in this panel; 52.6%), the geometric mean MIC was reduced 20- to
30-fold and the MIC,, and MIC,, were reduced 16- to 32-fold and 8-fold by 4 and
8 ng/ml of QPX7728, respectively; MICy, values were 8 ug/ml at both concentrations of
QPX7728 versus 64 ug/ml for meropenem alone. The meropenem MIC was reduced to
the 8-ug/ml PK-PD breakpoint for >90% (94.4%) of the isolates with QPX7728 at
4 png/ml, making 4 ng/ml the TPC,,, for this group of isolates (at 2 ug/ml of QPX7728,
66.2% of the strains were inhibited by 8 ug/ml of meropenem; see Table S1 in the
supplemental material for the complete MIC distribution). For all other groups of class
D carbapenemases, QPX7728 at 4 ng/ml shifted the meropenem MICs of all the isolates
to the PK-PD breakpoint or below, with MICy, values of 2 to 4 ug/ml. The TPC,, was
4 pug/ml for other OXA-producing isolates in the panel (see Table S2 in the supplemen-
tal material). The meropenem MIC of the single KPC-producing strain of A. baumannii
in the panel was reduced from 64 to =0.06 ug/ml by QPX7728 at 4 ug/ml. The
meropenem MIC values of 100% of non-carbapenemase-producing strains were re-
duced below 8 ug/ml with QPX7728 at 4 ug/ml. For the 5 NDM-producing strains
tested with QPX7728 at 4 or 8 ug/ml, 60% and 100% of the strains became susceptible
at the meropenem PK-PD breakpoint (8 wg/ml); thus, the QPX7728 TPCy, is 8 ug/ml.
The 2-fold-lower QPX7728 TPCy, for OXA-producing strains compared to NDM-
producing strains is consistent with its higher potency for inhibition of the OXA
carbapenemases compared to NDM-1: dissociation constant (K_), 0.58 to 3.2 nm versus
32 nm, respectively (24).

Known non-beta-lactamase-mediated mechanisms of resistance to mero-
penem are associated with an increased meropenem-QPX7728 MIC in A. bauman-
nii. As described above, the QPX7728 TPC,s for all groups of OXA-producing strains
were the same, 4 ug/ml, which corresponds well with the narrow range of inhibition
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TABLE 2 In vitro potencies of meropenem alone and combined with QPX7728 at 4 ug/ml and 8 ng/ml against 135 carbapenem-resistant

Acinetobacter strains according to carbapenemase present

No. of strains at a meropenem MIC (ng/ml) of:

GMa  MIC;,  MIC,,
CRB n Drug =006 0.125 025 05 1 2 4 8 16 32 >64 MIC  (pg/ml) (pg/ml)  %Sb
All 135 MER 8 2 10 21 35 511 64 65 7.4
QPX 4 pug/ml 4 2 5 12 22 38 28 18 6 19 2 8 95.6
QPX 8 pug/ml 11 3 13 177 22 34 15 16 4 1.1 2 8 97.0
OXA-23 71 MER 3 14 4 547 64 64 0.0
QPX 4 ug/ml 3 6 8 18 17 15 4 2.7 4 8 94.4
QPX 8 ug/ml 4 6 6 11 16 10 14 4 1.8 2 8 94.4
OXA-72 16 MER 12 107.6 65 65 0.0
QPX 4 ug/ml 1 1 3 4 3 2 2 1.1 1 8 100
QPX 8 ug/ml 1 1 2 6 1 4 1 0.6 0.5 2 100
OXA-24 16  MER 14 1174 65 65 0.0
QPX 4 pug/ml 1 2 2 3 6 2 1.0 1 4 100
QPX 8 ug/ml 2 2 3 1 5 3 0 0.4 0.5 2 100
OXA-58 9  MER 3 4 2 11.8 16 ND¢ 333
QPX 4 pug/ml 1 1 1 2 3 1 0.8 1 ND 100
QPX 8 ug/ml 1 1 1 1T 3 2 0.9 2 ND 100
OXA-239 4  MER 3 381 32 ND 0.0
QPX 4 ug/ml 2 2 1.4 1 ND 100
QPX 8 ug/ml 1 1 2 0.6 0.5 ND 100
KPC 1 MER 1 >64  ND ND 0.0
QPX 4 pg/ml 1 =0.06 ND ND 100
QPX 8 ug/ml 1 =0.06 ND ND 100
NDM 5 MER 5 1280 65 ND 0.0
QPX 4 pg/ml 12 2 6.1 4 ND 60
QPX 8 ug/ml 2 1 2 0.7 2 ND 100
None 13 MER 5 2 3 2 0 104 8 32 53.8
QPX 4 pg/ml 3 5 5 22 2 4 100
QPX 8 ug/ml 2 2 7 2 1.6 2 4 100

