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Abstract

Polymyxins, an old class of antibiotics, are currently used as the last resort for the treatment of
multidrug-resistant (MDR) Acinetobacter baumannii. However, recent pharmacokinetic and
pharmacodynamic data indicate that monotherapy can lead to the development of resistance.

Novel approaches are urgently needed to preserve and improve the efficacy of this last-line class of
antibiotics. This study examined the antimicrobial activity of novel combination of polymyxin B
with anthelmintic closantel against A. baumannii. Closantel monotherapy (16 mg/L) was
ineffective against most tested A. baumanniiisolates. However, closantel at 4-16 mg/L with a
clinically achievable concentration of polymyxin B (2 mg/L) successfully inhibited the
development of polymyxin resistance in polymyxin-susceptible isolates, and provided synergistic
killing against polymyxin-resistant isolates (MIC =4 mg/L). Our findings suggest that the
combination of polymyxin B with closantel could be potentially useful for the treatment of MDR,
including polymyxin-resistant, A. baumannii infections. The re-positioning of non-antibiotic drugs
to treat bacterial infections may significantly expedite discovery of new treatment options for
bacterial ‘superbugs’.
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1. Introduction

The past two decades has seen a substantial increase in Gram-negative ‘superbugs’ resistant
to almost all clinically available antibiotics.! This dire situation is exacerbated by a lack of
novel antibiotics in the drug discovery pipeline, leaving the world in a vulnerable state
against these life-threatening bacteria.l ‘Old’ polymyxin class of antibiotics, polymyxin B
and E (the latter also known as colistin), are now used as a last line of defence against Gram-
negative ‘superbugs’.? Of these pathogens Acinetobacter baumanniiis one of the most
problematic, causing a range of infections in the nosocomial setting and in injured military
personnel.3 Although polymyxins largely remain effective against problematic Gram-
negative bacteria such as A. baumannii, recent pharmacokinetic and pharmacodynamic data
on polymyxins suggest that caution is required with monotherapy due to emergence of
resistance.*> Worryingly, there have been increasing reports of infections caused by A.
baumannii which are resistant to all available antibiotics, including polymyxins.87 The
emergence of polymyxin-resistant A. baumannii highlights the urgent need to investigate
novel approaches for maintaining and improving the clinical efficacy of polymyxins.

The use of synergistic combinations of non-antibiotic drugs with antibiotics is emerging as a
potentially valuable and cost-effective approach to improve the clinical efficacy of currently
available antibiotics against problematic MDR bacterial pathogens.8 The aim of the present
study was to investigate bacterial killing and the rapid emergence of polymyxin resistance in
A. baumannii using clinically relevant concentrations of polymyxin B in combination with
the non-antibiotic closantel.

2. Materials and methods

2.1 Bacterial strains and MIC measurements

Eight strains of A. baumannii representing a mixture of polymyxin-susceptible (i.e. MIC <2
mg/L) and polymyxin-resistant (i.e. MIC =4 mg/L) strains, including MDR strains, were
employed in this study (Table 1). Of the 4 polymyxin-susceptible isolates, FADDI-AB009
and 2949 were polymyxin heteroresistant; polymyxin heteroresistance was defined as a
polymyxin-susceptible isolate (i.e. MIC <2 mg/L) with subpopulations able to grow in the
presence of >2 mg/L polymyxin B.2 A. baumannii ATCC 19606 was purchased from the
American Type Culture Collection (Rockville, MD) and the polymyxin-resistant variant
FADDI-ABO065 was from a previous study:19 polymyxin resistance of FADDI-ABO65 is
conferred by complete loss of lipopolysaccharide (LPS) from the outer membrane.10
FADDI-ABO009 was provided by The Alfred Hospital (Melbourne, Australia) and its
polymyxin-resistant variant FADDI-ABO085 was produced by plating onto Mueller-Hinton
agar (Oxoid, Adelaide, Australia) containing 10 mg/L of colistin sulfate (Sigma-Aldrich,
Castle Hill, Australia). In addition, two pairs of polymyxin-susceptible and -resistant isolates
were obtained from two patients at the University of Pittsburgh Medical Center prior to
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(susceptible) and following (resistant) colistin treatment: 2382 vs2384, and 2949 vs
2949A.11 Polymyxin resistance in isolates 2384 and 2949A is conferred by modifications of
lipid A.11 All four isolates from the University of Pittsburgh Medical Center are MDR
(defined as non-susceptible to =1 treating agent in >3 antimicrobial categories).1?

