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Purpose: The rapid emergence of multidrug-resistant (MDR) bacteria and the lack of new
therapies to eliminate them poses a major threat to global health. With the alarming rise in
antimicrobial resistance (AMR), focus has now shifted to the use of the polymyxin class of
antibiotics as the last line of defense for treatment of Gram-negative infections. Unfortunately,
the growing resistance of bacteria against polymyxins is threatening the treatment of MDR
infections, necessitating the need for novel strategies. The objective of this study was to
determine if combination of polymyxin (polymyxin B or colistin) with a nonantibiotic small
molecule AR-12, a celecoxib derivative that is devoid of cyclooxygenase 2 (COX-2) inhibitory
activities, can be an effective strategy against polymyxin-resistant MDR bacteria.

Methods: Growth inhibition studies, time-kill assays and permeability assays were con-
ducted to investigate the effect of AR-12 on the antibacterial activity of polymyxins.
Results: Growth studies were performed on a panel of polymyxin-resistant MDR strains using the
combination of AR-12 with either colistin or polymyxin B. The combination treatment had no
effect on strains that have inherent polymyxin resistance; however, AR-12 was effective in low-
ering the minimal inhibitory concentration (MIC) of polymyxins by 4-60-fold in several strains
that had acquired polymyxin resistance. Time-kill assays using the combination of AR-12 and
colistin with select MDR strains suggest rapid killing and bactericidal activity, while the perme-
ability assays using fluorescently labeled dansylated polymyxin and 1-N-phenylnaphthylamine
(NPN) in these MDR strains suggest that AR-12 can potentiate the antibacterial activity of
polymyxins by possibly altering the bacterial outer membrane via modification of lipopolysacchar-
ide and thereby improving the uptake of polymyxins.

Conclusion: Our studies indicate that the combination of AR-12 and polymyxin is effective
in targeting select Gram-negative bacteria that have acquired polymyxin resistance. Further
understanding of the mechanism of action of AR-12 will provide new avenues for develop-
ing narrow-spectrum antibacterials to target select Gram-negative MDR bacteria.
Importantly, our studies show that the use of nonantibiotic small molecules in combination
with polymyxins is an attractive strategy to counter the growing resistance of bacteria to
polymyxins.
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Introduction

The alarming rise of multidrug-resistant (MDR) pathogenic organisms has become
a significant global health challenge. According to The Review on Antimicrobial
Resistance (AMR), which was established jointly by the United Kingdom (UK)
Government and Wellcome Trust in 2014, it is estimated that each year, at least
50,000 people die due to infections caused by MDR pathogens in Europe and US
alone.! The emergence of MDR bacteria has been rampant and is the primary cause
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for nosocomial infections which are life threatening.® In
particular, among MDR Gram-negative bacteria, nosoco-
mial infections that are caused by Klebsiella pneumoniae,
Acinetobacter  baumannii, Pseudomonas aeruginosa,
Enterobacter species and Escherichia coli pathogens are
posing the greatest threat to human and animal health. To
treat infections caused by MDR pathogens, focus has now
shifted to the use of polymyxins (colistin and polymyxin B),
the class of antibiotics typically reserved as the last line of
defense. In 2017, the World Health Organization (WHO)
classified polymyxins among the most critically important
antibiotics with the highest priority for human medicine
(http://www.who.int/foodsafety/areas work/antimicrobial-
resistance/cia/en/). This classification is based on the criteria
that this class of antibiotics is among the last few drugs
available to treat serious bacterial infections and for coun-
tering bacteria transferred from nonhuman sources and/or
carrying resistance genes from nonhuman sources.’
Polymyxins are known to target the outer membrane of
Gram-negative bacteria by displacing divalent calcium and
magnesium ions from the negatively charged phosphate
groups of membrane lipids. This causes destabilization of
the lipopolysaccharide (LPS) and the membrane, leading
to leakage of cytoplasmic contents and bacterial cell
death.* Although a clear mechanism of action is not
known, it is also suggested that polymyxins can bind to
endotoxin, which is the lipid A portion of the LPS and
neutralize LPS during cell lysis. Polymyxins have been
shown to have bactericidal effect against several Gram-
A.  baumannii,

negative pathogens such as FE.coli

P aeruginosa, K. pneumoniae, Enterobacter spp.,
Salmonella spp. and Shigella spp. Until recently, the
mechanisms of reported polymyxin resistance have been
chromosomally mediated that result in LPS modifications,
formation of capsules and overexpression of outer mem-
brane protein OprH, thereby conferring resistance in
Gram-negative bacteria.*> In 2015, a plasmid-mediated
polymyxin resistance mechanism (MCR-1) was reported
in Enterobacteriaceae, which is further compromising and
threatening the treatment using polymyxin antibiotics.®
To address the escalating problem of MDR, a global
action plan was recommended at the 68th World Health
Assembly in 2015, which appeals for development of new
antibiotics, diagnostic tools and other approaches to
quickly identify and treat MDR infections (http://www.
wpro.who.int/entity/drug_resistance/resources/global
action_plan_eng.pdf). The discovery and development of

