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Abstract

Background Acinetobacter baumannii is one of the main causes of healthcare-associated infections that threaten
public health, and carbapenems, such as meropenem, have been a therapeutic option for these infections.
Therapeutic failure is mainly due to the antimicrobial resistance of A. baumannii, as well as the presence of persister
cells. Persisters constitute a fraction of the bacterial population that present a transient phenotype capable of
tolerating supra-lethal concentrations of antibiotics. Some proteins have been suggested to be involved in the
onset and/or maintenance of this phenotype. Thus, we investigated the mRNA levels of the adeB (AdeABC efflux
pump component), ompA, and ompW (outer membrane proteins) in A. baumannii cells before and after exposure to
meropenem.

Results We found a significant increase (p-value < 0.05) in the expression of ompA (> 5.5-fold) and ompW (> 10.5-
fold) in persisters. However, adeB did not show significantly different expression levels when comparing treated and
untreated cells. Therefore, we suggest that these outer membrane proteins, especially OmpW, could be part of the
mechanism of A. baumannii persisters to deal with the presence of high doses of meropenem. We also observed in
the Galleria mellonella larvae model that persister cells are more virulent than regular ones, as evidenced by their LDy
values.

Conclusions Taken together, these data contribute to the understanding of the phenotypic features of A. baumannii
persisters and their relation to virulence, as well as highlight OmpW and OmpA as potential targets for drug
development against A. baumannii persisters.
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Background

Healthcare-associated infections (HAIs) are a major
cause of morbidity and mortality in patients hospital-
ized in healthcare institutions and represent a significant
proportion of hospitalization costs [1]. Acinetobacter
baumannii is one of the most prevalent microorganisms
in HAIs [2, 3], including cases of ventilator-associated
pneumonia, sepsis, and wound infections in patients hos-
pitalized in intensive care units [4]. The main therapeu-
tic choice for these infections is carbapenems, such as
meropenem.

Therapeutic failure in infections caused by A. bauman-
nii is usually related to antibiotic resistance, but it may
also be due to the presence of persister cells [5]. Persisters
are a small fraction of transient phenotypic variants capa-
ble of tolerating supra-lethal concentrations of antimi-
crobials to which they are genetically susceptible [6]. The
clinical impact of persister cells is given by their ability
to resume growth when drug levels fall below the thera-
peutic dose and selective pressure is reduced, allowing
the reestablishment of the infection, which can become
chronic [7].

The pathways involved in the regulation of persister cell
formation have not yet been fully elucidated [8]. How-
ever, several molecular mechanisms have been associ-
ated with this phenotype, including drug target inactivity,
reduced cellular energy, interruption of DNA replication
and blocking of translation, intrinsic defenses that act
against damage caused by stressors such as antimicro-
bials, and reduction of the intracellular concentration
of these drugs [9]. Thus, membrane proteins, as part of
the efflux pump apparatus or not, could play an impor-
tant role in survival after exposure to antimicrobials. The
AdeABC efflux pump is responsible for the extrusion of
antibiotics, conferring multidrug resistance in A. bau-
mannii [10], but when exposed to high doses of tobra-
mycin or colistin, this bacterium showed downregulation
of the adeB gene [11]. OmpA provides structural rigidity
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Fig. 1 Killing curves of Acinetobacter baumannii Acb-1 after 48 h-expo-
sure to meropenem. Acb-1 was cultured until the middle exponential
phase and exposed to meropenem at 15 ug/mL, in triplicate, for 48 h. Con-
trol (without the addition of the antimicrobial) is represented by a blue line
and the treatment with meropenem by a red line
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[12, 13] and is implicated in the regulation of outer mem-
brane stability, permeability to small solutes, and antibi-
otic resistance. In addition, OmpA is able to contribute to
the dissemination of A. baumannii during infection [14],
and its overexpression is associated with pneumonia and
bacteremia [15]. OmpW forms channels for the uptake of
small molecules [16], and the regulation of its expression
appears to be essential for bacterial adaptive response to
various stress conditions [17, 18]. Given its importance
for pathogenesis, both OmpA and OmpW were already
suggested as targets for the development of vaccines
against A. baumannii [13, 14, 19-21].