MICs to polymyxin B (Sigma-Aldrich, Castle Hill, Australia; Batch number BCBD1065V)
and closantel (Sigma-Aldrich, USA; Batch number SZBC320XV) were determined for all
isolates in three replicates on separate days using broth microdilution in cation-adjusted
Mueller-Hinton broth (CAMHB; Ca2* at 23.0 mg/L and Mg2* at 12.2 mg/L [Oxoid,
Hampshire, England]).13 Stock solutions of polymyxin B and closantel were prepared
immediately prior to each experiment. Polymyxin B was dissolved in Milli-Q water
(Millipore Australia, North Ryde, Australia) and sterilised by passage through a 0.20-pum
cellulose acetate syringe filter (Millipore, Bedford, MA). Closantel was first dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) then Milli-Q water to make 10% (v/v). The
solution was further serially diluted in filter-sterilised Milli-Q water to the desired final
concentration; preliminary studies demonstrated the final concentration of DMSO (2.5%,
v/v) to which the bacteria were exposed had no effect on their growth. All assays were
performed in 96-well microtiter plates (Techno Plas, Australia) in CAMHB with a bacterial
inoculum of approximately 5 x 10° cfu/mL. Plates were incubated at 37°C for 20 h. MICs
were determined as the lowest concentrations that inhibited the visible growth of the
bacteria. For polymyxin-resistant isolates, MICs of closantel in the presence of 2 mg/L of
polymyxin B were also determined (i.e. polymyxin B at the specified concentrations was
added to each well of the 96-well plate).

2.2 Baseline polymyxin population analysis profiles

The possible existence of polymyxin-resistant subpopulations at baseline (t = 0 h) was
determined with population analysis profiles (PAPs) as described previously.14 Briefly,
bacterial cell suspensions (50 L) of approximately 108 cfu/mL were appropriately diluted
with 0.9% saline and plated onto Mueller-Hinton agar plates (Media Preparation Unit,
University of Melbourne, Parkville, Australia) containing polymyxin B (0, 0.5, 1, 2, 4 and 8
mg/L) using an automatic spiral plater (WASP, Don Whitley Scientific, West Yorkshire,
UK). Colonies were counted after 24-h incubation at 37°C using a ProtoCOL® colony
counter (Synbiosis, Cambridge, UK).

2.3 Static time-kill studies

Time-kill studies with polymyxin B and closantel alone, and in combination, were
conducted. For monotherapy, polymyxin B was used at 2 mg/L and closantel at 16 mg/L.
Three polymyxin B/closantel combinations were investigated using polymyxin B at 2 mg/L
combined with closantel at 2, 4, or 16 mg/L (DMSO at 2.5% (v/v) was used for all
treatments). Prior to each experiment, isolates were subcultured onto nutrient agar plates
(Media Preparation Unit) and incubated overnight at 35°C. One colony was then selected
and grown overnight in 20 mL CAMHB at 37°C; from this colony an early log-phase culture
was obtained. Each drug was added alone or in combination to 20 mL of a log-phase broth
culture of approximately 5 x 10° cfu/mL to yield the desired concentrations. Each 20-mL
culture was placed in a sterile 50-mL polypropylene tube (Greiner Bio-One, Germany)
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containing 20 mL of CAMHB and incubated in a shaking water bath at 37°C (shaking
speed, 150 rpm/min). Serial samples (0.5 mL) were removed aseptically at 0, 0.5, 1, 2, 4, 6
and 24 h for viable-cell counting; the samples were appropriately diluted in 0.9% saline and
50 pL of the resultant bacterial cell suspension was spirally plated onto nutrient agar. In
order to examine the rapid emergence of polymyxin-resistant subpopulations, samples at 24
h were additionally plated onto Mueller-Hinton agar containing polymyxin B at 4 mg/L.
Enumeration was performed after 24 h of incubation as described above. Microbiological
responses of combination therapy relative to monotherapy were examined descriptively and
via the log change method, i.e. comparing the change in Logyg cfu/mL from 0 h (cfug) to
time ¢(4 and 24 h; cfuy) as shown: log change = Logqg(cfuy) — Logig(cfup). Synergy was
defined as =2 Log;q cfu/mL killing for the combination relative to the most active
corresponding monotherapy at a specified time.1°