new antibiotic drugs is moving at a very slow pace and

may not be well-timed to counter the current global issue
of AMR. Therefore, there has been a growing focus on
alternate approaches, such as use of combinations of exist-
ing antibiotics or combination of an antibiotic with a non-
antibiotic adjuvant drug to improve synergy in order to
overcome bacterial AMR. The latter approach of using
small molecule adjuvants is very attractive as the prob-
ability of bacteria developing resistance to such com-
pounds is very low as they may not inhibit bacterial
growth directly or may be able to overcome antibiotic
resistance by targeting or blocking the mechanism of
resistance.””® For example, in the case of amoxicillin/cla-
vunate, which is a combination of a B-lactam and a j-
lactamase inhibitor, the B-lactamase activity is inhibited by
the adjuvant, thereby allowing the use of this combination
for targeting pathogens that have developed resistance to
B-lactam antibiotics.® Other examples include the use of
a combination of cephalosporin antibiotic with diazabicy-
clooctane (a non-B-lactamase inhibitor) to restore suscept-
(ESBLs)
coli and K. pneumoniae strains.® In

ibility of extended-spectrum [-lactamases
producing E.
another approach, combination of ampicillin with
a cyclooxygenase-2 (COX-2) inhibitor (eg, celecoxib)
was shown to be effective in improving antibiotic effi-
ciency in vitro against several ampicillin-resistant Gram-
negative bacterial pathogens, highlighting the utility of
using small molecule adjuvants to improve antibiotic
activity or overcoming antibiotic resistance.'® Thus, this
approach provides a platform to screen untapped chemical
space in combination with different antibiotics and thereby
expands the scope of antibiotic discovery.

With respect to combating the rise of polymyxin-
resistant bacterial pathogens, the use of small molecule
adjuvants in combination with polymyxins may be highly
valuable for restoring polymyxin sensitivity against MDR
Gram-negative bacterial pathogens. The utilization of
small molecule adjuvants can also potentially reduce
safety concerns such as nephrotoxicity and neurological
disturbances associated with the prolonged and systemic
use of polymyxin antibiotics by reducing the therapeutic
dose of polymyxin required for treatment. Recently,
Stokes et al have shown that the combination of an antic-
oumarin antibiotic (novobiocin) in combination with an
antiprotozoal agent (pentamidine) was highly effective in
clearing bacterial load in mice infected with colistin-
resistant A. baumannii.'' In another example, Harris et al
have shown that 2-aminoimidazole-based adjuvants can
and

overcome colistin resistance in A. baumannii
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K. pneumoniae strains by interfering with the expression
of a two-component system in bacteria.'”> The above
examples demonstrate that the use of combination therapy
is an attractive alternative for the development of new
therapies for treating infections caused by polymyxin-
resistant bacteria.

To address the problem of polymyxin resistance in MDR
bacteria, we have utilized a similar strategy of using a small
molecule adjuvant, AR-12 in combination with polymyxin
B or colistin against a panel of MDR bacteria. AR-12 is
a celecoxib derivative that is devoid of cyclooxygenase 2
(COX-2) inhibitory activities in eukaryotic host."” It is an
autophagy inducing small molecule that was developed by
researchers at the Ohio State University (licensed to Arno
Therapeutics Inc.) and taken into the clinical settings as it
was found to be effective against a wide variety of cancer
types.'* Previous studies done by Chiu et al have shown that
AR-12 can induce autophagy in THP-1 macrophages and
inhibit the
Francisella tularensis and F. novicida bacterial strains in

intracellular  survival of Gram-negative
macrophages.” In these studies, it was found that AR-12
did not have any direct antibacterial activity against the
Francisella strains and it was found that the inhibition of
intracellular survival of Francisella is mediated indirectly by
induction of autophagy of the host cells. Interestingly, in
another study done by Booth et al, it was found that AR-12
significantly inhibited the growth of a laboratory-generated
ampicillin and kanamycin-resistant £. coli strain and reduced
the proliferation of an MDR
N. gonorrhoeae, demonstrating that AR-12 can directly act

clinical isolate of
against certain bacteria.'® In these Gram-negative bacteria,
AR-12 was found to reduce the expression of DnaK, which is
essential for bacterial growth and mRNA/protein stability
and chaperone protein RecA. Though only a select strains
have been studied for determining the antibacterial activity of
AR-12, the above studies indicate that AR-12 can potentially
target certain Gram-negative bacterial species over others
and will be a valuable orally bioavailable small molecule
that can be evaluated for antibacterial activity against other
MDR Gram-negative bacteria.

Considering the urgent need for evaluating new che-
mical scaffolds against MDR bacteria, the objective of this
study was to determine the antibacterial activity of AR-12
in a panel of MDR Gram-negative bacteria with specific
focus on polymyxin-resistant strains. Further, we also
wanted to determine if susceptibility of bacteria that are
resistant to polymyxin can be enhanced by utilizing AR-12
as an adjuvant in combination with polymyxins. Herein,

we report that even though AR-12 does not have direct
antibacterial activity against polymyxin-resistant MDR
strains studied, AR-12 is able to potentiate the antibacter-
ial activity of polymyxins in these strains significantly.
Our studies show that the combination of AR-12 with
either polymyxin B or colistin is very effective as an
antibacterial agent against several pathogens including
polymyxin-resistant MDR A. baumannii and MDR
Growth time-kill
experiments and permeability assays were conducted to

K. pneumoniae. inhibition studies,
investigate the potentiation of the antibacterial activity of
polymyxins by AR-12. Our results highlight the signifi-
cance of using small molecule adjuvants as an alternative
approach to counter MDR pathogens by enhancing the
antibacterial activity of polymyxins.

