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Infections caused by New Delhi metallo-β-lactamase (NDM)–producing strains of multidrug-resistant Klebsiella pneumoniae are a
global public health threat lacking reliable therapies. NDM is impervious to all existing β-lactamase inhibitor (BLI) drugs, including
the non–β-lactam BLI avibactam (AVI). Though lacking direct activity against NDMs, AVI can interact with penicillin-binding protein 2 in a manner that may influence cell wall dynamics. We found that exposure of NDM-1–producing K. pneumoniae to AVI led to
striking bactericidal interactions with human cathelicidin antimicrobial peptide LL-37, a frontline component of host innate immunity. Moreover, AVI markedly sensitized NDM-1–producing K. pneumoniae to killing by freshly isolated human neutrophils, platelets,
and serum when complement was active. Finally, AVI monotherapy reduced lung counts of NDM-1–producing K. pneumoniae in a
murine pulmonary challenge model. AVI sensitizes NDM-1–producing K. pneumoniae to innate immune clearance in ways that are
not appreciated by standard antibiotic testing and that merit further study.
Keywords. New Delhi metallo-β-lactamase (NDM); Klebsiella pneumoniae; non–β-lactam β-lactamase inhibitors; avibactam;
innate immunity; platelet; neutrophil; human serum.
Klebsiella pneumoniae has recently gained notoriety as a major
culprit of antibiotic-resistant nosocomial infections across the
globe [1]. The difficulty in treating this pathogen is increasing
because of heterogeneous antibiotic resistance mechanisms,
particularly the production of β-lactamases, which hydrolyze
and inactivate first-line β-lactam antibiotics. An individual
K. pneumoniae strain can harbor multiple β-lactamases encoded
on plasmids or mobile genetic elements [2]. Among these, New
Delhi metallo-β-lactamases (NDMs) are particularly worrisome
because of their strikingly efficient hydrolysis of a broad range
of β-lactam antibiotics [3] and rapid dissemination through
horizontal gene transfer and clonal expansion [4]. Whereas
β-lactamase inhibitors (BLIs) are the cornerstone of modern
pharmaceutical therapy in terms of restoring the usefulness of
β-lactam agents against such enzymatic resistance mechanisms
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[5], to date no BLIs with reported neutralizing activity against
metallo-β-lactamases (including NDMs) have entered clinical trials [6]. Thus, infections with multidrug-resistant NDM–
producing K. pneumoniae strains lack effective therapeutic
options.
Classical BLIs possessing a 4-membered, nitrogen-containing
β-lactam ring, such as sulbactam (SLB), clavulanic acid (CLV),
or tazobactam (TAZ), were first introduced into the clinic in the
1980s and 1990s. These agents have always been paired with an
extended-spectrum β-lactam in antibiotic formulations, such as
ampicillin-SLB, amoxicillin-CLV, or piperacillin-TAZ. The structure of BLIs confers some measure of intrinsic antimicrobial action, a fact often overlooked because of their use as enzymatic
inhibitors. For example, SLB has useful in vitro and clinical
activity against strains of Acinetobacter baumannii [7, 8] and
Burkholderia cepacia [9], while TAZ has direct activity against the
Lyme disease spirochete Borrelia burgdorferi [10]. Best studied for
SLB, these antimicrobial activities are mediated by direct binding
to penicillin-binding proteins (PBPs), essential transpeptidases
involved in cell wall biosynthesis, leading to morphologic effects
such as filamentation, spherocyte formation, or bacterial lysis
[11, 12]. Recently, we observed that even if standard susceptibility
testing reveals negligible direct growth inhibition of a target pathogen by BLIs alone, significant synergy can be seen in combination with cell wall–active peptide antibiotics, such as SLB or TAZ
in combination with daptomycin, to kill methicillin-resistant
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for which prevailing logic would predict BLI monotherapy to be
fruitless.
METHODS
Antibiotics, Antimicrobial Peptides, Human Serum, and Reagents

