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Abstract

The host environment is of critical importance for antibiotic efficacy. By impacting bacterial
machineries, stresses encountered by pathogens during infection promote the formation of
phenotypic variants that are transiently insensitive to the action of antibiotics. It is assumed
that these recalcitrant bacteria—termed persisters—contribute to antibiotic treatment failure
and relapsing infections. Recently, we demonstrated that host reactive nitrogen species
(RNS) transiently protect persisters against the action of 3-lactam antibiotics by delaying
their regrowth within host cells. Here, we discovered that RNS intoxication of persisters also
collaterally sensitizing them to fluoroquinolones during infection, explaining the higher effi-
ciency of fluoroquinolones against intramacrophage Salmonella. By reducing bacterial res-
piration and the proton-motive force, RNS inactivate the AcrAB efflux machinery of
persisters, facilitating the accumulation of fluoroquinolones intracellularly. Our work shows
that target inactivity is not the sole reason for Salmonella persisters to withstand antibiotics
during infection, with active efflux being a major contributor to survival. Thus, understanding
how the host environment impacts persister physiology is critical to optimize antibiotics effi-
cacy during infection.

Author summary

By influencing the physiology of bacterial pathogens, the host environment can either
limit or potentiate the effectiveness of antibiotics during infection. Recently, we demon-
strated that host reactive nitrogen species (RNS), generated by macrophages in response
to Salmonella infection, can transiently shield a subset of recalcitrant cells from the effects
of B-lactam antibiotics by reducing their cellular respiration. Here, we showed that
although bacteria intoxicated by RNS are protected from B-lactam antibiotics, they remain
highly susceptible to fluoroquinolones, another class of antibiotics. We found that by
reducing cellular respiration, host RNS collaterally inactivate bacterial efflux machinery,
which is an essential determinant of fluoroquinolone recalcitrance. Our study explains
how the modulation of bacterial respiration by the host environment can differentially
impact antibiotic effectiveness during infection. Understanding how host factors influ-
ence the physiology of pathogens is essential for optimizing antibiotic use.
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Introduction

In contrast to resistant bacteria, antibiotic-tolerant cells do not grow in the presence of antibi-
otics and escape the action of bactericidal drugs without requiring any genetic changes [1,2].
Recent work has drawn attention to the contribution of this phenomenon in the recurrence of
many bacterial infections, from life-threatening tuberculosis to common urinary tract infec-
tions [3-5]. By compromising the efficacy of the antibiotic treatment, these recalcitrant bacte-
ria may lead to recurrent infections but also contribute to the selection and spreading of
antibiotic resistance [6-9]. Therefore, understanding how these cells survive antibiotic expo-
sure within their host should provide new insights to improve current treatments.

Although it is established that the host environment and the stresses it imposes on patho-
gens drive antibiotic recalcitrance, much is still to be learned about how it impacts antimicro-
bial efficacy during infection. Whereas in laboratory media, many conditions and mutations
limit the action of bactericidal drugs by inactivating antibiotic targets, the physiological state
adopted by bacteria surviving antibiotics during infection can be extremely different [10]. For
example, bacterial populations treated with chloramphenicol, a translation inhibitor, enter a
non-growing state which protects them against the action of B-lactams [11]. As opposed to
these inactive cells equipped to survive laboratory conditions, recalcitrant bacteria formed in
host cells often retain translational activity despite their growth arrest [12-17], indicating that
active processes support antibiotic persistence during infection.

Previously, we have shown that internalization of Salmonella enterica serovar Typhimurium
(henceforward referred to as Salmonella) by macrophages promotes the formation of pheno-
typic variants termed antibiotic persisters [18]. Those persisters are a subpopulation of non-
growing bacteria that withstand antibiotic exposure and have the potential to repopulate their
environment with antibiotic-sensitive cells when the treatment is ceased [19]. Recently, we
demonstrated that following persister formation, host reactive nitrogen species (RNS) main-
tain intracellular Salmonella persisters in their non-growing state for an extended period of
time by lowering bacterial respiration through intoxication of the tricarboxylic acid (TCA)
cycle. By delaying the growth resumption of persisters, RNS transiently protect Salmonella
from the action of B-lactams, which are inefficient at killing non-growing bacteria [19].
Intriguingly, a recent study reported that RNS-exposed Salmonella have a lower survival to flu-
oroquinolones in comparison with nonexposed cells during mouse infection [20]. This appar-
ent contradiction led us to explore the impact of RNS on the susceptibility of Salmonella to
fluoroquinolones. In our study, we find that whereas host RNS impede the action of B-lactam
antibiotics, they synergize with fluoroquinolones. By limiting Salmonella cellular respiration,
RNS adversely impact numerous cellular functions in bacteria, in particular, the generation
and maintenance of the proton motive force (PMF) across the cell membrane. Such PMF is
required to fuel many components of the bacterial efflux machineries, which have been associ-
ated with antibiotic recalcitrance [21-24]. We therefore assessed the downstream conse-
quences of RNS intoxication on persister efflux activity during infection and demonstrate that
RNS inactivate PMF-dependent efflux pumps, allowing fluoroquinolone accumulation in non-
growing bacteria and greater antibiotic efficacy. Our findings highlight the complex role of the
host environment on persister physiology during infection and its implication in antibiotic
recalcitrance.
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Results
Persisters intoxicated by host RNS are sensitive to ciprofloxacin

Internalization of Salmonella by immune cells promotes phenotypic heterogeneity within the
intracellular population [18,25]. While most bacteria are actively proliferating, a subpopulation
of cells remains in a non-growing state for extended periods of time [18,19]. Since B-lactam
antibiotics are only effective against growing cells, intramacrophage Salmonella survive antibi-
otic treatment as long as they remain non-growing, explaining why persisters are exclusively
found in the non-growing fraction of the population [11,19,26]. In agreement with our previ-
ous fluorescence dilution (FD) experiments in which bacteria are preloaded with an inducible
GFP prior the infection, only bacteria maintaining their initial level of fluorescence (i.e. non-
growers) survived 24 hours of treatment with cefotaxime, a -lactam antibiotic (Fig 1A)
[18,19]. We previously reported that these non-growing cells were also able to withstand other
classes of antibiotics such as fluoroquinolones which retain some bactericidal activity against
non-growing cells in vitro [18,27]. Here, we compared the efficacy of cefotaxime (B-lactam)
and ciprofloxacin (fluoroquinolone) on intramacrophage Salmonella during infection. We
infected bone-marrow-derived macrophages with wild-type (WT) Salmonella and treated
them with antibiotics for 24 h (experimental approach is depicted on S1A Fig). In agreement
with previous observations [18], we observed that ciprofloxacin exhibited greater killing effi-
cacy than cefotaxime (Fig 1B), suggesting that a portion of the non-growing bacteria that sur-
vive B-lactam exposure remained susceptible to ciprofloxacin. In support of this hypothesis,
the addition of cefotaxime to the ciprofloxacin treatment failed to enhance bacterial clearance
in comparison with ciprofloxacin alone (Fig 1B).

Recently, we showed that host reactive nitrogen species (RNS) influence persister levels
within host cells during B-lactam treatment by extending the time bacteria are maintained in a
non-growing state during infection [19]. In support of this, stimulation of murine macro-
phages with interferon-gamma (IFN-Y) prior to the infection increases RNS production and
the proportion of non-growing Salmonella. Conversely, the absence of RNS in Nos2”™ mice
decreases the number of non-growers within macrophages [19]. Consistent with B-lactams
ineffectiveness against non-growing cells [11,26], the number of persisters surviving cefotax-
ime (Fig 1C) correlates with RNS levels (S2 Fig) inside macrophages (experimental approach is
depicted on S1B Fig) [19].

