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against Methicillin-Resistant
Staphylococcus aureus and Colistin
against Acinetobacter baumannii
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University of California—San Diego School of Medicine, La Jolla, California, USAa; Sharp Healthcare System, San
Diego, California, USAb; University of Wisconsin—Madison School of Pharmacy, Madison, Wisconsin, USAc;
Department of Biological Sciences, University of California—San Diego, La Jolla, California, USAd; Eugene
Appelbaum College of Pharmacy, Wayne State University, Detroit, Michigan, USAe; Skaggs School of
Pharmacy, University of California—San Diego, La Jolla, California, USAf

ABSTRACT We asked whether beta-lactamase inhibitors (BLIs) increased the activity
of daptomycin (DAP) against methicillin-resistant Staphylococcus aureus (MRSA), the
peptide antibiotic colistin (COL) against the emerging Gram-negative nosocomial
pathogen Acinetobacter baumannii, and the human host defense peptide cathelicidin
LL37 against either pathogen. DAP and LL37 kill curves were performed with or
without BLIs against MRSA, vancomycin-intermediate S. aureus (VISA), and heteroge-
neous VISA (hVISA). COL and LL37 kill curves were performed against A. baumannii.
Boron-dipyrromethene (BODIPY)-labeled DAP binding to MRSA grown with the BLI
tazobactam (TAZ) was assessed microscopically. The combination of COL plus TAZ
was studied in a murine model of A. baumannii pneumonia. TAZ alone lacked in
vitro activity against MRSA or A. baumannii. The addition of TAZ to DAP resulted in a
2- to 5-log10 reduction in recoverable MRSA CFU at 24 h compared to the recover-
able CFU with DAP alone. TAZ plus COL showed synergy by kill curves for 4 of 5
strains of A. baumannii tested. Growth with 20 mg/liter TAZ resulted in 2- to 2.5-fold
increases in the intensity of BODIPY-DAP binding to MRSA and hVISA strains. TAZ
significantly increased the killing of MRSA and A. baumannii by LL37 in vitro. TAZ in-
creased the activity of COL in a murine model of A. baumannii pneumonia. Classical BLIs
demonstrate synergy with peptide antibiotics. Since BLIs have scant antimicrobial activity
on their own and are thus not expected to increase selective pressure toward antibiotic
resistance, their use in combination with peptide antibiotics warrants further study.

KEYWORDS beta-lactamase inhibitor, cathelicidin, colistin, daptomycin, peptide
antibiotic

Treatment of multidrug-resistant (MDR) bacterial infections is posing an increasing
challenge for clinicians worldwide. The “ESCAPE” pathogens (vancomycin-resistant

Enterococcus faecium [VRE], methicillin-resistant Staphylococcus aureus [MRSA], Clostrid-
ium difficile, Acinetobacter baumannii, Pseudomonas aeruginosa, and carbapenem-
resistant Enterobacteriaceae) have required us to expand our antimicrobial therapeutic
repertoire through either the development of new drugs or “thinking outside the box”
to identify novel applications of our existing antibiotic options. In addition, the pre-
dictive value of traditional antibiotic susceptibility testing for patient outcomes remains
limited and fails to fully replicate in vivo conditions (1). For example, the activity of the

Received 9 August 2016 Returned for
modification 27 August 2016 Accepted 14
November 2016

Accepted manuscript posted online 21
November 2016

Citation Sakoulas G, Rose W, Berti A, Olson J,
Munguia J, Nonejuie P, Sakoulas E, Rybak MJ,
Pogliano J, Nizet V. 2017. Classical β-lactamase
inhibitors potentiate the activity of daptomycin
against methicillin-resistant Staphylococcus
aureus and colistin against Acinetobacter
baumannii. Antimicrob Agents Chemother
61:e01745-16. https://doi.org/10.1128/
AAC.01745-16.

Copyright © 2017 Sakoulas et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to George Sakoulas,
gsakoulas@ucsd.edu.

EXPERIMENTAL THERAPEUTICS

crossm

February 2017 Volume 61 Issue 2 e01745-16 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://doi.org/10.1128/AAC.01745-16
https://doi.org/10.1128/AAC.01745-16
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:gsakoulas@ucsd.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01745-16&domain=pdf&date_stamp=2016-11-21
http://aac.asm.org


macrolide antibiotic azithromycin may be significantly underestimated using standard
bacteriological media compared to media used for eukaryotic tissue culture cell growth,
such as Roswell Park Memorial Institute 1640 (RPMI 1640) medium (2–4). Additional
data show nonlethal but clinically significant effects of antistaphylococcal �-lactams on
MRSA and ampicillin on vancomycin-resistant E. faecium, affording these drugs a useful
role as adjunctive therapy in difficult infections (5–7).