Materials and methods

Bacterial strains and media

Clinical isolates of P aeruginosa, K. pneumoniae,
A. baumannii, E.coli, Serratia marcescens, Proteus mir-
abilis, Enterobacter cloacae and Providencia stuartii
(Tables 1 and S1) were utilized for determining the anti-
microbial activity of the antibiotics and the combinations.
The isolates were obtained from the culture collections at
either JMI Laboratories, Centers for Disease Control and
Prevention (CDC), Walter Reed National Military Medical
Center (WRNMMC) or internal culture collection at
USAMRIID. Mueller-Hinton II broth-Cation Adjusted
(CAMHB) (Catalog Number 212322) and Mueller-Hinton
IT Agar-Cation Adjusted (Catalog Number 211438) were
purchased from BD Diagnostics. HEPES 1 M solution
(pH 7.0-7.6) (Catalog Number H0887) was purchased
from Sigma-Aldrich. Phosphate-Buffered Saline (PBS),
1X without Calcium and Magnesium (Catalog Number

21-040-CV) was purchased from Corning, Inc.

Synthetic compounds and antibiotics
Synthetic compound AR-12 was generously provided by
Arno Therapeutics, Inc. Dansyl polymyxin was synthe-
sized by Alta Biosciences, UK. N-Phenyl-1-naphthyla-
mine (NPN) (Catalog number 104043) and polymyxin
B sulfate salt (Catalog Number P1004) were purchased
from Sigma-Aldrich. Stock solution of AR-12 was pre-
pared in Dimethyl sulfoxide (DMSO). Stock solution of
NPN was prepared in acetone. Stock solutions of dansyl
polymyxin, polymyxin B sulfate, colistinmethate were
prepared in sterile water.
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Table | Effect of AR-12 alone and AR-12 in combination with polymyxins (Polymyxin B or Colistin) against Gram-negative MDR

pathogens

MDR Pathogens AR-12 Polymyxin Polymyxin B + AR- Colistin Colistin + AR-
(ng/ml) B (pg/ml) 12 (4 pg/ml) (ng/ml) 12 (4 pg/ml)
MIC MIC Range MIC Range MIC Range MIC Range
Range (Polymyxin) (Colistin)

Acinetobacter baumannii (n=4) >64 16 to >64 <2 to >64 >64 4 to >64

Escherchia coli (n=2) >64 8-16 8 16 16

Enterobacter cloacae (n=1) >64 32 8 32 16

Klebsiella pneumoniae (n=7) >16 to >256 32-128 <2-16 32 to >64 1-64

Proteus mirabilis (n=4) >64 >64 >64 >64 >64

Providencia stuartii (n=1) >64 >64 >64 >64 >64

Serratia marcescens (n=7) >64 >64 >64 >64 >64

Notes: AR-12 alone does not have antibacterial activity against polymyxin-resistant Gram-negative MDR bacterial strains evaluated. However, AR-12 at 4 pg/ml (lowest
concentration at which the potentiating activity was observed for majority of the MDR strains) potentiates the antibacterial activity of polymyxins against the strains
evaluated and MIC of polymyxin B or colistin is lowered by 4-60 fold. n represents the number of MDR isolates that were resistant to polymyxin or colistin.

Abbreviation: MIC, minimal inhibitory concentration.

Broth microdilution method for
determination of minimum inhibitory

concentrations (MIC)

MIC assays were performed in 96-well round bottom
plates. Each well was pre-dispensed with the appropriate
stock concentrations of the drugs or controls for testing.
The volumes of the drugs were adjusted in order to get the
final required concentration of the drug in each well.
Bacterial cultures were prepared from bacteria grown on
Mueller-Hinton II agar plates incubated at 37°C overnight.
Several colonies of each strain were then suspended in 1X
Phosphate Buffered Saline (PBS) and OD 600 was mea-
sured. Based on the OD 600 value, the bacterial suspen-
sion was diluted in CAMHB to yield the inoculum at
a concentration of 10° CFU/ml. Bacterial culture was
added to the prepared 96-well plate by either pipetting or
using “INTEGRA Viafill” reagent dispenser, resulting in
a final bacterial concentration of 5x10> CFU/ml. The plate
was incubated at 37°C without shaking for 18-24 hrs and
then evaluated visually for the presence or absence of
growth. The MIC was defined as the lowest concentration
of compound that completely inhibited growth. For check-
erboard assays, the concentration ranges for polymyxin
B and colistin were selected to encompass the MIC value
determined in the preliminary MIC assay. The concentra-
tion range for AR-12 was selected to encompass 4 pg/ml.
Two-fold serial dilutions of polymyxin B or colistin (dilu-
tions ranging from 0.13-64 or 128 pg/ml) were prepared
across the rows of a 96-well round bottom plate containing
CAMHB. Two-fold serial dilutions of AR-12 (dilutions

ranging from 1-64 or 128 pg/ml) were performed down
the columns of a 96-well round bottom plate containing
CAMHB. Appropriate volumes of polymyxin B or colistin
compound preparations and AR-12 compound prepara-
tions were dispensed in a 96-well round bottom plate by
either pipetting or using a PerkinElmer JANUS MDT
Automated Workstation. Bacterial suspensions (final con-
centration of 5x10° CFU/ml) were added as described
above and the 96-well plates incubated at 37°C without
shaking for 1620 hrs and then evaluated visually for the
presence or absence of growth.