To assess if host RNS also impact Salmonella recalcitrance to fluoroquinolones, we com-
pared the efficacy of 24 h cefotaxime and ciprofloxacin treatment on infected macrophages
producing different levels of RNS (S1B and S2 Figs). In agreement with our previous study, we
found that the number of persisters surviving cefotaxime treatment was the highest in IFN-Y-
stimulated macrophages and the lowest in RNS-deficient Nos2”~ macrophages (Figs 1C and
$2) [19]. The absence of complete clearance observed in Nos2”~ macrophages during cefotax-
ime treatment indicates that some RNS-independent persisters exist within host cells. In con-
trast with cefotaxime treatment, no noticeable difference between conditions was observed
after ciprofloxacin exposure (Fig 1C). Moreover, the number of persisters recovered after cip-
rofloxacin and cefotaxime was similar in the absence of RNS production in Nos2”~ macro-
phages (Fig 1C), suggesting that RNS-dependent persisters present in WT macrophages are
sensitive to ciprofloxacin.

To confirm that ciprofloxacin eradicated RNS-dependent persisters, we sequentially treated
infected macrophages with cefotaxime and then ciprofloxacin. We first infected macrophages,
IFN-Y-stimulated or not, with WT Salmonella and treated with cefotaxime to select for per-
sisters. After 24 h, we replaced cefotaxime with ciprofloxacin and monitored the amount of
bacteria recovered after 24 additional hours (experimental approach is depicted on S1C Fig).
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Fig 1. RNS-dependent persisters are sensitive to ciprofloxacin. (A) Representative fluorescence-activated cell sorting
(FACS) plots of fluorescence dilution experiments tracking the proportion of growing (G; light gray) and non-growing
(NG; dark gray) WT Salmonella recovered from WT macrophages (M¢) in the presence (+AB) or in the absence (-AB)
of cefotaxime at 16 h of infection. (B) 24 h cefotaxime and/or ciprofloxacin survival of WT Salmonella in WT Mg
normalized to values after 30 min internalization. p values are indicated (ANOVA with Tukey’s correction for multiple
comparisons); error bars depict means and standard deviation (SD); n = 3. (C) 24 h cefotaxime (light blue) or
ciprofloxacin (yellow) survival of WT Salmonella in unstimulated (-IFN-y) or IFN-y-stimulated (+IFN-y) WT or
Nos2”" M normalized to values after 30 min internalization. Distinction between RNS-dependent and independent
persisters was determined using the proportion of persisters in Nos2”~ M¢. p values are indicated (ANOVA with
Dunnett’s correction for multiple testing against the-IFN-y condition); error bars depict means and standard
deviation (SD); n = 3. (D) Persister clearance after 24 h of cefotaxime or ciprofloxacin treatment following 24 h of
cefotaxime treatment of WT Salmonella in unstimulated (-IFN-y) or IFN-y-stimulated (+IFN-y) WT M¢ normalized
to values after 30 min internalization. p values are indicated (unpaired t test at 48h); error bars depict means and
standard deviation (SD). (E) 24 h cefotaxime (light blue) or ciprofloxacin (yellow) survival of the initial (Q285A) and
recurrent (Q285F5) isolates of ST313 Salmonella Q285 in WT or Nos2” Mg normalized to values after 30 min
internalization. p values are indicated (ANOV A with Tukey’s correction for multiple comparisons); error bars depict
means and standard deviation (SD); n = 3.

https://doi.org/10.1371/journal.ppat.1012033.9001

Consistent with our hypothesis, ciprofloxacin was more effective than cefotaxime, especially
inside IFN-Y-stimulated macrophages where most persisters are RNS-dependent (Fig 1C-1D)
[19]. These data suggest that RNS-dependent persisters only survive cefotaxime whereas RNS-
independent persisters survive both cefotaxime and ciprofloxacin.

To determine if host RNS also impact antibiotics efficacy against clinically-relevant strains,
we tested two invasive non-typhoidal Salmonella (iNTS) clinical isolates recovered from a
HIV-positive patient experiencing a recurrent infection: Q285A (isolated from the first episode
of disease) and Q285F5 (a subsequent derivative isolated after several rounds of antibiotic
treatment) [28]. As shown previously for the laboratory strains, the absence of RNS in Nos2”
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macrophages increased cefotaxime efficacy against both isolates, supporting a role of host RNS
in B-lactam recalcitrance in clinically-relevant strains (Fig 1E). More importantly, treatment
with ciprofloxacin resulted in killing similar to cefotaxime in Nos2”~ macrophages (Fig 1E),
supporting that the sensitivity of RNS-intoxicated persisters to fluoroquinolones also applies
to clinically-relevant strains.

The AcrAB-TolC efflux machinery supports Salmonella ciprofloxacin
persistence in macrophages

Our results suggested that RNS-intoxicated persisters that survive cefotaxime are unable to
perform an essential function required to withstand ciprofloxacin. Previous studies have
shown that in laboratory medium, lowering the intracellular concentration of antibiotics
through the bacterial efflux systems contributes to persister survival [21,29]. We thus won-
dered if efflux machineries also contribute to Salmonella antibiotic persistence within macro-
phages. To explore this possibility, we evaluated the impact of the loss of TolC, a critical outer
membrane channel required for the efflux of many toxic compounds, including fluoroquino-
lones [30]. We compared the ability of the WT and a tolC deletion mutant to survive 48 hours
of antibiotic exposure in macrophages. We found that loss of t0/C drastically reduced the num-
ber of persisters after treatment with ciprofloxacin but not cefotaxime, highlighting the critical
role of the efflux machineries in the ability of persisters to survive fluoroquinolones (Fig 2A).
Since TolC interacts with a large array of inner membrane transporters (Fig 2B) [30], we tested
the ability of single knock-out mutants of functional partners of TolC (AcrB, AcrD, AcrF,
MdsB, MdtC, and EmrB) to survive 48 hours ciprofloxacin exposure within macrophages. We
found that the acrB mutant displayed a lower persister fraction than the WT strain, similar to
that of the folC mutant after ciprofloxacin exposure (Fig 2C). To exclude the possibility that
the acrB deletion indirectly affects persister levels by impeding general bacterial virulence dur-
ing infection, we compared the proliferation of WT and AacrB strains in macrophages in
absence of antibiotics. We found that the overall intracellular proliferation after 16 hours of
infection was similar in the WT and the acrB mutant (Fig 2D), suggesting that AcrB directly
contributes to antibiotic recalcitrance rather than more generally bacterial behavior within
host cells.

Using fluorescence accumulation [31], we previously showed that intramacrophage persist-
ers retain transcriptional and translational activity, which maximizes their survival inside the
host [12,18,19]. To investigate the role of AcrB in persister physiology, we first exposed macro-
phages infected with WT or the acrB mutant to 24 hours of cefotaxime to select for non-grow-
ing bacteria [11,18,19]. Then, we exposed the macrophages to cefotaxime or ciprofloxacin for
an additional 24-hour period and assessed the proportion of active and inactive non-growing
bacteria in the population by inducing the production of GFP, which can only be synthesized
by the active subpopulation (Fig 2E). Consistent with our hypothesis that acrB contributes to
persister survival during ciprofloxacin treatment, the loss of acrB strongly reduced the amount
of active non-growers (aNG) and delayed GFP accumulation in the population exposed to cip-
rofloxacin but not cefotaxime (Fig 2E). These results reveal the critical role of the AcrAB-TolC
machinery on persister survival during ciprofloxacin exposure.