2.4 Quantification of antibacterial activity

The antibacterial activity of polymyxin B and closantel, both individually and in
combination, was quantified using a recently reported empirical modeling approach® which
characterizes the rate of bacterial killing in addition to the suppression of bacterial regrowth.
An empirical model (Equation 1) was fitted to the time-Kkill experimental data and estimates
were obtained for the parameters A, B, C, K4 and K, that describe the magnitude of bacterial
killing, magnitude of bacterial regrowth, time delay of bacterial regrowth, and the rates of
bacterial killing and regrowth, respectively.

CFU B
B L L I
LOglO ( ml ) e +1+67K,,.-(t7C) (1)

Estimation was performed by non-linear regression using the solver add-in in Microsoft
Excel® and the parameter estimates were subsequently used to calculate a model-derived
time to 2 Logqo-killing (T2LK — Equation 2) and time to 3 Logqg-regrowth (T3LR —
Equation 3). The T2LK was used as a measure of bacterial killing while the T3LR was used
as a measure of the suppression of bacterial regrowth. T3LR was constrained to less than 24
h to account for the duration of the time-Kkill study.

1 :CL 10 killi )
t = . ln [ 1 ZLestokitling
x Logl0 kill Kd n ( A (2)

Logl0 regrowth

1 xT
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3. Results

3.1 MICs and PAPs

MICs of each drug alone plus MICs to closantel in the presence of polymyxin B (2 mg/L),
as well as results for baseline PAPs, are shown in the Table 1. Closantel alone was inactive
(MIC >128 mg/L) against the majority of isolates. However, an MIC of closantel of 0.5
mg/L was achieved against two polymyxin-resistant strains (FADDI-AB065 and FADDI-
ABO085); for these two strains, closantel MICs were unaffected by the addition of polymyxin
B (2 mg/L). The addition of polymyxin B substantially reduced closantel MICs in the two
remaining polymyxin-resistant isolates (2384 and 2949A; Table 1). The varying
susceptibility to polymyxin B of subpopulations within the polymyxin-susceptible isolates
prior to polymyxin B treatment was evident in the PAPs. Two isolates (2949 and FADDI-
ABO009) considered susceptible based upon polymyxin B MIC results were heteroresistant,
containing subpopulations able to grow in the presence of >2 mg/L polymyxin B (Table 1).
For the polymyxin-resistant isolates, virtually the entire bacterial population was highly
resistant to polymyxin B and grew in the presence of 8 mg/L polymyxin B.