aGM, geometric mean. For calculations, a MIC of >64 ng/ml was assumed to be 128 ug/ml.
%S (susceptible) at meropenem PK-PD breakpoint of 8 ug/ml.
°ND, not done.

potencies determined against purified enzymes; K, 0.58 to 3.2 nm (24). At the same
time, MIC;o/MIC,, values for OXA-23-producing isolates were 2- to 4-fold higher than
those for isolates producing OXA-72, OXA-24/0XA-40, and OXA-58. Since the MICs for
beta-lactam-BLI combinations can be increased due to the presence of non-beta-
lactamase-mediated mechanisms of resistance to the partner beta-lactam antibiotic, we
analyzed the sequences of genes known to be associated with increased meropenem
MICs in A. baumannii (4, 17, 19, 32-34).

There were marked differences in the frequencies of mutations in PBP3 between
OXA-23 and other OXA-producing isolates. The substitutions A515V and A515T in PBP3
occurred in 43.7% of OXA-23-producing strains (31 of 71 strains) compared to none in
the “other OXA” group (see Table S3 in the supplemental material). Multilocus se-
quence typing (MLST) analysis indicated that 29 out of 31 isolates and 29 out of 40
isolates with and without A515 substitutions, respectively, were sequence type 2 (ST2).
Meropenem-QPX7728 (8 ug/ml) MIC frequency distributions of A515V/A515T-positive
(n =31) and A515V/A515T-negative (n = 40) PBP3 sets demonstrated good separation
(Fig. 2). Of 40 A515V/A515T PBP3-negative strains, 27 (65.8%) had meropenem-
QPX7728 (8 ug/ml) MIC values of =1 ug/ml and only one strain had a MIC value of
4 pg/ml. Importantly, 100% of A515V/A515T PBP3-negative strains were inhibited at
MIC values of =8 ug/ml. Of 31 A515V/A515T PBP3-positive strains, 27 (87%) had
meropenem-QPX7728 (8 ug/ml) MIC values of =4 pug/ml, and none had MIC values of
=1 pg/ml.

Based on this analysis, it appears that the 2- to 4-fold difference in the meropenem-
QPX7728 MIC,, observed against OXA-23-producing strains versus strains producing
other OXAs (Table 2) is due to the high proportion of strains with A515V/A515T
mutations in PBP3 affecting meropenem potency. Of note, the isolates in the panel are
clinical isolates collected over multiple years, from 2010 to 2017, and are from 14
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FIG 2 Distributions of meropenem-QPX7728 (8 ug/ml) MICs against OXA-23-producing strains (n = 71)
based on the presence of an A515V or A515T mutation in PBP3. PBP3 mut pos, presence of an A515V or
A515T mutation (n = 31); PBP3 mut neg, absence of these mutations.

different countries located in Europe, the Middle East, and Southeast Asia. This muta-
tion was recently identified as a mechanism of meropenem resistance in A. baumannii
isolates recovered from a patient undergoing meropenem treatment (19).

Several other amino acid substitutions in PBP3 were identified in the set of 135
strains, but many of them were found in strains with both meropenem-QPX7728
(8 wg/ml) MICs of =1 ug/ml and =<0.5 ug/ml (see Table S3). Five substitutions (found
in 12 non-OXA-23-producing isolates) similar to the previously described A515V and
A515T substitutions were present only in the strains with meropenem-QPX7728 (8 g/
ml) MICs of =1 pg/ml. All these substitutions were mapped onto the three-dimensional
(3D) crystal structure of A. baumannii PBP3 (Fig. 3). Most of the mutations, A515V/T,
A583V, T526S, T506P, and T512S, occur at buried positions either within the 506-to-517
loop adjacent to the active site or in its immediate vicinity. These mutations are
expected to perturb the loop conformation, resulting in unfavorable interactions with
the bulky C-2 substituent of the bound meropenem. The fifth substitution that is
associated with an increased meropenem-QPX7728 MIC, H370Y, is harder to interpret.