Host RNS sensitize persisters to ciprofloxacin by reducing their efflux
activity during infection
Since the activity of the AcrAB-TolC tripartite module is fuelled by the PMF [32,33], we postu-

lated that by impacting the TCA cycle and cellular respiration, host RNS could collaterally
inactivate the efflux activity of RNS-dependent persisters, sensitizing them to fluoroquinolones
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Fig 2. AcrAB-TolC efflux machinery contributes to persister survival during ciprofloxacin treatment within host cells. (A) 48
h cefotaxime or ciprofloxacin survival of WT (gray) or AtolC (green) Salmonella in WT Mg normalized to values after 30 min
internalization. p values are indicated (ANOVA with Tukey’s correction for multiple comparisons); error bars depict means and
standard deviation (SD); n = 3. DT: Detection Threshold. (B) Illustration of TolC-dependent efflux machineries of Salmonella. IM:
Inner Membrane, PS: Periplasmic Space, OM: Outer Membrane. (C) 48 h ciprofloxacin survival of WT, AtolC, AacrB, AacrD,
AacrF, AmdsB, AmdtC or AemrB Salmonella in WT M¢ normalized to values after 30 min internalization. p values are indicated
(ANOVA with Dunnett’s correction for multiple testing against the WT); error bars depict means and standard deviation (SD);

n = 4. DT: Detection Threshold. (D) Bacterial load of WT or AacrB Salmonella in WT Mg after 30 min internalization (T0) and at
16 h of infection (T16) in the absence of antibiotics. p values are indicated (ANOVA with Tukey’s correction for multiple
comparisons); error bars depict means and standard deviation (SD); n = 3. (E) (Left) Illustration of the experimental setup. After 24
h of cefotaxime exposure, infected macrophages containing non-growers (NG) were exposed to 26 h of cefotaxime or
ciprofloxacin. To distinguish active (aNG) and inactive (iNG) non-growers, production of GFP was induced during 2 h prior
extraction and analysis. (Right) Representative FACS plots and quantification of the level of transcriptional/translational activity in
active and inactive cefotaxime or ciprofloxacine-treated intramacrophage WT or AacrB Salmonella in WT Mg at 50 h of infection.
p values are indicated (ANOV A with Tukey’s correction for multiple comparisons); error bars depict means and standard
deviation (SD); n = 3.

https://doi.org/10.1371/journal.ppat.1012033.9002

(Fig 3A). To assess whether the ciprofloxacin susceptibility of RNS-intoxicated bacteria was
caused by the impact of host RNS on bacterial respiration, we used a sucB knock-out, which
abolishes the activity of the o-ketoglutarate dehydrogenase (¢KDH) enzymatic complex of the
TCA cycle [19]. The lack of a functional TCA cycle in a sucB mutant increases the fraction of
non-growing bacteria with low cellular respiration, mimicking an extreme intoxication of the
WT strain by host RNS [19]. Consequently, the number of bacteria surviving cefotaxime expo-
sure is similar between a sucB mutant in unstimulated macrophages and the WT strain
exposed to high level of RNS in IFN-Y-stimulated macrophages (Figs 1C and 3B) [19]. Similar
to WT (Fig 1B), most sucB mutant persisters were eradicated by the action of ciprofloxacin
(Fig 1C), suggesting that persisters with a low cellular respiration are sensitive to ciprofloxacin.
To confirm our hypothesis, we sequentially treated macrophages infected with the sucB
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Fig 3. Host RNS inactivates efflux activity of intramacrophage persisters. (A) Model of intoxication of the TCA cycle by host
RNS. Corruption of the a-KDH complex limits cellular respiration of persisters, which limit the proton-motive force (PMF).
Consequently, host RNS limits ATP production and efflux activity of intramacrophage persisters. (B) 24 h cefotaxime (light
blue) or ciprofloxacin (yellow) survival of WT or AsucB Salmonella in WT M¢ normalized to values after 30 min
internalization. p values are indicated (ANOVA with Tukey’s correction for multiple comparisons); error bars depict means
and standard deviation (SD); n = 3. (C) Persister clearance after 24 h of cefotaxime followed by 24 h of cefotaxime or
ciprofloxacin treatment of AsucB Salmonella in WT M¢ normalized to values after 30 min internalization. p values are indicated
(unpaired t test at 48h); error bars depict means and standard deviation (SD). (D) (Left) Illustration of the experimental setup.
Efflux-dependent accumulation of Hoechst (H33342) was assessed in absence or in presence of RNS. (Right) Measurement of
H33342 accumulation over time in WT or AacrB Salmonella in presence or in absence of CCCP or RNS. p values are indicated
(ANOVA with Dunnett’s correction for multiple testing against the WT at 30m); error bars depict means and standard
deviation (SD). (E) ATP level over time obtained by bioluminescence. Experimental conditions are the same as in panel D. p
values are indicated (ANOVA with Dunnett’s correction for multiple testing against the WT at 30m); error bars depict means
and standard deviation (SD). (F) (Left) Illustration of the experimental setup. After 24 h of cefotaxime exposure, production of
GFP was induced in intramacrophage non-growers for 2 h to distinguish active (aNG) and inactive (iNG) non-growers. Then,
the efflux activity of aNG was assessed using H33342 dye. (Right) Representative FACS plots and quantification of the efflux
activity of WT, AacrB or AsucB Salmonella in Nos2”~ M. As a control, WT persisters were also tested in the presence of CCCP,
an inhibitor of cellular respiration. p values are indicated (ANOVA with Dunnett’s correction for multiple testing against the
WT treated with 2 uM H33342 dye); error bars depict means and standard deviation (SD). (G) 48 h ciprofloxacin survival of
WT, AacrB or AsucB Salmonella in WT M¢ normalized to values after 30 min internalization. WT, AacrB and AsucB strains
were complemented with an empty vector (pEV) or acrAB (pacrAB). p values are indicated (ANOVA with Tukey’s correction
for multiple comparisons); error bars depict means and standard deviation (SD); n = 3. DT: Detection Threshold.

https://doi.org/10.1371/journal.ppat.1012033.9003
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mutant with cefotaxime and then ciprofloxacin (experimental approach is depicted on S1C
Fig). In agreement with what we observed with IFN-Y-stimulated macrophages for the WT
strain (Fig 1B), most sucB cefotaxime persisters were eliminated by ciprofloxacin (Fig 3C). Col-
lectively, these data suggest that by reducing cellular respiration, host RNS inactivate efflux
machineries of intramacrophage persisters.

We tested this hypothesis first in M9 minimal medium containing citrate as the sole carbon
source. We previously showed that growth on citrate required a functional TCA cycle that can
be inhibited by the addition of exogenous RNS [19]. Taking advantage of Hoechst 33342
(H33342), an AcrAB substrate that becomes fluorescent when bound to dsDNA [34,35], we
quantified the effect of Spermine NONOate, a nitric oxide-releasing compound, on the accu-
mulation of the H33342 dye in Salmonella. As expected, lack of a functional AcrAB-TolC com-
plex led to the rapid accumulation of H33342 in AacrB compared to the W'T strain (Figs 3D
and S3A). Similarly, addition of NONOate to the WT strain significantly impaired its efflux
activity (Fig 3D). As a control, we used CCCP, a proton-ionophore that dissipates the PMF
and thereby impacts efflux activities [36,37]. CCCP nearly abolished H33342 efflux by WT Sal-
monella (Fig 3D). Both CCCP and RNS also reduced Salmonella ATP levels in these condi-
tions, supporting a role for RNS in interfering with efflux activity through lowering the PMF
(Fig 3E).

To further explore the relationship between cellular respiration and efflux activity of per-
sisters during infection, we extracted active non-growers of the WT, AsucB, and AacrB strains
after 26 hours of cefotaxime treatment inside Nos2”~ macrophages. Then, active non-growers
were exposed to different concentrations of H33342 (0, 0.2, 1, or 2 pM) to evaluate their efflux
activity (Fig 3F). As observed at the population-level in vitro (Fig 3D), persisters devoid of acrB
were unable to efflux H33342 in contrast with the RNS-independent persisters of the WT
strain extracted from infected Nos2”~ macrophages (Fig 3F). When cellular respiration of WT
persisters was lowered with CCCP, their efflux activity was drastically reduced (Fig 3D). Simi-
larly, the sucB mutant, which mimics a constitutive RNS intoxication in Nos2”~ macrophages
[19], displayed a reduced efflux activity (Fig 3F). In agreement with these results, intrama-
crophage persisters of IFN-Y-stimulated macrophages also exhibited a lower efflux activity
than persisters released from Nos2”~ macrophages (S3B Fig).