Bacterial growth assays

Bacterial growth assays were done using the Bioscreen
C Automated Microbiology Growth Curve Analysis
System (Growth Curves USA). Bacteria were grown by
inoculating colonies from freshly streaked Mueller-Hinton
IT agar plates into CAMHB at 37°C with shaking for ~16
hrs. A 1:100 dilution was subcultured in CAMHB and
grown for additional 2-3 hrs to get log phage cultures.
5x10° CFU/ml of the log phase culture was then dispensed
into sterile Honeycomb microwell plates (10 x 10 well
plates) containing the various concentrations of drugs in
CAMHB pre-dispensed into the plates (in triplicates), such
that total volume in each well was 100 pl. The plates were
then incubated with shaking at 37°C in a Bioscreen
C Analyzer System (Growth Curves USA). The optical
density (OD 600) of each microwell was measured auto-
matically at 15 mins intervals for 24 hrs. The MIC was
determined to be the lowest concentration of the drug
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which showed complete growth inhibition. The experi-
ments were repeated two or more independent times to
verify results.

Time-kill assays

A. baumannii strain 34299 and K. pneumoniae strain
30835 were grown by inoculating colonies from freshly
streaked Mueller-Hinton II agar plates into CAMHB at
37°C with shaking for ~16 hrs. A 1:100 dilution was
subcultured in CAMHB and grown for additional 2-3 hrs
to get log phage cultures. An inoculum of the log phase
culture was diluted in 15 ml CAMHB to get a final culture
of 5x10° CFU/ml. The tubes contained CAMHB alone or
CAMHB containing AR-12 alone, colistin alone or com-
binations of colistin and AR-12. All the tubes were incu-
bated at 37°C with shaking and samples were withdrawn
at 1, 2, 4, 8 and 24 hrs, following which they were serially
diluted and plated on Mueller-Hinton II agar plates in
duplicates. Plates were incubated at 37°C overnight and
colonies were enumerated next day. The experiment was
repeated twice on two independent days for each time
point and concentration of drug used.

Dansyl polymyxin permeability assay

A. baumannii strains and K. pneumoniae strains were
grown by inoculating colonies from freshly streaked
Mueller-Hinton II agar plates into CAMHB at 37°C with
shaking for ~16 hrs. A 1:100 dilution was subcultured in
CAMHB and grown for additional 2—3 hrs to get log
phage cultures. OD 600 was measured and volume of
culture amounting to 0.5 OD in 1 ml was centrifuged
and re-suspended in 1 mL of 5 mM HEPES buffer and
kept at room temperature. Greiner Bio-One 96 well plates
(catalog #655096, black with clear bottom) were used for
testing the permeability of Dansyl polymyxin in the pre-
sence and absence of AR-12. A mix consisting of 5 mM
HEPES buffer- pH 7-2, dansyl polymyxin (0.6 uM) and
appropriate AR-12 concentration (1.25 x stock) was pre-
pared. 80 pl of this mix was suspended in the wells in
triplicates, following which 20 pl aliquots of the bacterial
in 5 mM HEPES buffer added.
Fluorescence was read at room temperature in a Tecan

suspension was
Sapphire II multimode plate reader, with filters of 320
nm (bandwidth 10 nm) for excitation and 500 nm (band-
width 10 nm) for emission. To determine the fluorescence
due to dansyl polymyxin uptake, the fluorescence from the
wells containing the dansyl polymyxin and AR-12 but

with no cells was subtracted from the wells containing
the cells and the mix. The experiments were repeated
two or more independent times to verify results.

N-phenyl- | -naphthylamine (NPN) assay
Bacterial suspensions were prepared as described for the
dansyl polymyxin permeability assay. Greiner Bio-One 96
well plates (catalog #655096, black with clear bottom)
were used for testing the permeability of NPN in the
presence and absence of AR-12. Stock concentration of
NPN (5 mM) was made in acetone, following which
a stock concentration of NPN (40 uM) in 5 mM HEPES-
pH 7-2 was made from the 5 mM NPN stock. The 5 mM
NPN stock can be stored in the —20°C for up to a month.
A mix consisting of 5 mM HEPES buffer, NPN (40 uM)
and AR-12 (10 x stock) was prepared for each concentra-
tion of AR-12 that was tested. 80 pl of this mix was
suspended in the wells in triplicates, following which 20
pl aliquots of the bacterial suspension in 5 mM HEPES
buffer was added. Fluorescence was read at room tempera-
ture in a Tecan Sapphire II multimode plate reader with
filters of 355 nm (bandwidth 10 nm) for excitation and 405
nm (bandwidth 10 nm) for emission. To determine the
fluorescence due to NPN uptake, the fluorescence from
the wells containing the NPN and AR-12 but with no
cells was subtracted from the wells containing the cells
and the mix. The experiments were repeated two or more
independent times to verify results.

Pharmacokinetic studies in mice

Pharmacokinetic (PK) studies of AR-12 compound in Balb/c
mice were performed by Biotranex, LLC. at Project Safety
Labs (PSL), located in New Jersey, USA. PSL facility is
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC) and operates in compliance with all US
Government regulations and industry standards for animal
welfare as they apply to the testing conducted. PSL complies
with all applicable provisions of the Animal Welfare Act and
other Federal statutes and regulations relating to animals
including the Animal and Plant Health Inspection Service
(APHIS), US Department of Agriculture (USDA) and The
Office of Laboratory Animal Welfare (OLAW). PSL has estab-
lished and maintains an animal use and veterinary care pro-
gram for activities involving animals in accordance with the
most recent version of the Guide for the Care and Use of

Laboratory Animals, Institute of Laboratory Animal
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Resources Commission on Life Sciences, National Academy
Press, Washington, D.C. All study protocols involving the use
of animals at PSL are thoroughly reviewed and approved by
Biotranex, LLC’s Internal Animal Care and Use Committee
(IACUC).