We have found that carbapenems and penicillins are better than cephalosporins in
potentiating the activity of the peptide antibiotic daptomycin (DAP) against MRSA (8).
We noted similarities of the structures of these compounds to the structures of the
classic �-lactamase inhibitors (BLIs) tazobactam (TAZ), sulbactam (SLB), and clavulanic
acid. We hypothesized that the BLIs themselves may also exert similar effects in
potentiating peptide antibiotics. We focused specifically on the Gram-positive thera-
peutic agent DAP against MRSA and the Gram-negative therapeutic agent colistin (COL)
against A. baumannii. To extend our studies to potential innate immune potentiation,
we examined the effects of BLIs on the activity of the endogenous antimicrobial
peptide human cathelicidin LL37 against both MRSA and A. baumannii.

(This work was presented in part at the 55th Interscience Conference on Antimi-
crobial Agents and Chemotherapy [ICAAC], September 2015, San Diego, CA [24].)

RESULTS
The peptide antibiotic COL and TAZ are synergistic against A. baumannii. Kill

curve assays were performed against a total of 6 A. baumannii strains. Strain AB was
examined by both time-kill assays (Fig. 1A) and pharmacokinetic/pharmacodynamic
(PK/PD) modeling simulating COL at 2.5 or 5 mg/kg of body weight/day alone or
combined with TAZ at 500 mg every 8 h (q8h) (Fig. 1B). COL alone resulted in �3-log10

growth from the starting inoculum, but the combination showed rapid killing early,
with regrowth at later time points. AB5057 and 4 additional clinical strains were
examined by standard kill curves, and the results are shown in Fig. S1 in the supple-
mental material. Synergy was noted where each agent alone resulted in no killing but
the two-drug combination resulted in bactericidal activity against AB5075 and three of
the four clinical strains tested. Interestingly, the presence of TAZ at 20 mg/liter in the
medium reduced the COL MIC by only 1 dilution for 2 of the 4 strains tested (including
AB5075) and did not change the MIC for 2 strains.

BLIs enhance the activity of the peptide antibiotic DAP against MRSA. Antimi-
crobial susceptibility results against S. aureus bacteria are shown in Table 1. Kill curve
assays performed by using subinhibitory antibiotic concentrations alone and in com-
bination showed synergy of the BLI TAZ (Fig. 2A) or SLB (Fig. 2B). Vancomycin-
intermediate S. aureus (VISA) strain D712 was examined by PK/PD modeling simulating
DAP at 6 mg/kg/day and TAZ at 500 mg every 8 h (comparable to the TAZ exposure

FIG 1 Time-kill curves demonstrating synergistic killing of COL plus TZB against Acinetobacter baumannii.
(A) Kill curve of static sub-MICs against A. baumannii strain AB5075 (dashed line, growth control; black
circles, COL 0.4 mg/liter; black squares, TAZ 20 mg/liter; black triangles, COL 0.4 plus TAZ 20 mg/liter). (B)
Simulated in vitro PK/PD modeling against another clinical A. baumannii strain (dashed line, growth
control; black squares, COL 2.5 mg/kg/day; black triangles, COL 5 mg/kg/day; white squares, COL 2.5
mg/kg/day plus TAZ 500 mg q8h; white triangles, COL 5 mg/kg/day plus TAZ 500 mg q8h).
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with piperacillin-TAZ at 4.5 g every 8 h). As anticipated, TAZ or DAP monotherapy
against this VISA strain displayed minimal activity, with bacterial counts at 24 and 48 h
being similar to those of the growth control (�2-log10 growth above that of the
starting inoculum). The combination of TAZ plus DAP resulted in bacterial counts that
were 2 log10 units lower than those with either monotherapy, although this was
approximately the starting inoculum at 24 and 48 h (Fig. 2C).

BLIs enhance DAP binding to MRSA and hVISA bacterial cell membranes.
Sample microscopic fields and graphic quantitation of boron-dipyrromethene (BODIPY)-
DAP binding are shown for MRSA Sanger 252 (Fig. 3A) and heterogeneous VISA (hVISA)
strain D592 (Fig. 3B). The concentrations of TAZ and SLB of 20 mg/liter were chosen to
be at or close to the maximum concentration of drug in serum (Cmax) when these
compounds are administered clinically with piperacillin and ampicillin, respectively. At
this concentration, MRSA Sanger showed enhanced binding to BODIPY-DAP. However,
for hVISA D592, the conditions were kept the same for TAZ, but the concentration of
SLB was reduced to 10 mg/liter. The lower SLB concentration resulted in BODIPY-DAP
binding close to that for the antibiotic-free control.