FIG 3 Mapping of potential meropenem resistance mutations in PBP3 from A. baumannii. Potential
meropenem resistance mutations (shown as magenta carbon atoms) in PBP3 from A. baumannii were
mapped onto its 3D crystal structure (Protein Data Bank [PDB] code 3UE3 [PMID 22050378]). Most of the
mutations occur at buried positions 506 to 517 within the loop (blue ribbon segment), either adjacent
to the active site or in its immediate vicinity. These mutations are expected to perturb the loop
conformation, resulting in unfavorable interactions with the bulky C-2 substituent of the bound mero-
penem (light-green carbon ball and stick). Meropenem was modeled by superposition of P. aeruginosa
PBP3/meropenem complex crystal structure (PDB code 3PBR [PMID 21135211]) onto PBP3 from A.
baumannii.
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TABLE 3 Distributions of meropenem-QPX7728 against characterized strains of Acinetobacter according to the presence of PBP3 and

efflux mutations®

% inhibited at a MIC (ug/ml) of:

MIC,, MIC,,

Strain (drug(s]) =0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 >64 (mg/ml)  (mg/ml)
All (n = 130)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 6.2 7.7 154 31.5 76.9 100.0 64 >64

W/QPX 4 pg/ml 3.1 4.6 8.5 17.7 34.6 63.1 83.1 96.9 100.0 100.0 100.0 100.0 2 8

W/QPX 8 ng/ml 5.4 9.2 19.2 323 492 746 86.2 96.9 100.0 1000 1000 1000 2 8
PBP3 mutation positive (n = 47)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 10.6 12.8 21.3 40.4 95.7 100.0 64 64

W/QPX 4 pg/ml 0.0 0.0 0.0 0.0 43 255 574 91.5 100.0 100.0 100.0 1000 4 8

W/QPX 8 wg/ml 0.0 0.0 0.0 0.0 6.4 34.0 61.7 91.5 100.0 100.0 100.0 1000 4 8
PBP3 mutation negative (n = 83)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 3.6 4.8 12.0 26.5 66.3 100.0 64 >64

W/QPX 4 png/ml 4.8 7.2 133 277 518 843 97.6 100.0 1000 100.0 100.0 1000 1 4

W/QPX 8 wg/ml 8.4 14.5 30.1 50.6 73.5 97.6 100.0 100.0 100.0 100.0 100.0 100.0 0.5 2
AdeN NF (n = 64)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 6.3 9.4 15.6 28.1 79.7 100.0 64 >64

W/QPX 4 pg/ml 1.6 1.6 3.1 9.4 203 51.6 75.0 93.8 100.0 100.0 100.0 100.0 2 8

W/QPX 8 ng/ml 3.1 6.3 9.4 203 359 656 78.1 93.8 100.0 1000 1000 1000 2 8
AdeN F (n = 41)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 7.3 7.3 9.8 244 73.2 100.0 64 >64

W/QPX 4 pg/ml 49 9.8 17.1 34.1 58.5 70.7 87.8 100.0 100.0 100.0 100.0 100.0 1 8

W/QPX 8 ng/ml 9.8 171 36.6 58.5 68.3 80.5 92.7 100.0 100.0 100.0 100.0 100.0 0.5 4
PBP3 mutation positive AdeN NF (n = 26)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 7.7 11.5 154 26.9 923 100.0 64 64

W/QPX 4 png/ml 0.0 0.0 0.0 0.0 3.8 11.5 46.2 84.6 100.0 1000 1000 1000 8 16

W/QPX 8 ng/ml 0.0 0.0 0.0 0.0 7.7 19.2 46.2 84.6 100.0 100.0 100.0 100.0 8 16
PBP3 mutation positive AdeN F (n = 11)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 9.1 9.1 9.1 27.3 100.0 100.0 64 64

W/QPX 4 pg/ml 0.0 0.0 0.0 0.0 0.0 9.1 54.5 100.0 100.0 100.0 100.0 1000 4 8

W/QPX 8 ng/ml 0.0 0.0 0.0 0.0 0.0 27.3 727 100.0 1000 100.0 100.0 1000 4 8
PBP3 mutation negative AdeN F (n = 30)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 6.7 6.7 10.0 233 63.3 100.0 64 >64