AVI (MedChemExpress), ZID (Medkoo Biosciences), TAZ
(Chem-Impex International), and ceftazidime-AVI (CZA;
GlaxoSmithKilne) stock solutions were prepared in moleculargrade water (Corning Cellgro) and stored at −20°C. For in vivo
studies, AVI was reconstituted in phosphate-buffered saline (PBS).
LL-37 and TAMRA-tagged LL-37 stock solutions (American
Peptide) were prepared in molecular-grade water and stored at
−80°C. Under a protocol approved by the University of CaliforniaSan Diego (UCSD) Human Subjects Institutional Review Board
(IRB), serum was obtained from at least four healthy, consenting
volunteers and immediately pooled and aliquoted prior to
storing at −80°C. Pooled serum specimens were heated at 55°C
for 20 minutes in a water bath on the day of each experiment,
to create heat-inactivated serum. Müller-Hinton broth (MHB;
Spectrum Chemicals) was supplemented with 20–25 mg/L Ca2+
and 10–12.5 mg/L Mg2+. Tissue culture medium, Roswell Park
Memorial Institute 1640 (RPMI; Thermo Fisher Scientific), was
supplemented with 5% Luria broth (LB; Hardy Diagnostics).
A physiological relevant concentration of LL-37 (4–8 μΜ) was
used for experiments; the concentration of LL-37 in neutrophil
granules is 40 μΜ [28], and the peptide is strongly upregulated in
inflamed or infected tissue [29, 30]. In antimicrobial susceptibility
testing protocols from the Clinical and Laboratory Standards
Institute (CLSI) and the European Committee on Antimicrobial
Susceptibility Testing, the concentration of AVI is fixed at 4 mg/L
when determining the MIC of CZA. Therefore, all in vitro studies
were performed with an AVI concentration of 4 mg/L, which is
well below the pharmacologically attainable AVI concentration of
14 mg/L in human tissue [31].
Bacterial Strains and In Vitro Susceptibility Tests

Principal experiments were conducted with the wellcharacterized and commercially available NDM-1–producing
K. pneumoniae clinical isolate CDC 1100192 (Microbiologics)
[32], originally isolated from a sputum specimen collected
from a 13-month-old boy with chronic reactive airway disease
and pneumonia at the University of California–Los Angeles
Medical Center [33]. Complementary studies were conducted
in two NDM-1–producing K. pneumoniae strains obtained
from the Centers for Disease Control and Prevention and FDA
Antibiotic Resistance Isolate Bank, CDC 0049 (sequence accession # SAMN04014890) and CDC 0158 (sequence accession # SAMN04014999); in the K. pneumoniae carbapenemase
(KPC)–producing clinical isolates KP1088 and KP1004, collected by JMI Laboratories (North Liberty, IA) as a part of
the SENTRY Antimicrobial Surveillance Program [34]; and
in KP1100, collected by a tertiary-care hospital in the New
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Staphylococcus aureus (MRSA); or TAZ in combination with
colistin, to kill A. baumannii [13]. Together, the above studies
suggest significant value in exploring bioactivities of BLIs beyond
their enzymatic inhibition of bacterial β-lactamases.
In recent years, “non–β-lactam BLIs,” a variety of novel chemical
entities with expanded spectra of enzyme inhibition, have begun to
join the therapeutic arsenal for resistant pathogens. These include
the diazabicyclooctanes such as avibactam (AVI), approved in 2015
for use in combination with ceftazidime (Avycaz; Allergan, Dublin,
Ireland), and zidebactam (ZID), which is undergoing clinical trials
for use in combination with cefepime (WCK 5222; Wockhardt,
Mubai, India). The absence of the 4-membered β-lactam ring
structure makes such agents less intuitive candidates for direct activities on the bacterial cell wall. However, it is important to recognize that sequence-based analyses of evolutionary relationships
among important bacterial enzymes indicate that β-lactamases are
actually descendants of integral cell wall biosynthetic enzymes,
namely PBPs [14]. Indeed, PBPs of diverse pathogenic species, including Escherichia coli, Pseudomonas aeruginosa, Haemophilus
influenzae, S. aureus, and Streptococcus pneumoniae, may be
bound by AVI [15]. With regard to K. pneumoniae, AVI selectively
binds PBP2 [16], a transpeptidase required for cell elongation and
maintenance of the rod shape of gram-negative bacteria [17–19].
Further, reminiscent of TAZ sensitization of A. baumannii to
colistin [13], AVI potentiates the activity of the membrane-active
peptide antibiotic polymyxin B against K. pneumoniae and other
gram-negative species [20]. In short, non–β-lactam BLIs also possess intriguing bioactivities independent of enzymatic blockage of
bacterial β-lactamases.
For a successful treatment outcome in any deep-seated infection, administered antibiotics must work in concert with clearance mechanisms of the host innate immune system, including
endogenous peptide antibiotics, serum complement, and phagocytic cells, such as neutrophils and macrophages. We have previously observed that β-lactam antibiotics lacking direct activity
against multidrug-resistant pathogens in standard minimum
inhibitory concentration (MIC) testing can sometimes potentiate the activity of human cathelicidin LL-37, a critical cationic
host defense peptide made by myeloid cells and epithelium [21],
against those same organisms. By example, sensitization to LL-37
killing is achieved in MRSA, using nafcillin [22], ceftaroline
[23], or TAZ [13]; in vancomycin-resistant Enterococcus faecium,
using ampicillin [24]; in S. pneumoniae, using ceftaroline [25];
and in Salmonella enterica, using ceftriaxone [26].
Given the selective binding of AVI to PBP2 in K. pneumoniae
[16] and a precedent for certain PBPs in modulating bacterial
LL-37 susceptibility [27], we explored the influence of this Food
and Drug Administration (FDA)–approved non–β-lactam BLI
on K. pneumoniae interactions with the human defense peptide
and other soluble and cellular effectors of innate immunity. As
an exemplar of urgent public health concern, we performed our
studies by using an NDM-1–expressing K. pneumoniae strain