Our results suggest that the sensitivity of RNS-intoxicated persisters to ciprofloxacin is
caused by a reduced efflux activity due to a lower PMF. To validate our hypothesis, we overex-
pressed acrAB in the WT, acrB, and sucB mutants and tested their survival to 48 hours of cip-
rofloxacin exposure inside macrophages. If host RNS inactivate the efflux machineries of
persisters, overexpression of AcrAB should not be beneficial in the WT or in the sucB mutant.
Although the overexpression of acrAB can complement the defect of an acrB mutant, it did
not increase the survival of the WT or the sucB mutant to ciprofloxacin (Fig 3G). Collectively,
these data support that host RNS collaterally inactivate the efflux activity of persisters, render-
ing them vulnerable to ciprofloxacin during infection.

Discussion

The host environment is a critical determinant of antibiotic efficacy [2,38,39]. However, little
is known about which host factors synergize or antagonize the action of antimicrobials during
infection. Previously, we showed that internalization of Salmonella by macrophages promotes
the formation of antibiotic persisters [18]. More recently, we demonstrated that host RNS pro-
tect persisters from the action of B-lactams by lowering the cellular respiration of persisters
through TCA cycle intoxication, maintaining them in a non-growing state for an extended
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period of time [19]. Here, we show that host RNS can collaterally sensitize Salmonella persist-
ers to fluoroquinolones by corrupting their PMF-dependent efflux machinery (Fig 4).

The ability of persisters to withstand antibiotics has often been attributed to the inactivity
of antibiotic targets in a subpopulation of cells [40]. For example, B-lactams, which target the
cell wall machinery, are only effective against actively growing cells [11,41]. In contrast, fluoro-
quinolone persistence cannot be explained by growth arrest or reduced target activity alone
and involves many other factors, explaining why these antibiotics are unable to fully eradicate
non-growing bacteria in vitro [42]. Since this class of antibiotics mediates their bactericidal
activity through the accumulation of DNA damage, non-growing bacteria harboring multiple
copies of the bacterial chromosome and displaying active DNA-repair are more likely to sur-
vive fluoroquinolone exposure [42-44]. Moreover, efficient efflux activity also mitigates the
impact of DNA-targeting agents on genome integrity by limiting the accumulation of antimi-
crobial drugs inside bacteria [21,29,45]. In agreement with this, our work emphasizes the criti-
cal role of the AcrAB-TolC tripartite complex in ciprofloxacin persistence of Salmonella
during macrophage infection (Fig 2). In the absence of efflux activity, we demonstrate that cip-
rofloxacin effectively eliminates most intramacrophage persisters, which aligns with our previ-
ous observations indicating that persisters actively accumulate DNA during infection [44].

It was previously shown that in vitro persisters show a significantly higher expression of a
large number of multi-drug efflux-associated genes than their drug-sensitive counterparts
[21]. Although we do not exclude that internalization of Salmonella inside macrophages or the
presence of antibiotics itself might enhance the expression of efflux pumps-encoding genes,
overexpression of acrAB alone fails to protect intramacrophage persisters from the action of
ciprofloxacin (Fig 3F). This suggests that even if non-growing bacteria enriched for efflux
machineries are more likely to survive to antibiotic exposure, the impact of the host environ-
ment on their pumping activity is a critical determinant in their survival. In support of this, we
found that RNS-dependent persisters that display a lower cellular respiration due to the cor-
ruption of their TCA cycle are unable to efficiently fuel their efflux machinery, ultimately lead-
ing to their eradication during ciprofloxacin treatment (Fig 4B).

Intriguingly, we found some persisters still survive ciprofloxacin exposure in the presence
of high levels of RNS in IFN-Y-stimulated macrophages (Fig 1C-1D). Since most of these per-
sisters still require a functional AcrAB to withstand fluoroquinolone treatment (Fig 2C), it sug-
gests that they can maintain the activity of their efflux pumps, irrespectively of the presence of
a functional TCA cycle. One simple explanation would be that these cells rely on alternative
metabolic pathways to fuel their PMF, bypassing the intoxication of their TCA cycle by host
RNS. This is supported by the presence of persisters surviving ciprofloxacin treatment in the
sucB mutant, which is devoid of a functional TCA cycle (Fig 3B-3C) [19]. Although nutrient
availability is usually scarce during infection, host cells offer an important diversity of sub-
strates and parallel exploitation of host nutrients may allow Salmonella to be extremely resil-
ient against metabolic perturbations [46-48]. The maintenance of a basal metabolism in non-
growing Salmonella is not only required to maintain efficient efflux activity but also to power
energy-consuming activities such as transcription, translation (Fig 2E), DNA repair [44], and
secretion of type three secretion system effectors [12]. Accordingly, the utilization of efflux
pump inhibitors such as the phenylalanine-arginine f-naphthylamide (PABN) potentiates the
activity of antimicrobials on recalcitrant cells [21,23]. Uncovering metabolic pathways that
support cellular respiration of persisters inside host cells might allow the identification of new
adjuvants that foster the activity of fluoroquinolones on persisters by limiting their PMF dur-
ing infection.

Altogether, our work shows that, while the efflux machinery is a primary determinant of
fluoroquinolone efficacy, its activity is strongly influenced by a combination of host factors,
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population but also non-growers that are unable to maintain an efficient efflux activity. Since RNS-dependent
persisters cannot sustain such activity, they are unable to withstand ciprofloxacin exposure during infection.
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such as RNS, and the metabolic status of each individual bacterium (Fig 4B). This multifacto-
rial modulation of efflux activity results in heterogeneity in the pumping activity of intrama-
crophage Salmonella, explaining the incomplete clearance of the pathogen after antibiotic
treatment (Fig 4B). Our model emphasizes that a better understanding of the impact of the
host environment on bacterial respiration sheds light on persister vulnerabilities during infec-
tion and may ultimately lead to the development of better strategies for the treatment of recal-
citrant infections.

Materials and methods
Ethics statement

The work carried out here has been approved by the Harvard Committee on Microbiological
Safety. All experiments involving mice were pre-reviewed and approved by the Harvard Medi-
cal School Institutional Animal Care and Use Committee (IACUC).

Bacterial strains and plasmids

Oligonucleotides, strains and plasmids used in this study are listed in S1, S2 and S3 Tables.
Escherichia coli DH50. and Salmonella strains used in this study were grown aerobically at
37°C in Luria-Bertani (LB) broth (Invitrogen) or in M9 minimal medium (1x M9 salts, Sigma;
2 mM MgSOy, Sigma; 0.1 mM CaCl,, Sigma) supplemented with 0.1% casamino acids (BD),
0.2% glucose (Sigma), 0.2% glycerol (Sigma), or 0.2% citrate (VWR) when indicated. Antibiot-
ics were used at the following concentrations: carbenicillin (100 ug/ml, CHEM-IMPEX INT’L
INC), kanamycin (50 pg/ml, Sigma), and chloramphenicol (34 ug/ml, CHEM-IMPEX INT’L
INC). For previously published deletion mutants [49], the genotype of the deletion mutant was
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transduced into wild-type Salmonella enterica serovar Typhimurium strain 12023/14028 (RS1)
using P22 bacteriophage [50]. Successful transduction was then confirmed by PCR.