Studies using Galleria mellonella larvae have demon-
strated that this experimental model can be useful and
reliable for analyzing the pathogenicity mechanisms of
A. baumannii, providing a comprehensive comparison of
various virulence factors and offering therapeutic strate-
gies for clinical treatments of A. baumannii infection [22].
For instance, the effect of surface antigen protein 1 was
examined during infection of G. mellonella with A. bau-
mannii and the knockout strain presented a lower sur-
vival than the wild type, demonstrating the importance
of this protein on A. baumannii virulence [23]. On the
other hand, although outer membrane proteins (OMPs)
have been identified as virulence factors of A. baumannii
infecting macrophages and murine models [24, 25], they
were not investigated in the G. mellonella host. Likewise,
to the best of our knowledge, the virulence of persisters
has not yet been studied in G. mellonella. In this context,
we investigated the mRNA expression levels of mem-
brane proteins OmpA, OmpW, and AdeB in both regular
and persister cells of A. baumannii after being exposed to
meropenem. We also assessed the virulence of both phe-
notypes in G. mellonella larvae.

Results and discussion
Persister cells were first described in S. aureus in 1944
[26], and since then, several attempts have been made
to understand the pathways and structural differences
involved in this transient bacterial phenotype. In this
sense, despite the diverse mechanisms being studied,
the possible roles performed by membrane proteins in
persistence are still relatively poorly investigated. Thus,
we evaluated the differential expression of genes encod-
ing outer membrane and efflux pump components in A.
baumannii persister cells after exposure to meropenem.
Additionally, we assessed the virulence of these persisters
in an animal model for the first time.

The assay in which meropenem was added to middle
logarithm phase Acb-1 cells showed the presence of bona
fide persister cells after 48 h of exposure at 15 pg/mL
(Fig. 1), with levels reaching 0.3181% of the initial popu-
lation. This result lies in the range of persister fractions
already described for this strain [27]. Likewise, when
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Table 1 Relative expression levels of adeB, ompA, and ompW
after meropenem exposure up to 48 h in Acinetobacter
baumannii

Gene Differential expression analysis (222 values) p-val-
Before 24 h-exposure 48 h-exposure  ue*
exposure

adeB 402835092 5.33537118 5.04481689 0.8606

ompA 1.14363601 2.29038521 6.50678510 0.0157

ompW 130034341  2.24766680 13.7371198 0.0462

*p-values refer to 48 h-exposure

comparing the surviving cell counts of the exposed cul-
ture to those of the control culture (not exposed to the
antimicrobial) after 48 h of exposure, the surviving frac-
tion was found to be 0.089% (Fig. 1).

The differential expression of adeB, ompA, and omp W
was evaluated in response to meropenem exposure up
to 48 h. We observed that the ompW and ompA genes
were upregulated by more than 10.5-fold and 5.5-fold,
respectively, in persisters compared to regular cells
(p-value<0.05) (Table 1; Fig. 2).

OmpA is the most abundant porin found in A. bau-
mannii and plays critical roles in various cellular
processes, including antibiotic resistance, host cell inva-
siveness, biofilm formation, eukaryotic cell infection,
and immunomodulation [25, 28-30]. OmpA is known
to be involved in the extrusion of antibacterial com-
pounds from the periplasmic region and may be coupled
to efflux systems in the inner membrane [30], suggesting
that increased ompA expression can help A. bauman-
nii survive exposure to meropenem by increasing drug

-

[&]

3 25-

N

c ]

15 20

?

o 15—

S

)

O 10+

=

Q

o))} 5

Q

.; T
S 0-

& 0 24

Time (h)

Page 3 of 8

extrusion. In this sense, mutations in OmpA have been
linked to increased susceptibility to meropenem [31]. An
increased production of OmpA has also been induced by
oxidative stress via different stressors, suggesting that it
may play a role in maintaining cellular homeostasis [32].
Another issue to be highlighted is the importance of
OmpA in biofilm formation by A. baumannii [29], which
is associated with high levels of persisters [27].

OmpW is a P-barrel protein involved in transport-
ing hydrophobic molecules across the outer membrane,
maintaining cellular homeostasis under stress, and seems
to be a virulence factor necessary for A. baumannii
pathogenesis without affecting its growth [24]. Interest-
ingly, OmpW is a porin with a pivotal role in the uptake
of nutrients, such as iron [33], which may influence the
treatment of infections caused by this microorganism
[34]. Additionally, deletion of OmpW from Escherichia
coli resulted in decreased minimum inhibitory concen-
trations (MICs) of several antibiotics [35], suggesting
that the overexpression of ompW can be a strategy of A.
baumannii to cope with the exposure to high doses of
meropenem. Furthermore, both OmpW and OmpA have
been found to bind carbapenemases, which are enzymes
capable of hydrolyzing carbapenems and other beta-lac-
tams [31]. Increased amounts of these porins could result
in a higher presence of these enzymes in the periplasmic
space, leading to a decrease in drug availability to their
molecular targets. However, it is noteworthy that OmpW
is not a general requirement for persisters, as A. bau-
mannii exposed to high concentrations of tobramycin
showed reduced ompW expression [36], indicating that
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Fig. 2 Differential expression of adeB, ompA, and ompW in Acinetobacter baumannii reqular and persister cells. rpoB was used as the control gene in
quantitative real-time PCR analysis. Values represent the means of three experimental replicates from three independent experiments. The y-axis repre-
sents the fold difference of each gene to the threshold cycle (C;) values, whereas the x-axis indicates the time points of meropenem exposure. Asterisks
indicate significant differences between the 0 and 48-h time points after meropenem exposure, as determined by ANOVA followed by Tukey's multiple