Time-Kill Curves and Serum Killing Assays

Assays were conducted in 14-mL Falcon plastic tubes (ThermoFisher Scientific) in a final volume of 4 mL, with or without 20%
pooled human serum specimens or heat-inactivated serum
specimens. Bacteria were grown overnight in LB at 37°C
with shaking to the stationary-growth phase and diluted to
an OD600 of 0.40. Cultures were diluted in 5% LB–RPMI to
an initial inoculum of 5 × 105 colony-forming units (CFU)/
mL, antibiotics and/or LL-37 stocks were added to the final
concentrations indicated, and tubes were placed in a shaking incubator at 37°C. Aliquots were collected at the indicated times
and serially diluted for CFU enumeration.
Neutrophil and Platelet Killing Assays

Venous blood specimens were obtained after receipt of informed consent from healthy human subjects, under a protocol
approved by the UCSD IRB. Human neutrophils were freshly
isolated from heparinized blood, using Polymorphprep (AxisShield) per the manufacturer’s instructions, and erythrocytes
were lysed with sterile water as previously described [37].
Platelets were isolated from blood specimens that were
anticoagulated by using acid-citrate-dextrose buffer (Sigma).
After centrifugation of whole-blood specimens (at 200 ×g for 15
minutes, without a break), the upper two thirds of the plateletrich plasma was transferred to a nonsiliconized Eppendorf
tube. The platelet-rich plasma was centrifuged (at 450 ×g for
10 minutes), and the platelet-poor serum was removed. The
remaining pellet was resuspended in RPMI prior to seeding
a 96-well plate with 1 × 107 cells/well. Cells were infected at a
multiplicity of infection of 10 (neutrophils) or 0.01 (platelets)
with NDM-1–producing K. pneumoniae untreated or grown
overnight in a sub-bacteriostatic concentration of AVI
(4 mg/L). Bacteria were otherwise prepared identically to those
used in the killing assays described above. Only the neutrophilcontaining plates were centrifuged (at 300 ×g for 5 minutes), to
improve contact with bacteria. All plates were incubated at 37°C
in 5% CO2. Aliquots were collected at the indicated times and
serially diluted for CFU enumeration.
Fluorescence Microscopy

Single colonies of NDM-1–producing K. pneumoniae were
picked from LB plates and grown in LB overnight. Overnight
cultures were diluted 1:100 in 5% LB–RPMI and grown to an
OD600 of 0.20 prior to seeding in a 96-well plate with 100 μL
of culture medium per well. The antibiotic was added to

exponentially growing bacteria (OD600 of 0.20), placed in shaker
at 37°C, and collected after 2 hours. TAMRA-tagged LL-37 was
added, and cultures were incubated for an additional 30 minutes.
Cultures were subsequently stained with 2 mg/L of Hoechst
(nucleic acid) and 0.5 μM of SYTOX Green (Life Technologies),
and 6 μL was transferred onto a 1.2% agarose pad containing
10% LB–20% RPMI, for microscopy. Imaging analyses were
performed using FIJI (ImageJ-1.51 w) and CellProfiler 3.0. The
microscopist was not blinded.
Murine Lung Infection