Bone marrow-derived macrophages derivation and culture

Extraction and culture of bone marrow derived macrophages (BMDM) were performed as
previously described [11,19]. Tibia and femurs of C57BL/6 (WT) or
B6.129P2-Nos2<tm1Lau>/] (Nos2"") female mice (Jackson Lab) older than 8 weeks were first
isolated from both legs. Bone heads were cut and bone marrow was flushed out using a 23Gx3/
4 needle (BD). Red blood cells were lysed in freshly prepared 0.83% NH,CI (Sigma) for 3 min.
The remaining cells were seeded in 100 mm non-tissue culture treated plates (Corning) at a
concentration of 3E+6 cells per plate in 8 ml of differentiation medium based on Dulbecco’s
modified eagle medium with high glucose (DMEM; Corning) supplemented with 20% (vol/
vol) of L929 supernatant (LCM), 10% (vol/vol) of fetal bovine serum (FBS; Premium Select
from R&D Systems), 10 mM of HEPES (Sigma), 1 mM of sodium pyruvate (Sigma), 0.05 mM
of B-mercaptoethanol (Sigma) and 100 U/ml of penicillin/streptomycin (Genesee Scientific).
After 3 days, 10 ml of fresh differentiation medium was added to each plates. On day 7, the
fully differentiated BMDM:s were collected. Macrophages were then seeded 24 hours prior
infection in infection medium (DMEM medium supplemented with 10% FBS, 10 mM of
HEPES, 1mM of sodium pyruvate and 0.05 mM B-mercaptoethanol) in 6-well tissue culture
treated plates at a concentration of either 1E+6 macrophages per well if freshly harvested or
1.2E+6 macrophages per well if from frozen stock. When indicated, IFN-y at the concentration
of 50 ng/ml was added during the seeding process. Mice were housed with sterile bedding and
nesting and received autoclaved chow and water over the course of the study.

Macrophage infections and bacterial extraction

Macrophage infections and bacterial extraction were performed as previously described (3).
Briefly, bacteria were grown in LB or M9 minimal medium for 16 hours. Stationary phase bac-
teria were opsonized for 20 min (170 pl of infection medium, 20 pl of mouse serum (Sigma),
and 45 pl of bacteria) and added to the macrophages at a Multiplicity of Infection (MOI) of 10.
Synchronization of the infection was performed by centrifugation (5 min; 110 x g; RT). To
allow bacterial internalization, infected macrophages were then incubated at 37°C with 5%
CO,. After 30 min, macrophage medium was exchanged with fresh medium containing either
cefotaxime (100 pug/ml; TCI) to test intramacrophage bacterial antibiotic survival or gentami-
cin (50 pug/ml for the first 30 min then replaced and kept at 10 ug/ml; Sigma) to assess intrama-
crophage bacterial proliferation, respectively. At selected timepoints, infected macrophages
were washed three times with PBS (Growecells) and lysed with a diluted solution of 0.1% Triton
X-100 (Sigma) to extract intracellular bacteria. Bacteria were collected, centrifuged for 3 min
at 16,000 x g and resuspended in PBS prior further experiments.

Fluorescence dilution analysis of intramacrophage Salmonella

Fluorescence dilution experiments presented in Fig 1A were performed as previously
described [19]. Briefly, a WT Salmonella strain harbouring the plasmidic fluorescence dilution
reporter (pFCcGi) was grown overnight in M9 minimal medium with carbenicillin and 0.4%
arabinose as sole carbon source resulting in the production of the green fluorescent protein
(GFP) production. Bacteria preloaded with GFP were used to infect macrophages. After 30
min of internalization, macrophage medium was exchanged with fresh infection medium con-
taining either cefotaxime (100 pg/ml) or gentamycin (50 pg/ml for the first 30 min then
replaced and kept at 10 pug/ml to allow bacterial proliferation inside macrophages). In each
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sample, constitutive mCherry was used to discriminate bacteria from debris. After 16 hours,
bacteria were extracted from macrophages as previously described and stored at 4°C in PBS
prior to flow cytometry analysis on a BD LSR IL

Salmonella antibiotic survival and proliferation assays in infected
macrophages

Antibiotic survival and proliferation assays were performed as previously described [11,19].
Briefly, part of the infected macrophages were used to assess bacterial invasion before antibi-
otic treatment as described above. Ten-fold serial dilutions in PBS were performed and drops
of 20 pl were plated on LB agar to determine the number of CFU at T0. The rest of the infected
macrophages received antibiotic treatment by medium exchange supplemented with cefotax-
ime (100 pg/ml), ciprofloxacin (5 pg/ml) or gentamycin (50 pg/ml for the first 30 min then
replaced and kept at 10 pug/ml to allow bacterial proliferation inside macrophages). At indi-
cated timepoints, bacteria from infected macrophages were extracted as described above and
plated on LB agar to assess antibiotic survival. For the experiment presented on Fig 3G, expres-
sion of acrAB relied on the basal activity of the Plac promoter of the pCA24N plasmid. Com-
plementation of the sucB mutant with the pCA24N_sucB vector was previously described in
the same experimental conditions [19].

Quantification of nitrite

Quantification of nitrite presented in S2 Fig was performed as described previously [19].
Briefly, WT or Nos2”~ macrophages used for nitrite quantification were infected with wild-
type Salmonella and treated with cefotaxime. After 24 hours, nitrite quantifications were per-
formed on supernatants using the Nitrite Assay kit (BioVision), following the manufacturers
protocol. Nitrite standards were joined for each measurement replicates and based on the
obtained values, a nitrite standard was used to calculate the nitrite concentration of each
supernatant.

Fluorescence accumulation of intramacrophage Salmonella

Fluorescence accumulation experiments presented in Fig 2E were performed as previously
described [19]. Briefly, Salmonella strains (WT or AacrB) containing the pFCcGi reporter were
grown overnight in LB with carbenicillin. After 24 hours of macrophage infection in presence
of cefotaxime, 0.2% of arabinose was added to the infection medium. After 2 hours, bacteria
were extracted from macrophages as previously described and stored at 4°C in PBS prior to
flow cytometry analysis on a BD LSRII.

Efflux activity assay in vitro

Bacteria were grown overnight in M9 minimal medium containing 0.2% glucose and 0.2%
glycerol (M9GG). Then, 20 pl of the overnight culture were diluted in 180 pl of minimal
medium containing 0.1% casamino acids, 0.2% citrate and 2 M of Hoechst 33342 in a flat-
bottom 96-well plate (Greiner). M9 minimal medium was supplemented with 1 mM of Sper-
mine NONOate (Enzo Life Sciences) or 100 uM of carbonyl cyanide m-chlorophenylhydra-
zone (CCCP; Sigma) when indicated. Fluorescence was then monitored every 6 minutes for 30
minutes at 37°C by a plate reader (Tecan LifeScience).
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ATP measurement in vitro

Bacteria were grown overnight in M9 minimal medium containing 0.2% glucose and 0.2%
glycerol (M9GG). 50 pl bacterial culture was diluted into 450 ul of minimal medium contain-
ing 0.1% casamino acids and 0.2% citrate. M9 minimal medium was supplemented with 1 mM
of Spermine NONOate (Enzo Life Sciences) or 100 uM of carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP; Sigma) when indicated. Then, a sample was taken after 0, 30 or 60 min.
The ATP level of each sample was measured using the BacTiter Glo Kit (Promega) according
to the manufacturer’s instructions.

Efflux activity assay on intramacrophage persisters

Salmonella strains (W'T, AacrB, or AsucB) containing the pFCcGi reporter were grown over-
night in LB with carbenicillin. After 24 hours of macrophage infection in presence of cefotax-
ime, 0.2% of arabinose was added to the infection medium to induce the production of GFP.
After 2 hours, bacteria were extracted from macrophages as previously described and resus-
pended in 1 ml of PBS containing 0, 0.2, 1 or 2 uM of Hoechst 33342. Bacteria were then culti-
vated for 30 minutes at 37°C with shaking in a thermomixer (Eppendorf). When indicated,
PBS was supplemented with 100 uM of carbonyl cyanide m-chlorophenylhydrazone (CCCP;
Sigma). Finally, all samples were placed on ice and analysed by flow cytometry on a BD LSRII.