For the PK studies, AR-12 was formulated at 8 mg/mL in
10% Solutol HS 15. Mice (n=3 mice/time point) were admi-
nistered AR-12 (80 mg/kg) via the oral route and at time
points of T=0, 0.5, 1, 2, 4, 8, 10 and 24 hrs. Plasma samples
were collected and quantitatively analyzed by HPLC.

Results and discussions
Minimal inhibitory concentration (MIC)
assays using polymyxin and AR-12

combination

The potency of AR-12 as an antibacterial was evaluated
against a panel of MDR Gram-negative pathogenic bacterial
strains, including colistin-resistant clinical isolates, using
standard broth dilution assays to determine MIC. We found
that AR-12 did not show any antibacterial effect against the
Gram-negative strains evaluated (Table 1). As it has been
previously shown that AR-12 can reduce the growth of anti-
biotic-resistant E. coli strain and an MDR clinical isolate of
N. gonorrhoeae,'® we wanted to determine if AR-12 could
potentiate or act in conjunction with other antibiotics in
effectively targeting Gram-negative bacteria. Hence, AR-12
was initially tested either alone or in combination with dif-
ferent classes of antibiotics against a select panel of MDR
human clinical isolates (data not shown). AR-12 alone had no
MIC value when tested upto 64 pg/ml against a panel of
MDR pathogens (Tables 1 and S1). At higher concentrations
due to the poor solubility of AR-12, the data could not be
interpreted. Interestingly, we found that AR-12 was able to
potentiate the antibacterial activity by lowering the MIC of
polymyxins, when compared to polymyxins alone. Further,
the potentiating effect of AR-12 with polymyxin B or colistin
was observed only with certain Gram-negative bacterial
strains, namely A. baumannii and K. pneumoniae.
Significantly, in the presence of 4 pg/ml of AR-12 (the lowest
AR-12 concentration at which the potentiating activity was
observed for majority of the MDR strains), the MIC of
polymyxin B was reduced by 4-16 fold for MDR
A. baumannii (2 out of 4 strains tested) and K. pneumoniae
strains (7 out of 7 strains tested) and the MIC of colistin was
reduced by 4-16 fold for MDR A. baumannii (2 out of 4
strains tested) and 4-60 fold for MDR K. pneumoniae strains
tested (5 out of 7 strains tested) (Table 1, Table S1).

Interestingly, no potentiating effect of AR-12 with polymyx-
ins was observed with representative clinical isolates of
Gram-negative bacterial strains such as Proteus mirablis,
Providencia stuartii, Serratia marcesecens and key biothreat
pathogens Burkholderia pseudomallei and Burkholderia
mallei (Tables 1 and S1). AR-12 also did not exhibit
a combinatorial activity with other classes of antibiotics
(data not shown), indicating its narrow spectrum role in
potentiating the activity of polymyxins against select bacter-
ial species, including their MDR variants.

Growth studies of MDR strains treated

with polymyxin and AR-12 combination

To confirm the effect of AR-12 as a potentiator of
colistin, we conducted growth studies on the MDR
A. baumannii 34299 and K. pneumoniae 30835 clinical
isolates (Figure 1). For MDR A. baumannii 34299, no
growth inhibition was observed even at high concentra-
tions of colistin (=32 pg/ml) (Figure 1B). Similarly,
growth inhibition of MDR K. pneumoniae 30835 was
observed only at colistin concentration of at least 8 pg/
ml but not at 4 pug/ml (Figure 1D). However, in the
presence of 4 pg/ml AR-12, growth inhibition of MDR
A. baumannii and MDR K. pneumoniae strains were
observed at a significantly lower concentration of colis-
tin (1 pg/ml). Similar effect was seen with the poly-
myxin sensitive American Type Culture Collection
(ATCC) of A. 19606
K. pneumoniae 13833, where growth inhibition of

strains baumannii and
A. baumannii and K. pneumoniae were observed at
much lower concentration of colistin in the presence of
4 pg/ml AR-12 (0.015 pg/ml colistin for A. baumannii
19606 and 0.125 pg/ml colistin for K. pneumoniae
13833) in comparison to growth inhibition with colistin
alone (0.5 pg/ml colistin for A. baumannii 19606 and
2 pg/ml colistin for K. pneumoniae 13833) (Figure 1A
and C). These results clearly demonstrate that AR-12 is
able to sensitize certain Gram-negative bacteria to colis-
tin and significantly lower the concentration of colistin
required for antibacterial activity against MDR strains.

Time-kill assays of MDR strains treated

with colistin and AR-12 combination

To further determine the rate at which the combination of
colistin and AR-12 exerts its antibacterial activity, we per-
formed time-kill assays using the polymyxin-resistant
A. baumannii 34299 and K. pneumoniae 30835 clinical
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Figure I Growth curves depicting the antibacterial efficacy of colistin-AR12 combination (A) A. baumannii ATCC 19606 polymyxin-sensitive strain; (B) A. baumannii 34299
polymyxin-resistant strain; (C) K. pneumoniae ATCC 13833 polymyxin-sensitive strain; (D) K. pneumoniae 30835 polymyxin-resistant strain. Growth assays demonstrate the growth
inhibitory activity of AR-12/colistin combination against A. baumannii and K. pneumoniae strains. The experiments were repeated two or more independent times to verify results.