BLIs enhance the activity of the human cathelicidin LL37. We have previously
shown that the growth of MRSA with concentrations of �-lactam antibiotics at a
fraction of the MIC enhances the vulnerability of MRSA to killing by host cationic
defense peptides, including the human cathelicidin LL37 (5, 6). VISA strain D712 was
grown with subinhibitory nafcillin concentrations or various concentrations of TAZ (1,
10, and 40 mg/liter), spanning a concentration range achieved in vivo with the currently
approved dosing of piperacillin-TAZ, and then treated with LL37 (128 �M) for 2 h, with
percent survival being shown in Fig. 4A. With nafcillin serving as a previously characterized
positive control, increasing concentrations of TAZ stimulated increased bacterial killing by

FIG 2 Time-kill curve demonstrating synergistic killing of DAP plus beta-lactamase inhibitors. (A) Kill curve of static sub-MICs of DAP plus
TAZ against MRSA strain Sanger 252 (black down triangles, growth control; black circles, DAP 2 mg/liter; black squares, TAZ 20 mg/liter;
black up triangles, DAP 2 mg/liter plus TAZ 20 mg/liter); (B) Kill curve of static sub-MIC of DAP plus SLB against MRSA strain Sanger 252
(black down triangles, growth control; black circles, DAP 2 mg/liter; black squares, SLB 20 mg/liter; black up triangles, DAP 2 mg/liter plus
SLB 20 mg/liter); (C) Simulated in vitro PK/PD modeling of DAP plus TAZ against daptomycin-nonsusceptible VISA D712 (dashed line,
growth control; black circles, DAP 6 mg/kg/day; black squares, TAZ 500 mg q8h; black up triangles, DAP 6 mg/kg/day plus TAZ 500 mg
q8h).

TABLE 1 Bacterial strains used in this study

Strain Strain description

Antimicrobial susceptibility (MIC [mg/liter])a

VAN DAP COL PB TAZ

AB5075 A. baumannii NA NA 1 1.5 64
AB1 A. baumannii NA NA 0.75 1 �64
AB2 A. baumannii NA NA 1 0.5 �64
AB3 A. baumannii NA NA 1.5 1.5 �64
AB4 A. baumannii NA NA 1 1 64
D712 VISA 4 4 NA NA �32
D592 hVISA 2 1 NA NA �32
MRSA Sanger MRSA 1 0.5 NA NA �32
aNA, not applicable; PB, polymyxin B.
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LL37. A similar study was performed for hVISA D592, utilizing LL37 (64 �M) after growth
with TAZ, SLB, or clavulanic acid, with a similar enhancement of killing (Fig. 4B).

To complement these studies, MRSA Sanger 252 and A. baumannii AB5075 were
studied with conventional kill curves to examine LL37 and TAZ synergy (Fig. 5A and B,
respectively), using subinhibitory concentrations of each drug alone or in combination.
TAZ exposure alone did not change bacterial growth compared to that with the
medium control, whereas LL37 exposure alone resulted in stasis against MRSA and a
2-log10 kill with regrowth to the starting inoculum for A. baumannii. However, the
combination of both TAZ and LL37 at one-quarter their respective MICs resulted in a
synergistic �2.5-log10 kill for MRSA (Fig. 5A) and a rapid and sustained 4-log10 kill for
A. baumannii (Fig. 5B).

BLIs do not prevent the emergence of DAP resistance in MRSA using in vitro
passage. It was previously demonstrated that �-lactams slow the emergence of DAP
nonsusceptibility in MRSA by preventing mprF mutation selection (9). MRSA was
passaged serially with DAP alone as well as with TAZ, SLB, or oxacillin as a positive
control. Table 2 demonstrates that unlike oxacillin, the BLIs were unable to prevent an
increase in the DAP MIC over 28 days.

TAZ enhances COL activity in a murine model of A. baumannii pneumonia. The
combination of COL plus TAZ was tested in a murine model of A. baumannii (AB5075)
pneumonia. An enhancement in bacterial clearance from lung tissue was observed
upon the addition of TAZ compared to that with COL alone (Fig. 6).

FIG 4 (A) LL37 killing assays displaying 2-h survival of VISA strain D712 (LL37 at 128 �M) after growth
overnight in antibiotic-free medium (control) or in medium containing nafcillin (NAF) or tazobactam (TZ)
at the indicated concentrations (milligrams per liter). (B) Similar experiment with hVISA D592 utilizing
LL37 at 64 �M and nafcillin, tazobactam, SLB, or clavulanic acid (CLV).

FIG 3 Increased binding of BODIPY-labeled daptomycin (BDP-DAP) by tazobactam (TZ) or SLB for MRSA Sanger 252 (A)
or hVISA D592 (B). Cells were incubated for 20 min with BODIPY-DAP at 8 mg/liter (Sanger 252) or 16 mg/liter (D592)
after growth to an OD600 of 0.5 in antibiotic-free medium (control) or with TAZ or SLB. Error bars show standard errors
of the means for 3 analyzed fields. *, P � 0.001 (A) or P � 0.05 (B); **, P � 0.0001 (A).
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DISCUSSION

Expanding our knowledge of the use of our currently available antibiotics, especially
against drug-resistant Gram-negative bacteria, is more important than ever before as
the number of antibiotic-resistant bacterial infections increases worldwide (10). Among
the Gram-negative bacteria, A. baumannii is particularly problematic since none of the
newly developed antibiotics focused on expanding treatment options for infections by
Gram-negative pathogens provide any further benefit above what had already been
available. Ceftolozane-TAZ provides enhanced activity against Pseudomonas aeruginosa
and common extended-spectrum �-lactamases (11), whereas another new combina-
tion, ceftazidime-avibactam, employs a novel non-�-lactam BLI to counteract the
carbapenemases that are becoming more common in Enterobacteriaceae (12). For
MRSA, we have been fortunate to have several new drugs added to the clinical
therapeutic repertoire in the past decade to build upon the waning efficacy of
vancomycin, but treatment of the most severe infections remains problematic, often
requiring combination antimicrobial therapy (5, 6, 13, 14).

