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Objectives: To search for new means of combatting carbapenemase-producing strains of Klebsiella pneumoniae
by repurposing the anti-helminth drug niclosamide as an antimicrobial agent and combining it with the efflux
pump inhibitor (EPI) phenyl-arginine-p-naphthylamide (PapN).

Methods: Niclosamide and PaBN MICs were determined for six clinical K. pneumoniae isolates harbouring differ-
ent carbapenemases by broth microdilution and chequerboard assays. Time-kill curves in the presence of each
drug alone and in combination were conducted. The viability of bacterial cells in the presence of repetitive ex-
posures at 8 h to the treatment at the same concentration of niclosamide and/or PapN (adapted isolates) was
determined. The acrAB-tolC genes and their requlators were sequenced and quantitative RT-PCR was performed
to assess whether the acrA gene was overexpressed in adapted isolates compared with non-adapted isolates.
Finally, the MICs of several antimicrobials were determined for the adapted isolates.

Results: Niclosamide and PaBN had synergistic effects on the six isolates in vitro, but adaptation appeared when
the treatment was applied to the medium every 8 h, with an increase of 6- to 12-fold in the MIC of PaBN.
Sequencing revealed different mutations in the regulators of the tripartite AcrAB-TolC efflux pump (ramR and
acrR) that may be responsible for the overexpression of the efflux pump and the adaptation to this combination.
Co-resistance to different antimicrobials confirmed the overexpression of the AcrAB-TolC efflux pump.

Conclusions: Despite the synergistic effect that preliminary in vitro stages may suggest, the combinations of
drugs and EPI may generate adapted phenotypes associated with antimicrobial resistance that must be taken
into consideration.

new families of antibiotics have been discovered;! however, selec-
tion for resistance in clinical, veterinary and environmental set-
tings has already occurred, as happens for every drug used
routinely. In this context, the rescue of other types of

Introduction

Clinical failure is nowadays one of the most worrisome issues that
we face daily, especially when treating antibiotic-resistant strains.

Any new, successful drug used against acute and chronic micro-
bialinfectionsin the clinical setting could be correlated, to a great-
er or lesser extent, with resistance to it. In recent decades, few

FDA-approved drugs to treat microbial infections, especially those
caused by MDR and adaptative bacteria, is necessary.” The strat-
egy of finding new indications for drugs that already exist is known
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as repositioning or drug-repurposing and has become increasing-
ly popular lately.“®

Niclosamide (2’,5-dichloro-4'-nitrosalicylanilide) is an anti-
helminth FDA-approved drug, belonging to the salicylanilide fam-
ily, that has been used for 50 years against infections caused by
parasites in humans and animals.” As an antibacterial molecule,
niclosamide activity has been examined against many relevant
pathogens and showed potent activity against the
Gram-positive members of the ESKAPE pathogens, exclusively.®
Moreover, many reports have found interesting results about its
potential therapeutic use, in vitro and in in vivo models (Galleria
mellonella,’ Caenorhabditis elegans® and rodents*®), highlighting:
(i) niclosamide inhibited the growth of both vancomycin-resistant
Enterococcus faecium (with MICs ranging from 1 to 8 mg/L) and
Staphylococcus aureus (with an MIC value as low as 0.125 mg/
L);% (i) niclosamide inhibited Pseudomonas aeruginosa quorum
sensing’? and three toxins of Clostridium difficile,'° in both cases
exhibiting an anti-virulent role as an antibacterial molecule; (jii)
niclosamide was repurposed as a surface coating to inhibit the
biofilm of S. aureus resistant to methicillin and Staphylococcus epi-
dermidis over hospital devices and its anti-biofilm activity was ef-
fective at concentrations as low as 10 mg/L;*® and (iv) three
different research groups have reported a synergistic effect be-
tween niclosamide and colistin on Gram-negative bacilli, even re-
verting the colistin resistance phenotype.'* *°