isolates (Figure 2). In comparison to colistin alone, treat-
ment with AR-12 and colistin combination resulted in
>3logl0 fold reduction in CFU/ml at 8 hrs time point,
relative to the initial inoculum, for MDR A. baumannii.
Similarly, for MDR K. pneumoniae strain, when treated

with AR-12 and colistin combination, we observed
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a 2logl0 fold reduction in CFU/ml at 8 hrs time point,
relative to the initial inoculum. We observed rapid killing
of bacteria within 4 hrs of treatment with the AR-12 and
colistin combination and this bactericidal effect was
observed up to 8 hrs. In the case of the combination treat-
ment, we observed regrowth after 24 hrs which could be
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Figure 2 Time-kill curves for MDR A. baumannii and K. pneumoniae strains by colistin-AR12 combinations: (A) Time-kill kinetics of MDR A. baumannii clinical isolate
A. baumannii 34299, (B) Time-kill kinetics of MDR K. pneumoniae clinical isolate K. pneumoniae 30835. Time-kill assays demonstrate the potent bactericidal activity of AR-12/
colistin combination against A. baumannii and K. pneumoniae strains. The data represent the averages * SD (Standard Deviation) for two independent experiments.
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attributed to either degradation or metabolism of AR-12 and
thus reduction in efficacy of the combination treatment at
24 hrs time point. Significantly, the data from the time-kill
assays demonstrate the potent bactericidal activity of AR-
12/colistin combination against MDR pathogens at much
lower concentrations of colistin than what is required with
colistin alone. Together, these studies suggest that AR-12
could be highly valuable in combination with polymyxins
against the colistin-resistant strains, offering an avenue for
repurposing these antibiotics that are generally reserved as
last resort for treatment of MDR infections.

Membrane permeability assays

Antimicrobial peptides such as polymyxins are known to
exert their antimicrobial activity by interacting with the
lipid A component of the LPS in the outer membrane.
The cationic side chains of polymyxin electrostatically
bind to the anionic phosphate groups of the lipid A core
of LPS and displace the divalent cations (Mg2+, Ca2+)
leading to disruption of membrane integrity.® It is well
established that modifications of LPS, leading to overall
less negative charge of the outer membrane in bacteria,
can lead to polymyxin resistance due to its reduced ability
to interact with bacterial membrane.” Campos et al have
shown previously that certain quinolone antibiotics such as
ciprofloxacin and neamine derivatives can render Gram-
negative bacteria sensitive to antimicrobial peptides.'’
Their studies indicate that small molecules can disrupt the
LPS by displacing divalent cations from their LPS-binding
sites in polymyxin-resistant strains, thereby facilitating the

interaction of the peptides with the membrane and leading
to cell death.

In this study, we found that the MIC of colistin and
polymyxin B can be reduced 4-60 fold in the presence of
AR-12 for certain polymyxin-resistant Gram-negative bac-
terial strains. As the outer membrane of resistant bacteria
could be impermeable to polymyxins, we hypothesized
that AR-12 might be altering membrane integrity and
sensitizing the bacterial strains to polymyxins thus facil-
itating the interaction of polymyxins with the bacterial
membrane. To probe into the mechanism of action of
AR-12, membrane permeabilization studies were per-
formed using a fluorescently labeled polymyxin probe,
dansyl polymyxin B (DP) (Alta Biosciences, UK) and its
permeability was assessed in the presence or absence of
AR-12. The fluorescence-based permeability assay was
performed using the polymyxin-resistant A. baumannii
34299 and K. pneumoniae 30835 clinical isolates and
their respective polymyxin-sensitive ATCC strains adapt-
ing the methods reported by Campos et al and Ortega
et al.'”"'® DP by itself has low fluorescence in aqueous
buffer and its fluorescence increases in hydrophobic envir-
onments such as phospholipid bilayers. In our assays,
notably, we observed that with increasing concentrations
of AR-12, the fluorescence of DP was enhanced by 25-50
fold depending on the strain (Figure 3). This indicated that
AR-12 is facilitating the uptake of polymyxin in these
strains by potentially altering the membrane permeability.
At 2 pg/ml and 4 pg/ml of AR-12, the fluorescence
increase for the 4. baumannii strains was higher than the
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Figure 3 Outer membrane permeability of Dansyl polymyxin (DP) in the presence and absence of AR-12. Outer membrane permeability of DP increases in the presence of
AR-12 as seen with increase in fluorescence of DP with increasing concentrations of AR-12. A. baumannii 19606 and K. pneumoniae 13883 are ATCC strains that are
polymyxin sensitive. A. baumannii 34299 and K. pneumoniae 30835 are MDR clinical isolates that are polymyxin resistant. The experiments were repeated two or more

independent times to verify results.
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respective K. pneumoniae strains. This could be due to the
differences in the membrane structure of the two bacterial
strains.

We next assessed the outer membrane permeability of
AR-12 using 1-N-Phenyl-naphthylamine (NPN) assay
developed by Hancock and Wong.”'*?° Similar to DP,
NPN is a hydrophobic fluorescent probe and its fluores-
cence increases when it is transferred from aqueous to
hydrophobic environment. To test if AR-12 facilitates the
uptake of NPN in bacterial strains, we measured the fluor-
escence of NPN in the presence of AR-12. As hypothe-
sized, we found that the addition of AR-12 indeed
increased the fluorescence of NPN (Figure 4). At 4 g/
ml and 8 pg/ml of AR-12, increase in NPN fluorescence
was observed for both A. baumannii and K. pneumoniae
strains; however, a much bigger increase in fluorescence
was observed for the A. baumannii strains over the
K. pneumoniae strains, an observation similar to the DP
assay. Based on the observations from the above studies,
we propose that AR-12 plays a role in altering the bacterial
outer membrane by modifying the LPS and improving the
uptake of polymyxins in colistin-resistant strains.