Supporting information

S1 Fig. Illustration of the experimental setups. (A) Bone marrow-derived macrophages from
WT mice were infected with WT Salmonella. Then, infected Mg were treated with cefotaxime,
ciprofloxacin or both for 24 h. Finally, persisters (in brown) were extracted and plated on LB
agar plate for counting. (B) Bone marrow-derived macrophages from WT or Nos2”~ mice were
cultivated in the absence or in the presence of IFN-y and infected with WT Salmonella. Then,
infected M¢ were treated with cefotaxime or ciprofloxacin for 24 h. Finally, persisters (in
brown) were extracted and plated on LB agar plate for counting. (C) Infected bone marrow-
derived macrophages from WT mice were treated for 24 h with cefotaxime to select persisters.
Then, infected macrophages were treated with cefotaxime or ciprofloxacin for 24 additional
hours. Finally, persisters (in brown) were extracted and plated on LB agar plate for counting.
(TIF)

S2 Fig. Production of RNS by host cells. Quantification of nitric oxide production by macro-
phages was achieved by quantifying its stable byproduct nitrite in the infection medium.
Nitrite concentration in the infection medium of unstimulated (circle) or IFN-y-stimulated
(triangle) WT and Nos2” (square) Mg infected for 24 h with WT Salmonella and treated with
cefotaxime. p values are indicated (ANOV A with Dunnett’s correction for multiple testing
against the—IFN- v condition); error bars depict means and standard deviation (SD); n = 3.
(TIF)

S3 Fig. AcrAB-dependent efflux is limited by host RNS. (A) Representative FACS plots and
quantification of the efflux activity of WT or AacrB complemented with an empty vector
(pEV) or acrAB (pacrAB) treated with 2 uM H33342 dye. p values are indicated (ANOV A with
Tukey’s correction for multiple comparisons); error bars depict means and standard deviation
(SD); n = 3. Experimental conditions are the same as in Fig 3D. (B) Representative FACS plots
and quantification of the efflux activity of WT Salmonella in Nos2”" (gray) or IEN-y-stimulated
WT (red) M. p value is indicated (unpaired t test); error bars depict means and standard devi-
ation (SD). Experimental conditions are the same as in Fig 3F.

(TIF)
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$3 Table. Strains used in this study.
(XLSX)

Acknowledgments

We thank all the members of the Helaine lab for their comments on the manuscript and fruit-
ful scientific discussions; Melita Gordon and Jay Hinton for providing the clinical isolates used
in this study; Helene Andrews-Polymenis, Michael McClelland, and Athanasios Typas for
sharing the Salmonella Single Gene Deletion library. We also thank Steven Lory for critical
reading of the manuscript.

Author Contributions

Conceptualization: Séverin Ronneau, Sophie Helaine.

Data curation: Séverin Ronneau, Charlotte Michaux.

Formal analysis: Séverin Ronneau.

Investigation: Séverin Ronneau, Rachel T. Giorgio.
Supervision: Sophie Helaine.

Writing - original draft: Séverin Ronneau, Charlotte Michaux.

Writing - review & editing: Sophie Helaine.

References

1. Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI, et al. Definitions and guide-
lines for research on antibiotic persistence. Nat Rev Microbiol. 2019; 17(7):441-8. https://doi.org/10.
1038/s41579-019-0196-3 PMID: 30980069

2. Gollan B, Grabe G, Michaux C, Helaine S. Bacterial persisters and infection: Past, present, and pro-
gressing. Annu Rev Microbiol. 2019; 73(1):359-85. https://doi.org/10.1146/annurev-micro-020518-
115650 PMID: 31500532

3. LiuQ, ZhuJ, Dulberger CL, Stanley S, Wilson S, Chung ES, et al. Tuberculosis treatment failure associ-
ated with evolution of antibiotic resilience. Science. 2022; 378(6624):1111-8. https://doi.org/10.1126/
science.abq2787 PMID: 36480634

4. Zhangy, Yew WW, Barer MR. Targeting persisters for tuberculosis control. Antimicrob Agents Che-
mother. 2012; 56(5):2223-30. https://doi.org/10.1128/AAC.06288-11 PMID: 22391538

5. Blango MG, Mulvey MA. Persistence of uropathogenic Escherichia coliin the face of multiple antibiotics.
Antimicrob Agents Chemother. 2010; 54(5):1855—-63. https://doi.org/10.1128/AAC.00014-10 PMID:
20231390

6. Bakkeren E, Huisman JS, Fattinger SA, Hausmann A, Furter M, Egli A, et al. Salmonella persisters pro-
mote the spread of antibiotic resistance plasmids in the gut. Nature. 2019; 573(7773):276-80. https://
doi.org/10.1038/s41586-019-1521-8 PMID: 31485077

7. Levin-Reisman I, Ronin I, Gefen O, Braniss |, Shoresh N, Balaban NQ. Antibiotic tolerance facilitates
the evolution of resistance. Science. 2017; 355(6327):826—30. https://doi.org/10.1126/science.aaj2191
PMID: 28183996

8. Santil, Manfredi P, Maffei E, Egli A, Jenal U. Evolution of antibiotic tolerance shapes resistance devel-
opment in chronic Pseudomonas aeruginosa infections. MBio. 2021; 12(1):e03482-20. https://doi.org/
10.1128/mBi0.03482-20 PMID: 33563834

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012033  February 29, 2024 14/16


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012033.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012033.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012033.s006
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1038/s41579-019-0196-3
http://www.ncbi.nlm.nih.gov/pubmed/30980069
https://doi.org/10.1146/annurev-micro-020518-115650
https://doi.org/10.1146/annurev-micro-020518-115650
http://www.ncbi.nlm.nih.gov/pubmed/31500532
https://doi.org/10.1126/science.abq2787
https://doi.org/10.1126/science.abq2787
http://www.ncbi.nlm.nih.gov/pubmed/36480634
https://doi.org/10.1128/AAC.06288-11
http://www.ncbi.nlm.nih.gov/pubmed/22391538
https://doi.org/10.1128/AAC.00014-10
http://www.ncbi.nlm.nih.gov/pubmed/20231390
https://doi.org/10.1038/s41586-019-1521-8
https://doi.org/10.1038/s41586-019-1521-8
http://www.ncbi.nlm.nih.gov/pubmed/31485077
https://doi.org/10.1126/science.aaj2191
http://www.ncbi.nlm.nih.gov/pubmed/28183996
https://doi.org/10.1128/mBio.03482-20
https://doi.org/10.1128/mBio.03482-20
http://www.ncbi.nlm.nih.gov/pubmed/33563834
https://doi.org/10.1371/journal.ppat.1012033

PLOS PATHOGENS

Efflux and Persistence of Salmonella in macrophages

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Windels EM, Michiels JE, van den Bergh B, Fauvart M, Michiels J. Antibiotics: Combatting tolerance to
stop resistance. MBio. 2019; 10(5):e02095-19. https://doi.org/10.1128/mBi0.02095-19 PMID: 31506315

Ronneau S, Hill PW, Helaine S. Antibiotic persistence and tolerance: not just one and the same. Curr
Opin Microbiol. 2021; 64:76-81. https://doi.org/10.1016/j.mib.2021.09.017 PMID: 34634678

Michaux C, Ronneau S, Giorgio RT, Helaine S. Antibiotic tolerance and persistence have distinct fitness
trade-offs. PLoS Pathog. 2022; 18(11):e1010963. https://doi.org/10.1371/journal.ppat.1010963 PMID:
36374854

Stapels DAC, Hill PWS, Westermann AJ, Fisher RA, Thurston TL, Saliba AE, et al. Salmonella persist-
ers undermine host immune defenses during antibiotic treatment. Science. 2018; 362(6419):1156—-60.
https://doi.org/10.1126/science.aat7148 PMID: 30523110

Manina G, Dhar N, McKinney JD. Stress and host immunity amplify Mycobacterium tuberculosis pheno-
typic heterogeneity and induce nongrowing metabolically active forms. Cell Host Microbe. 2015; 17
(1):32—46. https://doi.org/10.1016/j.chom.2014.11.016 PMID: 25543231

Mouton JM, Helaine S, Holden DW, Sampson SL. Elucidating population-wide mycobacterial replication
dynamics at the single-cell level. Microbiol (United Kingdom). 2016; 162(6):966—78. https://doi.org/10.
1099/mic.0.000288 PMID: 27027532