Nevertheless, no relevant antibacterial effect of niclosamide
alone on any Gram-negative strains has been assessed for
now,*? very likely due to two intrinsic mechanisms of resistance:
the enzymatic nitroreduction carried out by nitroreductases and
the activity of multidrug efflux pumps (such as AcrAB-TolC in
Escherichia coli'’). Copp et al.'” found that, when the latter
mechanism of resistance was inhibited, niclosamide became a
potent antibiotic and dissipated the proton motive force, increas-
ing oxidative stress and reducing ATP production, causing bacter-
ial growth to stop. The authors hypothesized that niclosamide
could have synergistic activity when combined with compounds
that inhibit drug efflux. Thus, here we have combined
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niclosamide with the well-characterized efflux pump inhibitor
(EPI) phenyl-arginine-B-naphthylamide (PapN) against clinical
isolates of Klebsiella pneumoniae, so that the former could in-
crease its intracellular concentration, while the tripartite efflux
pump AcrAB-TolC is inhibited by PagN, and therefore exhibit its
bacteriostatic effect. As we observed adapted mutants following
repetitive exposures of this combination, we sequenced the
acrAB operon and tolC genes, encoding the AcrA periplasmic
adapter protein, the AcrB membrane efflux transporter and the
outer membrane channel TolC,*® as well as the regulators of
this system, such as ramR, ramA and acrR.*® It has been de-
scribed that acrR is the local repressor of the acrAB operon and
mutations of it may cause the loss of its repressing function,°
whereas ramR mutations can cause the overexpression of
ramA, whose product RamA binds the promoter region of acrAB
and activates the transcription of AcrAB-TolC. Thus, we also
quantified the expression of acrA in adapted isolates (after three
repetitive exposures to the treatment) by performing quantita-
tive RT-PCR (gRT-PCR) and compared it with the expression in
non-adapted isolates. Finally, the MICs of several antimicrobials
(tigecycline, chloramphenicol, tetracycline, ciprofloxacin and imi-
penem) were determined to confirm the phenotypic
co-resistance caused by the overexpression of the AcrAB-TolC ef-
flux pump in the adapted isolates.

Materials and methods

K. pneumoniae clinical isolates

Six different isolates of K. pneumoniae belonging to different STs, previ-
ously determined by MLST, isolated from clinical samples and harbouring
the most prevalent carbapenemase genes (OXA, VIM and KPC
B-lactamases) were chosen (Figure 1a). The STs and carbapenemase
B-lactamases had been determined by Esteban-Cantos et al.?! The study
pointed out that K. pneumoniae ST258 and ST15 are high-risk clones in
the worldwide spread of carbapenemases (OXA-48, OXA-245, VIM-1,
KPC-2 and KPC-3) and these were among the ones to be selected for ana-
lysis, together with a strain carrying no carbapenemase gene (K3325).
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Figure 1. () Six heterogeneous clinical isolates, each one belonging to a different STand carrying a different carbapenemase gene. NC, no carbapenemase.
(b) FDA-approved anti-helminth niclosamide, belonging to the salicylanilide family. (c) Inhibitor of RND efflux pumps phenyl-arginine-g-naphthylamide

(PapN).

1273

€202 Jequisydes |z uo jsenb Aq /G09€59/2/Z1/G/LL/e1P1e/oel/woo dno-ojwepede//:sdly woly papeojumod



Pacios et al.

Determination of the synergy in vitro between
niclosamide and PaN

(a) Chequerboard assays

Niclosamide (Calbiochem®) and PapN were purchased at Sigma-Aldrich®
(Figure 1b and c). The MICs of both drugs individually were determined
using a broth microdilution assay modified from established protocols.??
Niclosamide (first diluted into DMSO) and PaBN (diluted into distilled
water) were tested at the following ranges: 0.06-56.25 and 0.98-
1000 mg/L, respectively. For the chequerboard assays, double dilutions
of each drug (niclosamide along the x-axis and PapN along the y-axis)
were serially diluted in Mueller-Hinton broth, now at concentration
ranges of 0.007-7.04 mg/L for niclosamide and 0.5-15.63 mg/L for
PaBN, as these drugs in combination exhibited a stronger inhibitory activ-
ity. The six chosen clinical isolates of K. pneumoniae (Figure 1a) at a con-
centration of 5x 10° cfu/mL were added, whereas no bacteria were
added to the negative controls. Plates were incubated for 16 h at 37°C
and the MIC was the lowest concentration where no growth was visible.
For calculation of the fractional inhibitory concentration index (FICI), a
parameter that indicates the relationship established between two
drugs, the following formulae were used: FICyiciosamide =MIChiclosamide iN
the presence of PapN/MIChiciosamide; FICpapn =MICpgpn in the presence of
niclosamide/MICpgn and FICI=FICiciosamide + FICpapn-