Results from the in vitro assays suggested that the
combination of AR-12 and colistin could potentially be
useful for developing combination therapies for treating
infections resulting from MDR pathogens. In order to
determine if we could test the combination of AR-12 and
colistin in animal efficacy studies, we conducted prelimin-
ary pharmacokinetic (PK) studies of AR-12 in mice for
evaluation of plasma levels of AR-12 that can be achieved
in mice. The maximum tolerated dose of AR-12 was found
to be 100 mg/kg, p.o. in mice and a subsequent PK study

in mice (80 mg/kg, p.o., q.d.) showed that plasma levels of
1.5-2.1 pg/mL could be sustained over a 24 hrs period
(Cmax =2.1 pg/mL, Tmax =10 hrs, T1/2=22 hrs, AUC
(024 hrs)=41.4 pg/mL*h) (Table S2 and Figure SI).
However, this plasma concentration in mice is much
lower than the concentration of AR-12 required for the
antibacterial effect of the AR-12 combination with colistin
in vitro (4 pg/mL). Furthermore, AR-12 was also found to
be highly protein bound in mice (99%) making it impos-
sible to achieve unbound plasma levels in mice that would
be effective for the in vivo combination studies. Therefore
it will be challenging to demonstrate the in vivo efficacy of
the polymyxin/AR-12 combination due to the poor bioa-
vailability of AR-12 in mice. Nevertheless, our in vitro
results indicate that the combination of nonantibiotic small
molecule and polymyxins will be an effective strategy to
combat the rising issue of polymyxin resistance in bac-
teria. Furthermore, development of analogs of AR-12 that
are more bioavailable could be highly valuable in screen-
ing of new AR-12 scaffolds and polymyxin combination
against polymyxin-resistant MDR bacteria.

Conclusion

The rapid emergence of resistance in polymyxin-sensitive
strains is putting at risk our ability to treat common
infections, particularly hospital-acquired infections,
which are the sixth leading cause of deaths in the
United States.”' Hence, novel therapies are needed to
combat bacterial pathogens. The growing problem of
AMR is a great concern in the military as well, where
the major challenge is the elimination of MDR strains

Acinetobacter, Klebsiella and Pseudomonas, the leading
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Figure 4 Membrane permeabilization assay with |-N-phenylnapththylamine (NPN). Outer membrane permeability of NPN increases in the presence of AR-12 as seen with
increase in fluorescence of NPN with increasing concentrations of AR-12. A. baumannii 19606 and K. pneumoniae 13883 are ATCC strains that are polymyxin sensitive.
A. baumannii 34299 and K. pneumoniae 30835 are MDR clinical isolates that are polymyxin resistant. The experiments were repeated two or more independent times to

verify results.
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causative agents of infections in war wounds. The devel-
opment of effective combination therapies for targeting
nosocomial infections will also prove promising for treat-
ing troops wounded in wars and protecting the soldiers.
The increasing threat of bacterial resistance to polymyx-
ins has further accelerated the development of new
approaches to solve this global health challenge. The
use of nonantibiotic small molecules in combination
with polymyxin is an attractive approach to counter bac-
terial resistance and make it more susceptible to poly-
myxins (Eg: Pentamidine). In our study, we have utilized
AR-12 as a small molecule adjuvant of polymyxins
against a panel of polymyxin sensitive and resistant
strains. Using growth studies and broth dilution assays
involving combination of polymyxins and AR-12, we
have shown that the MIC of polymyxins can be greatly
reduced for MDR 4. baumannii and K. pneumoniae
strains in the presence of AR-12. Further, time-kill assays
that there is
a significant reduction in colony forming units for both

using AR-12 and colistin indicate
MDR A. baumannii and K. pneumoniae strains, when
treated with AR-12/colistin combination. Additionally,
permeabilization studies of AR-12 using fluorescently
labeled DP and NPN probes indicate that AR-12 might
be facilitating the uptake of polymyxins in these strains,
thereby enhancing the antibacterial activity.

Our studies show that the combination of AR-12 and
colistin is effective only against certain Gram-negative
bacterial strains that have acquired polymyxin resistance
but not effective against strains that may have inherent
polymyxin resistance. Novel small molecules based on the
AR-12 scaffold will be valuable for use in combination
with polymyxins as narrow spectrum antibacterial agents.
To delineate the mechanism of action of AR-12, we are
currently pursuing a systems biology approach (employing
genomics, transcriptomics, lipidomics and metabolomics).
To understand the nature of gene mutations and modifica-
tions that might be contributing to polymyxin resistance in
the clinical isolates used in our study, we are performing
whole genome sequencing of select clinical isolates used
in this study to compare it with the genomes of poly-
myxin-sensitive isolates. The analysis and comparison of
the genomes will facilitate the determination of mutations
in genes known to be involved in polymyxin-resistant
pathways or other biological pathways. We are further
studying the effect of AR-12 on select clinical isolates
by conducting transcriptomics studies to facilitate sys-
tematic analysis of the bacterial gene regulation and

cellular functions when exposed to the AR-12/polymyxin
combination. It is well established that modification of
lipid A component of bacterial membrane can lead to
polymyxin resistance. It will be highly valuable to conduct
mass spectrometric analysis of lipid A of MDR isolates
with and without treatment with AR-12/polymyxin combi-
nation to determine if AR-12 is modifying the lipid
A component of the MDR isolates and thereby making
them more susceptible to polymyxins. In parallel, we are
also exploring the design and synthesis of new AR-12-
based scaffolds that are more bioavailable in host.
Identification of other nonantibiotic small molecules
employing similar mechanism of action will prove highly
valuable in developing treatment options with combination
therapies against infections caused by MDR pathogens.
Furthermore, a systematic study of the role of the bacterial
polymyxin resistance genes and other cellular functions
that result in acquisition of polymyxin resistance in Gram-
negative bacteria will facilitate the discovery of small
molecules that can be used for targeted combination
therapies.
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Supplementary materials