Animal experiments were approved by the UCSD Institutional
Animal Care and Use Committee.
Cultures of NDM-1–producing K. pneumoniae were grown
overnight in LB at 37°C with shaking. Overnight cultures
were diluted 1:100 in fresh LB and grown to an OD600 of 0.40.
Bacteria were washed thrice with PBS via centrifugation at
3220 ×g at room temperature and resuspended in PBS to
yield 2.5 × 1010 CFU/mL. Female (8-week-old) C57Bl/6J mice
(Jackson Laboratories) were divided randomly into treatment
and control groups. Mice were anesthetized with 100 mg/kg
ketamine and 10 mg/kg xylazine. Once sedated, mice were
intratracheally infected with 40 μL (1 × 109 or 5 × 108 CFU/
mL) bacteria, using a plastic gel loading pipette after the vocal
chords were visualized using an operating otoscope (Welch
Allyn). Mice recovered on a warmed pad for 1 hour prior to receiving a 100-µL intraperitoneal dose of approximately 80 mg/
kg AVI. AVI was dosed every 8 hours, for a total of 3 doses. Mice
were euthanized with CO2 30 hours after infection and then underwent cervical dislocation. To enumerate total surviving bacteria in the lungs, all 5 lung lobes were removed and placed in a
2-mL sterile microtube (Sarstedt) containing 1 mL of PBS and
1-mm-diameter silica beads (Biospec). Lungs were weighed and
then homogenized by shaking twice at 6000 rpm for 60 seconds,
using a MagNA Lyser (Roche). Specimens were placed on ice as
soon as they were harvested. Aliquots from each tube were serially diluted in PBS for CFU enumeration on LA plates.
Murine AVI Dosing

AVI is only approved by the FDA for use in combination with
ceftazidime (Avycaz). Standard human dosing of Avycaz [31]
is 2.5 g (2 g of ceftazidime and 0.5 g of AVI) every 8 hours by
intravenous infusion over 2 hours. Therefore, daily dosing of
AVI is 1.5 g/day, or 25 mg/kg/day for an average adult. The
elimination half-life of AVI in mice is 10 times faster than that
in humans [31, 38]. Accounting for this and the high bacterial
inoculum used in our pneumonia model, mice received approximately 80 mg/kg intraperiteoneally every 8 hours, or approximately 5 mg/day for a mouse weighing 20 g.
Statistical Analyses

All data were collected from at least 3 biological replicates
performed in at least technical triplicate. Statistical analyses
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York metropolitan area and described in earlier publications
from our laboratory [35, 36]. Bacteria were grown overnight
in LB, and isolates were stored with 50% glycerol at −80°C.
Fresh colonies were streaked onto LB plates each week for all
experiments. Broth microdilution antimicrobial susceptibility
testing was performed in 5% LB–RPMI and cation-adjusted
MHB (CA-MHB) according to CLSI guidelines.

were performed using GraphPad Prism, version 7.0d. P
values < .05 were considered statistically significant.
RESULTS
K. pneumoniae

Human AMPs play an important role in innate immunity by
restricting microbial proliferation. Pore formation or membrane destabilization can occur when a critical concentration of
positively charged AMPs accumulate on the negatively charged
surface of microbes, leading to microbial death through
hypoosmotic lysis. Given structural and charge similarities between AMPs and synthetic polymyxin antibiotics that synergize
with AVI [20], we hypothesized that AVI could enhance the
activity of human cathelicidin LL-37. The NDM-1–producing
K. pneumoniae clinical isolate is resistant to BLIs, BLI/β-lactam
combinations, and LL-37 as single agents in the standard cationadjusted MHB bacteriologic testing media or tissue culturebased media (eg, 5% LB–RPMI) often used for AMP testing
(Table 1). However, marked synergistic killing of NDM-1–
producing K. pneumoniae by 8 μM LL-37 was observed with
AVI starting at 2 mg/L (an 8-log10 reduction), with no recovered
bacteria at 24 hours (Figure 1A). Similar results were seen across
KPC-producing and NDM-1–producing K. pneumoniae strains
(Figure 1B–D), despite resistance to BLIs and LL-37 as single
agents at the concentrations tested (Supplementary Table 1).
Likewise, the FDA-approved drug CZA demonstrated profound
killing of NDM-1–producing K. pneumoniae only in the presence of LL-37 (Supplementary Figure 1). ZID, a non–β-lactam
BLI control without activity against metallo-β-lactamases and
high-affinity binding for PBP2 in gram-negative bacteria [39,
40], also showed marked synergistic killing (an 8-log10 reduction) at doses as low as 0.25 mg/L at 24 hours (Figure 2B and
2D). No bactericidal activity was seen in NDM-1–producing
Table 1. Minimum Inhibitory Concentration (MICs) of Various Antibiotics
Against New Delhi Metallo-β-Lactamase (NDM)-1–Producing Klebsiella
pneumoniae, by Media