(b) Optical density (OD) growth curves and double-disc diffusion synergy
assays

Isolated colonies of the six isolates of K. pneumoniae were inoculated in
5 mL of fresh LB broth, incubated overnight at 37°C and 180 rpm, then di-
luted 1:100 in LB broth and incubated in the presence of 3.5 mg/L niclo-
samide and/or 4 mg/L PapN, defined after the chequerboard assays. The
OD at a wavelength of 600 nm (ODggo nm) Was measured at 1 h intervals
for 6 h. All experiments were performed in triplicate and statistically ana-
lysed using GraphPad v.6.

A double-disc diffusion assay was performed to verify this synergy in
solid medium. Briefly, clinical isolates of K. pneumoniae were grown over-
night and diluted 1:100 in LB broth. Aliquots (100 uL) of these dilutions
were plated on Mueller-Hinton agar plates, where the antimicrobial sus-
ceptibility test discs (BD BBL™ Sensi-Disc™) were placed. Due to the low
aqueous solubility of niclosamide, the discs containing niclosamide alone
or with PaBN were imbibed into a solution of 1.8 mg/mL niclosamide
alone or mixed with PapN at 25 mg/mL for 2 s, based on previous works.*
For discs where only PaBN was tested, 5 ulL of the EPI at 25 mg/mL was
added. Similarly, imipenem (10 ng, as a positive control) and distilled
water and DMSO (5 ulL, as negative controls) were included as controls
(data not shown). To reveal the synergy in the confluence zone, niclosa-
mide and PapN discs were distanced 15 mm apart.

Time-kill curves in the presence of niclosamide and PagN

An isolated colony of each corresponding strain was inoculated overnight
into 5 mL of LB broth and incubated at 37°C and 180 rpm, then diluted
1:100 in flasks containing 20 mL of LB broth. Niclosamide at a final con-
centration of 3.5 mg/L was also added alone or in combination with PaN
(4 mg/L). Every 8h, cultures were centrifuged (4500 rpm, 15 min),
washed with saline buffer, re-centrifuged, resuspended in fresh medium
and niclosamide (3.5 mg/L) and/or PaBN (4 mg/L) were re-added to the
same concentration. Bacterial concentrations (logyo cfu/mL) were deter-
mined by counting the colonies present at 0, 8, 16 and 24 h post-
treatment in LB agar after plating 100 uL of the cultures serially diluted.
All experiments were performed in triplicate and statistically analysed
using GraphPad v.6.

Sequencing of acrR, acrAB-tolC, ramR and ramA (efflux
pump genes) and qRT-PCR of acrA

acrA, acrB and tolC genes, as well as the regulators acrR, ramA and ramR,
of the K. pneumoniae clinical strains that showed synergistic activity of
the combination of niclosamide and PapN were sequenced using the
Sanger method at 0 h (control of non-adapted cells) and 24 h (adapted,
as they have been exposed to three doses of the combination). Forward
and reverse sequences were de novo assembled using Geneious Prime®
2021.2.2 and the identification of nucleotide changes was performed
using the Blastn tool from the National Center for Biotechnology
Information (NCBI). Nucleotide sequences were translated into protein
sequences using the ExPASy translate tool (https:/web.expasy.org/
translate/).

gRT-PCR was used to compare the expression of the acrA gene in
adapted (24 h) and non-adapted (0 h) isolates. Lightcycler 480 RNA
MasterHydrolysis Probe (Roche, Germany) and UPL Probes (Universal
Probe Library-Roche, Germany) were used (Table S1, available as
Supplementary data at JAC Online). All experiments were performed in
duplicate from two independent RNA extractions (High Pure RNA
Isolation Kit, following the manufacturer’s instructions). For each strain,
we normalized the expression of all genes relative to the recA housekeep-
ing gene and calibrated the expression of acrA at 24 h relative to its ex-
pression in non-adapted strains. All the primers used in this work are
shown in Table ST.