comparison test (p-value < 0.05)
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the strategy involving OmpW may be drug dependent.
On the other hand, it is also possible that a more gener-
alized response is involved, including protection against
the effects of antimicrobials. For instance, ompW expres-
sion in Vibrio cholerae is altered in response to different
concentrations of salts, nutrients, oxygen, and changes in
temperature [37].

OmpW has been demonstrated to protect E. coli
against host responses by conferring resistance to com-
plement-mediated killing and phagocytosis, suggesting
its potential as a drug target in gram-negative bacteria for
the development of new therapeutic agents [24]. Further-
more, docking studies and the effects of specific inhibi-
tors have identified both OmpA and OmpW as potential
targets for drug development against A. baumannii infec-
tions [13, 38, 39]. Given its important role in transport
of essential nutrients, OmpW has also been shown to be
a highly immunogenic protein and a candidate for the
development of an effective vaccine to control A. bau-
mannii infections [19]. Thus, our findings extend the
potential utility of these proteins as targets for drugs and
vaccines against A. baumannii persisters.

Although the AcrAB-TolC efflux pump has been shown
to play a role in persistence by mediating drug efflux in
E. coli [40], adeB did not show different expression lev-
els comparing regular and persister cells in our study.
Despite being one of the most prevalent efflux pumps
in A. baumannii and conferring multidrug resistance,
including against meropenem [41], AdeABC does not
appear to be involved in persistence in the face of this
antimicrobial agent. However, a significant downregu-
lation of this gene was observed following exposure to
tobramycin and colistin in this microorganism [11, 36].

OMPs deal directly with the flux trade of soluble com-
ponents between the extracellular and intracellular
compartments, as well as in the periplasmic space, in
gram-negative bacteria. Therefore, they are natural can-
didates to be modulated when these cells face different
environmental conditions, such as starvation or exposure
to toxic substances. OmpA and OmpW appear to behave
in such a fashion when cells are challenged with merope-
nem, altering the outer membrane functioning profile,
and possibly, also the periplasmic and surrounding extra-
cellular composition. Further research will be important
to unravel the molecular mechanisms underlying the
contribution of overexpressed OmpW and OmpA to the
persistence phenotype and how this might explain their
drug-specific behavior. Furthermore, given the known
involvement of these proteins in modulating A. bau-
mannii virulence, it is hypothesized that persisters may
exhibit higher virulence in vivo. To test this, persister and
regular cells were injected in different quantities into G.
mellonella larvae, and their survival rates were measured
(Fig. 3). Analysis of the lethal dose for 50% (LDs,) at
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each time point after infection showed a statistically sig-
nificant difference between persister (2.75x10° colony-
forming unit (CFU)/larva) and regular cells (5.90x10°
CFU/larva) only at 24 h post-infection (Table 2). These
data are in agreement with the common characteristic of
persisters to revert to the regular phenotype upon cessa-
tion of the challenging stress. Therefore, the expression
of virulence genes, such as ompW and ompaA, is likely to
return to baseline levels during infection, and, therefore,
higher virulence would be expected to be transient.

As previously mentioned, nutrients in the host envi-
ronment are crucial for both host cells and bacterial
pathogens. Iron, in particular, is an essential micronutri-
ent. Acinetobacter spp. have evolved a high-affinity iron
acquisition system through the use of acinetobactin to
overcome iron sequestration. Studies have shown that
mutants in genes involved in acinetobactin biosynthe-
sis (basD) and transport (bauA) result in lower mortal-
ity rates in G. mellonella when compared to the wild
type [42]. Therefore, it is plausible that OmpW, which
is involved in acquiring iron [33], may play a role in the
higher number of G. mellonella deaths by persister cells.
This is especially noteworthy as A. baumannii has been
shown to modulate OmpA levels in response to vary-
ing iron concentrations [25]. Furthermore, OmpW has
been found to be important for adherence and invasion
of mammalian host cells [24]. In this context, it must
be noted that A. baumannii increases the secretion of
OmpW and OmpA when challenged with sub-MIC tet-
racycline concentrations [43], and that OmpA is toxic to
host cells when secreted [44].