BLIs with �-lactam structures were previously characterized to have some antibac-
terial activity on their own, including activity against Neisseria spp., Acinetobacter spp.,
Burkholderia, and even Borrelia burgdorferi. Early studies by Urban et al. characterized
the activities of SLB and TAZ against A. baumannii and determined that at lower
concentrations, the effect was due to �-lactamase protection, but at higher concen-
trations, the effect was due to the binding of penicillin binding protein 2 (PBP2) � PBP1,
with consequential effects on cell wall synthesis (15). However, a more recent study
showed that the activity of SLB against A. baumannii was much more complex (16).
Those researchers found that SLB bound PBP1 � PBP3 � PBP2 but that the total effect
of SLB activity was “greater than the sum of the parts” that could be assayed with
conventional PBP studies. Those authors hypothesized that binding to lower-molecular-
weight PBPs or other factors involved in cell wall synthesis may play a role in the
collective activity of SLB against A. baumannii (16).

The goal of this study was to examine whether the �-lactam molecular structure of
traditional BLIs that affect cell wall synthesis through cell wall binding would enhance

TABLE 2 Effect of combination passage with daptomycin in vitro on selection of
daptomycin-nonsusceptible MRSA

Drug exposure

Day 28 DAP MIC (mg/liter)

Replicate 1 Replicate 2 Replicate 3 Replicate 5 Replicate 5 Median

DAP 8 12 24 32 32 24
DAP � tazobactam 1 16 16 16 32 16
DAP � sulbactam 8 32 32 32 64 32
DAP � oxacillin 0.02 0.05 1 3 3 1

FIG 5 Time-kill curve demonstrating synergistic killing with host defense cationic peptide LL37 plus
beta-lactamase inhibitors. (A) MRSA Sanger 252 (black down triangles, growth control; black circles, LL37
64 uM; black squares, TAZ 20 mg/liter; black up triangles, LL37 64 mM plus TAZ 20 mg/liter); B)
Acinetobacter baumannii AB5075 (black down triangles, growth control; black circles, LL37 2 mM; black
squares, TAZ 20 mg/liter; black up triangles, LL37 2 mM plus TAZ 20 mg/liter.
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peptide antibiotic activity (COL against A. baumannii and DAP against MRSA). We found
a potentiation of COL activity by TAZ against multiple strains of A. baumannii in vitro.
The concentrations of TAZ chosen in kill curve assays are representative of serum
concentrations obtained in patients with conventional approved dosing of piperacillin-
TAZ, while COL concentrations were approximately one-half the MIC. The synergy
observed in kill curve assays was corroborated by using PK/PD simulated modeling
methods as well. TAZ enhanced the killing activity of A. baumannii by human catheli-
cidin LL37 by using both traditional kill curve experiments and pretreatment sensiti-
zation methods. Finally, TAZ improved the activity of COL in a murine model of A.
baumannii pneumonia employing the virulent multidrug-resistant strain AB5075. Of
interest, growth of COL-dependent A. baumannii was completely abolished in the
presence of easily achievable concentrations of TAZ, suggesting a possible role of BLIs
in reducing the emergence of COL dependence or as a combination agent with COL in
serious A. baumannii infections.

DAP activity against MRSA, hVISA, and VISA was enhanced by BLIs, as evidenced by
data from kill curve studies, PK/PD modeling, and the demonstration of enhanced DAP
membrane binding by microscopy. Similarly to findings with A. baumannii, the activity
of the host defense peptide cathelicidin LL37 was enhanced by BLIs. These studies
underscore a poorly appreciated phenomenon in which �-lactam molecules may exert
useful pharmacodynamic effects against �-lactam-resistant organisms, which may be
exploited in combination antimicrobial therapy to provide more enhanced antibacterial
potency and/or to reduce the emergence of antimicrobial resistance.

While the precise mechanisms of how BLIs enhance DAP and LL37 activities against
MRSA, VISA, and hVISA are unknown, these compounds likely influence cell wall
synthesis and metabolism through PBP binding rather than protection of the primary
�-lactam through �-lactamase inhibition. This is supported by our observations of cell
wall thickness using electron microscopy (our unpublished observations). A recent
study by Smith et al. also supports this notion by showing that ceftolozane-TAZ
enhances the activity of DAP against the DAP-susceptible MRSA isolate used in their
study (17). Ceftolozane by itself shows little to no activity against MRSA and does not
enhance the activity of DAP. The addition of TAZ enhances DAP activity, suggesting
that TAZ and ceftolozane may exhibit complementary PBP binding against MRSA that
allows enhanced DAP activity.