Determination of the MICs of other antimicrobials

To phenotypically verify the overexpression of the AcrAB-TolC efflux pump
in adapted strains, we determined the MICs for adapted strains in com-
parison with non-adapted strains of AcrAB-TolC substrates (tigecycline,
chloramphenicol, tetracycline and ciprofloxacin), in the absence and
the presence of PapN. Imipenem (not a substrate of the efflux pump)
was included as a control. We followed EUCAST methodology (https:/
www.eucast.org/ast_of_bacteria/quidance_documents/), double dilut-
ing each antibiotic in Mueller-Hinton broth and considering the MIC as
the lowest concentration of compound that prevented visible growth
after 16 h of incubation.

Results
Synergy of niclosamide in combination with the EPI PagN

(a) Chequerboard assays

The MIC of niclosamide alone for every tested K. pneumoniae clin-
ical isolate was found to be >56.25 mg/L, which is the solubility
limit of this drug in aqueous growth media,'” whereas the MIC of
PaBN alone ranged from 500 to 1000 mg/L. Both values are in ac-
cordance with previous results.*®?? Interestingly, the MIC of both
drugs in combination for all the K. pneumoniae clinical isolates
tested in the chequerboard assays decreased >64-fold in the
case of niclosamide and >250-fold for the EPI PaBN (Table 1).
The FICI parameter was calculated and synergistic values <0.5
were obtained for all the clinical strains tested in this study.’*

(b) Synergistic studies in liquid and solid media

To assess how niclosamide and PaBN affect bacterial viability in
vitro, we performed growth curves in liquid medium in which
the ODgoo nm Was measured for 6 h at 1 h intervals in the pres-
ence of 3.5 mg/L niclosamide and 4 mg/L PaBN, the optimal con-
centrations found to inhibit the growth of every clinical strain
tested (Figure 2, yellow squares). We observed a strong
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Table 1. MICs of niclosamide and PaBN alone and in combination (chequerboard assays) and FICI values

MIC of
niclosamide MIC of niclosamide in the FIC of MIC of PagN  MIC of PaBN in the presence FIC of
Bacterial strain (ma/L) presence of PaN niclosamide (ma/L) of niclosamide PapN FICI
ST974-0XA48 >56.25 0.88 0.0156 500 391 0.0078  0.0235
ST437-0OXA245 >56.25 0.44 0.0078 500 3.91 0.0078 0.0156
ST147-VIM1 >56.25 0.88 0.0156 1000 391 0.0039 0.0196
K2783-KPC2 >56.25 0.88 0.0156 500 391 0.0078  0.0235
ST512-KPC3 >56.25 1.76 0.0313 1000 391 0.0039 0.0352
K3325-NC >56.25 0.44 0.0078 500 391 0.0078 0.0156
(O ) S§T974-0XA48 (b ) 5T437-0XA245 (C) 5T147-VIM1
+ Niclosamide (mg/L) e Niclosamida (mg/L) + Niclosamide (mg/L)
— I
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Figure 2. (a-f) Chequerboard assays and ODgoo nm Measurements of the six clinical isolates of K. pneumoniae. In the chequerboard plates, the white
squares correspond to the wells where no growth was visible, whereas the blue squares correspond to turbid wells. Yellow squares indicate the well
where the lowest concentrations of both drugs were enough to inhibit the growth of the tested clinical isolates. Niclo, niclosamide. This figure appears
in colour in the online version of JAC and in black and white in the print version of JAC.

synergistic effect at all the timepoints for isolates ST974-0XA48,

ST437-0XA245,K2783-KPC2 and K3325-NC, but ST147-VIM1and  results.'>®

ST512-KPC3 showed a slight regrowth in the presence of the
combination, starting at 5 and 3 h post-treatment, respectively
(Figure 2c and e). Globally, PaN showed no antibacterial activity
at the concentration tested and niclosamide alone exhibited a

very slight bacteriostatic effect, consistent with previous

We also examined whether niclosamide in combination with
PaBN was capable of inhibiting K. pneumoniae growth in solid
medium using the double-disc diffusion synergy assay. We ob-
served that the discs imbibed with niclosamide or PaBN alone
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were not able to inhibit the growth of any K. pneumoniae isolate
(Figure 3). However, when discs were distanced 15 mm apart
(Figure 3q, b, ¢, g, h and i), a clear zone of growth inhibition
formed in the area where both drugs diffuse. Furthermore, we
placed a niclosamide-imbibed disc and a PapN-imbibed disc
25 mm apart (so no synergy was visible, as the diffusion of the
drugs could not converge) and a disc imbibed into a combined so-
lution of both agents (PaBN and niclosamide) and this latter was
the only one that resulted in a clear zone of inhibition (Figure 3d,
e, f,j, kandl).