Peyrusson F, Varet H, Nguyen TK, Legendre R, Sismeiro O, Coppée JY, et al. Intracellular Staphylo-
coccus aureus persisters upon antibiotic exposure. Nat Commun. 2020; 11(1):2200. https://doi.org/10.
1038/s41467-020-15966-7 PMID: 32366839

Mode S, Ketterer M, Québatte M, Dehio C. Antibiotic persistence of intracellular Brucella abortus. PLoS
Negl Trop Dis. 2022; 16(7):1-27:€0010635. https://doi.org/10.1371/journal.pntd.0010635 PMID:
35881641

Personnic N, Striednig B, Lezan E, Manske C, Welin A, Schmidt A, et al. Quorum sensing modulates
the formation of virulent Legionella persisters within infected cells. Nat Commun. 2019; 10(1):5216.
https://doi.org/10.1038/s41467-019-13021-8 PMID: 31740681

Helaine S, Cheverton AM, Watson KG, Faure LM, Matthews SA, Holden DW. Internalization of Salmo-
nella by Macrophages Induces Formation of Nonreplicating Persisters. Science. 2014; 343:204-8.
https://doi.org/10.1126/science.1244705 PMID: 24408438

Ronneau S, Michaux C, Helaine S. Decline in nitrosative stress drives antibiotic persister regrowth dur-
ing infection. Cell Host Microbe. 2023; 31(6):993—-1006.e6. https://doi.org/10.1016/j.chom.2023.05.002
PMID: 37236190

LiJ, Claudi B, Fanous J, Chicherova N, Cianfanelli FR, Campbell RAA, et al. Tissue compartmentaliza-
tion enables Salmonella persistence during chemotherapy. Proc Natl Acad Sci U S A. 2021; 118(51):
2113951118, https://doi.org/10.1073/pnas.2113951118 PMID: 34911764

PuY,ZhaoZ,LiY, ZouJ,MaQ, Zhao Y, et al. Enhanced Efflux Activity Facilitates Drug Tolerance in
Dormant Bacterial Cells. Mol Cell. 2016; 62(2):284—-94. https://doi.org/10.1016/j.molcel.2016.03.035
PMID: 27105118

Wang M, Chan EWC, Wan Y, Wong MH yin, Chen S. Active maintenance of proton motive force medi-
ates starvation-induced bacterial antibiotic tolerance in Escherichia coli. Commun Biol. 2021; 4
(1):1068. https://doi.org/10.1038/s42003-021-02612-1 PMID: 34521984

Adams KN, Takaki K, Connolly LE, Wiedenhoft H, Winglee K, Humbert O, et al. Drug tolerance in repli-
cating mycobacteria mediated by a macrophage-induced efflux mechanism. Cell. 2011; 145(1):39-53.
https://doi.org/10.1016/j.cell.2011.02.022 PMID: 21376383

Wu'Y, Vuli¢ M, Keren |, Lewis K. Role of oxidative stress in persister tolerance. Antimicrob Agents Che-
mother. 2012; 56(9):4922—-6. https://doi.org/10.1128/AAC.00921-12 PMID: 22777047

Claudi B, Sprote P, Chirkova A, Personnic N, Zankl J, Schirmann N, et al. Phenotypic variation of sal-
monella in host tissues delays eradication by antimicrobial chemotherapy. Cell. 2014; 158(4):722-33.
https://doi.org/10.1016/j.cell.2014.06.045 PMID: 25126781

Tuomanen E, Cozens R, Tosch W, Zak O, Tomasz A. The rate of killing of Escherichia coli by B-lactam
antibiotics is strictly proportional to the rate of bacterial growth. J Gen Microbiol. 1986; 132(5):1297-304.
Eng RHK, Padberg FT, Smith SM, Tan EN, Cherubin CE. Bactericidal effects of antibiotics on slowly
growing and nongrowing bacteria. Antimicrob Agents Chemother. 1991; 35(9):1824-8. https://doi.org/
10.1128/AAC.35.9.1824 PMID: 1952852

Okoro CK, Kingsley RA, Quail MA, Kankwatira AM, Feasey NA, Parkhill J, et al. High-resolution single
nucleotide polymorphism analysis distinguishes recrudescence and reinfection in recurrent invasive
nontyphoidal salmonella typhimurium disease. Clin Infect Dis. 2012; 54(7):955-63. https://doi.org/10.
1093/cid/cir1032 PMID: 22318974

Byrd BA, Zenick B, Rocha-Granados MC, Englander HE, Hare PJ, LaGree TJ, et al. The AcrAB-TolC
efflux pump impacts persistence and resistance development in stationary-phase Escherichia coli

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012033  February 29, 2024 15/16


https://doi.org/10.1128/mBio.02095-19
http://www.ncbi.nlm.nih.gov/pubmed/31506315
https://doi.org/10.1016/j.mib.2021.09.017
http://www.ncbi.nlm.nih.gov/pubmed/34634678
https://doi.org/10.1371/journal.ppat.1010963
http://www.ncbi.nlm.nih.gov/pubmed/36374854
https://doi.org/10.1126/science.aat7148
http://www.ncbi.nlm.nih.gov/pubmed/30523110
https://doi.org/10.1016/j.chom.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25543231
https://doi.org/10.1099/mic.0.000288
https://doi.org/10.1099/mic.0.000288
http://www.ncbi.nlm.nih.gov/pubmed/27027532
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.1038/s41467-020-15966-7
http://www.ncbi.nlm.nih.gov/pubmed/32366839
https://doi.org/10.1371/journal.pntd.0010635
http://www.ncbi.nlm.nih.gov/pubmed/35881641
https://doi.org/10.1038/s41467-019-13021-8
http://www.ncbi.nlm.nih.gov/pubmed/31740681
https://doi.org/10.1126/science.1244705
http://www.ncbi.nlm.nih.gov/pubmed/24408438
https://doi.org/10.1016/j.chom.2023.05.002
http://www.ncbi.nlm.nih.gov/pubmed/37236190
https://doi.org/10.1073/pnas.2113951118
http://www.ncbi.nlm.nih.gov/pubmed/34911764
https://doi.org/10.1016/j.molcel.2016.03.035
http://www.ncbi.nlm.nih.gov/pubmed/27105118
https://doi.org/10.1038/s42003-021-02612-1
http://www.ncbi.nlm.nih.gov/pubmed/34521984
https://doi.org/10.1016/j.cell.2011.02.022
http://www.ncbi.nlm.nih.gov/pubmed/21376383
https://doi.org/10.1128/AAC.00921-12
http://www.ncbi.nlm.nih.gov/pubmed/22777047
https://doi.org/10.1016/j.cell.2014.06.045
http://www.ncbi.nlm.nih.gov/pubmed/25126781
https://doi.org/10.1128/AAC.35.9.1824
https://doi.org/10.1128/AAC.35.9.1824
http://www.ncbi.nlm.nih.gov/pubmed/1952852
https://doi.org/10.1093/cid/cir1032
https://doi.org/10.1093/cid/cir1032
http://www.ncbi.nlm.nih.gov/pubmed/22318974
https://doi.org/10.1371/journal.ppat.1012033

PLOS PATHOGENS

Efflux and Persistence of Salmonella in macrophages

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

following delafloxacin treatment. Antimicrob Agents Chemother. 2021; 65(8). https://doi.org/10.1128/
AAC.00281-21 PMID: 34097492

Horiyama T, Yamaguchi A, Nishino K. TolC dependency of multidrug efflux systems in Salmonella
enterica serovar Typhimurium. J Antimicrob Chemother. 2010; 65(7):1372—6. https://doi.org/10.1093/
jac/dkq160 PMID: 20495209

Michaux C, Ronneau S, Helaine S. Studying Antibiotic Persistence During Infection. Methods Mol Biol.
2021; 2357:273-289. https://doi.org/10.1007/978-1-0716-1621-5_18 PMID: 34590265