CA-MHBa

5% LB–RPMIb

Avibactam

128

64

Ceftazidime

>64

>64

Ceftazidime-avibactam (Avycaz)
Meropenem
Meropenem-vaborbactam (Vabomere)

64

64

128

512

32

256

Tazobactam

>64

>64

Ceftolozane-tazobactam

>64

>64

Aztreonam

512

32

64

64

LL-37

K. pneumoniae clinical isolate CDC 1100192, obtained from a sputum specimen, was used
in this study.
a

Cation-adjusted Müller-Hinton broth (CA-MHB).

b

5% Luria broth in Roswell Park Memorial Institute (RPMI) 1640 tissue culture medium.
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Permeability in NDM-1–producing K. pneumoniae

To gain insight into the mechanism of AVI and LL-37 synergy,
we used fluorescence microscopy to examine cell morphology,
LL-37 binding, and cell viability after 3 hours of monotherapy
or combination therapy with LL-37 with or without AVI, ZID,
or TAZ. In the presence of AVI or ZID, the normally rod-shaped
NDM-1–producing K. pneumoniae became spherical (100%;
n = 262 and n = 315, respectively; Figure 3A), an effect previously reported in E. coli secondary to PBP2 inhibition [17–19].
While TAZ (20 mg/L) binds PBP2 at high concentrations [12,
13], no morphologic change was observed in the presence of this
BLI (Figure 2A), which is expected to be hydrolyzed by NDM
because of its underlying β-lactam structure. Despite a strong
effect on cell shape, only 2.4% of cells (n = 262) treated with
AVI alone and 0.5% (n = 315) treated with ZID alone became
nonviable, similar to the percentage of nonviable cells (3.6%;
n = 352) for LL-37 treatment alone (Figure 3B). In contrast,
19.3% of cells (n = 167) treated with AVI plus LL-37 were nonviable (Figure 3B). Similarly, 15% (n = 266) treated with ZID plus
LL-37 were nonviable (Figure 3B). This synergistic increase in
killing correlated with a proportional increase in LL-37 binding
(Figure 3C); that is, AVI (4 mg/L) or ZID (4 mg/L) pretreatment
of NDM-1–producing K. pneumoniae enhanced binding of
TAMRA-tagged LL-37 to the bacterial outer membrane by approximately 4-fold (Figure 3C), a phenotype not observed with
TAZ (20 mg/L) pretreatment. Among cells that stained positive
for LL-37, SYTOX Green permeability increased 2-fold with AVI
or ZID cotreatment as compared to LL-37 alone or TAZ plus
LL-37 (Figure 3D). Overall, these studies suggest that BLIs that
confer a rod-to-sphere morphologic change render NDM-1–
producing K. pneumoniae more susceptible to LL-37 binding,
which subsequently increases the frequency of cell death.
AVI Sensitized NDM-1–producing K. pneumoniae to Killing by Human Serum

MIC, mg/L
Antibiotic

AVI Induces Morphologic Changes and Boosts LL-37–Mediated Membrane

The complement system, a network of proteins found in high
concentrations in human serum, is a key first-line element
of host defense. Upon recognition of microbial patterns, the
complement cascade is activated on bacterial surfaces, and
the C5-C9 membrane attack complex can assemble to form
pores in the gram-negative outer membrane, leading to cell
lysis and death. Prior studies have demonstrated enhanced
complement-mediated immunity in the presence of cell wall–active antibiotics that bind PBPs [41]. Since AVI binds PBP2 [16],
we hypothesized that AVI could increase complement-mediated
killing. Indeed, AVI treatment in the presence of 20% human
serum resulted in a 6-log10 reduction in recoverable NDM-1–
producing K. pneumoniae CFUs within 6 hours as compared to
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Bactericidal Synergy of AVI With Human LL-37 Against NDM-1–producing

K. pneumoniae treated solely with AVI, ZID, or LL-37 with or
without TAZ, a BLI control with a β-lactam structure that binds
PBP2 and is hydrolyzed by NDM [12] (Figure 2A–C).

Killing of carbapenemase-producing KP

A
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KPC-producing KP
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8
6
4
2
0
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Time (h)

1
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8
6
4
2
0

****

0

10
20
Time (h)
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B
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6
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0
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4

1

NDM-1-producing KP
CDC 0158
10
8
6
4
2
0

No antibiotics
AVI
LL-37
LL-37+AVI

****

0

10
20
Time (h)
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Figure 1. Avibactam (AVI) sensitizes New Delhi metallo-β-lactamase (NDM)-1–producing Klebsiella pneumoniae (KP) to killing by LL-37. A, AVI (4 mg/L) synergizes with
LL-37 (8 μM) to kill NDM-1–producing KP in a dose-dependent fashion without bacterial regrowth 24 hours after treatment. B–D, Similar findings are seen across additional
carbapenemase-producing clinical strains in the presence of 4 mg/L AVI and either 8 μM LL-37 (B and C) or 4 μM LL-37 (D). CFU, colony-forming units; KPC, KP carbapenemase.
****P < .0001, by Kruskal-Wallis 1-way analysis of variance.

NDM-1-producing KP
No antibiotics

B
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ZID
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TAZ
10
8
6
4
2
0

TAZ
LL-37+TAZ
0

10

Time (h)
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C
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8
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4
2
0
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8
6
4
2
0

Log10 CFU/mL
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A

LL-37

8
6
4
2
0

0

0.0625

0.125
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0.50
0
ZID concentration (mg/L)

0.0625

0.125

****

****

0.25

0.50

Figure 2. Zidebactam (ZID) sensitizes New Delhi metallo-β-lactamase (NDM)-1–producing Klebsiella pneumoniae (KP) to killing by LL-37. A, As seen with avibactam (AVI;
4 mg/L), ZID (4 mg/L), a diazabicyclooctane β-lactamase inhibitor (BLI) without a β-lactam ring, synergizes with LL-37 (8 μM) to kill NDM-1–producing KP in a dose-dependent
fashion (B and D), whereas TAZ (20 mg/L), a BLI with a 4-membered β-lactam ring that is hydrolyzed by β-lactamases, does not demonstrate synergy (C). CFU, colony-forming
units. ****P < .0001, by Kruskal-Wallis 1-way analysis of variance.
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0
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SYTOX Green TAMRA-LL-37
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Bacterial killing of
LL-37-positive cells
***
****
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50
0

No antibiotics TAZ

ZID

AVI

Figure 3. Treatment of New Delhi metallo-β-lactamase (NDM)-1–producing Klebsiella pneumoniae (KP) with sub–minimum inhibitory concentrations (MICs) of avibactam
(AVI) or zidebactam (ZID) results in a rod-to-sphere morphologic change that increases the frequency of cell death only in the presence of LL-37. A–C, AVI (4 mg/L) or ZID
(4 mg/L) induce a rod-to-coccus shape change (A) that, while nonlethal to the organism (B), results in increased binding of fluorescence-labeled LL-37 (8 μM) to the NDM-1–
producing KP cell wall (C). D, Upon AVI (4 mg/L) or ZID (4 mg/L) treatment, nearly 100% of cells bound by fluorescence-labeled LL-37 (8 μM) were also SYTOX Green positive,
a proxy for compromised membranes characteristic of dead cells, yet only approximately 50% of cells in the control conditions had concomitant staining. Arrows denote
LL-37–positive cells that were SYTOX Green negative. NS, not significant.***P < .001 and ****P < .0001, by Kruskal-Wallis 1-way analysis of variance.

controls treated with 20% human serum alone. This effect was
blocked by heat treatment to inactivate complement (Figure 4A).
AVI Sensitizes NDM-1–producing K. pneumoniae to Killing by Neutrophils
and Platelets

AVI synergy with LL-37 against NDM-1–producing
K. pneumoniae suggests that AVI could also sensitize this drugresistant pathogen to killing by neutrophils and platelets, which
release cationic AMPs in response to bacterial stimuli [42, 43].
Indeed, pretreatment of NDM-1–producing K. pneumoniae with
a sub-bacteriostatic concentration of AVI (4 mg/L) markedly
sensitized NDM-1–producing K. pneumoniae to killing by freshly
isolated human neutrophils (Figure 4B) and platelets (Figure 4C).
Activity of AVI Monotherapy in NDM-1–producing K. pneumoniae Lung
Infection