Taking into account the increase in antimicrobial resis-
tance, persistence, and evolution of virulence, the need
for new drugs to treat A. baumannii infections is becom-
ing increasingly important. Here we observed that the
virulence genes ompW and ompA may additionally par-
ticipate in the adaptation to drug exposure in persisters,
and, therefore, considering the observed LD;, values
obtained, exacerbate initial infection rates in vivo. Thus,
OmpA and OmpW are promising candidates for fur-
ther studies as potential drug targets not only for regular
infective cells, but also for persisters of A. baumannii.

Conclusions

Our study has revealed that both OmpA and OmpW
play a role in the persistence phenotype of A. bauman-
nii. Moreover, in vivo data indicate that persister cells
are more virulent than the regular ones, as evidenced by
their significantly lower LDy, value during early stages
of infection. Further research is necessary to elucidate
the mechanisms underlying the formation of persisters,
which may then better support the development of drugs
and/or immune-based strategies capable of impairing the
essential functions of OmpA and OmpW.
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PBS

4.8 x 10° CFU/larvae
4.8 x 105 CFU/larvae
1.6 x 10° CFU/larvae
4.8 x 10* CFU/arvae

4.8 x 10° CFU/arvae

PBS
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2.0 x 10° CFU/Narvae
2.0 x 10° CFU/larvae
2.0 x 10* CFU/larvae
2.0 x 10° CFU/Narvae

2.0 x 102 CFU/arvae

Fig. 3 Kaplan-Meier survival curves of Galleria mellonella larvae inoculated with Acinetobacter baumannii Acb-1 strain: (A) regular cells and (B) persister
cells after exposure to meropenem (15-fold MIC). Vehicle group (phosphate-buffered saline - PBS) was used as sterility and injection control. The data are

composed of the mean of three independent experiments with ten larvae in each group
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Table 2 Comparison of LDy, values obtained by regular and persister (after meropenem exposure) Acinetobacter baumannii Acb-1 in

Galleria mellonella larvae at different times of infection

Time of Acinetobacter LDs, (CFU/larva) 95% CI Relative mean  Confidence interval Sig-
infection baumannii Acb-1 (CFU/larva) potency for the relative mean nifi-
estimates potency estimates cance

24 h Regular 590x10° 387x10°-941x10° 2.15 1.13-4.50 Yes
Persister 2.75x10° 168x10° - 448%10° 047 0.22-0.89

48h Regular 232x10° 1.12x10° - 5.00%10° 204 0.71-9.86 No
Persister 1.10%x10° 461x10"-271x10° 047 0.10-1.41

72 h Regular 2.19x10° 9.57%10*-530% 10° 2.54 0.74-23.85 No
Persister 863x10* 3.15%10% - 2.52x10° 0.39 0.04-135

9 h Regular 2.19%10° 9.57x10*-530% 10° 2.54 0.74-23.85 No
Persister 863x10* 3.15%10% - 2.52x10° 0.39 0.04-135

120 h Regular 2.19%10° 957x10*%530x10° 2.54 0.74-23.85 No
Persister 863x10* 3.15%10* - 2.52x 10° 0.39 0.04-135

Materials and methods

Acinetobacter baumannii strain

The experiments were carried out using the A. bauman-
nii Acb-1 strain, which was previously isolated from
tracheal aspirates by the Microbiology Sector of the
Clinical Laboratory of Hospital Sdo Lucas da PUCRS fol-
lowing the protocol approved by the Ethics Committee in
Research (number 483,469). The Acb-1 strain was previ-
ously characterized as susceptible to meropenem, with
a minimum inhibitory concentration (MIC) of 1 pg/mL
and capable of forming persister cells at concentrations
of up to 15 ug/mL [27]. The strain was stored at -80 °C in
Brain Heart Infusion broth with 20% glycerol for further
use.

Persister cells assay

The persistence assays were performed in biological
and experimental triplicate, according to the protocol
described by Drescher et al. [45]. The Acb-1 strain was
grown overnight in Lysogeny Broth (LB; 10 g/L tryp-
tone, 5 g/L yeast extract, and 10 g/L NacCl), followed by
a 1:50 dilution in 12 mL of LB and incubation at 37 °C
until mid-exponential growth phase. Before the addi-
tion of the antimicrobial, aliquots of the culture were
collected for RNA extraction and determination of the
number of CFU/mL. The culture was diluted up to 1075,
and 10 pL of each dilution was spotted on nutrient agar
and incubated at 37 °C for 24 h. After removing the ali-
quots to determine the initial cell density and perform
RNA purification, the remaining culture was exposed to
meropenem (Sigma-Aldrich, Missouri, USA) at 15 pg/mL
(15-fold MIC) at room temperature for 48 h. After 24 h
and 48 h of exposure to meropenem, 1 mL aliquots were
removed for RNA extraction and determination of per-
sister fractions. After centrifugation (7 min at 9,660xg) of
the aliquots and washing with 0.85% sterile saline solu-
tion to remove possible residues of antimicrobials, a serial
decimal dilution was prepared and 10 pL of each dilution
were spotted on nutrient agar. After 24 h of incubation at