Phenotypic and molecular assays after repetitive
exposures to niclosamide and PagN

(a) Viability study: enumeration of cfu/mL

Considering the previous results, we wanted to assess how niclo-
samide and PaBN affect bacterial viability and if this parameter
would be maintained at repetitive exposures of the combination.
For this experiment, we chose four out of the initial six clinical iso-
lates, discarding ST147-VIM1 and ST512-KPC3 due to their
growth curves, which indicated emerging resistance (Figure 2).

(a) ST974-0XA48 (b)

(@) K2783-KPC2 (h)

ST437-0XA245 (c)

ST512-KPC3 (i)

Enumeration of cfu was performed after addition of the treat-
ment every 8 h, in order to determine the viability of bacterial cul-
tures. Consistent with what has been already observed,® we
corroborated that niclosamide, when AcrAB-TolC was inhibited
by PaBN, had a bacteriostatic effect on all of the tested isolates
for the first 16 h of treatment (Figure 4a, c and d), except for
ST437-OXA245 (Figure 4b), which showed a regrowth at 16 h
(after two supplementations with the combination). At 24 h,
the bacterial concentrations of every isolate reached the bacter-
ial counts of the controls, suggesting an adapted phenotype to
the combination.

(b) Phenotypic study: MIC determination for isolates exposed to
24 h of combination treatment

We determined the MIC of PapN for each strain at 24 h, that is
after three 8 h intervals of combined treatment, and compared
this result with the MIC in the absence of previous exposure.
We found that the MIC increased 6.25-fold in the case of
ST974-OXA48 and ST437-OXA245 isolates and 12.5-fold for
K2783-KPC2 and K3325 (Table 2), suggesting that the adapted
phenotype to niclosamide and PapN was a bacterial strategy to

ST147-ViM1

K3325-NC

Figure 3. (a-1) Double-disc diffusion synergy test. N, niclosamide; P, PaBN; P+ N, combination of PaBN and niclosamide.
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Figure 4. (a-d) Enumeration of viable colonies (cfu/mL) in the presence of no drug (control), EPI PagN (4 mg/L), niclosamide alone (3.5 mg/L) or the
combination of both agents at the aforementioned concentrations, re-added together with fresh LB medium at 8 h intervals. **P < 0.05. The absence
of an asterisk means no statistically significant difference was found. ST147-VIM1 and ST512-KPC3 were not included in this experiment as they ex-
hibited resistant growth curves in the presence of the combined treatment. Niclo, niclosamide; P+ N, combination of PapN and niclosamide. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.

better survive the period of treatment, typically with a weak de-
pendence on the antibiotic concentration.?”

(c) Molecular study: analysis of acrAB-tolC mutations and
relative expression of the acrA gene

Since regrowth of every clinical strain tested was observed, we
hypothesized that mutations in the regulator or the structural
genes of the complex AcrAB-TolC were occurring, conferring the
adapted phenotype.?>?® Thus, we sequenced the genetic ele-
ments of the efflux pump AcrAB-TolC (acrA, acrB and tolC, as
well as its regulators ramR, ramA and the local repressor acrR)
for the clinical isolates at 0 and 24 h (Figure 5a).

We observed that one of the sequenced colonies of the
ST437-OXA245 isolate carried a premature stop codon in ramR,
at position 364, leading to a truncated RamR protein with 121
amino acids (lacking 73 residues compared with the wild-type
protein), absent at O h. Furthermore, we found two mutations
in ramR within the sequenced colonies corresponding to the

Table 2. Fold increase in the MIC of PapN after continuous exposure of the
bacterial cells to the combination treatment (ST147-VIM1 and
ST512-KPC3 were not included in this experiment as they exhibited
resistant growth curves in the presence of the combined treatment)