W/QPX 4 pg/ml 6.7 133 233 46.7 80.0 933 100.0 100.0 100.0 100.0 100.0 100.0 1 2

W/QPX 8 wg/ml 13.3 233 50.0 80.0 933 100.0 100.0 100.0 100.0 100.0 100.0 100.0 0.25 1
PBP3 mutation negative AdeN NF (n = 37)

MER alone 0.0 0.0 0.0 0.0 0.0 0.0 2.7 54 13.5 27.0 70.3 100.0 64 65

W/QPX 4 png/ml 2.7 2.7 5.4 16.2 324 784 94.6 100.0 1000 1000 100.0 1000 2 4

W/QPX 8 ng/ml 54 10.8 16.2 35.1 56.8 97.3 100.0 100.0 100.0 100.0 100.0 100.0 1 2

aFive NDM-containing strains were excluded from the analysis. For the purpose of the analysis, PBP3 mutations were considered to potentially affect the meropenem-
QPX7728 MIC (i.e., significant mutations) if they were present only in the strains with meropenem-QPX7728 MICs of =1 ug/ml; 83 strains contained either unaltered
PBP3 (compared to the genome of ATCC 19606 [PBP3 negative]) or PBP3 with nonsignificant mutations (present in the strains with MICs of <1 pg/ml), 47 strains
contained PBP3 with significant mutations, including H307Y (PBP3 positive) (see Table S2). AdeN was considered nonfunctional if nonsense or frameshift mutations
or insertions were found in the adeN gene (n = 64). Strains containing AdeN with amino acid substitutions due to missense mutations were excluded from the

analysis.

Based on one published report (19), H370Y was not associated with an increase in the
imipenem MIC; however, the mutation was found in four isolates with meropenem-
QPX7728 MIC values of 2 to 4 ug/ml (see Table S3). Direct PBP binding assays will be
required to confirm and clarify the roles of these mutations.

The impacts of PBP3 mutations on meropenem-QPX7728 MIC distributions were
assessed further in 130 non-NDM-containing strains of A. baumannii (Table 3 and Fig.
4). Similar to the MIC frequency distributions of A515V/A515T-positive and A515V/
A515T-negative PBP3 sets of OXA-23-containing isolates, the MIC frequency distribu-
tions of isolates producing all types of OXA carbapenemases and non-carbapenemase-
producing isolates with significant PBP3 mutations were associated with higher
meropenem-QPX7728 MICs (Fig. 4A). In the absence of mutations in PBP3, meropenem-
QPX7728 (8 wg/ml) MICs were =<2 pug/ml in 97.6% of the isolates, whereas 66% of PBP3
mutation-positive strains had MICs of =4 pug/ml. (A chi square test confirmed signifi-
cant association between PBP3 status and the meropenem-QPX7728 MIC [P < 0.001]).
PBP3 mutations resulted in 4- to 8-fold increases in MIC;,/MICy, values. Of note, despite
the decreased potency impact of PBP3 mutations, QPX7728 at both 4 ug/ml and
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FIG 4 Distributions of meropenem-QPX7728 (8 ng/ml) MICs against carbapenem-resistant A. baumannii (n = 182 [9 NDM-containing strains were
excluded from the analysis]) based on the presence of a significant PBP3 mutation and/or AdeN status. (A) MIC distribution based on the presence
of PBP3 mutations. For the purpose of the analysis, PBP3 mutations were considered to potentially affect meropenem-QPX7728 MICs (i.e.,
significant mutations) if they were present only in the strains with meropenem-QPX7728 MICs of =1 ug/ml. A total of 107 strains contained either
unaltered PBP3 (compared to the genome of ATCC 19606) or PBP3 with nonsignificant mutations (present in the strains with MICs of <1 pg/ml)
(PBP3 mut neg), and 75 strains contained PBP3 with significant mutations plus H307Y (PBP3 mut pos) (see Table S2). (B) MIC distribution based
on the presence of AdeN mutations. AdeN was considered nonfunctional if nonsense or frameshift mutations or insertions were found in the adeN
gene (n = 83). Functional AdeN was present in 99 isolates. Strains containing AdeN with amino acid substitutions due to missense mutations were
excluded from the analysis. (C) MIC distribution based on the presence of PBP3 and AdeN mutations. Thirty-five strains contained both PBP3 with
significant mutations (PBP3 mut pos) and a nonfunctional AdeN (AdeN NF); 40 strains did not contain significant PBP3 mutations (PBP3 mut neg)
and had functional AdeN (AdeN F).