AVI sensitization of NDM-1–producing K. pneumoniae to
killing by cathelicidin, serum, neutrophils and platelets,
6 • jid 2019:XX (XX XXXX) • Ulloa et al

suggested potential utility in vivo despite absent activity
as a sole agent in the standard MIC testing paradigm.
Although our mouse model was relatively resistant to lung
infection by our NDM-1–producing K. pneumoniae isolate,
we found in pilot studies that a high bacterial inoculum
(1 × 10 9 CFU/mL) resulted in >50% mortality within 72
hours (Supplementary Figure 2). Using this challenge dose,
we used a humanized dosing regimen corrected for the
increased murine elimination half-life of AVI (ie, 80 mg/kg
administered 1 hour after infection and then every 8 hours
thereafter for a total of 3 doses). AVI monotherapy led to
a modest (ie, 0.8-log) but statistically significant reduction in the number of NDM-1–producing K. pneumoniae
CFU recovered from lungs 30 hours after challenge (Figure
4D). Similar findings were seen across KPC-producing
K. pneumoniae strains at lower bacterial inoculums (5 × 108
CFU/mL; Figure 4D).
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Figure 4. Avibactam (AVI) synergizes with frontline components of innate immunity to kill New Delhi metallo-β-lactamase (NDM)-1–producing Klebsiella pneumoniae
(KP) in vitro and in vivo. A–C, AVI (4 mg/L) increases sensitivity of NDM-1–producing KP to complement-dependent killing in human serum (A), to neutrophil killing (B), and to
platelet killing (C). D, AVI (240 mg/kg/day, administered via 3 doses) modestly but significantly reduces NDM-1– and KP carbapenemase–producing KP counts at 30 hours in a
murine lung infection model (n = 10). CFU, colony-forming units; HI, heat inactivated; NS, not significant. *P < .05, **P < .01, and ****P < .0001, by the 2-tailed Student t test.

DISCUSSION

The increasing prevalence of drug-resistant pathogens threatens
our ability to manage life-threatening bacterial infections and
poses significant challenges to balancing the efficacy and toxicity
of potential antimicrobial therapies. K. pneumoniae is particularly problematic because of its tendency to harbor metallo-βlactamases, including NDMs, for which we have a paucity of
reliable treatments. Innovative treatment strategies are central
to addressing this critical and growing problem. To that end, the
goal of this study was to reexamine the action of AVI, which has
no appreciable direct antibacterial activity in standard testing
paradigm on its own, in the context of the innate immune
system. We found striking bactericidal activity against highly
drug-resistant NDM-1– and KPC-producing clinical strains
treated with AVI in the presence of LL-37, a human AMP
abundantly expressed in neutrophils and at epithelial surfaces
during infection. The concentrations of AVI used to achieve
this sensitizing effect were well below pharmacologically attainable serum concentrations in patients receiving standard CZA
dosing [31]. We also found marked synergy of CZA with LL-37,

suggesting that this FDA-approved drug may possess a clinically applicable off-label use in treatment of NDM-producing
K. pneumoniae infections through interactions with the innate
immune system. This remarkable finding provides a potential
mechanistic underpinning for prior studies that reported susceptibility of NDM-producing K. pneumoniae to CZA in vivo
but not in vitro in the absence of immunomodulators [44].
While the precise molecular mechanism of this synergistic interaction remains to be discovered, subinhibitory concentrations
of AVI appear to influence bacterial cell wall mechanics. AVI is
a non–β-lactam BLI with no activity against NDMs. However,
AVI binds selectively to PBP2 [16], an enzyme critical for
maintaining the cellular morphology in gram-negative bacteria [17–19]. Microscopy demonstrated a K. pneumoniae morphologic transition from rod to sphere in the presence of AVI,
reminiscent of morphologic changes in E. coli in the presence
of mecillinam, a β-lactam that specifically inactivates PBP2
[17–19]. Similar findings were seen in the presence of ZID, a
non–β-lactam BLI with high-affinity binding to PBP2. High
but pharmacologically attainable doses of TAZ, a β-lactam BLI
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