FIG 6 Murine model of A. baumannii pneumonia in BALB/c mice (5 per group) treated for 24 h with COL,
tazobactam (TZ), both COL and tazobactam, or saline and enumeration of bacteria in harvested lungs
(CFU per gram). Horizontal bars represent the medians for each group. *, P � 0.008 versus the control;
**, P � 0.047 versus COL; n.s., not significant.
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These findings hold some important implications. First, they add further support to
an already growing line of data demonstrating a very profound and global “seesaw
effect” between �-lactam and peptide antibiotics, which spans across multiple species,
both Gram positive and Gram negative. It appears that the �-lactam structure, and,
consequentially, PBP binding and inhibition of cell wall synthesis, extends the seesaw
effect to BLIs. Our preliminary evaluation of non-�-lactam BLIs shows that the seesaw
effect does not extend to this class of compounds (G. Sakoulas, unpublished observa-
tions).

Second, these data support the clinical availability of BLIs as solo agents and not
solely as compounds to be coadministered with �-lactam antibiotics. The availability of
BLIs alone would allow them to be coadministered with peptide antibiotics and reduce
collateral damage in selecting resistant bacteria, which has been documented with the
broad use of �-lactams and BLIs in combination. Third, these data further underscore
the importance of combination antibiotic therapy against the most resistant bacterial
infections.

Limitations of this study include the fact that it involved the evaluation of a small
number of strains, and not all experiments were carried out with all the available
classical BLIs. An in vivo study was not performed to assess the effect of DAP plus BLI
because DAP activity in animal models is excellent and therefore difficult to build upon,
unlike the modest activity of COL. Most importantly, this phenomenon awaits clinical
study, although dissecting the true clinical effects of BLIs alone will be limited, as these
drugs are not available for use without a concomitant beta-lactam. While some
evidence supports these data by showing a clinical benefit of adding SLB to COL for the
treatment of A. baumannii pneumonia (18), a more thorough clinical evaluation is
needed.

In summary, BLIs appear to enhance the activities of both exogenous and endog-
enous peptide antibiotics against MRSA and A. baumannii. While BLI activities are more
modest than those of ceftaroline and antistaphylococcal beta-lactams in potentiating
DAP activity and preventing DAP resistance against MRSA, they represent a novel
starting point for designing future therapeutic antibiotic treatments against drug-
resistant Gram-positive and Gram-negative pathogens.

MATERIALS AND METHODS
Bacterial strains and in vitro susceptibility and synergy tests. Bacterial strains used in this study

are described in detail in Table 1, including the well-characterized virulent strain A. baumannii AB5075
(19). Susceptibility testing was performed by using standard broth microdilution methods with cation-
adjusted Mueller-Hinton II broth (MHB). Kill curves were performed with MHB in triplicate by utilizing the
specified concentrations of DAP versus MRSA or COL versus A. baumannii, with or without the classical
BLI TAZ or SLB (2, 13). The concentrations of COL (2) and DAP (13) utilized were based on previously
reported data. TAZ and SLB concentrations were chosen to be just below the maximal serum concen-
tration with standard dosing for the respective beta-lactam–BLI combination drug dosing (20, 21).
Aliquots were obtained at 0, 3 to 6, and 24 h and serially diluted, and 10 �l was plated onto LB plates.
CFU were counted after 24 h, and the number of CFU per milliliter was calculated. At 24 h, aliquots of
combination antibiotics were spun down and concentrated 10-fold in fresh LB broth to bring the limit
of detection to 10 CFU/ml (1.0 log10 CFU/ml). In kill curves, synergy was defined as the achievement of
a �2-log10 reduction in CFU compared to that of the most active single agent (22). A. baumannii COL
susceptibility testing was also performed with MHB containing TAZ at 20 mg/liter.

Effects of BLIs on DAP bacterial membrane binding. The ability of DAP to bind to membranes of
MRSA Sanger 252 and hVISA D592 was determined by using BODIPY-labeled DAP (Cubist Pharmaceu-
ticals, Lexington, MA) as previously described (5, 6). Briefly, bacteria were grown to an optical density at
600 nm (OD600) of 0.5 in antibiotic-free LB broth or in LB broth containing 10 to 20 mg/liter TAZ or SLB.
Cultures were subsequently incubated for 20 min with 16 mg/liter BODIPY-DAP. Microscopy and
quantification were performed by using methods described previously (5, 6).

Effects of BLIs on cathelicidin LL37 killing of MRSA and A. baumannii. Bacteria were grown
overnight in antibiotic-free LB broth or in LB broth containing TAZ or SLB (10 to 20 mg/liter). Bacteria
were spun down, washed once in sterile phosphate-buffered saline (PBS), and subjected to 2-h LL37
killing assays at the specified concentrations in RPMI medium supplemented with 10% LB broth, as
previously described (5). Results were determined in quadruplicate and expressed as the percentage of
surviving bacteria compared to the number of bacteria in the starting inoculum. Standard synergy assays
for LL37 were also performed with RPMI supplemented with 10% LB broth, with sampling at 0, 4, and 24
h in triplicate. Results were expressed at log10 CFU per milliliter versus time.
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In vitro PK/PD modeling. VISA strain D712 was analyzed by in vitro PK/PD modeling simulating DAP
at 6 mg/kg daily and TAZ at 500 mg every 8 h alone or in combination by using previously reported
methods for simulating the clearance of antibiotics with two different half-lives (23). A. baumannii 2166
was analyzed for killing by COL at 2.5 mg/kg/day and 5 mg/kg/day alone or in combination with TAZ at
500 mg every 8 h.