3.2 Time-kill studies and rapid emergence of polymyxin resistance

Time-kill profiles for polymyxin B and closantel monotherapy and combination therapy
against polymyxin-resistant isolates are shown in Figure 1. Against the closantel-susceptible
isolates FADDI-ABO065 and FADDI-ABO085, polymyxin B monotherapy (2 mg/L) resulted in
no bacterial killing while closantel monotherapy (16 mg/L) resulted in rapid killing between
2—-4h (T2LK: 178 and 113 min for FADDI-ABO065 and FADDI-ABO085, respectively).
Minimal regrowth was observed at 24 h for FADDI-ABO065 (<2-Logqq cfu/mL), although
substantial regrowth occurred for FADDI-ABO085 (>6-Logq cfu/mL, T3LR = 19.3 h)
(Figure 1). Despite subsequent regrowth at 24 h, the polymyxin-resistant subpopulations of
FADDI-ABO85 treated with closantel monotherapy (16 mg/L) were approximately 1:100
compared with control, treatment with polymyxin B monotherapy (2 mg/L), and treatment
with polymyxin B/closantel 2 mg/L combination (Table 2). Against the remaining
polymyxin-resistant isolates 2384 and 2949A, no bacterial killing was observed with either
polymyxin B or closantel monotherapy, with growth mirroring that of the controls over 24 h
(Figure 1). Combination therapy of polymyxin B and closantel was highly effective against
isolates FADDI-ABO065 and FADDI-ABO085. For FADDI-ABO065, all combinations of
polymyxin B and closantel resulted in complete inhibition, with no viable colonies detected
at 24 h. For FADDI-ABO085, complete inhibition was achieved with combinations of
polymyxin B and closantel at concentration 4 and 16 mg/L. Against the isolates 2384 and
2949A, even though regrowth was at or close to control values by 24 h with all polymyxin
B/closantel combinations, rapid and extensive bacterial killing was observed soon after the
commencement of the combination therapy. Against isolate 2949A, polymyxin B plus
closantel at 16 mg/L was synergistic at 4 h (T2LK: 80.7 min), with an additional ~4.5-Log1g
kill compared with polymyxin B monotherapy observed with the highest closantel
concentration (Figure 1). For isolates 2384, rapid and extensive bacterial killing was
observed with all polymyxin B/closantel combinations with a minimum of ~5-Log;q greater
killing compared to monotherapy at 4 h (T2LK: 46.7, 20.1 and 11.7 min for polymyxin B 2
mg/L plus closantel 2, 4 and 16 mg/L, respectively) (Figure 1). Within 2 h of initiation of
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therapy, no viable bacteria were detected with the polymyxin B/closantel (4 mg/L and 16
mg/L) combinations; the killing at 4 h in these cases was ~7.5-Log1o more than with
equivalent monotherapy.

Time-kill profiles for polymyxin B and closantel monotherapy and combination therapy
against polymyxin-susceptible isolates are shown in Figure 2. The proportions of
polymyxin-resistant isolates before and after 24 h of treatment with each regimen are shown
in Table 2. Against all polymyxin-susceptible isolates, polymyxin B monotherapy (2 mg/L)
resulted in rapid bacterial killing to below the limit of detection within 0.5 — 1 h, with no
viable colonies detected up to 6 h. For FADDI-AB009 and 2382, no regrowth was observed
at 24 h. However, regrowth occurred at 24 h with the remaining two isolates (Figure 2). For
heteroresistant isolate 2949, the proportion of polymyxin-resistant subpopulations
dramatically increased at 24 h following polymyxin B monotherapy, with virtually the entire
population able to grow on Mueller-Hinton agar containing 4 mg/L polymyxin B (Table 2);
the substantial bacterial killing observed at this time with all other susceptible isolates
precludes meaningful comparison of polymyxin-susceptible and -resistant subpopulations.
For isolates ATCC 19606 and 2949 (the isolates where regrowth at 24 h was observed), the
addition of closantel at 4 and 16 mg/L to polymyxin B was synergistic at 24 h, preventing
regrowth despite closantel having no discernible antibacterial activity as monotherapy
against any polymyxin-susceptible isolate (i.e. growth with closantel monotherapy was
essentially indistinguishable from that of the control). Regrowth similar to that which
occurred with polymyxin B monotherapy was observed with the polymyxin B/closantel 2
mg/L combination against isolates ATCC 19606 and 2949. However, with this combination
the rapid emergence of polymyxin-resistant subpopulations was approximately 100 times
lower than polymyxin B monotherapy for isolate 2949 (Table 2). Antimicrobial activity for
the combination of polymyxin B and closantel against polymyxin-susceptible isolates,
quantified by the model-derived T2LK, did not differ significantly compared to polymyxin B
alone (mean = SD: 11.5 + 2.60 vs. 10.5 + 0.73 min, p = 0.47). Notably, against isolate 2949
bacterial regrowth was markedly suppressed following combination therapy with closantel
(2, 4 and 16 mg/L) compared to polymyxin B alone (T3LR: >22 h vs. 6.08 h).