MIC of PaBN ~ MIC of PapN at  Fold increase in the
Bacterial strain (mg/L) 24 h (mg/L) MIC of PaBN
ST974-0OXA48 500 3130 6.25
ST437-0XA245 500 3130 6.25
K2783-KPC2 500 6250 12.5
K3325-NC 500 6250 12.5

isolate ST974-0OXA48, which were c.A344T and c.A394G, leading
to the amino acid substitutions p.N115I and p.K131E, respective-
ly. Similar point mutations have been described in ramR as
well.?”?8 In this work, we have decided to name these mutations
according to previously proposed rules, in which ‘c.” stands for
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Figure 5. (a) Representation of the acrAB operon, the tolC gene, the local repressor acrR, the global regulator ramR and the ramA gene, encoding the
RamA activator of acrAB. (b) Mutations found in the sequenced isolates. c., coding DNA; p., protein. The asterisk represents a premature stop codon. (c)
Relative expression calculation after performing a qRT-PCR of the gene acrA in the adapted isolates (24 h of exposure to the treatment, with 8 hinter-
val additions) compared with the same strains at 0 h (non-adapted). *P<0.01; **P<0.001; ns, no statistically significant difference was found. This
figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

coding DNA and ‘p.’ stands for protein (Figure 5b).?*>° Concerning
K2783-KPC2, we found some point mutations in the local repres-
sor of the acrAB operon, named acrR, but only two led to mis-
sense mutations: the transversions ¢.G199C and c.C458A,
which translate into p.D67H and p.A153E, respectively. No nu-
cleotide changes were observed within the carbapenemase-free
isolate K3325 or in the ramaA, tolC or acrAB sequences of the four
strains.

Concerning the relative expression of acrA, we observed an
overexpression in the three adapted strains compared with the
non-adapted strains, being significantly higher in the strains car-
rying ramR mutations than in the isolate where acrkR was mu-
tated (Figure 5c).

Co-resistance to antimicrobials

To verify the overexpression of the AcrAB-TolC efflux pump in
adapted strains (24 h) compared with the non-adapted strains
(0 h), we determined the MICs of different substrates of this ef-
flux pump, including glycines (tigecycline and tetracycline), a
phenolic drug (chloramphenicol) and a fluoroquinolone

(ciprofloxacin), as well as the carbapenem imipenem, which is
not an AcrAB-TolC substrate, in the absence and the presence
of the EPI (Table 3). We observed that the MICs for the adapted
isolates increased 2- to 8-fold compared with the non-adapted
isolates for the two adapted strains where ramR was mutated
and both in the absence and the presence of PagN (Table 3),
with higher increments in the isolate where RamR was truncated
(ST437-OXA245; Figure 5b), even exceeding the breakpoint of
chloramphenicol and becoming resistant to this drug (https:/
www.eucast.org/ast_of bacteria/quidance_documents/). However,
we observed a 1-fold increase (i.e. no increase) to 2-fold
increase in the MICs of the tested antibiotics for K2783-KPC2
adapted to the treatment (24 h) compared with the non-
adapted cells, suggesting that the acrR mutations found in
K2783 adapted cells might not have an effect on the overex-
pression of AcrAB-TolC efflux pump as strong as the ramR muta-
tions found in ST974-OXA48 and ST437-0OXA245, which was
already verified by qRT-PCR (Figure 4). We also observed in-
creased MICs in the absence of EPI compared with the presence
of this molecule for every drug except imipenem, which is not an
AcrAB-TolC substrate®! (Table 3).
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Table 3. MICs of different antimicrobial substrates of the AcrAB-TolC efflux pump for adapted (24 h) and non-adapted clinical strains (ST147-VIM1 and
ST512-KPC3 were not included in this experiment as they exhibited resistant growth curves in the presence of the combined treatment)

MIC of MIC of MIC of
MIC of tigecycline chloramphenicol tetracycline ciprofloxacin MIC of imipenem
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Bacterial strain —P +P —P +P —P +P —P +P —P +P
ST974-0OXA48 (0 h) 3.04 1.52 4 0.5 2 2 2 0.06 16 16
ST974-0OXA48 (24 h) 6.08 3.04 16 2 16 16 8 0.25 >32 16
ST437-0OXA245 (0 h) 3.04 152 8 2 4 4 >8 >8 16 32
ST437-0XA245 (24 h) 121 3.04 >32 16 32 8 >8 >8 8 16
K2783-KPC2 (0 h) 3.04 1.52 >128 128 4 4 >8 >8 >32 >32
K2783-KPC2 (24 h) 3.04 1.52 >128 128 8 4 >8 >8 >32 >32

—P and +P refer to the absence and the presence of PaBN, respectively.

Concentrations in bold are considered resistant according to the breakpoints of the EUCAST guidelines 2021.

Discussion

In the current context of increasing resistance to antibiotics,
carbapenemase-producing Enterobacteriaceae are of particular
interest, as they have become resistant to almost every available
antibiotic.>** Among them, the rapid spread of carbapenemase-
producing K. pneumoniae has provoked a public health crisis with
serious consequences.**® This pessimistic scenario makes the
repurposing approach, in which molecules other than antibacter-
ials are tested against MDR and opportunistic pathogens, suitable.
Concerning niclosamide, which has been gathering strength lately
due to its safety profile, its limitless repurposing capacity and the
amount of information available, many researchers suggest that
it could have a broad utility in combination therapies.®11:15:16:37

In this work, niclosamide has been evaluated as a potential re-
purposed antibacterial agent against carbapenemase-producing
K. pneumoniae isolates. Following Copp et al.'” deductions, who
described the mechanisms underlying the intrinsic resistance
that Gram-negative bacteria exhibit towards niclosamide itself,
we hypothesized that this anti-helminth molecule could have a
synergistic activity in combination with the EPI PaBN. Regarding
the FICI parameter calculated after performing the chequer-
board assays, we observed a synergy between both molecules,
with drastic reductions in the MIC of each drug when applied in
the presence of the other. This synergistic effect was verified by
ODgoo nm growth curves (Figure 2) and we could also see a clear
growth-inhibition zone in the Petri dishes where the clinical iso-
lates were plated, but exclusively in the area where the diffusion
of both molecules converged (Figure 3).

Nevertheless, despite these encouraging synergistic results,
we observed that when the medium was supplemented every
8 h with the association of both drugs, this same combination
generated an adapted phenotype (Figure 4). As the MIC of
PaBN increased between 6- and 12-fold compared with the
same isolates before continuous exposure of the treatment, we
hypothesized that the regrowth of bacterial cells after repetitive
and maintained additions of the combination was due to bacter-
ial adaptation.®®

To find a molecular basis for this phenotype, we sequenced
the regulators of the efflux pump AcrAB-TolC (ramR, ramA and

acrR), as well as the genes encoding the proteins that constitute
this complex, and we observed that no nucleotide mutation oc-
curred inside the encoding regions of tolC or the acrAB operon; in-
stead, a premature stop codon and point mutations appeared in
the regulator sequences of ramR and acrR (Figure 5b). Premature
stop codons in the global regulator ramR have already been de-
scribed in other works, focusing on K. pneumoniae®’*%3° and
on Salmonella enterica.”®“® As RamR is the repressor of ramA,
which encodes the activator protein RamA that binds to the pro-
moter region of acrAB, activating its transcription, we hypothe-
sized that mutations in ramR can affect the repressing activity
of RamR and, therefore, allow RamA to activate the transcription
of the acrAB operon, leading to an overexpression of the efflux
pump, which could explain the increments in the MIC.19:20:28:39-41
We verified this overexpression by quantifying the expression
of acrA relative to the non-adapted situation (in the absence
of treatment, at 0 h) for the strains carrying acrR and ramR
mutations and found a statistically significant increase in the
overexpression of the efflux pump in the strains carrying the
ramR mutations (Figure 5c).

It has been described that old antibiotics select their own resis-
tance, but also resistance to more ‘modern’ drugs, which might be
the case for repurposed agents, such as niclosamide.** We found
that isolates adapted to niclosamide and PaBN were co-resistant
to other antibiotics (i.e. substrates of AcrAB-TolC: tigecycline,
chloramphenicol, tetracycline and ciprofloxacin). All in all, the
EPI PaBN, even in combination therapy (with niclosamide), pro-
duced overexpression of the AcrAB efflux pump, associated with
mutations in efflux pump regulators, generating an adapted phe-
notype, associated with co-resistance to several antimicrobials, in
carbapenemase-producing K. pneumoniae clinical isolates.
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