Serial passage in vitro to examine preventing a loss of DAP susceptibility in MRSA by BLIs.
Isolated colonies of hVISA strain D592 were passaged for 28 days with escalating concentrations of DAP,
as outlined previously (9), in medium containing no antibiotic or a consistent concentration of SLB, TAZ,
or oxacillin (positive control). In this fashion, the concentration of DAP was increased stepwise, while the
concentration of the BLI or oxacillin was held constant, as previously described (9). Secondary antibiotics
were added at the following concentrations according to the average free-drug concentration in human
serum [fCavg � (fCmax � fCmin)/2]: 16 mg/liter for oxacillin, 12 mg/liter for TAZ, and 21 mg/liter for SLB.
Five distinct, independent, replicate passages were assessed for each antibiotic combination tested. DAP
MICs were evaluated weekly via broth microdilution using MHB supplemented with 50 mg/liter Ca2�.

A. baumannii murine pneumonia model. A murine model of A. baumannii AB5075 pneumonia and
COL treatment was performed as previously described (2). A. baumannii AB5075 was grown in LB broth
overnight and resuspended in sterile PBS to an OD600 of 0.5 (�5 � 108 CFU/ml), and 30 �l was
administered intratracheally to BALB/c mice (25 g). One hour later, therapy was begun with either 0.1 ml
PBS � 1 dose, TAZ at 20 mg/kg in 0.1 ml PBS q8h � 3 doses, COL at 8 mg/kg in 0.1 ml PBS � 1 dose,
or both COL and TAZ administered intraperitoneally, with 5 animals/group. The animals were sacrificed
at 24 h, and lungs were harvested, weighed, and homogenized in sterile PBS. Homogenates were plated
in serial dilutions on Todd-Hewitt agar (THA) plates, and colonies were enumerated after 24 h to calculate
the CFU per gram of tissue.

Animals were maintained in accordance with the American Association for Accreditation of Labora-
tory Animal Care Criteria, and the above-described studies were approved by the Animal Care and Use
Committee (IACUC) of the University of California, San Diego.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01745-16.

TEXT S1, PDF file, 0.09 MB.

ACKNOWLEDGMENTS
This research was supported by National Institutes of Health grants 1U01AI124316-01 and

HD071600 (G.S. and V.N.).
G.S. has received research grant support from Allergan Pharmaceuticals, speaking

honoraria from Merck, Allergan, Sunovion, and The Medicines Company, and consulting
fees from The Medicines Company. V.N. has received research grant support from
Roche Pharma and is on the scientific advisory board of Cidara Therapeutics.

REFERENCES
1. Doern GV, Brecher SM. 2011. The clinical predictive value (or lack

thereof) of the results of in vitro antimicrobial susceptibility tests. J Clin
Microbiol 49:S11–S14. https://doi.org/10.1128/JCM.00580-11.

2. Lin L, Nonejuie P, Munguia J, Hollands A, Olson J, Dam Q, Kumaraswamy
M, Rivera H, Corriden R, Rohde M, Hensler ME, Burkart MD, Pogliano J,
Sakoulas G, Nizet V. 2015. Azithromycin synergizes with cationic antimi-
crobial peptides to exert bactericidal and therapeutic activity against
highly multi-drug resistant Gram-negative bacterial pathogens. EBio-
Medicine 2:690 – 698. https://doi.org/10.1016/j.ebiom.2015.05.021.

3. Kumaraswamy M, Lin L, Olson J, Sun C, Nonejuie P, Corriden R,
Dohrmann S, Ali SR, Amaro D, Rohde M, Pogliano J, Sakoulas G, Nizet V.
2016. Standard susceptibility testing overlooks potent azithromycin ac-
tivity and cationic peptide synergy against multidrug-resistant
Stenotrophomonas maltophilia. J Antimicrob Chemother 71:1264 –1269.
https://doi.org/10.1093/jac/dkv487.

4. Amsden GW. 2005. Anti-inflammatory effects of macrolides—an undera-
ppreciated benefit in the treatment of community-acquired respiratory
tract infections and chronic inflammatory pulmonary conditions? J An-
timicrob Chemother 55:10 –21.

5. Sakoulas G, Okumura CY, Thienphrapa W, Olson J, Nonejuie P, Dam Q,
Pogliano J, Yeaman MR, Hensler ME, Bayer AS, Nizet V. 2014. Nafcillin
enhances innate immune-mediated killing of methicillin-resistant Staph-
ylococcus aureus. J Mol Microbiol (Berl) 92:139 –149. https://doi.org/
10.1007/s00109-013-1100-7.