4. Discussion

Infections caused by MDR A. baumannii are increasing globally and are already a major
burden on the public health care system.1’~19 Although polymyxins are increasingly used as
a last-line therapy against this very problematic Gram-negative pathogen,2%-21 reports of
polymyxin-resistant MDR A. baumannii are increasing.22 Additionally, emerging
pharmacokinetic and pharmacodynamic data for polymyxins suggest caution with
polymyxin monotherapy due to the presence of polymyxin heteroresistant isolates.23.24
Consequently, novel treatment strategies which optimise bacterial killing and minimise the
emergence of polymyxin resistance are urgently required.2>

In the present study we evaluated the /n vitro efficacy of the combination of polymyxin B
with the non-antibiotic closantel against a range of clinical isolates (including MDR isolates)
of A. baumanniiwith various susceptibilities to polymyxin B (Table 1). Closantel is a
veterinary anthelmintic drug with activity against multiple nematode species.26 The
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anthelmintic activity of closantel involves the uncoupling of oxidative phosphorylation and
inhibition of chitinase.27+28 Our study is the first to demonstrate the synergistic antibacterial
activity between polymyxins and closantel against MDR A. baumannii. The re-positioning
of veterinary drugs has been successful for drug discoveries for humans. An example is
ivermectin,2® a drug that is currently being used to treat river blindness in human but was
initially developed for veterinary use. Currently, the pharmacokinetics of closantel is
unavailable in humans; hence, multiple concentrations of closantel (2, 4 and 16 mg/L) were
employed based on its pharmacokinetics in animals30:3! and to ensure an appropriate
concentration range is covered. The concentration of polymyxin B (2 mg/L) employed in
this study is clinically achievable as demonstrated by the pharmacokinetics studies in
critically-ill patients.32:33

For A. baumannii, regrowth with polymyxin monotherapy (polymyxin B or colistin) is
driven in part by the amplification of polymyxin-resistant subpopulations.2324 Such
regrowth was similarly observed here in two of four polymyxin-susceptible isolates (Figure
2). This finding again illustrates that caution is required for treatment of A. baumannii
infections with polymyxin monotherapy. For the polymyxin-resistant isolates, rapid and
dramatic improvements in bacterial killing were observed with all three combinations
against isolates 2384, and with the combination of polymyxin B/closantel 16 mg/L against
2949A. These improvements occurred despite the virtual absence of bacterial killing with
each monotherapy. For example, against isolate 2384 improvements in bacterial killing of
>5-L0g1¢ cfu/mL compared with each monotherapy were observed within 1 h of the
commencement of treatment with the combination containing 4 mg/L closantel. Despite
subsequent regrowth, such rapid and extensive initial killing by an antibiotic/non-antibiotic
combination against isolates highly resistant to each drug is an important finding. The rapid
and extensive reduction in the bacterial load at the commencement of therapy may facilitate
clearance of bacteria by the immune system of the host. Interestingly closantel showed
antibacterial activity as monotherapy against FADDI-AB065 and FADDI-ABO085, but even
then the combinations with all concentrations of closantel (2, 4 and 16 mg/L) demonstrated
superiority through better regrowth suppression after 24 h. The addition of closantel to
polymyxin B had no effect on initial bacterial killing of polymyxin-susceptible isolates due
to extensive bacterial killing by polymyxin B alone (Figure 2). However, the additional
closantel at 4 or 16 mg/L did suppress the regrowth observed with polymyxin B
monotherapy against ATCC 19606 and 2949 (Figure 2). These findings merit further
research given increasing reports of polymyxin resistance34-38 and a diminishing arsenal of
effective antibiotics.3%-41