Table S| Effect of AR-12 on the antibacterial activity of polymyxin B and colistin in Gram-negative bacterial pathogens

Organism Source of Strain ID# | AR-12 Polymyxin | Polymyxin Colistin | Colistin MIC
Clinical MIC B MIC (ug/ | B MIC (4 pg/ MIC (4 pg/ml AR-
Isolates (ng/ml) ml) ml AR-12) (ng/ml) 12)
A. baumannii JMI Laboratories | 26126 >128 64 4 >64 16
A. baumannii JMI Laboratories | 34299 >128 16 <2 >64 4
A. baumannii JMI Laboratories | 13311 >64 >64 >64 >64 64
A. baumannii JMI Laboratories | 39070 >64 >64 >64 >64 >64
A. baumannii USAMRIID 736 >16 4 <l ND ND
B. mallei USAMRIID FMH >128 128 128 ND ND
B. pseudomallei USAMRIID K96243 >128 >128 >128 ND ND
E. coli WRNMMC 180520171 B | >64 16 8 16 16
E. coli WRNMMC 2812201711 >64 8 8 16 16
Enterobacter cloacae CDC 0163 >64 32 8 32 16
K. pneumoniae JMI Laboratories | 38731 >256 128 4 >64 16
K. pneumoniae JMI Laboratories | 30835 >256 128 <2 >64 16
K. pneumoniae USAMRIID 101434 >64 64 16 >64 16
K. pneumoniae USAMRIID 101522 >64 64 8 >64 8
K. pneumoniae USAMRIID 101783 >64 >64 2 >64 |
K. pneumoniae CbC 0109 >64 >64 16 >64 64
K. pneumoniae WRNMMC 281220174 >64 32 4 32 32
K. pneumoniae WRNMMC 281220175 >64 4 4 16 16
K. pneumoniae CbC 0olo >64 2 2 8 8
K. pneumoniae USAMRIID 757 >16 4 <I ND ND
P. aeruginosa WRNMMC 281220171 >64 4 2 8 4
P. aeruginosa WRNMMC 281220172 >64 2 2 8 8
P. aeruginosa WRNMMC 281220173 >64 4 4 8 16
P. aeruginosa WRNMMC 281220177 >64 4 4 4 4
P. aeruginosa WRNMMC 281220178 >64 4 4 8 8
P. aeruginosa WRNMMC 281220179 >64 4 4 4 8
P. aeruginosa WRNMMC 2812201710 | >64 4 4 8 4
Proteus mirabilis CDC 0155 >64 >64 64 >64 32
Proteus mirabilis CDC 0156 >64 >64 >64 >64 >64
Proteus mirabilis CDC 0159 >64 >64 >64 >64 >64
Proteus mirabilis CDC 0029 >64 >64 >64 >64 >64
Providencia stuartii CDC 0026 >64 >64 >64 >64 >64
Serratia marcescens CDC 0121 >64 >64 >64 >64 >64
Serratia marcescens CDC 0122 >64 >64 >64 >64 >64
Serratia marcescens CDC 0123 >64 >64 >64 >64 >64
Serratia marcescens CDC 0124 >64 >64 >64 >64 >64
Serratia marcescens CDC 0130 >64 >64 >64 >64 >64
Serratia marcescens CDC 0131 >64 >64 >64 >64 >64
Serratia marcescens CDC 0027 >64 >64 64 >64 >64

Notes: MIC broth microdilution assay was used to test the effect of AR-12 on polymyxin-resistant MDR strains. The bacterial isolates are part of the culture collections
from the organizations listed under source.

Abbreviations: ND, Not Determined; JMI, JMI laboratories; WRNMMC, Walter Reed National Military Medical Center; CDC, Centers for Disease Control and
Prevention; USAMRIID, United States Army Medical Research Institute of Infectious Diseases.
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Table S2 Pharmacokinetic (PK) parameters of AR-12 in female Balb/c mice after a single PO dose

Compound | Dose * (mg/ | Cmax (ng/ | Tmax AUC AUCinf (ng/ T2 CL/F Vz/F (L/Kg)
kg) ml) (h) (0-24) mL*h) (h) (mL/min/
(ng/ Kg)
mL*h)
AR-12 80 2077 10 41431 81807 22 977.9 311

Notes: The test compounds were formulated at 8 mg/mL in 10% Solutol HS 15. PK study in mice (80 mg/kg, p.o., q.d.) show that plasma levels of ~2 pg/mL of AR-12 can be
sustained over a 24 hrs period. However, this plasma concentration in mice is much lower than the concentration of AR-12 required for the antibacterial effect of the AR-12
combination with colistin in vitro (4 ug/mL).
Abbreviations: PO, per os; Cmax, maximum concentration; Tmax, Time of Maximum concentration observed; AUC, area under the curve; AUC, 54, AUC curve up to 24
h; AUC,, AUC curve extrapolated to infinite time; T, elimination half life; CL/F, Apparent total clearance from plasma after oral administration; Vz/F, Apparent volume of
distribution during terminal phase after oral administration.
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Figure S| Time-concentration profile of AR-12 in mice following a single PO dose. PK studies in mice indicate that plasma levels of ~2 pg/mL of AR-12 can be sustained

over a 24 hrs period.
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