6. Dhand A, Bayer AS, Pogliano J, Yang SJ, Bolaris M, Nizet Wang G,
Sakoulas G. 2011. Use of antistaphylococcal beta-lactams to increase

daptomycin activity in eradicating persistent bacteremia due to
methicillin-resistant Staphylococcus aureus: role of daptomycin binding.
Clin Infect Dis 53:158 –163. https://doi.org/10.1093/cid/cir340.

7. Sakoulas G, Bayer AS, Pogliano J, Tsuji BT, Yang SJ, Mishra NN, Nizet V,
Yeaman MR, Moise PA. 2012. Ampicillin enhances daptomycin- and
cationic host defense peptide-mediated killing of ampicillin and
vancomycin-resistant Enterococcus faecium. Antimicrob Agents Che-
mother 56:838 – 844. https://doi.org/10.1128/AAC.05551-11.

8. Berti A, Sakoulas G, Nizet V, Tewhey R, Rose WE. 2013. �-Lactam antibi-
otics targeting PBP1 selectively enhance daptomycin activity against
methicillin-resistant Staphylococcus aureus. Antimicrob Agents Che-
mother 57:5005–5012. https://doi.org/10.1128/AAC.00594-13.

9. Berti A, Baines S, Howden B, Sakoulas G, Nizet V, Proctor R, Rose W. 2015.
Heterogeneity of genetic pathways toward daptomycin nonsusceptibility in
Staphylococcus aureus determined by adjunctive antibiotics. Antimicrob
Agents Chemother 59:2799–2806. https://doi.org/10.1128/AAC.04990-14.

10. Roberts RR, Hota B, Ahmad I, Scott RD, II, Foster SD, Abbasi F, Schabowski
S, Kampe LM, Ciavarella GG, Supino M, Naples J, Cordell R, Levy SB, Wein-
stein RA. 2009. Hospital and societal costs of antimicrobial-resistant infec-
tions in a Chicago teaching hospital: implications for antibiotic stewardship.
Clin Infect Dis 49:1175–1184. https://doi.org/10.1086/605630.

11. Sorbera M, Chung E, Ho CW. 2014. Ceftolozane/tazobactam: a new
option in the treatment of complicated Gram-negative infections. P T
39:825– 832.

12. Zhanel GG, Lawson CD, Adam H, Schweizer F, Zelenitsky S, Lagace-Wiens
PR, Denisuik A, Rubenstein E, Gin AS, Hoban DJ, Lynch JP, III, Karlowsky

Sakoulas et al. Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01745-16 aac.asm.org 8

https://doi.org/10.1128/AAC.01745-16
https://doi.org/10.1128/AAC.01745-16
https://doi.org/10.1128/JCM.00580-11
https://doi.org/10.1016/j.ebiom.2015.05.021
https://doi.org/10.1093/jac/dkv487
https://doi.org/10.1007/s00109-013-1100-7
https://doi.org/10.1007/s00109-013-1100-7
https://doi.org/10.1093/cid/cir340
https://doi.org/10.1128/AAC.05551-11
https://doi.org/10.1128/AAC.00594-13
https://doi.org/10.1128/AAC.04990-14
https://doi.org/10.1086/605630
http://aac.asm.org


JA. 2013. Ceftazidime-avibactam: a novel cephalosporin/beta-lactamase
inhibitor combination. Drugs 73:159 –177. https://doi.org/10.1007/
s40265-013-0013-7.

13. Sakoulas G, Moise PA, Casapao AM, Nonejuie P, Olson J, Okumura CYM,
Rybak MJ, Kullar R, Dhand A, Rose WE, Goff DA, Bresler AM, Lee Y,
Pogliano J, Johns S, Kaatz GW, Ebright JR, Nizet V. 2014. Antimicrobial
salvage therapy for persistent staphylococcal bacteremia using dapto-
mycin plus ceftaroline. Clin Ther 36:1317–1333. https://doi.org/10.1016/
j.clinthera.2014.05.061.

14. Kullar R, McKinnell JA, Sakoulas G. 2014. Avoiding the perfect storm: the
biologic and clinical case for re-evaluating the 7-day expectation for
MRSA bacteremia before switching therapy. Clin Infect Dis 59:
1455–1461. https://doi.org/10.1093/cid/ciu583.

15. Urban C, Go E, Mariano N, Rahal JJ. 1995. Interaction of sulbactam, clavu-
lanic acid, and tazobactam with penicillin-binding proteins of imipenem-
resistant and -susceptible Acinetobacter baumannii. FEMS Microbiol Lett
125:193–198. https://doi.org/10.1111/j.1574-6968.1995.tb07357.x.

16. Penwell WF, Shapiro AB, Giacobbee RA, Gu RF, Gao N, Thresher J,
McLaughlin RE, Huband MD, DeJonge BLM, Ehmann DE, Miller AA. 2015.
Molecular mechanisms of sulbactam antibacterial activity and resistance
determinants in Acinetobacter baumannii. Antimicrob Agents Che-
mother 59:1680 –1689. https://doi.org/10.1128/AAC.04808-14.