37 °C, the number of CFU/mL of surviving cells was used
to determine the persister fraction. A control culture was
also grown without the addition of meropenem at the
same conditions of time and temperature, to evaluate the
number of CFU/mL at each time-point. The resistance
phenotype was excluded upon confirmation of the MIC
of the isolate (1 ug/mL) after persistence assays.

RNA extraction

To extract RNA, the aliquots were centrifuged twice
(5 min at 8,000xg), washed with 0.85% sterile saline solu-
tion, and then resuspended in 250 uL of sterile Milli-Q
water. RNA extraction was performed with TRIzol LS
reagent (Invitrogen, Massachusetts, USA) using a pro-
tocol adapted from the manufacturer. A 750 pL-aliquot
of TRIzol was added, followed by an incubation period
of 5 min at room temperature. Afterwards, 200 pL of
chloroform was added and incubated for 10 min at room
temperature, centrifuged (15 min at 12,000xg at 4 °C),
and then 1 mL of 75% ethanol was added to the RNA
pellet. The ethanol precipitated RNA was centrifuged
(5 min at 7,500xg at 4 °C) and the pellet was air-dried for
5-10 min. The RNA was resuspended in 20 pL of RNase-
free water (Invitrogen) and stored at —80 °C. The concen-
tration of total RNA was determined using NanoDrop™
One (Thermo Scientific, Massachusetts, USA). Finally,
the RNA samples were treated with RNase-free DNase
(Invitrogen).

Relative quantitative real-time PCR (qPCR)

The relative expression levels of adeB, ompA, and ompW
from A. baumannii were evaluated using 1 pg of purified
total RNA as a template for reverse transcription, which
was performed using the High-Capacity cDNA Reverse
Transcription kit (Invitrogen). Amplification of the tar-
get genes was carried out using previously described
oligonucleotide primers [46, 47]. To normalize the gene
expression levels, the single copy housekeeping gene
rpoB was used [47]. The qPCR analysis was performed in
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duplicate using the Platinum® SYBR® Green qPCR Super-
Mix-UDG kit (Invitrogen) in a StepOne thermocycler
(Applied Biosystems, Massachusetts, USA).

Virulence assay in G. mellonella larvae model

The in vivo virulence of A. baumannii regular and per-
sister cells was assessed in G. mellonella larvae model
according to Pinto et al. [48], with adaptations. The entire
life cycle of G. mellonella was maintained in the labora-
tory at 28 °C and larvae were fed with laboratory diet,
consisting of honey and several flours, until the day of
experimentation. Groups of ten larvae in the final instar
stage, weighing 220-260 mg, were used. The larvae were
injected with 10 pL of bacterial suspension (10* —10’
CFU/larva) in PBS 1x pH 7.4 or with only PBS (vehicle
control), using a 10 pL syringe (Hamilton Company,
USA), into the hemocoel through the last right proleg.
Subsequently, all larvae were incubated at 37 °C for 120 h
in sterile Petri dishes. Every 24 h post-infection larvae
survival was analyzed according to the response to touch
stimuli. Experiments were performed in triplicate.

Statistical analysis

The data obtained were statistically analyzed using the
GraphPad Prism 9.0 software. Descriptive statistics of the
data were performed, as well as the analysis of variance
(two-way ANOVA) for independent samples, after which
the Tukey test was performed to confirm the differences
in each variable. A p-value<0.05 was considered statisti-
cally significant for all tests.

In vivo experiments were analyzed through Kaplan-
Meier survival curves obtained using GraphPad Prism
9.0. The LDy, value and respective 95% confidence inter-
vals (95% CI) were calculated for regular and persister
cells of A. baumannii using SPSS v.25 (SPSS Inc., Chi-
cago, IL, USA) by fitting a logit regression to the data and
reading the estimated cell number at a probability of 0.5.
The difference between them was identified by relative
median potency estimates. If the 95% confidence interval
for the relative mean potency estimate does not include 1
on the untransformed scale, then the LD, could be con-
sidered to be significantly different.
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