8 ug/ml reduced meropenem MICs to or below 8 ug/ml in >90% of both PBP3
mutation-negative and -positive strains (Table 3).

Overexpression of the AdelJK efflux pump due to mutations in the negative regu-
lator AdeN has been shown to be associated with the increase in the meropenem MIC
(34). We evaluated MIC frequency distributions for strains with functional (n = 41) or
nonfunctional (n = 64) AdeN. AdeN was considered nonfunctional if the adeN gene
contained frameshifts, nonsense mutations, or insertions. Strains with missense muta-
tions leading to single amino acid substitutions were excluded from the analysis. There
appeared to be a higher proportion of strains with elevated meropenem-QPX7728 MICs
with nonfunctional AdeN. This was also evident when we compared the impacts of
AdeN mutations on the meropenem-QPX7728 MIC based on the presence of significant
PBP3 mutations (Table 3). However, no clear separation of MIC distributions was
apparent based on the functional status of AdeN (Fig. 4B).

We next compared MIC frequency distributions for strains that had significant PBP3
mutations and nonfunctional (NF) AdeN (PBP3 mutation positive, AdeN NF; n = 26) to
strains without significant PBP3 mutations and with functional (F) AdeN efflux (PBP3
mutation negative, AdeN F; n = 30). These sets of strains demonstrated the best
separation of MIC frequency distributions (Fig. 3C). None of the PBP3 mutation-
negative, AdeN F isolates had a MIC of >2 ug/ml, and 80% of such isolates had MIC
values of =<0.5 ug/ml. Conversely, 81% of the PBP3 mutation-positive, AdeN NF strains
had MIC values of =4 ug/ml, and none had a MIC value of <0.5 wg/ml. Determination
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of meropenem MICs with 8 ug/ml QPX7728 showed a 16- to 32-fold increase in
MIC5o/MIC,, values caused by the presence of both PBP3 and efflux mutations;
however, 84.6% of these isolates were inhibited at 8 ug/ml of meropenem with
QPX7728 at 4 and 8 ug/ml, respectively (Table 3).

PBP3 mutation-positive, AdeN NF isolates either carried OXA-23 (21 strains) or did
not carry any carbapenemases (6 strains). Relative copy numbers of OXA-23 were
estimated for 21 PBP3 mutation-positive, AdeN NF strains (35); based on this analysis,
9 and 12 strains had relative copy numbers of =2 (due to gene duplication or plasmid
location) and <2, respectively. All PBP3 mutation-positive, AdeN NF strains with an
OXA-23 relative copy number of =2 had meropenem-QPX7728 MICs of =8 ug/ml, and
4 out of 9 strains had meropenem-QPX7728 MICs of 16 ug/ml. Approximately 42% (5
out 12) of PBP3-positive, AdeN NF strains with OXA-23 relative copy numbers of <2 had
meropenem-QPX7728 MICs of =8 ug/ml, while none had an MIC of =16 ng/ml (Table
4). These data, taken together, indicate that a combination of PBP3 mutations, AdeN
mutations (presumably leading to overexpression of the AdelJK efflux pump), and an
increase in the copy number of a carbapenemase gene are associated with an increased
meropenem-QPX7728 MIC (8 ug/ml) in clinical isolates of carbapenem-resistant A.
baumannii.

The porin CarO is essential for the uptake of L-ornithine and has been shown to be
associated with resistance to carbapenems (17). Four isolates in our set of strains carried
loss-of-function mutations in CarO. Three isolates carried either PBP3 (H370Y) or various
AdeN mutations and had a meropenem-QPX7728 MIC of 2 ug/ml (Table 5). One isolate
carried PBP3 (A515V) and had nonfunctional AdeN; it had the highest meropenem-
QPX7728 MIC of 8 ug/ml (Table 5). Although this represents a small number of isolates,
the meropenem-QPX7728 MIC may similarly increase due to interactions of various
independent intrinsic mechanisms.