17. Smith JR, Arya A, Yim J, Barber KE, Hallesy J, Singh NB, Rybak MJ. 2016.
Daptomycin in combination with ceftolozane-tazobactam or cefazolin
against daptomycin-susceptible and -nonsusceptible Staphylococcus au-
reus in an in vitro, hollow-fiber model. Antimicrob Agents Chemother
60:3970 –3975. https://doi.org/10.1128/AAC.01666-15.

18. Kalin G, Alp E, Akin A, Coskun R, Doganay M. 2014. Comparison of
colistin and colistin/sulbactam for the treatment of multidrug-resistant
Acinetobacter baumannii ventilator-associated pneumonia. Infection 42:
37– 42. https://doi.org/10.1007/s15010-013-0495-y.

19. Jacobs AC, Thompson MG, Black CC, Kessler JL, Clark LP, McQueary
CN, Gancz HY, Corey BW, Moon JK, Si Y, Owen MT, Hallock JD, Kwak
YI, Summers A, Li CZ, Rasko DA, Penwell WF, Honnold CL, Wise MC,
Waterman PE, Lesho EP, Stewart RL, Actis LA, Palys TJ, Craft DW,
Zurawski DV. 2014. AB5075, a highly virulent isolate of Acinetobacter
baumannii, as a model strain for the evaluation of pathogenesis and
antimicrobial treatments. mBio 5:e01076-14. https://doi.org/10.1128/
mBio.01076-14.

20. Wise R, Cooper M, Andrews JM. 1991. Pharmacokinetic and tissue
penetration of tazobactam administered alone and with piperacillin.
Antimicrob Agents Chemother 35:1081–1084. https://doi.org/
10.1128/AAC.35.6.1081.

21. Foulds G, Stankewich JP, Marshall DC, O’Brien MM, Hayes SL, Weilder DJ,
McMahon FG. 1983. Pharmacokinetics of sulbactam in humans. Antimi-
crob Agents Chemother 23:692– 699. https://doi.org/10.1128/AAC.23
.5.692.

22. Moody J, Knapp C. 2010. Tests to assess bactericidal activity, p
5.10.11.11–15.10.13.16. In Garcia LS (ed), Clinical microbiology proce-
dures handbook. ASM Press, Washington, DC.

23. Berti A, Wergin J, Girdaukas G, Hetzel S, Sakoulas G, Rose W. 2012.
Altering the proclivity towards daptomycin resistance in methicillin-
resistant Staphylococcus aureus using combinations with other antibiot-
ics. Antimicrob Agents Chemother 56:5046 –5053. https://doi.org/
10.1128/AAC.00502-12.

24. Sakoulas G, Rose W, Berti A, Smith J, Rybak MJ , Nonejuie P, Pogliano J,
Nizet V. 2015. Tazobactam (TZB) and other beta-lactamase inhibitors
(BLIs) potentiate the activity of peptide antibiotics (PA) against MRSA
and Acinetobacter baumannii, poster A-510b, abstr 3367. Abstr 55th
Intersci Conf Antimicrob Agents Chemother, 18 to 21 September 2015,
San Diego, CA.

Beta-Lactamase Inhibitors Enhance Peptide Antibiotics Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01745-16 aac.asm.org 9

https://doi.org/10.1007/s40265-013-0013-7
https://doi.org/10.1007/s40265-013-0013-7
https://doi.org/10.1016/j.clinthera.2014.05.061
https://doi.org/10.1016/j.clinthera.2014.05.061
https://doi.org/10.1093/cid/ciu583
https://doi.org/10.1111/j.1574-6968.1995.tb07357.x
https://doi.org/10.1128/AAC.04808-14
https://doi.org/10.1128/AAC.01666-15
https://doi.org/10.1007/s15010-013-0495-y
https://doi.org/10.1128/mBio.01076-14
https://doi.org/10.1128/mBio.01076-14
https://doi.org/10.1128/AAC.35.6.1081
https://doi.org/10.1128/AAC.35.6.1081
https://doi.org/10.1128/AAC.23.5.692
https://doi.org/10.1128/AAC.23.5.692
https://doi.org/10.1128/AAC.00502-12
https://doi.org/10.1128/AAC.00502-12
http://aac.asm.org

	RESULTS
	The peptide antibiotic COL and TAZ are synergistic against A. baumannii.
	BLIs enhance the activity of the peptide antibiotic DAP against MRSA.
	BLIs enhance DAP binding to MRSA and hVISA bacterial cell membranes.
	BLIs enhance the activity of the human cathelicidin LL37.
	BLIs do not prevent the emergence of DAP resistance in MRSA using in vitro passage.
	TAZ enhances COL activity in a murine model of A. baumannii pneumonia.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and in vitro susceptibility and synergy tests.
	Effects of BLIs on DAP bacterial membrane binding.
	Effects of BLIs on cathelicidin LL37 killing of MRSA and A. baumannii.
	In vitro PK/PD modeling.
	Serial passage in vitro to examine preventing a loss of DAP susceptibility in MRSA by BLIs.
	A. baumannii murine pneumonia model.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES



