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The membrane-active polyaminoisoprenyl
compound NV716 re-sensitizes Pseudomonas
aeruginosa to antibiotics and reduces bacterial
virulence

Gang Wang', Jean-Michel Brunel® 2, Matthias Preusse® 3, Negar Mozaheb® !, Sven D. Willger® 342,

Gerald Larrouy-Maumus®, Pieter Baatsen®, Susanne Haussler® 3478, Jean-Michel Bolla® 2 &

Francoise Van Bambeke® '™

Pseudomonas aeruginosa is intrinsically resistant to many antibiotics due to the impermeability
of its outer membrane and to the constitutive expression of efflux pumps. Here, we show that
the polyaminoisoprenyl compound NV716 at sub-MIC concentrations re-sensitizes P. aeru-
ginosa to abandoned antibiotics by binding to the lipopolysaccharides (LPS) of the outer
membrane, permeabilizing this membrane and increasing antibiotic accumulation inside the
bacteria. It also prevents selection of resistance to antibiotics and increases their activity
against biofilms. No stable resistance could be selected to NV716-itself after serial passages
with subinhibitory concentrations, but the transcriptome of the resulting daughter cells shows
an upregulation of genes involved in the synthesis of lipid A and LPS, and a downregulation of
quorum sensing-related genes. Accordingly, NV716 also reduces motility, virulence factors
production, and biofilm formation. NV716 shows a unique and highly promising profile of
activity when used alone or in combination with antibiotics against P. aeruginosa, combining in
a single molecule anti-virulence and potentiator effects. Additional work is required to more
thoroughly understand the various functions of NV716.

1Pharmacologie cellulaire et moléculaire, Louvain Drug Research Institute, Université catholique de Louvain, Brussels, Belgium. 2 Aix Marseille Université,
INSERM, SSA, Membranes et Cibles thérapeutiques (MCT), Marseille, France. 3 Department of Molecular Bacteriology, Helmoltz Centre for Infection
Research, Braunschweig, Germany. 4 Department of Molecular Bacteriology, Twincore, Hannover, Germany. ® Department of Life Sciences, Faculty of Natural
Sciences, MRC Centre for Molecular Bacteriology and Infection, Imperial College London, London, United Kingdom. © Electron Microscopy Platform & Bio
Imaging Core, VIB & KULeuven Center for Brain & Disease Research, KULeuven, Leuven, Belgium. 7 Department of Clinical Microbiology, Rigshospitalet,
Copenhagen, Denmark. 8 Cluster of Excellence RESIST, Hannover Medical School, Hannover, Germany. °Present address: Institute for Medical Biometry and
Bioinformatics, Medical Faculty, Heinrich Heine University Dsseldorf, Diisseldorf, Germany. ®email: francoise.vanbambeke@uclouvain.be

COMMUNICATIONS BIOLOGY | (2022)5:871| https://doi.org/10.1038/542003-022-03836-5 | www.nature.com/commsbio 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03836-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03836-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03836-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03836-5&domain=pdf
http://orcid.org/0000-0002-9355-8980
http://orcid.org/0000-0002-9355-8980
http://orcid.org/0000-0002-9355-8980
http://orcid.org/0000-0002-9355-8980
http://orcid.org/0000-0002-9355-8980
http://orcid.org/0000-0002-2775-3139
http://orcid.org/0000-0002-2775-3139
http://orcid.org/0000-0002-2775-3139
http://orcid.org/0000-0002-2775-3139
http://orcid.org/0000-0002-2775-3139
http://orcid.org/0000-0001-6259-9512
http://orcid.org/0000-0001-6259-9512
http://orcid.org/0000-0001-6259-9512
http://orcid.org/0000-0001-6259-9512
http://orcid.org/0000-0001-6259-9512
http://orcid.org/0000-0002-9736-2926
http://orcid.org/0000-0002-9736-2926
http://orcid.org/0000-0002-9736-2926
http://orcid.org/0000-0002-9736-2926
http://orcid.org/0000-0002-9736-2926
http://orcid.org/0000-0001-6141-9102
http://orcid.org/0000-0001-6141-9102
http://orcid.org/0000-0001-6141-9102
http://orcid.org/0000-0001-6141-9102
http://orcid.org/0000-0001-6141-9102
http://orcid.org/0000-0003-3892-4340
http://orcid.org/0000-0003-3892-4340
http://orcid.org/0000-0003-3892-4340
http://orcid.org/0000-0003-3892-4340
http://orcid.org/0000-0003-3892-4340
http://orcid.org/0000-0002-0052-7991
http://orcid.org/0000-0002-0052-7991
http://orcid.org/0000-0002-0052-7991
http://orcid.org/0000-0002-0052-7991
http://orcid.org/0000-0002-0052-7991
mailto:francoise.vanbambeke@uclouvain.be
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03836-5

an important opportunistic pathogen that may cause life-

threatening infections. These are difficult to treat because
P.aeruginosa has developed many mechanisms of resistance to
currently-used antibiotics. Beside acquired resistance mechan-
isms, like the production of enzymes modifying or hydrolyzing
antibiotics and mutations in antibiotic targets, intrinsic resistance
mediated by the poor permeability of the outer membrane to
many antibiotics as well as by the expression of multidrug efflux
pumps! contributes to restrict the number of antibiotic classes
showing useful activity against this species. This is notably the
case for a series of old, abandoned drugs, otherwise characterized
by a broad spectrum of activity.

The envelope of P.aeruginosa consists of three layers: the inner
membrane (IM), made of a fluid phospholipid bilayer, the peri-
plasmic space containing the peptidoglycan cell wall, and the
outer membrane (OM), a hallmark of Gram-negative bacteria.
The outer membrane is structurally asymmetric, with its inner
leaflet containing phospholipids, and the outer leaflet, made of
lipopolysaccharides (LPS). LPS molecules comprise a poly-
saccharidic antigenic part, a core oligosaccharide and a lipidic
part (lipid A) insuring the anchoring in the membrane. LPS
packing is enhanced by the intercalation of divalent cations such
as Mg?* and Ca2t that neutralize negative charges within the
LPS molecules?. This assemblage contributes to the structural
integrity of the bacteria, and opposes a barrier to the diffusion of
lipophilic or of high-molecular-weight compounds?.

In addition, this envelope contains a series of transmembrane
proteins, among which different efflux systems belonging to the
resistance-nodulation-division (RND) superfamily. These efflux
systems are made of three proteins spanning the entire envelope,
including an efflux transporter embedded in the inner membrane,
a periplasmic membrane fusion protein, and an outer membrane
channel. Among these transporters, MexAB-OprM, MexCD-
OprJ, MexEF-OprN, and MexXY-OprM are those mainly con-
tributing to multidrug resistance by extruding different
structurally-unrelated classes of antibiotics>. Almost all anti-
biotics are substrates for active efflux in P. aeruginosa3, increasing
the MIC of many of them above clinically-achievable levels,
although these drugs show high affinity for their target in acel-
lular systems, as demonstrated for example for tetracyclines or
chloramphenicol~.

Permeabilizing the outer membrane while at the same time
impairing active efflux, therefore appears as an appealing strategy
to improve the susceptibility to antibiotics of Gram-negative
bacteria, including P. aeruginosa®. In this respect, a promising
approach consists in combining antibiotics with potentiators
interfering with these barrier effects.

The efflux pump inhibitor Phenyl-Arginine-B-naphthylamide
(PABN) and the outer membrane permeabilizer polymyxin
nonapeptide (PMBN) have been widely used in-vitro to increase
the potency of antibiotics towards Gram-negative bacteria’>, but
their toxicity and inadequate pharmacokinetic properties hinder
clinical applications®10. Efforts have thus been made to synthe-
size new adjuvant molecules with improved safety profile and
enhanced potency!!. Among them, the polyaminoisoprenyl
compounds NV716 and NV731 proved capable to restore the
activity of chloramphenicol towards Enterobacteria spp'? and one
of them (NV716), that of chloramphenicol and doxycycline
towards P. aeruginosal® or florfenicol towards Bordetella
bronchiseptical*. Moreover, NV716 also improved the potency
and the efficacy of doxycycline, chloramphenicol, rifampicin, and
ciprofloxacin against intracellular forms of P. aeruginosa by its
capacity to inhibit efflux and to reduce the fraction of persisters in
the bacterial population!®. Previous mechanistic studies suggest a
complex mode of action, including the inhibition of the activity of

The Gram-negative bacterium Pseudomonas aeruginosa is

efflux pumps and an alteration of the outer membrane perme-
ability barrier!? at concentrations that do not alter eukaryotic cell
viability!®.

The aim of the present study was to examine in details the
effects of NV716 (see chemical structure in Supplementary Fig. 1)
on the activity of abandoned antibiotics against P. aeruginosa,
namely doxycycline, chloramphenicol (both substrates for
efflux®), rifampicin (poor substrate for efflux!® but showing low
outer membrane permeation!”), and of ciprofloxacin, selected as
an active drug against P. aeruginosa. We also characterized in
details its interaction with the bacterial envelope, its capacity to
prevent selection of resistance, and to improve antibiotic activity
against biofilms. Lastly, we performed a genomic and tran-
scriptomic analysis of bacteria exposed for serial passages to this
molecule in order to get more insight on its mechanism of action.
Throughout this work, we compared NV716 with NV731 (less
potent against P. aeruginosal®) and PAPN (as a reference efflux
pump inhibitor). We also included in our study colistin, PMBN,
and alexidine as positive controls, as they all show well-
characterized effects on P.aeruginosa envelope (see Supplemen-
tary Fig. 1 for the structure of all these compounds). The poly-
myxin colistin binds to the outer membrane via electrostatic
interactions with the negatively-charged LPS molecules, more
specifically with the lipid A component. By displacing Mgt and
Ca?T, polymyxins destabilize the outer membrane, cross it via a
self-promoted uptake mechanism, and subsequently insert in the
inner membrane and disrupt the physical integrity of the phos-
pholipid bilayer!8. PMBN nonapeptide (i.e., a derivative of
polymyxin B lacking the lipophilic tail) also increases outer
membrane permeability by binding with high affinity to LPS and
lipid A via electrostatic interactions. Nevertheless it cannot
establish hydrophobic interactions with lipid A, explaining why it
is a poor antibacterial compound, but it is still synergistic with
hydrophobic antibiotics by increasing their capacity to cross the
outer membrane barrier!®. Alexidine is a biguanide antiseptic
showing a rapid bactericidal effect?0. As polymyxins, it establishes
electrostatic interactions with the negative charges of LPS, dis-
placing Mg2* from its binding to LPS and disrupting the stabi-
lizing effect afforded by Mg?* cross-bridging of adjacent LPS
molecules?!. In addition, it also causes the leakage of the cyto-
plasmic content by interacting with membrane lipids, inducing
the formation of lipid domains?2.

We show that NV716, contrarily to its comparators, markedly
decreased the MICs of all antibiotics against P. aeruginosa,
whether substrates or not for efflux, and in strains expressing or
not efflux pumps. These effects could be attributed to a strong
interaction with LPS and disturbance of outer membrane integ-
rity that increased the intracellular accumulation of antibiotics.
Beside this potentiator effect, NV716 prevents the selection of
resistance, improves antibiotic activity against biofilms, prevents
biofilm formation, reduces motility and production of virulence
factors. Thus, NV716 shows a unique and promising profile of
activity, combining in a single molecule the beneficial effects of
membrane-disturbing agents (like alexidine and PMBN) and
efflux pumps inhibitors (like PABN) and demonstrating at the
same time additional useful adjuvant properties, while proving
untoxic to eukaryotic cells and avoiding the risk of resistance
selection observed with colistin.

Results

Antimicrobial susceptibility. We first examined to capacity of
NV716 to potentiate antibiotic activity. Supplementary Data 1
shows the MIC of antibiotics alone or combined with potentiators
against 4 reference strains and 71 clinical isolates, among which, 4
resistant to colistin.
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In reference strains, the MIC of chloramphenicol, doxycycline
and ciprofloxacin against PAOl and PT629 (MexAB-OprM
overproducer) was higher than against PAOl1mexAB (AmexAB)
and PAO509 (deleted in the genes encoding 5 efflux pumps),
indicating that these three antibiotics are substrates for efflux. The
MIC of rifampicin alone was the same in the four reference
strains, confirming that this drug is a poor substrate for efflux
pumps. Alexidine (2.5uM) and colistin (0.5pM; subMIC
concentration) did not affect the MIC of all tested antibiotics.
PABN (38 uM) and NV731 (2.5 and 10 uM) reduced antibiotic
MICs up to 4-fold, the lowest effect being observed in
combination with rifampicin. Polymyxin B nonapeptide (PMBN;
30 uM) and NV716 (2.5 and 10 uM) systematically decreased
MICs, 16 to 512-fold for doxycycline, chloramphenicol or
rifampicin, and 2 to 8-fold for ciprofloxacin (lowest effect against
PAO509, as the MIC of ciprofloxacin was already low against this
strain). Checkerboard experiments allowed to quantify interactions
by FIC indexes determinations. Against PAO1, NV716 showed
synergistic effects at 2.5 uM (Fig. la—c for a typical checkerboard
assay). It also displayed higher degrees of synergy than PMBN
when combined with the 4 antibiotics against all strains, except for
ciprofloxacin against PAO1lmexAB and PAO509. PAPN showed
some degree of synergy when combined with antibiotics substrates
for efflux in PAOI, PT629, and PAOlmexAB. No synergy was
observed in combinations with alexidine, colistin or NV731
(Fig. 1d-g). NV716 at 10 uM was also synergistic with ampicillin
as well as with anti-Gram-positive antibiotics like linezolid,
vancomycin, or azithromycin (Fig. 1h-k).

In clinical isolates, NV716 reduced 4 to 32-fold MICs, and
MICy, (Supplementary Data 1) while PABN and NV731 caused
only minor changes (1-8-fold reduction). In the presence of
NV716, MICs of the 4 antibiotics were in the range of
therapeutically-achievable concentrations for a large proportion
(>90%) of the collection (Fig. 2a—e).

The fact that NV716 increases antibiotic susceptibility,
including in strains that do not express efflux (PAO509) or for
antibiotics that are not substrates for efflux (rifampicin), indicates
that it does not act only as an inhibitor of efflux. Its amphipathic
structure suggests a possible interaction with the bacterial
membrane. We therefore examined its effect in combination
with the same 4 antibiotics against colistin-resistant strains
(PA313, 2938, 307, 272). The LPS of these strains harbors an
additional acyl chain (3-OH C10:0 or C14:0) as compared to
PAOI, and, most notably, an additional 4-amino-4-deoxy-L-
arabinose (L-Ara4N) cationic group (Supplementary Fig. 2),
known to partially neutralize the negative charges of the outer
membrane and to hinder colistin binding to LPS?3. NV716 at
10 uM (as well as PMBN at 30 uM) remained able to decrease the
MIC of antibiotics against these strains, though to a lower extent
than against PAO1 (Supplementary Data 1), and to maintain
synergy (Fig. 11-o0).

Interaction with Pseudomonas aeruginosa membranes. We next
explored the mechanism of this potentiator effect. Because
NV716 is less active against colistin-resistant isolates, we exam-
ined its capacity to interact with bacterial membranes. We
determined its capacity (i) to displace bodipy-cadaverine (BC)
from its binding to LPS, (ii) to permeabilize the outer membrane
(measure of the fluorescence of NPN when incorporated in the
hydrophobic core of this membrane?4), or (iii) to permeabilize
both the outer and the inner membranes (measure of the fluor-
escence generated by propidium iodide (PI) when getting access
to DNA), and (iv) to depolarize the inner membrane (increase in
DiSC3(5) fluorescence). Alexidine and colistin were used as
positive controls?®?> at their MIC, imipenem as a negative

control (BC assay), and the other potentiators as comparators. In
PAOI1 (Fig. 3a), NV716 at 2.5 uM was more effective than PMBN
(30 uM), colistin (1 uM; 1 x MIC) or PAPN (38 uM) to displace
BC from its binding to LPS, and showed similar effects on outer
membrane permeability, but no effect on inner membrane per-
meability or potential. At its MIC (50 uM), it was as effective as
alexidine at its MIC (10 uM) in the BC and NPN assays, and as
effective as colistin at its MIC in the PI and DiSC(3)5 assays.

These experiments were also performed in more diverse
conditions (whole range of equimolar concentrations of poten-
tiators for BC and PI assays; addition or not of Mg?* for NPN
assay) for PAO1, its mutant deleted in 5 efflux pumps PAO509
and 2 colistin-resistant isolates (PA307 and PA2938), allowing us
to make additional observations (MICs of potentiators against
these strains: Supplementary Table 1).

In the BC displacement assay (Fig. 3b-e), NV716 showed
similar effects as alexidine over the whole range of concentrations
against PAO1 and PAO509, but was less potent than alexidine
against colistin-resistant isolates. The other potentiators were less
effective over the whole range of concentrations and against all
strains. The effects of all molecules were attenuated in a
concentration-dependent fashion by the addition of Mgt
(Supplementary Fig. 3).

The rate of NPN uptake was increased to a similar level by
NV716 (2.5 uM), colistin (2.5 uM), and PAPN (38 uM) in PAO1
and PAO509 and to even higher levels by alexidine (2.5 uM) and
PMBN (30 uM). NV731 (2.5uM) did not show any effect. The
addition of Mg?* counteracted the effect of potentiators. None of
the potentiators was able to increase NPN uptake in colistin-
resistant isolates (Fig. 3f-i).

PI fluorescence was only modestly increased by NV716 (~50%)
at high molar concentrations (50 uM) and only in PAO1 and
PAO509. Alexidine, and to some extend colistin, were more
effective, already at lower molar concentrations, including against
colistin-resistant isolates (Fig. 3j-m). Yet, at equipotent concen-
trations (1 x MIC, see Supplementary Fig. 4 and arrows in
Fig. 3j-m), NV716 effect was comparable to that of colistin in
colistin-susceptible strains, but still lower than that of alexidine.
PMBN, PAPN, and NV731 were ineffective in this assay.

Transmission electron microscopy. To examine whether NV716
membrane effects were accompanied by visible changes in bac-
teria ultrastructure, we examined in electron microscopy
PAOILI cells that had been exposed to a concentration of 10 uM
during 1h. As shown in Supplementary Fig. 5, bacteria main-
tained a morphology similar to that of control cells, with visible
septa suggesting they remained capable of dividing. A massive
loss of destroyed bacteria during washing procedures can be
excluded, because samples exposed to NV716 did not show a
reduction in their protein content (11%; SDS used as positive
control). Therefore, these images suggest that NV716, at a con-
centration for which it proves active as a potentiator and disturbs
outer membrane permeability, does not cause clear-cut alterations
of bacterial integrity.

Antibiotic accumulation. The outer membrane is a barrier to the
diffusion of antibiotics. The permeabilizing effect of NV716 on
the outer membrane encouraged us to examine whether poten-
tiation of antibiotics was related to a higher antibiotic accumu-
lation inside bacteria. We assessed therefore the effects of
potentiators on the accumulation of ciprofloxacin and NV1532 (a
fluorescent derivative of rifampicin), as representative of anti-
biotics that are, or are not, substrates for efflux, respectively.

As expected, the level of accumulation of ciprofloxacin was ~3
times higher in PAO509 (deleted for the expression of 5 efflux
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Fig. 1 Checkerboard analyses for the evaluation of the synergy between potentiators and antibiotics. a-c Detailed analysis for PAO1. a Change in the
MICs of 4 antibiotics in the presence of NV716 at increasing concentrations. b Determination of the corresponding FIC indexes (FICI) in a heatmap plot.
¢ Checkerboard plate having allowed to determine FICI for the combination of NV716 and rifampicin. The gray scale shows the Ag>0 nm in percentage of the
maximal value. The other panels show heatmaps describing FICI of potentiators for reference strains in combination with (d-g) abandoned antibiotics
(DOX doxycycline, CHL chloramphenicol, RIF rifampicin) and ciprofloxacin (CIP), calculated for concentrations of 2.5 uM alexidine, 0.5 uM colistin (CST),
30 uM PMBN, 38 uM PABN, 2.5 pM NV731 and 2.5 pM NV716; or with (h-k) ampicillin (AMP) or antibiotics active against Gram-positive bacteria (LZD
linezolid, VAN vancomycin, AZI azithromycin), calculated for concentrations of 38 uM PABN, 2.5 pM NV731, 2.5 mM and 10 pM NV716; or for 4 colistin-
resistant isolates2> vs. PAOT (I-o, with colistin MICs are shown on the left) combined with the same antibiotics as in d-g and calculated for concentrations
of 38 uM PABN, 30 uM PMBN, or 2.5 or 10 uM NV716. Synergy is defined as FICI < 0.5 (appearing in green on the graphs). All data are mean from at least
two independent experiments. PT629: MexAB overproducer derivative of PAO1; PAOTmexAB: PAQOT1 derivative deleted for the expression of mexAB;
PAO509: PAQO1 derivative deleted for the expression of 5 RND efflux transporters; PA313, PA2938, PA307, PA272: colistin-resistant isolates.

pumps) than in PAOI (Fig. 4a). In PAO1, NV716 and NV731
increased ciprofloxacin accumulation on a concentration-dependent
manner. PMBN and PABN caused a significant increase at the
highest concentration tested while alexidine and colistin did not
show any effect (Fig. 4b). In PAO509, none of the compounds was

The accumulation of

able to significantly increase ciprofloxacin accumulation, even at
high concentrations (Fig. 4c).

the rifampicin analog NV1532 (see

structure in Supplementary Fig. 6) was similar in both strains
(Fig. 4d). NV716, PMBN,

and colistin were the only potentiators
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table e shows the proportion of isolates for which MICs are below this C,.x value, and thus falls in the range of therapeutically-achievable concentrations.
All MICs were determined in at least 2-3 independent experiments (if values differing of 1-2 dilutions were obtained, the most frequent one was

considered).

capable of causing a significant, concentration-dependent
increase in its accumulation in both strains, while NV731 was
only active at the highest concentration tested, and PABN, only in
PAO509 (Fig. 4e, f).

A significant correlation (Fig. 4g, h) was observed between the
accumulation level of each drug inside bacteria as measured in all
these conditions and the outer membrane permeability, as
assessed by the fluorescence signal of NPN (data from Fig. 3f-i).

Resistance selection. An increase in the antibiotic concentration
inside bacteria could reduce the risk of resistance selection, as
demonstrated for PAPN with levofloxacin in PAO17. We there-
fore determined whether potentiators were able to prevent
selection of resistance to ciprofloxacin and rifampicin. We first
determined the frequency of resistance in PAO1 after 48 h of
incubation with antibiotics at 4 x MIC, alone or combined with
potentiators. PAO1 displayed a resistance frequency of 2.4 x 10~/
and 4.5 x 10~7 for ciprofloxacin and rifampicin, respectively. At
the concentrations we used, the addition of PABN significantly
reduced the frequency of resistance to 6.4 x 10~8 for ciprofloxacin
(4-fold decrease) and to 1.5 x 10~7 (3-fold decrease) for rifam-
picin, while NV716 as well as PMBN caused an almost 10-fold
reduction in the frequency of resistance for ciprofloxacin
(2.6 x 10~8) and rifampicin (4.0 x 10-8) (Fig. 5a). Alexidine and
colistin had no effect at the concentration tested (lower than their
respective MIC). This effect can be attributed to an increase in the
accumulation of rifampicin for the three compounds, and of
ciprofloxacin for PABN and PMBN, but not for NV716, because
it did not improve ciprofloxacin uptake at the concentration used
here (2.5uM; see Fig. 4b). As the development of resistance to
fluoroquinolones is triggered by the SOS response?%, we measured
the expression of recA (derepressor of the SOS regulon) in bac-
teria exposed to the antibiotics and NV716 alone or in combi-
nation. As expected, ciprofloxacin (but not rifampicin) induced
recA, but this effect was annihilated by NV716 (Fig. 5b),

providing a rational explanation for its capacity to prevent
resistance selection by ciprofloxacin as well.

We then evaluated the development of resistance to the same
antibiotics by serial passaging over 52 days, with daily readjust-
ment of the concentration to ¥2 MIC (Fig. 5¢, d). In the absence of
potentiator, PAO1 rapidly developed resistance to both cipro-
floxacin and rifampicin, with a 128-fold increase in MIC observed
after 20 and 16 passages, respectively (up to MICs of 32 and
2048 mg/L, respectively). NV716 proved highly effective in the
assay, the MIC having increased only 4-16 fold at the end of the
30 days incubation when combined with ciprofloxacin and
rifampicin, respectively. PABN and NV731 only slightly delayed
this selection for rifampicin while their effect remained important
for ciprofloxacin, with increases in MICs of only 8-fold observed
at the end of the experiment. Alexidine and colistin were largely
ineffective to prevent selection of resistance to both drugs, while
PMBN was highly effective.

Selection of resistance is a useful strategy to discover the targets
of antimicrobial agents, as resistance acquisition is often related
to genomic modifications occurring in the drug target’’. We
therefore also examined whether it was possible to select
resistance to the potentiators themselves by serial passages over
52 days in control conditions or in the presence of % of their
respective MIC, focusing on those that show low MICs (NV716,
alexidine, and colistin). Resistance selection was much slower
than for ciprofloxacin/rifampicin, since we observed an increase
of MIC of 4-8 fold only at passage 9/23 with alexidine, 13/21 with
colistin and 16/ >52 with NV716 (Fig. 5e). These resistances were
also rapidly reversible, as MICs values were reduced of 1-2
dilutions after one passage culture in the absence of compound.
No cross-resistance was observed between the three potentiators
in the final daughter cells (Fig. 5f).

Genomic and transcriptomic analysis and phenotypic valida-
tions. We selected three colonies of each of the passaged PAO1
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Fig. 3 Effect of potentiators on membrane properties of the 2 reference strains PAO1 and PAO509 and 2 colistin-resistant clinical isolates PA2938
and PA307. a Summary of the effect of potentiators at fixed concentrations (alexidine [ALE], 2.5 uM; polymyxin B nonapeptide [PMBN1I: 30 uM; colistin
[CST], TuM (MIC against PAOT1); PABN: 38 uM; NV716: 2.5 uM and 50 uM [MIC against PAO1]) on membrane properties of PAO1 (BC: Binding to LPS,
assessed by measuring the displacement of BODIPY-cadaverine after incubation during 30 min; NPN: Effect on outer membrane permeability, assessed by
measuring the rate of 1-N-phenylnaphthylamine (NPN) uptake at early-time points (0-4 seconds); Pl: Effect on inner membrane permeability, assessed by
measuring the fluorescence of propidium iodide (PI) after Th of incubation; DISC(3)5: Inner membrane depolarization, assessed by measuring the
DiSC3(5) fluorescence after 15 min of incubation. Values are expressed in percentage of the effect of alexidine. Statistical analysis: one-way ANOVA with
Tukey post-hoc test: ****p < 0.0001. b-e concentration-response for BC displacement (Imipenem: negative control). f-i NPN uptake (PABN: 38 pM;
polymyxin B nonapeptide [PMBN1I: 30 pM; alexidine [ALE], colistin [CST], NV731, NV716: 2.5 uM), in the absence (open bars) or in the presence (closed
bars) of 10 mM Mg2+. Statistical analysis: one-way ANOVA with Tukey post-hoc test comparing NPN uptake in all conditions: open bars with different
letters are different from one another. One-way ANOVA with Dunnett's post-hoc test for comparison between NPN uptake alone (as a control) or
combined with each of the potentiator: ***p < 0.001; ****p < 0.0001. Two-tailed Student's t test for comparison for each condition without and with Mg2+:
p value indicated above each pair of columns. j-m concentration-response for Pl fluorescence. The effect measured with 0.5 % SDS (w/v) after 1h was
taken as 100% (positive control). All data are means = SEM (triplicates from 3 independent experiments). In panels b-e and j-m, the arrows point to the
MIC of the corresponding compound (see Supplementary Table 1; when not shown, the MIC is higher than the highest concentration tested).
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Fig. 4 Accumulation of antibiotics in PAO1 and PAO509. Ciprofloxacin or rifampicin analog NV1532 were used alone (a, d) or combined with potentiators
in PAO1 (b, e) or PAO509 (¢, f). Potentiators were added at the indicated concentrations (alexidine [ALE]; polymyxin B nonapeptide [PMBN]; colistin
[CSTD. All data are mean + SEM (triplicates from three independent experiments). Statistical analysis: Left-panels: Two-tail Student's t test for comparison
of antibiotics alone in PAO1 and PAO509; other panels: one-way ANOVA with Dunnett’s post-hoc test for comparison of antibiotics alone and combined
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and subjected the DNA to whole genome sequencing. A total of
15 SNPs, which could be unambiguously assigned to the PAO1
genome, were detected in the passaged strains (Supplementary
Table 2). 5 SNPs were located in intergenic regions and 3 SNPs
were synonymous mutations. The remaining 7 SNPs were found
in overall 6 ORFs. In the strain treated with NV716, SNPs were
found in morA and roxR. In the colistin-treated strain, we found
non-synonymous mutations in phoQ, aer and pmrB. In the strain
treated with alexidine, SNPs in rpoB and roxR (however a dif-
ferent position than in the NV716-treated strain) were observed.
Signal transduction via PhoQ, Aer, RoxR and PmrB, has been
described to be involved in resistance to polymyxins. However,
the acquisition of these mutations in the strains exposed to each
of the three tested agents was obviously not sufficient to induce a
stable resistance phenotype against NV716, colistin or alexidine.

Since resistance to NV716 and other potentiators was rapidly
reversible, we also performed a transcriptomic analysis of the
same passaged strains, reasoning that transient changes in
susceptibility could be related to modifications in the expression

level of genes involved in specific pathways. The number of
differentially expressed genes (DEGs) between control bacteria
and potentiator-exposed cells after 52 passages with NV716,
colistin and alexidine was 375, 748, and 1034, respectively. They
were ranked according to their false discovery rate and log, fold
change in Supplementary Fig. 7. Among these genes, 48 were
commonly upregulated and 18 downregulated after exposure to
the three potentiators (only 3 and 2 expected by chance; Fig. 6a).
The upregulated genes are involved in lipid A biosynthetic
process and response to antibiotics as well as LPS synthesis
(Fig. 6a, b). Closer inspection of the genes that were exclusively
downregulated in the NV716-treated PAO1 revealed quorum
sensing and pathogenesis-related functions (Fig. 6¢). Supplemen-
tary Table 3 shows in details the DEG involved in QS, as well as in
elastase, rhamnolipids and pyocyanin production, all under the
control of QS?8. The most downregulated QS-related genes
encode 2-heptyl-3-hydroxy-4(1H)-quinolone synthase (pgsH),
acyl-homoserine-lactone  synthase (lasI), acyl-homoserine-
lactone synthase (rhiI) and the regulatory protein RsaL (rsaL).
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Fig. 5 Effect of potentiators on resistance selection in PAO1. a Frequency of resistance to ciprofloxacin and rifampicin after 24 h of incubation with each
antibiotic at 4 x MIC, in control conditions (antibiotic alone) or in the presence of alexidine (ALE, 2.5uM), polymyxin B nonapeptide (PMBN, 30 uM),
colistin (CST, 0.5uM), PABN (38 uM), NV731 and NV716 (2.5 uM). All data are mean = SEM (triplicates from three independent experiments). Statistical
analysis: one-way ANOVA with Dunnett's post-hoc test comparing each combination with antibiotic alone (*p <0.05; **p < 0.01; ***p < 0.007;

****p < 0.0001). b Quantitative real-time PCR of transcripts of the gene recA in the absence of or in the presence of antibiotics at % MIC, NV716 alone at
2.5 uM or their combinations. Data, expressed in fold change vs. control samples, are means + SEM of three independent experiments. Statistical analysis:
one-way ANOVA with Tukey post hoc test (only relevant significant differences are shown on the graph). ¢, d Evolution of the MIC of ciprofloxacin or
rifampicin over passages in the presence of each antibiotic at % MIC (with daily readjustment of the concentration) alone or combined with potentiators at
the same concentrations as in panel a. All data are mean = SEM (duplicates from three independent experiments). e Evolution of the MIC of alexidine,
colistin, and NV716 over passages in the presence of each antibiotic at %> MIC (with daily readjustment of the concentration). After 52 passages, MICs
were measured for all compounds after 1 culture on agar in the absence of compounds (beige box in panel e and values in panel f).

A selection of genes involved in elastase, rhamnolipid and
pyocyanin production were also found to be downregulated in
alexidine-treated PAO1 cells. To establish whether these changes
were only induced after serial passages or already after short-term
exposure to the potentiators, we measured the expression of
typical genes involved in the regulation of the production of
elastase (lasB), rhamnolipids (rhlA), pyocyanin (pgsE), or T6SS
(clpV2) as well as in the remodeling of lipidA (arnB) in bacteria
incubated with % MIC for 6h. We made similar observations,
namely a decrease in the expression of the 4 first genes and an
overexpression of arnB with NV716 (Fig. 6d). A similar profile
was observed with alexidine, but not with colistin (no down-
regulation of virulence-associated genes). These data therefore
indicate that transcriptomic changes observed in passaged strains
were already present after short incubation.

To further validate these transcriptomic observations, we
evaluated the effects of potentiators on motility (swarming,
swimming, twitching), biofilm formation, and elastase, rhamno-
lipid, and pyocyanin production by comparing these parameters
after exposure of the initial and the final (passage 52) bacteria
(Fig. 7). NV716 was the most effective (at passage 0 [short-term
incubation] and even more at passage 52) to reduce motility,
biofilm formation, and virulence factors production, while

alexidine reduced twitching and virulence factors secretion.
Colistin rather increased swimming, biofilm biomass and
production of elastase and pyocyanin.

Lastly, in order to establish whether the unanticipated
reduction in virulence caused by NV716 was involved in its
potentiator effects or denotated an additional action on bacterial
physiology, we determined the MIC and the MBC of antibiotics
in single-gene transposon insertion mutants defective in the
pathways affected by NV716. As shown in Supplementary
Table 4, few differences were noted, and there were in general
small, suggesting that the alterations in the expression of
virulence factors induced by NV716 are not (or only marginally)
linked to its potentiator effects. None of these mutants showed an
altered outer membrane permeability (Supplementary Fig. 8).

Activity against biofilms. Biofilms are tolerant to antibiotic
treatments, as they oppose a barrier to the penetration of anti-
biotics and they host metabolically less active bacteria. Note-
worthy, the matrix of biofilms of Gram-negative bacteria are
predominantly composed of extracellular polymeric substances
(EPS) that are negatively-charged, allowing association with
divalent cations to improve biofilm stability?®. A similar type of
bridging is described between Mg?t and LPS. Based on our
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Fig. 6 Transcriptomic analysis of PAO1 after serial passages with selected potentiators. a Venn diagrams showing the commonly differentially
expressed genes in PAOT1 after 52 passages of culture in the absence or in the presence of NV716, colistin (CST) or alexidine (ALE) at % MIC. Pathways for
intersecting genes that are relevant for this study are depicted in boxes. b, € GO term enrichment analysis of up- and downregulated genes, respectively,
highlighting the biological functions that are exclusively regulated by a single potentiator or shared by two or three of them (A, red: NV716, B, purple:
colistin, C, black: alexidine). The color gradient represents the value of the fold-change enrichment. All processes shown in these panels are significant
(FDR < 0.05). d Relative expression of genes involved in the regulation of virulence or in LPS modifications in PAOT1 after 6 h of incubation in the absence
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or by NV716 and alexidine. d One-way ANOVA with Dunnett's post-hoc test (*p <0.05; **p < 0.01).

observation that NV716 can displace Mgt from LPS, we
speculated that it might also impact antibiotic activity against
biofilms. We therefore examined the activity of ciprofloxacin
(Fig. 8a—f) or rifampicin (Fig. 8g-i) alone or combined with
NV716 or the other potentiators against biofilms made by PAO1
and PAO509. Considering first the effects on metabolic activity,
NV716, and to some extent, alexidine were the only potentiators
capable of reducing the fluorescence signal emitted by fluorescein,
the metabolite of fluorescein diacetate produced by metabolically
active bacteria (Fig. 8a, d, g). This effect can be interpreted as
denoting a reduction in the number of viable bacteria rather than
in the intrinsic metabolic activity of bacteria, as NV716 did not
decrease, but rather increased, fluorescein diacetate metaboliza-
tion in planktonic cultures, probably as a consequence of an
increase uptake of the dye in the cells (Supplementary Fig. 9).
This reduction in bacterial load could be related to the capacity of
NV716 to reduce the fraction of persisters selected by both
antibiotics in stationary phase cultures (Supplementary Fig. 10).
The other potentiators also improved antibiotic activity at
1 x MIC with the noticeable exception of PABN. Changes in CFU

counts were in general parallel to those in metabolic activity
(Fig. 8b, e, h). None of the potentiators was capable of reducing
biofilm biomass when used alone (Fig. 8¢, f, i) but NV716,
PMBN, and colistin improved the effects of rifampicin against
PAO509 biomass and of ciprofloxacin against PAO1 biomass.

Biofilms of PAO1 were then observed in confocal microscopy to
visualize the penetration of the fluorescent derivative of rifampicin
NV1532 in parallel with live cells (Fig. 9a, b). Colistin, PMBN, and
NV716 (in that order) increased the penetration of NV1532 and the
four potentiators tested increased its effect on viability (Fig. 9¢, d).
When combined with ciprofloxacin, all potentiators allowed to
observe a marked increase in the proportion of dead cells, NV716
being the more effective (Fig. 9e, f). These data are coherent with
quantitative data from Fig. 8.

Discussion

The present study demonstrates that the polyaminoisoprenyl
compound NV716 is a potentially useful adjuvant with dual
promising activities on P. aeruginosa. First, it is a potent

COMMUNICATIONS BIOLOGY | (2022)5:871] https://doi.org/10.1038/s42003-022-03836-5 | www.nature.com/commsbio 9


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03836-5

Motility +Alexidine (3uM)
*r 0
a Control Passage 0 Passage 52 Passage 0
oo
£
£
&
H
v
b
oo
£
£
£
H
v

Twitching o

d Biomass € Elastase

20(

+Colistin (0.25puM)
L —

+NV716 (10uM)
Passage 0

Passage 52 Passage 52

Diameter (mm)

-
PoPs2 POP52 POPS2
AE  CST N6

izt
=

Diameter (mm)
L
e
7
&

POPS2 FOP52 POPS2
AECST NVITE

.
2 S+
T

Diameter (mm)

Pop52 POPS2 FOPS2
ALE  CST  NVI6

g Pyocyanin

*x

#ﬁ*%"f
=

150

100

(% of control)

cv

OD495/ODg30 (% of control)
3

::I;;

f00p-- oo J-F,ﬁa ,,,,,,,

As20/ODgy0 (% of control)
8

ODy421/ODg (% of control)
e
(]

PO_P52
ALE

PO_P52 PO P52

0
PO P52 PO P52 PO P52
ALE CsT NV716

CST NV716

PO _P52 PO P52
ALE CsT

PO_P52
NV716

PO _P52 PO P52 PO P52
ALE CsT NV716
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potentiator of poorly permeable antibiotics in P. aeruginosa. At
subMIC concentration (0.1-fold MIC), it proves capable of
markedly decreasing the MIC of several of these antibiotics. This
effect is at least partially independent of its previously demon-
strated capacity to inhibit the activity of efflux transporters!3, as it
is also efficient against strains that do not express efflux pumps or
for antibiotics that are not substrates for efflux. Importantly,
NV716 does not easily select for resistance, essentially causing
reversible transcriptomic changes after prolonged exposure; it
also prevents selection of resistance to antibiotics, which are clear
advantages for a molecule directed towards a multidrug-resistant
pathogen like P. aeruginosa. Lastly, its potentiator effect is
observed in models of difficult-to-treat infections like intracellular
infection!® or biofilms, which broadens the spectrum of infections
where it could prove useful. Second, independently of these
potentiator effects on antibiotic activity, NV716 also behaves as
an anti-virulence compound, decreasing the expression of
quorum-sensing, with subsequent reduction in virulence, biofilm
formation, and motility. Our current understanding of its dual
mode of action is depicted in Fig. 10.

Intriguingly, the mechanism of action of NV716 as a potentiator
shares some similarities but also notable differences with that of
colistin, as well as with that of alexidine and PMBN. NV716 shares
with alexidine the highest potency to bind to LPS and permeabilize
the outer membrane, but, in contrast to NV716, alexidine has only
minor effects on antibiotics MIC and uptake inside bacteria. The
3D molecular model of alexidine and NV716 suggests a similar,
extended conformation of their positively charged moiety, which
may explain this privileged interaction with LPS (see Supple-
mentary Figs. 11 and 12). Conversely, PMBN shows similar effects
as NV716 on MICs but less on displacement of bodipy-cadaverine
from LPS and on the accumulation of antibiotics that are sub-
strates for efflux. PMBN and alexidine differ in their mode of
interaction with LPS. While the small lipophilic tail of PMBN is
critical for its interaction with the outer membrane’, one of the
guanidinium groups in alexidine associates with the negatively-
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charged phosphate group on lipid A, while the other symmetrical
end of the molecule is closely associated with the phosphate group
of the core portion of LPS2l. This therefore suggests that an
interaction with the lipophilic core of the membrane, which does
not occur with alexidine, is needed to allow antibiotic permeation.
Conversely, colistin, with a bulky charged cyclic peptide and a
short lipophilic tail, is as potent as NV716 in terms of outer
membrane and inner membrane permeation, the first being
obtained at equimolar concentrations, and the latter, at their
respective MIC. However, NV716 can increase antibiotic accu-
mulation at subMIC concentrations (i.e., when it permeabilizes
only the outer membrane), which is not the case for colistin.
Studies on outer membrane models, planar bilayers, or using
molecular modeling suggest that colistin interacts with the head-
groups of the lipids in the outer membrane, and causes their
reorientation and local disorganization as well as the formation of
LPS clusters, which promotes outer membrane destabilization and
gives access to colistin or other antibiotics into the periplasmic
space’133. Our electron microscopic images suggest that the
permeation effects of NV716 occur without gross disruption of the
bacterial envelope, which is coherent with the fact they occur at
subMIC concentrations. Our study was not powered to perform
in-depth structure-activity relationships, but encourages further
efforts with homogeneous series of compounds in order to better
understand these interactions at the molecular level. In this con-
text, the comparison of the physicochemical properties of the
potentiators used in this study is instructive (Supplementary
Table 5). On the one hand, alexidine and NV716 show similar
calculated logD values at pH 7.4, as well as similar van der Waals
surface and volume, which may therefore be determinant in their
capacity to interact with LPS. On the other hand, NV716 and
NV731 are the only molecules showing a calculated polar surface
area (PSA; defined as the surface sum over all polar atoms or
molecules, primarily oxygen and nitrogen) smaller than 140 A2,
This parameter is a commonly-used medicinal chemistry metric to
optimize the ability of a drug to cross biological barriers. A value
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Fig. 8 Effect of potentiators on the activity of antibiotics against biofilms. Rifampicin against biofilms of PAOT (a-¢) and PAO509 (d-f); ciprofloxacin
against biofilms of PAO1 (g-i). Pre-formed biofilms were exposed during 24 h to rifampicin alone at 1x MIC or 5 x MIC or to ciprofloxacin alone at 1x MIC
or 100 x MIC, the potentiators alone (alexidine [ALE], polymyxin B nonapeptide [PMBN], colistin [CST]) at fixed concentrations, or their combination
(hatched bars: +RIF or CIP 1x MIC; checkerboard bars: +RIF 5x MIC or CIP 100 x MIC). The graphs show the metabolic activity (a, d, g; fluorescein
diacetate assay [FDA]), CFUs (b, e, h) and biomass (c, f, i; crystal violet [CV] staining), respectively. All data are mean = SEM (triplicates from three
independent experiments). In each graph, the black horizontal dotted line is the value for the control (non treated biofilm), the blue line, the value for the
biofilm exposed to the antibiotic alone at 1x MIC, and the gray line, for the biofilm exposed to RIF at 5x MIC or CIP at 100 x MIC, respectively. Statistical
analysis: comparison of potentiators alone to control biofilm or to potentiator combined with rifampicin to rifampicin alone (at the same concentration) by

one-way ANOVA with Dunnett's post-hoc test: *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001.

higher than this threshold predicts a poor permeation, at least
across the blood-brain barrier34. Whether is also applies to bac-
terial cells is unknown, but this exclusive property may contribute
to explain the unique combination of actions shown for NV716 as
compared to other potentiators. In addition, the strong difference
in the spatial arrangement of the two polyaminoisoprenyl com-
pounds (Supplementary Fig. 11), globular for NV731 (only two
nitrogen groups able to interact at the same time with the
negatively-charged groups of the membrane) but linear for the
spermine moiety of NV716 (all aminogroups capable of interac-
tion with the negative charges) could explain the much higher
potency of NV716 in all our assays.

The global similarity in the targets of NV716, colistin, and
alexidine is confirmed by our transcriptomic analysis, which
shows that these molecules can upregulate the metabolic path-
ways involved in the synthesis of lipid A and of LPS. These
pathways are known to be affected in stable mutants resistant to
polymyxins?33°>. Interestingly enough, the present work also
reveals downregulation of quorum-sensing-related genes and
functions that were phenotypically confirmed by a reduction in
the secreted amounts rhamnolipids, pyocyanin or elastase, of
biofilm formation and of motility, all under the control of the
three closely interconnected Rhl, Las, and PQS systems®°. The
downregulated virulence factors themselves also contribute to
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Fig. 9 Confocal images of biofilms of PAO1 exposed to antibiotics and potentiators. Potentiators were used in the conditions described in Fig. 8
(alexidine [ALE, 12 uM], polymyxin B nonapeptide [PMBN, 30 uM], colistin [CST, 1uM]; NV716 50 uM). a Biofilms incubated with NV1532 (fluorescent
derivative of rifampicin) at 100 mg/L alone or with potentiators, with fluorescence of NV1532 recorded in the green channel and fluorescence of CTC in the
red channel. b Biofilms incubated with ciprofloxacin at 50 mg/L alone or with potentiators, with fluorescence of SYTO-9 recorded in the green channel and
fluorescence of propidium iodide (PI) in the red channel. Scale bar: 30 um. ¢, d quantitative analysis of the data from panel a, showing the fluorescence of
NV1532 or of CTC, respectively, in percentage of the value measured at the top of the biofilm. e, f quantitative analysis of the data from panel b, showing
the fluorescence of SYTO-9 or of PI, respectively, in percentage of the value measured at the top of the biofilm.

reduce biofilm formation, notably by impairing motility for
rhamnolipids as well as for T6SS, by activating the nucleoside
diphosphate kinase for elastase, or by favoring the release of
extracellular DNA for pyocyanin37-38, The mechanism by which
NV716 perturbs quorum sensing is unknown, but probably not
directly related to outer membrane permeation (as it is not
observed with PMBN), neither to its potentiator effects. It
remains, however that these anti-virulence properties confer to
NV716 a unique profile to fight against P. aeruginosa infection.
Other types of membrane-active agents have been described in
the literature as potentially useful alternatives for the treatment of
Gram-negative multidrug resistant bacteria. These include nota-
bly a series of amphipathic antimicrobial peptides (see refs. 3941
for a few recent examples). We notice however some drawbacks
for these peptides as compared to NV716. First, their peptidic
nature makes them more expensive to produce or to isolate from
natural sources and confers to them unfavorable pharmacokinetic
properties*2, Second, many of them are hemolytic or cytotoxic,
sensitive to hydrolysis by proteases, or inactivated by salt or
serum®2. Third, their proteic nature raises concern regarding a
potential immunogenicity*3. Forth, they usually act as antibiotics
rather than as potentiators, which is more likely to lead to
resistance?4, This risk has been demonstrated for the AA139
derivative of the natural arenicin-3, which selects for mutations in
mlaC, a phospholipid transport gene*!, or for polymyxins, which
induce modifications in LPS or lipid A23. Non peptidic
membrane-permeabilizing antibiotics have also been developed,
which do not fully alleviate the risk of resistance development or
of cytotoxicity, as shown for 1-((2,4-dichlorophenethyl)amino)-3-
phenoxypropan-2-ol (SPI009) or amphiphilic derivatives of

12

aminoglycosides#>46. Likewise, many membrane-active com-
pounds isolated from plants, like triterpenes, lack of selectivity
and are cytotoxic?’.

Although we did not uncover the precise molecular target of
NV716 in P. aeruginosa, we nevertheless progressed in the elu-
cidation of the physiological processes it can affect in bacteria as
well as in the demonstration of their consequences for antibiotic
activity and bacterial virulence. The promising profile of activity
we evidenced here already at sub-inhibitory concentrations,
coupled with its previously demonstrated lack of toxicity in vitro
at microbiologically active concentrations!31°, encourages further
research in pertinent in-vivo models of infections in order to
better delineate its potential as an adjuvant to current antibiotics.
In a broader context, this works confirms that membrane-
targeting approaches are promising strategies that can revive
antibiotic activity, including against persistent forms of infections
like biofilms or intracellular survival.

Methods

Bacterial strains and culture media. Four reference strains (PAO148, PT629
[MexAB overproducer derivative of PAO1%°], PAO1mexAB*?, PAO509 [PAO1
A(mexAB-oprM) A(mexCD-opr]) A(mexEF-oprN) A(mexJK)*0]) and 67 clinical
isolates (Supplementary Data 1) obtained from patients with cystic fibrosis
(n=43), urinary tract infections (n = 10), or hospital-acquired pneumonia
(n=14) were used in this study. Transposon mutants were obtained from the
PAOL library of the University of Washington®!. For specific experiments, addi-
tional clinical isolates resistant to colistin®> were also included. Bacteria were
inoculated overnight at 37 °C in tryptic soy agar (VWR). A single colony was then
added to 10 mL cation-adjusted Mueller-Hinton Broth (CA-MHB; Sigma-Aldrich)
and incubated at 37 °C overnight under gentle agitation (130 rpm). CFUs (colony-
forming units) were counted on Tryptic soy agar.
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Fig. 10 Model describing the putative mode of action of NV716 as an adjuvant molecule capable of potentiating antibiotic activity and of exerting anti-
virulence effects at sub-MIC concentrations. (1) Potentiator of antibiotic activity: At subMIC concentration, NV716 interacts with LPS and increases the
permeability of the outer membrane of P. aeruginosa, while at the same time inhibiting the activity of efflux transporters by an unknown mechanism'3,
which facilitates the penetration of antibiotics. At its MIC, it also permeabilizes the inner membrane of the bacteria, leading to their death without gross
alteration of the bacterial morphological integrity. (2) Anti-virulence compound: It also reduces the expression of quorum sensing-related genes, causing a
downregulation of virulence factors like rhamnolipids, pyocyanin, elastase, and of T6SS-related genes, as well as a subsequent reduction in motility and
biofilm formation. The chemical structure of NV716 is also shown, with the aminated functions (protonable at physiological pH) circled in blue.

Antibiotics and adjuvant compounds. Antibiotics (potency) were obtained as
microbiological standard from Sigma-Aldrich (Chloramphenicol [98%], doxycy-
cline [98%], rifampicin [98%)], colistin [92%], alexidine [98%]) or Bayer (Lever-
kusen, Germany) (ciprofloxacin HCI [89%]). The reference efflux pump inhibitor
Phe-Arg-B-Naphthylamide (PABN; potency, 98%) and the membrane permea-
bilizer polymyxin B nonapeptide (PMBN) were purchased from Sigma-Aldrich.
The hydrosoluble hydrochloride polyamino-isoprenic salt derivatives, NV716 and
NV731, were synthesized at Aix-Marseille University>2. Supplementary Fig. 1
shows the structure of the potentiators. Stock solutions were prepared in DMSO at
a concentration of 96 mM [50 mg/mL] for PABN or in water at a concentration of
10 mM for PMBN [10 mg/mL], NV716 [4 mg/mL] and NV731 [3.2 mg/mL], and
stored at —20 °C until use.

MIC and MBC determination for antibiotics alone or combined with adjuvants.
MICs were determined by microdilution in CA-MHB, following the guidelines of
the Clinical and Laboratory Standards Institute. After 18-20 h of incubation, the
MICs were defined as the minimal concentrations preventing visible growth. MBC
were calculated as the lowest antibiotic concentration reducing of 99.9% the bac-
terial number in aliquots from wells were no growth was observed in MIC
determinations, as determined by CFU counting on agar containing 2 g/L charcoal.

Checkerboard assay. Checkerboard assays were performed in 96-wells plates.
Compound A was serially diluted from columns 1-11, and compound B, from
rows B to H, with serial dilutions of compound A alone found in row A and of
compound B alone in column 12. MICs of compounds alone and in combinations
were used to calculate the fractional inhibitory concentration (FIC) index (FICI), as

follows: FICI = % + %gg, where MIC, and MICy, are the MICs of compounds A

and B alone, and C, and Cg are the MIC of compounds A or B in combination.
The combination was considered synergistic when the FICI was <0.5, and antag-
onistic when the FICI was >4°3.

BODIPY™-TR-cadaverine displacement assay. Binding affinity of potentiators
to LPS was investigated using the BODIPY™-TR-cadaverine (BC) displacement
assay. When bound to LPS, BC is weakly fluorescent (self-quenching) but its
fluorescence is increased when competitively displaced by other compounds dis-
playing affinity for LPS (dequenching). As previously described®, BC (Thermo
Fisher Scientific; final concentration, 5 uM) and bacteria (final ODgz0nm, 0.1) were
mixed, kept for 30 min in the dark at room temperature, after which 50 uL of this

mixture was incubated with 50 uL of test compounds in 96-wells black plates
during 30 min before fluorescence measurements.

Outer membrane permeability assay. Outer membrane permeability was asses-
sed using the 1-N-phenylnaphthylamine (NPN) uptake assay2°. The fluorescence of
this probe increases when incorporated in the hydrophobic core of a permeabilized
outer membrane. Concisely, 20 uL of NPN solution (final concentration, 10 pM)
containing or not the test compounds were mixed with 180 uL of bacteria sus-
pension (final ODggnm = 0.5, resuspended in phosphate buffer [NaCl 110 mM;
KCl 7 mM; NH,CI 40 mM; NA,HPO, 0.4 mM; Tris base 62 mM; Glucose 0.2%; pH
7.5 adjusted with HCI]) in 96-wells plates. The fluorescence was rapidly measured
using a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek) with 4s
intervals during 5 min (Aexc/Aem: 340/410 nm). Preliminary experiments showed
that NPN uptake proceeded following a 1-phase association, with a first rapid and
almost linear uptake during the first four seconds, followed by a plateau (Sup-
plementary Fig. 13). As NPN is a substrate for efflux in P. aeruginosa®®, we cal-
culated the rate of its influx for the early time points (0-4 seconds) to minimize a
possible contribution of efflux in the reduction of its rate of uptake, assuming a
linear uptake over this period of time and report these data.

Inner membrane permeability assay. Inner membrane permeability was deter-
mined using the Propidium Iodide (PI) assay as previously described®®. PI becomes
fluorescent when intercalated in the DNA of bacteria, the outer and inner mem-
brane of which are permeabilized. Briefly, overnight cultures were centrifuged and
resuspended in phosphate buffer (same composition as above) to reach an ODg0nm
of 0.1. Five uL PI (final concentration, 6 uM) was added to 5 mL of bacterial
suspension and the mixture was incubated during 30 min in the dark. Fifty pL of
this mixture were added by 50 uL of test compounds in a 96-wells plate. After
60 min incubation at room temperature, the fluorescence of PI was measured
(Aexc/Aem: 535/617 nm) in a SpectraMax M3 plate reader.

Inner membrane depolarization assay. We used the previously described
DiSC3(5) (3, 3-dipropylthiadicarbocyanine iodide) assay!3. Overnight cultures
were pelleted by centrifugation (3000 x g, 7 min), washed (1x PBS) and resus-
pended with 50 mM Tris buffer saline (pH 7.4) containing 2mM EDTA. After
5min of incubation, cells were pelleted (3000 x g, 7 min), washed in PBS, resus-
pended with Tris buffer saline containing 50 mM glucose and adjusted to obtain an
ODg30nm of 0.5, after which DiSC3(5) (final concentration of 10 uM) was added.
100 pL of potentiator were mixed with 100 pL bacteria suspension containing
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DiSC3(5) in a 96-well plate. After 30 min of incubation, the fluorescent intensity
was measured in a Spectramax M3 plate reader (Aexc/Aem: 622/670 nm). Alexidine
at 10 uM was used as a positive control and cells added by Tris buffer saline as a
negative control.

Antibiotic accumulation in bacteria. Ciprofloxacin accumulation inside bacteria
was determined by a fluorometric method””. Briefly, 10 mL of bacterial suspension
(~10° cells/mL) were incubated with ciprofloxacin (final concentration, 10 mg/L)
with or without potentiators at selected concentrations during 15 min (i.e., a
duration longer than the predicted time required to reach saturation®$, but during
which the antibiotic did not affect bacterial growth [no significant reduction in
CFUs]). After appropriate dilution in PBS, 50 uL aliquots were spread on TSA and
colony-forming units (CFUs) were counted after overnight incubation at 37 °C.
The pellet was then collected by centrifugation at 3000 x g for 7 min at 4 °C, washed
3 times in cold PBS to remove ciprofloxacin from the medium and then resus-
pended in 0.1 M glycine-HCI buffer (pH 3). Samples were kept in the dark over-
night to allow bacteria lysis and ciprofloxacin release. After centrifugation at
20,000 x g for 7 min, ciprofloxacin fluorescence was measured in the supernatant
(Aexc/hem: 275/450 nm) in a Spectramax M3 plate reader. Ciprofloxacin con-
centrations were normalized to CFUs counts.

Rifampicin accumulation was measured using a fluorescent derivative (NV1532,
see structure in Supplementary Fig. 6) synthesized by one of us (JMBr; see
Supplementary Method S1 and Supplementary Scheme 1). This compound
remained microbiologically active, with a MIC of 32 mg/L against PAOL (vs.

16 mg/L for rifampicin). The fluorescence emission peak of NV1532 in PBS was
determined by an emission scan at an excitation wavelength of 470 nm. The lower
limit of detection and of linearity of the fluorescence calibration curve were
15.6-1000 pg/L (Supplementary Fig. 14). In brief, 10 mL of bacterial suspension
(~102 cells/mL) were incubated for 15 min with NV1532 (final concentration,

20 mg/L) combined or not with potentiators. Aliquots were processed for CFU
counts and the rest of the samples were centrifuged, washed to remove NV1532 as
described for ciprofloxacin assay, resuspended in 500 uL PBS and sonicated 60 min
in a bath to lyse the bacteria. After centrifugation, the supernatant was used to
measure fluorescence (Aexc/Aem: 470/525 nm) in a Spectramax M3 plate reader
and data normalized to CFU counts.

Frequency of selection of resistance and selection of resistance by serial
passages. PAO1 (10° CFU/mL) was spread on TSA plates containing cipro-
floxacin or rifampicin at a final concentration of 4 x MIC alone or combined with
potentiators. The frequency of selection of antibiotic-resistant mutants was
determined as the ratio between the number of colonies that appeared after 48 h of
incubation at 37 °C on the drug-containing plates and control plates®®. MIC
increase was also followed over serial passage cultures in broth exposed to (i) %
MIC of the antibiotic alone or combined with potentiators or (ii) potentiators alone
at % MIC, with daily 1/1000 dilution of the bacteria and readjustment of the
concentration to (i) % MIC or (ii) %2 MIC of the previous day, over approx. (i) 30
or (ii) 50 days.

Genomic and transcriptomic analysis. PAO1 and daughter bacteria collected
after the 52t passage in the presence of potentiators at % MIC were spread on TSA
containing or not potentiators at %> MIC and incubated overnight, after which 3
colonies were independently inoculated in 2 mL MHB-CA containing or not %
MIC of potentiators and incubated overnight at 37 °C with shaking at 130 rpm.

DNA was extracted from cell pellets using the DNeasy Blood & Tissue Kit
(Qiagen) and 0.8 ng/uL DNA was used for the library preparation based on a
modified version of the Illumina Nextera XT protocol with unique dual indices.
The library pool was size selected (500-1500 bp) on the BluePippin™ (Sage Science)
instrument. Libraries were sequenced in paired-end mode on an Illumina NovaSeq
6000 device (2 x 50 bp). The obtained reads were quality controlled by fastqc with
default settings®. The tool suite Bbtools was used for cleaning and merging reads,
and for performing statistical analyses on coverage and insert sizes (BBMap —
Bushnell B. - sourceforge.net/projects/bbmap/). The trimmed reads were de-novo
assembled using Shovill (https://github.com/tseemann/shovill) with the assembler
SPAdes with the optional setting ‘only-assembler’. Single nucleotide
polymorphisms (SNPs) were detected by Parsnp®! with default settings and with
PAOL as the reference. The raw sequencing files have been deposited in the NCBI
SRA database under the accession number PRJNA785668.

RNA was extracted from cell pellets using the InviTrap® Spin Cell RNA Mini
Kit (INVITE). Ribosomal RNA was removed using the Ribo-Zero Bacteria Kit
(Mlumina) and libraries for transcriptomics were generated according to
references®203, Libraries were sequenced in paired-end mode on an Illumina
NovaSeq 6000 device (2 x 50 bp). The obtained reads were quality controlled
(option ‘—nextseq-trim=20") and clipped using cutadapt®*. Reads were mapped to
the reference genome PAO1 (NC_002516.2) using bowtie2%°. The resulting sam-
files were converted to indexed binary format using SAMtools®. Counts of the
mapped reads were extracted with featureCounts®’ using reads with a minimum
mapping quality of 20. Differential gene expression analysis was performed with
the R package edgeR%. Normalization factors to scale the raw library sizes were
calculated using the weighted trimmed mean of M-values (TMM) method®’.

Dispersions were estimated and data were fitted using the edgeR functions
estimateDisp and glmQLFit, respectively. Genes were considered as differentially
expressed if their Log, fold change expression was significantly (FDR < 0.05)
greater than |1|(edgeR function glmTreat). Functional enrichment of significant
gene sets was done by hypergeometric testing (R function phyper). Functions were
considered as significantly enriched with a FDR adjusted p-value < 0.05. The raw
sequencing files have been deposited in the NCBI GEO database under the
accession number GSE190194.

Real-time quantitative PCR. Total RNA was extracted using the InviTrap® Spin
Cell RNA Mini Kit (INVITE). RNA purity was checked using a NanoDrop spec-
trophotometer (Thermo Fisher Scientific). cDNA was synthesized by using 1%t

Strand cDNA Synthesis Kit for RT-PCR (AMV) and RT-qPCR was performed with
Sybr green IQ Supermix (Bio-Rad Laboratories), using an iCycler iQ single-color
real-time PCR detection system (Bio-Rad Laboratories). Fold changes in expression
versus control condition were determined using the 2(~4AC method”® with 16s-
rRNA as a housekeeping gene (see Supplementary Table 6 for primers sequence).

Assays of virulence factors in PAO1 supernatants. Elastolytic activity in P.
aeruginosa culture was determined by elastin Congo red (ECR) assay’!. Briefly,
bacteria from mid-log-phase (ODg0nm: 0.6-0.8) in MHB-CA were pelleted and re-
suspended in fresh MHB-CA in the absence of or presence of potentiators so as to
obtain an ODgyonm Of 0.05, then incubated at 37 °C with rotation of 130 rpm for
21 h. Bacteria were pelleted by centrifugation (20,000 x g; 5 min) and the pellet was
re-suspended in the original volume of water to measure the ODgpnm. The
supernatants were passed through 0.22 um filters; 50 uL of filtrates were added to
1 ml of Tris-maleate buffer (0.1 M Tris [pH 7.2], 1 mM CaCl,) containing 20 mg of
ECR (Sigma). Mixtures were incubated for 18 h at 37 °C with rotation of 130 rpm
and then placed on ice after the addition of 0.1 mL of 0.12 M EDTA. Insoluble ECR
was removed by centrifugation (20,000 x g, 5 min), and the OD 495, Was measured.
Elastase activity was expressed as (ODgosnm Of the filtrate/ODgonm of the resus-
pended pellet), in percentage of the control value (untreated bacteria).

Rhamnolipids were quantified in the culture medium as previously described”!.
Briefly, an aliquot from an overnight culture was added into fresh MHB-CA in the
absence of or presence of potentiators to obtain an ODg,g np, 0f 0.05 and incubated
at 37 °C with rotation of 130 rpm for 48 h. Then the bacteria were pelleted by
centrifugation (20,000 X g, 5min) and the pellet was resuspended in the original
volume of water to measure ODgz05m. Rhamnolipids (containing 3-deoxy-hexose)
were assayed in the culture supernatant by the orcinol assay. Rhamnolipids from
300 pL of supernatants were extracted twice with 600 uL diethyl ether (Merck-
Millipore). The pooled ether extracts were evaporated to dryness, then
reconstituted in 100 pL distilled water and mixed with 100 uL 1.6 % [w/v] orcinol
(Sigma) and 800 pL of 60% (v/v) sulfuric acid. After heating to 80 °C and shaking at
175 rpm for 30 min, the OD;,, was measured. The content of rhamnolipids in
the samples was expressed as (OD4;1nm Of the supernatant/ODgonm of the
resuspended pellet), in percentage of the control value (untreated bacteria).

Pyocyanin was assayed on cultures prepared as for the rhamnolipids assay, but
incubated during 10 h only before centrifugation and resuspension of the pellet in
water. Pyocyanin was extracted from 5 mL supernatant with 3 mL of chloroform
(Merck-Millipore) and then re-extracted into 1 mL of 0.2 N HCI7!. The absorbance
of 520 nm (Asy9nm) was measured and the amount of pyocyanin in the samples was
expressed as Aszonm/ODs2onm Of the resuspended pellet), in percentage of the
control value (untreated bacteria).

Swimming, swarming, and twitching motilities were assessed as previously
described”:72. Briefly, 2 pL of PAO1 grown in MHB-CA for 14 h were either
directly stabbed into swimming (0.1% [w/v] tryptone, 0.05% [w/v] yeast extract
(Becton Dickinson), 0.5% [w/v] NaCl, 0.3% [w/v] agar) and twitching (1.0% [w/v]
tryptone, 0.5% [w/v] yeast extract, 0.5% [w/v] NaCl, 1.0% [w/v]] agar) plates or
diluted in fresh LB medium to obtain an ODgyg nm Of 0.1 and then spotted onto
swarming plates (0.8% [w/v] nutrient broth N.2, 0.5% [w/v] glucose, 0.5% [w/v]
agar). Plates were supplemented or not with potentiators. After 24 h of incubation
at 37 °C, swimming and swarming motilities were directly observed at the air-agar
interface. To better visualize the twitching motility, the plates were immersed with
a small volume of cold twitching motility developer solution (TMDS; 400 mL
deionized water, 100 mL glacial acetic acid [Merck-Millipore], 500 mL methanol
[Merck-Millipore], stored at 4 °C) for 30 min. Then the top colonies were gently
scraped with a plastic disposable loop. All images of the plates were taken using a
Bio-Rad Molecular imager (Gel Doc XR system).

Biofilm formation was evaluated using cultures grown to mid-log phase in
MHB-CA, diluted to 10° CFU/mL in fresh TGN (Trypticase soy broth
supplemented with 1% glucose and 2% NaCl), and added by 200 pL bacterial
suspension containing or not potentiators was added to 96-well plate. After 24 h of
incubation at 37 °C without agitation, the medium was carefully removed and
biofilms were washed with 200 pL of 3-morpholinopropane-1-sulfonic acid
(MOPS) buffer (20.9 g/liter of MOPS [Sigma-Aldrich], 5.6 g/liter NaCl; pH
adjusted to 7 with NaOH). Then the biomass of biofilm was quantified using crystal
violet, a cationic dye that non-specifically stains negatively charged constituents in
biofilms. Washed biofilms were dried at 60 °C for 30 min and 1 % (v/v) crystal
violet (100%, Sigma) was added to the plates. After 10 min of incubation at room
temperature, the excess of dye was removed under running water and the residual
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amount was resolubilized with 66% acetic acid and incubated 1h at room
temperature. Absorbance was then measured at 570 nm using a SpectraMax M3
plate reader and data expressed in percentage of the untreated control.

Activity against preformed biofilms. Biofilms were formed in 96-well plates’2.
Briefly, overnight cultures of bacteria were diluted in TGN to obtain an ODgy
am 0f 0.05. Two hundred pL of this suspension were distributed in 96-well plates,
which were then incubated at 37 °C during 24 h to obtain mature biofilms.
Mature biofilms were then incubated with 200 pL fresh TGN containing
rifampicin alone, potentiators alone, or their combination during 24 h, after
which the medium was removed and the biofilm was washed once with 200 pL
MOPS buffer and biomass quantified by crystal violet staining as described
above. The metabolic activity in the biofilms was determined using the fluor-
escein diacetate (FDA) assay. The non-fluorescent FDA is hydrolyzed by living
bacteria into the yellow, highly fluorescent, fluorescein. Washed biofilms were
incubated with 100 ug/mL fluorescein diacetate (Sigma-Aldrich) for 15 min at
37°C in the dark. Fluorescein fluorescence was measured in a SpectraMax M3
plate reader (Aexc/Aem: 494/518 nm).

Confocal laser scanning microscopy for visualization of biofilms. Biofilms were
grown on round coverslips placed at the bottom of the wells of 24-well plates. After
24 h of incubation, the culture medium was discarded. Biofilms were washed once
with 1 mL PBS and reincubated with antibiotics alone or in combination with
potentiators for 1h, washed twice with 1 mL PBS and stained for 30 min in the
dark with LIVE/DEAD (SYTO 9/PI) bacterial viability kit (L-7007; Thermo Fisher
Scientific) or with 0.5 mM 5-cyano-2,3-ditolyl tetrazolium chloride (CTC, Sigma-
Aldrich), as described previously’3. CTC is a colorless, nonfluorescent, and
membrane-permeable compound that is reduced in viable cells to a fluorescent
insoluble CTC-formazan. Stained biofilms were then washed with 1 mL PBS to
remove the probes in excess.

Biofilms were observed using a cell observation spinning disk microscope (Carl
Zeiss) with an oil immersion 40x objective. SYTO9 and NV1532 were detected in
the green channel (Aexc/Aem: 488/502-538 nm), and PI and CTGC, in the red
channel (Aexc/Aem: 488/580-654 nm). Images were acquired at a resolution of
1388 x 1040 pixels, and 20-um-deep scans were obtained using Z-stack scanning
mode. 3D-images construction and quantitative analysis of the images were
performed using ZEN 2.6 (blue edition) software. For quantification of fluorescent
signals, an area of 37,000 um? was selected on 2D-projection of the image, and the
fluorescence intensities of the fluorophores were recorded in all Z-stacks of each
sample. The analyses were performed for three different zones of the coverslips,
and each experiment was repeated three times.

Transmission electron microscopy. Samples were prepared as previously
described’4. In brief, PAO1 was incubated in CA-MHB overnight at 37 °C. After
centrifugation, bacteria were resuspended in fresh CA-MHB containing NV716 at
different concentrations during 1 h. Bacteria were fixed in 1% glutaraldehyde in
0.1 M phosphate buffer for 4 h. After post-fixation in 1% osmium tetroxide for 1 h
and dehydration in ethanol, samples were embedded in resin. 70 nm sections were
cut with a Leica ultracut UCT ultramicrotome and examined (unstained) in a JEOL
1400 transmission electron microscope equipped with an 11 Mpxl EMSIS Quemesa
camera.

Statistics and reproducibility. Statistical analyses and curve fitting were per-
formed using GraphPad Prism software for Windows (version 9.0.0; GraphPad
Software, Inc., San Diego, CA). Most experiments were performed at least in
triplicates at 2-4 independent occasions (see details in each figure legend) and data
presented as the mean and SEM when applicable. Three samples were prepared for
transcriptomic analyses and one sample for genomic or MS analyses. Confocal
microscopy analyses were performed on three independent samples with data
presented as the mean value; representative images from one sample are shown.
Electron microscopy was performed on a single sample but with examination of
different zones randomly selected.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The datasets generated during the current study are available as additional file to this
paper (Supplementary Data 2). DNAseq and RNAseq data have been deposited in the
NCBI SRA database (accession number PRINA785668) and in the NCBI GEO database
(accession number GSE190194), respectively.
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