Similar to previous reports,*2-44 our current study shows that the MIC results did not
completely mirror that of the results from the time-kill studies (Table 1 and Figure 1). For
isolates 2384 and 2949A, closantel MICs were 1 and 2 mg/L, respectively, in the presence of
2 mg/L of polymyxin B (Table 1). However, in the time-Kkill studies, regrowth was observed
for both isolates with 16 mg/L of closantel in the presence of 2 mg/L of polymyxin B
(Figure 1). As MICs are obtained after 20-h incubation via visual observation for turbidity
and viable counting using agar plates is not part of the MIC measurement, the MIC results
do not necessarily indicate lack of viable cells (e.g. in the 24-h time-kill studies).
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The antibacterial mechanism of closantel is unclear. However, closantel has been shown to
exhibit antimicrobial activity against Gram-positive bacteria i vitro*>46 and against
Staphylococcus aureus in a Caenorhabditis elegans infection model.#’ For Gram-negative
bacteria, the unique structure of the cell envelope creates a permeability barrier to
hydrophobic compounds such as closantel (logP 7.2). Lipopolysaccharide (LPS), the
principal component of the external leaflet of the Gram-negative outer membrane, is the
initial binding target of polymyxins via electrostatic interaction of the cationic L-a,y-
diaminobutyric acid (Dab) side chains present on polymyxins with the negatively charged
phosphate groups of the lipid A component of LPS.#8 Binding displaces the divalent cations
(Ca?* and Mg?*) that bridge adjacent LPS molecules, disorganising the outer membrane and
increasing its permeability.4® While it was originally proposed that bacterial killing by the
polymyxins resulted from permeabilisation of the bacterial outer membrane and subsequent
leakage of cell contents, the precise mechanism(s) by which polymyxins ultimately kill
bacterial cells is still unknown and several alternative mechanisms of action have been
reported.>%-53 A previous study has demonstrated polymyxin resistance in isolates 2384 and
2949A is conferred by modifications of lipid A with cationic galactosamine.1! It is apparent
that this outer membrane modification on its own did not lead to enhanced penetration of
closantel as the MIC for both isolates was >128 mg/L and closantel monotherapy produced
no bacterial killing. However, the enhanced bacterial killing observed when combined with
polymyxin B suggests sufficient permeabilisation of the outer membrane by the polymyxin
to allow closantel to enter into the cell and exert an antibacterial effect. Complete loss of
LPS in A. baumanniiis also known to confer polymyxin resistance, although such resistance
comes at the cost of rendering the outer membrane more permeable to hydrophobic
compounds that would otherwise be unable to enter the bacterial cell.10 This may explain the
antibacterial activity of closantel in its own right (closantel MICs of 0.5 mg/L) against
strains FADDI-ABO065 (which is LPS-deficient) and FADDI-AB085. This would also be
consistent with the previously reported antibacterial activity of closantel against Gram-
positive species which do not possess LPS.45:46

5. Conclusions

In an era of declining antibiotic discovery and rapidly emerging antibiotic resistance, novel
treatment strategies for MDR Gram-negative organisms such as A. baumannii are urgently
needed. The off-label use of non-antibiotic drugs for antibacterial purposes in combination
with existing antibiotics is a currently underexplored area with significant potential to
expedite discovery of new treatment options for infections caused by MDR pathogens. The
findings from the present study demonstrate that the ‘unexpected” combination of
polymyxin B with an anthelmintic, closantel, may substantially increase the antibacterial
activity against MDR, including polymyxin-resistant, A. baumannii. Further investigations
in animal infection models are required for translation into the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Polymyxin-resistant isolates
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Figurel.
Time-kill curves for polymyxin B (PB) and closantel (CLO) monotherapy and combination

therapy against polymyxin-resistant A. baumannii isolates FADDI-AB065, FADDI-AB085,
2384 and 2949A. The y-axis starts from the limit of detection and the limit of quantification
is indicated by the horizontal dotted line.
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Polymyxin-susceptible isolates

10 4

Log,, cfu/mL

ATCC 19606 FADDI-AB009

Log,, cfu/mL

Time (h)

Log,, cfu/mL

12 16 20 24 0 4 12 16 20
Time (h) Time (h)
——@—— Control
——-O0-—— CLO 16 mg/L
——-v—— PB2mg/lL
——A— PB 2 mg/L + CLO 2 mg/L
— - — PB2mg/L+CLO 4 mg/L
——O0—— PB2mg/L + CLO 16 mg/L
Limit of Quantification

Figure2.
Time-kill curves for polymyxin B (PB) and closantel (CLO) monotherapy and combination

therapy against polymyxin-susceptible A. baumanniiisolates ATCC 19606, FADDI-ABO009,
2382 and 2949. The y-axis starts from the limit of detection and the limit of quantification is
indicated by the horizontal dotted line. All isolates start at a similar initial inoculum. For
combinations with CLO 2 mg/L (FADDI-ABO009 and 2382) and 4 and 16 mg/L (all isolates),
regrowth (if present) is below the limit of detection.
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