Based on our initial, relatively limited analysis, it appears that the absence of
significant PBP3 mutations is associated with a meropenem-QPX7728 (8 wg/ml) MIC of
=8 ug/ml, and when both PBP3 mutations and loss-of-function mutations in AdeN are
absent, meropenem-QPX7728 (8 wg/ml) MIC values are =4 pg/ml. In our panel, we did
not have any isolates with mutations in AdeJ, the RND (resistance-nodulation-division)
component of the AdelJK efflux pump, which has been shown to be associated with
increased meropenem MICs (19), nor did we have any mutations in the porin Omp33-36
that was shown to play a role in carbapenem resistance (36). Studies involving more
clinical isolates will enable evaluation of the impacts of these mutations on the
meropenem-QPX7728 MIC, in particular, in combination with PBP3 and AdeN muta-
tions. The overreaching goal of these studies is to be able to predict susceptibility or
resistance to the meropenem-QPX7728 MIC based on molecular analysis.

Summary. QPX7728 is an ultra-broad-spectrum beta-lactamase inhibitor that in-
creases the potency of various beta-lactam antibiotics against Gram-negative bacteria
producing diverse beta-lactamases (23, 25-27). In this study, we demonstrated that
QPX7728 significantly enhances the potency of meropenem against a panel of highly
carbapenem-resistant isolates of A. baumannii, where >85% of strains had MICs of
meropenem alone of =32 ug/ml. QPX7728 (tested at 4 ng/ml or 8 ug/ml) significantly
enhanced the potency of meropenem against all groups of OXA carbapenemases
(OXA-23, OXA-24, OXA-72, and OXA-58), against several strains producing NDM-1
metallo-beta-lactamase, and against strains that did not produce any known carbap-
enemases, with the meropenem MIC,, decreasing from >64 ug/ml to 8 ug/ml.

A major objective of this study was to determine the concentration of QPX7728 that
is required to shift meropenem MICs for >90% of isolates to below the PK-PD
breakpoint for meropenem (=8 ug/ml when administered at 2 g every 8h as a 3-h
infusion). This QPX7728 concentration, the TPC,,, was 8 ug/ml or less for the majority
of the subsets of carbapenem-resistant isolates of A. baumannii. The TPCy, should be
taken into consideration as an important metric for translation of BLI potency into
exposures that are expected to be associated with BLI activity in vivo.
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TABLE 5 In vitro potencies of meropenem alone and combined with QPX7728 at 8 ug/ml against strains that carry H370Y PBP3
mutations and/or nonfunctional CarO?

MIC (pg/ml)
MER + QPX7728
Strain MLST ST Beta-lactamase CarO PBP3 mutation AdeN MER alone (8 pug/ml)
AB1012  ST2 None ISAba1 interruption at nt 240 H370Y R183H® 32 2
AB1392 ST2 OXA-23, PER-1 ISAba15 at nt 515 No mutation ISAba1l at nt 308 32 2
AB1483 ST2 OXA-23 ISAba125 at nt 240 H370Y A346V T58N® 32 2
AB1181 ST604 OXA-23 K156 stop A515V ISAbal at nt 373 64 8

aChanges that are known to affect protein function are in boldface.
bThe mutation was not investigated for its impact on AdeN activity.

While carbapenemase production is the major mechanism of carbapenem resis-
tance, various non-beta-lactamase-mediated mechanisms, such as mutations in peni-
cillin binding proteins or those affecting drug permeability and efflux, have been
demonstrated to reduce the potency of meropenem in clinical isolates of A. baumannii
(2, 4, 17-19, 34). Using a panel of strains with a broad distribution of meropenem-
QPX7728 MICs, we demonstrated that the same mechanisms appear to affect the
potency of meropenem-QPX7728, with mutations in PBP3 located in the vicinity of the
substrate binding site playing the greatest role. Despite the presence of these previ-
ously described target-based mutations, meropenem with QPX7728 had excellent
potency against strains with PBP3 mutations; although the MIC,, of meropenem plus
QPX7728 was increased 4- to 8-fold compared to isolates without PBP mutations, the
meropenem-QPX7728 MICs remained below the PK-PD breakpoint (8 wg/ml). The MICy,
for the subset of strains that had PBP3 mutations and AdeN mutations (and hence,
presumably, an overexpressed AdelJK efflux pump) was increased to 16 ug/ml, with
84.6% of the strains inhibited by meropenem-QPX7728 at 8 ug/ml of each. In the
absence of PBP3 mutations, meropenem-QPX7728 MICs did not exceed 8 ug/ml (for
NDM-1-negative strains), and when both PBP3 and efflux mutations were absent, the
meropenem-QPX7728 MIC did not exceed 4 ug/ml. These findings, if corroborated in
future studies, might be important for development of molecular tools to predict
meropenem-QPX7728 susceptibility.

MATERIALS AND METHODS

Bacterial strains. A worldwide collection of 275 nonduplicate clinical isolates of carbapenem-
resistant A. baumannii (n = 268) and A. nosocomialis (n = 7) that were acquired from 1998 to 2018 (245
isolates were collected in 2011 to 2018) were from the Qpex Biopharma, Inc. (San Diego, CA), collection
of strains. The majority of strains originated from various global survey programs and were acquired from
JMI (North Liberty, IA) and IHMA (Schaumburg, IL). The collection was geographically diverse, represent-
ing 42 countries located on 6 continents, and grouped into 5 geographic regions: Asia-Pacific (43 isolates;
15.6% overall), Europe (131; 47.6%), Middle East-Africa (21 isolates; 7.6%), Latin America (37; 13.5%), and
North America (43; 15.6%). Whole-genome sequencing performed on 135 isolates indicated that the
collection was also genetically diverse, representing at least 22 different STs. ST2 (86/135; 63.7%)
dominated among the sequenced isolates, followed by ST25 (9/135; 6.7%) and ST1 and ST156 (4/135;
3.0%).

Whole-genome sequencing and analysis. Acinetobacter isolates were grown in Luria-Bertani Miller
broth (LB) until late log phase (optical density at 600 nm [ODgq,], ~0.8). Genomic DNA was extracted
using a PureLink genomic-DNA minikit (Invitrogen; catalog no. K182001-2). DNA libraries were prepared
and sequenced at the Institute of Genomic Medicine, University of California, San Diego, CA, using KAPA
library preparation kits (Roche Sequencing and Life Science, Indianapolis, IN) with acoustic DNA shearing
(sequencing was done on lllumina NovaSeq, MiSeq, or HiSeq platforms). All reads were deposited in the
Sequence Read Archive (SRA) under accession number PRINA627433. De novo assembly of sequence
data was performed using SPAdes 3.13 (St. Petersburg University, St. Petersburg, Russia) (37). Assembled
contigs were annotated using PROKKA 1.12 (Victorian Bioinformatics Consortium, Monash University,
Melbourne, Australia) (38). The assembled contigs were used to identify resistance genes using AM-
RFinderPlus 3.2.1 (NCBI) (39). MLST was performed using MLST 2.11 (https://github.com/tseemann/mlst)
(Victorian Bioinformatics Consortium, Monash University, Melbourne, Australia; Pasteur scheme). The
amino acid sequences of genes of interest were aligned using MAFFT 7.407 (40) to identify substitutions,
and raw FASTQ sequence data were subsequently aligned with a custom database using DNAStar 16.0.0
(DNAStar Inc., Madison WI) to identify miscalled bases and structural sequence changes near the genes.
Insertion sequence (IS) elements identified near these genes were typed using ISfinder (Le Laboratoire
de Microbiologie et Génétique Moléculaires, Toulouse, France) (41). ATCC 19606 was used as a wild-type
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reference. The relative copy number variation (RCNV) of beta-lactamase genes was also determined using
DNAStar with reads per kilobase per million mapped reads (RPKM) normalization (35).

Antimicrobial susceptibility testing. Bacterial isolates were subjected to broth microdilution
susceptibility testing, performed according to Clinical and Laboratory Standards Institute (CLSI) methods
(42) using panels prepared in house. A checkerboard assay conforming to the Moody procedures in the
Clinical Microbiology Procedures Handbook (43) was used to evaluate the effects of varying concentra-
tions of QPX7728 on the meropenem MIC. Meropenem MICs with QPX7728 at 4 ug/ml and 8 ug/ml were
determined numerous times, and modal MIC values were used for the subsequent analyses. Meropenem
was purchased from Carbosynth (Compton, United Kingdom); all other antibiotics were from Sigma-
Aldrich. All beta-lactamase inhibitors were synthesized at Qpex Biopharma, San Diego, CA.

Data availability. All reads were deposited in the Sequence Read Archive (SRA) under accession
number PRINA627433.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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