Eswaran J, Koronakis E, Higgins MK, Hughes C, Koronakis V. Three’s company: Component structures
bring a closer view of tripartite drug efflux pumps. Curr Opin Struct Biol. 2004; 14(6):741-7. hitps://doi.
org/10.1016/j.sbi.2004.10.003 PMID: 15582398

Paulsen IT, Brown MH, Skurray RA. Proton-dependent multidrug efflux systems. Microbiol Rev. 1996;
60(4):575-608. https://doi.org/10.1128/mr.60.4.575-608.1996 PMID: 8987357

Blair JMA, Piddock LJV. How to measure export via bacterial multidrug resistance efflux pumps. MBio.
2016; 7(4):e00840—16. https://doi.org/10.1128/mBio.00840-16 PMID: 27381291

Coldham NG, Webber M, Woodward MJ, Piddock LJV. A 96-well plate fluorescence assay for assessment
of cellular permeability and active efflux in Salmonella enterica serovar Typhimurium and Escherichia coli.
J Antimicrob Chemother. 2010; 65(8):1655—63. https://doi.org/10.1093/jac/dkq169 PMID: 20513705

Cavari BZ, Avi-dor Y, Grossowicz N. Effect of Carbonyl Cyanide m-Chlorophenylhydrazone on Respira-
tion and Respiration-Dependent Phosphorylation in Escherichia coli. Biochem J. 1967; 103(2):601-8.
https://doi.org/10.1042/bj1030601 PMID: 4962086

Pages JM, Masi M, Barbe J. Inhibitors of efflux pumps in Gram-negative bacteria. Trends Mol Med.
2005; 11(8):382-9. https://doi.org/10.1016/j.molmed.2005.06.006 PMID: 15996519

Personnic N, Doublet P, Jarraud S. Intracellular persister: A stealth agent recalcitrant to antibiotics.
Front Cell Infect Microbiol. 2023; 13:1141868. https://doi.org/10.3389/fcimb.2023.1141868 PMID:
37065203

Bollen C, Louwagie E, Ruelens P, Verstraeten N, Michiels J. Environmental, mechanistic and evolution-
ary landscape of antibiotic persistence. 2023; 24(8):e57309.

Harms A, Maisonneuve E, Gerdes K. Mechanisms of bacterial persistence during stress and antibiotic
exposure. Science. 2016; 354(6318). https://doi.org/10.1126/science.aaf4268 PMID: 27980159

Cho H, Uehara T, Bernhardt TG. Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial
cell wall synthesis machinery. Cell. 2014; 159(6):1300—11. https://doi.org/10.1016/j.cell.2014.11.017
PMID: 25480295

Vélzing KG, Brynildsen MP. Stationary-phase persisters to ofloxacin sustain DNA damage and require
repair systems only during recovery. MBio. 2015; 6(5):e00731-15. https://doi.org/10.1128/mBio.00731-
15 PMID: 26330511

Murawski AM, Brynildsen MP. Ploidy is an important determinant of fluoroquinolone persister survival.
Curr Biol. 2021; 31(10):2039-2050.€7. https://doi.org/10.1016/j.cub.2021.02.040 PMID: 33711253

Hill PWS, Moldoveanu AL, Sargen M, Ronneau S, Glegola-Madejska |, Beetham C, et al. The vulnera-
ble versatility of Salmonella antibiotic persisters during infection. Cell Host Microbe. 2021; 29(12):1757—
1773.e10. https://doi.org/10.1016/j.chom.2021.10.002 PMID: 34731646

Sun J, Deng Z, Yan A. Bacterial multidrug efflux pumps: Mechanisms, physiology and pharmacological
exploitations. Biochem Biophys Res Commun. 2014; 453(2):254—67. https://doi.org/10.1016/j.bbrc.
2014.05.090 PMID: 24878531

Bumann D, Schothorst J. Intracellular Salmonella metabolism. Cell Microbiol. 2017; 19(10). https://doi.
org/10.1111/cmi.12766 PMID: 28672057

Steeb B, Claudi B, Burton NA, Tienz P, Schmidt A, Farhan H, et al. Parallel Exploitation of Diverse Host
Nutrients Enhances Salmonella Virulence. PLoS Pathog. 2013; 9(4):e1003301. https://doi.org/10.1371/
journal.ppat.1003301 PMID: 23633950

Becker D, Selbach M, Rollenhagen C, Ballmaier M, Meyer TF, Mann M, et al. Robust Salmonella
metabolism limits possibilities for new antimicrobials. Nature. 2006; 440(7082):303-7. https://doi.org/
10.1038/nature04616 PMID: 16541065

Porwollik S, Santiviago CA, Cheng P, Long F, Desai P, Fredlund J, et al. Defined single-gene and multi-
gene deletion mutant collections in Salmonella enterica sv Typhimurium. PLoS One. 2014; 9(7). https://
doi.org/10.1371/journal.pone.0099820 PMID: 25007190

Maloy S. Experimental Techniques in Bacterial Genetics. Jones Bartlett Learn. 1990.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012033  February 29, 2024 16/16


https://doi.org/10.1128/AAC.00281-21
https://doi.org/10.1128/AAC.00281-21
http://www.ncbi.nlm.nih.gov/pubmed/34097492
https://doi.org/10.1093/jac/dkq160
https://doi.org/10.1093/jac/dkq160
http://www.ncbi.nlm.nih.gov/pubmed/20495209
https://doi.org/10.1007/978-1-0716-1621-5_18
http://www.ncbi.nlm.nih.gov/pubmed/34590265
https://doi.org/10.1016/j.sbi.2004.10.003
https://doi.org/10.1016/j.sbi.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15582398
https://doi.org/10.1128/mr.60.4.575-608.1996
http://www.ncbi.nlm.nih.gov/pubmed/8987357
https://doi.org/10.1128/mBio.00840-16
http://www.ncbi.nlm.nih.gov/pubmed/27381291
https://doi.org/10.1093/jac/dkq169
http://www.ncbi.nlm.nih.gov/pubmed/20513705
https://doi.org/10.1042/bj1030601
http://www.ncbi.nlm.nih.gov/pubmed/4962086
https://doi.org/10.1016/j.molmed.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15996519
https://doi.org/10.3389/fcimb.2023.1141868
http://www.ncbi.nlm.nih.gov/pubmed/37065203
https://doi.org/10.1126/science.aaf4268
http://www.ncbi.nlm.nih.gov/pubmed/27980159
https://doi.org/10.1016/j.cell.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25480295
https://doi.org/10.1128/mBio.00731-15
https://doi.org/10.1128/mBio.00731-15
http://www.ncbi.nlm.nih.gov/pubmed/26330511
https://doi.org/10.1016/j.cub.2021.02.040
http://www.ncbi.nlm.nih.gov/pubmed/33711253
https://doi.org/10.1016/j.chom.2021.10.002
http://www.ncbi.nlm.nih.gov/pubmed/34731646
https://doi.org/10.1016/j.bbrc.2014.05.090
https://doi.org/10.1016/j.bbrc.2014.05.090
http://www.ncbi.nlm.nih.gov/pubmed/24878531
https://doi.org/10.1111/cmi.12766
https://doi.org/10.1111/cmi.12766
http://www.ncbi.nlm.nih.gov/pubmed/28672057
https://doi.org/10.1371/journal.ppat.1003301
https://doi.org/10.1371/journal.ppat.1003301
http://www.ncbi.nlm.nih.gov/pubmed/23633950
https://doi.org/10.1038/nature04616
https://doi.org/10.1038/nature04616
http://www.ncbi.nlm.nih.gov/pubmed/16541065
https://doi.org/10.1371/journal.pone.0099820
https://doi.org/10.1371/journal.pone.0099820
http://www.ncbi.nlm.nih.gov/pubmed/25007190
https://doi.org/10.1371/journal.ppat.1012033

