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seudomonas aeruginosa, a Gram-negative bacterium, is an opportunistic human
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pathogen commonly isolated from soil and water. This pathogen may be problem- Address correspondence to Damien Maura,
atic due to its ability to form biofilms—multicellular aggregates embedded in self- dmaura@research.mgh.harvard.edu, or
produced polymeric substances—that shield bacterial cells from antibacterial agents Laurence G. Rahme,
(such as disinfectants in water premise plumbing [1], host immune defenses [2, 3]). It rahme@molbio.mgh.harvard edu.
is well documented that biofilms greatly contribute to the establishment of chronic
infections, including chronic pneumonia in cystic fibrosis patients, relapsing and
chronic wound and ear infections, as well as medical device-related infections (3). Such
infections are difficult to treat because biofilms are highly tolerant to antibiotics (2, 4,
5), calling for an urgent need to develop novel approaches to combat P. aeruginosa
biofilms.

One possible approach is the use of small molecules that interfere with the ability
of P. aeruginosa to form biofilms. Several targets for antibiofilm drug development in
P. aeruginosa have been proposed (3, 6), including the understudied MvfR quorum-
sensing (QS) system. This QS system is controlled by the transcriptional regulator MvfR
(also known as PgsR) that regulates the pgsABCDE operon responsible for the synthesis
of ~60 QS molecules called hydroxyl-2-alkyl-quinolines (HAQs) (7-10). The HAQ 3,4-
hydroxy-2-heptyl-quinoline (PQS) as well as the enzymes PgsA and PqgsD have been
previously reported to play a role in biofilm formation, although their mechanism of
action is not clear (11-13). We recently showed that another HAQ, 2-n-heptyl-4-
hydroxyquinoline-N-oxide (HQNO), promotes biofilm formation and biofilm tolerance
to antibiotics by inducing eDNA release that occurs as a result of autolysis due to
self-poisoning of the respiratory chain by this molecule (14). A few studies have
reported that inhibitors of PgsD or MvfR interfere with biofilm formation, but their
antibiofilm potency was limited to the high micromolar range (11, 15-17). We recently
described a benzamide-benzimidazole (BB) series of highly potent and cell-permeable
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FIG 1 The MVfR inhibitor M64 interferes with P. aeruginosa biofilm formation. Biofilm biomass (a, b, and
¢) or biofilm viable cells (d and e) were measured by crystal violet staining or CFU counts, respectively,
after 24 (a to e), 48, and 72 (e) hours of growth in the presence or absence of 0.1, 1, or 10 uM M64 (a
to c and e) or 10 uM M65 (b). Untreated PA14 (a, b, d, and e) or PAO1 (c) biofilms are shown in black,
M64-treated biofilms in green, and mvfR— biofilms in red. Shown is the average +/— standard error of
the mean (SEM) of at least 5 replicates. Statistical significance was assessed using one-way analysis of
variance (ANOVA) plus Dunnett’s posttest for multiple comparisons to PA14 or unpaired t test for single
comparisons to mvfR— or PAO1. **, P < 0.01; ***, P < 0.001; ns, not statistically significant; -, not treated.

inhibitors of MvfR (18). Here, we used one representative BB compound, M64, to
evaluate the antibiofilm potential of this chemical family against P. aeruginosa and test
its efficacy in potentiating antibiotic action against biofilm.

First, we sought to verify whether the transcriptional regulator MvfR itself is impor-
tant in biofilm formation since MvfR directly controls several components contributing
to biofilm formation. If so, the small molecules we have identified that target MvfR
could be used against biofilm. To this end, we used an adaptation of the Calgary Biofilm
Device (19) where biofilms are grown on peg lids in microtiter plates containing M63
minimal media supplemented with 0.2% glucose, 0.5% Casamino Acids, and 1T mM
MgSO,, as previously described (14, 20, 21). Crystal violet (CV) staining and CFU counts
were used to quantify biofilm biomass and viable cells, respectively, as described
elsewhere (14, 20). The same setting was used throughout the study. Data presented in
Fig. 1 show that the mvfR mutant cells produced a biofilm (mvfR— biofilm) at 24 h with
a significantly lower biomass (P < 0.001) (Fig. 1a) and fewer viable cells (P < 0.001) (Fig.
1d) than the parental strain PA14. This demonstrates that the transcriptional regulator
MvVfR plays a significant role in P. aeruginosa biofilm formation, corroborating previous
observations on the role of components of the MvfR QS system—PqsA, PqsD, PQS, and
HQNO—in this phenomenon (11-14) and indicating that MvfR could be a promising
antibiofilm target.

Next, we evaluated the potential of the MvfR inhibitor M64 in interfering with
biofilm formation. Biofilms were grown for 24 h in the presence or absence of 0.1, 1, or
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FIG 2 M64 pretreatment sensitizes P. aeruginosa biofilms to the antibiotics meropenem and tobramycin. Biofilms
were grown for 48 h in the presence or absence of 10 uM M64 then treated with 10 ng/ml meropenem (a) or 10
ng/ml tobramycin (b) for 24 h. Biofilm CFU were quantified preantibiotic treatment (48 h, lighter colors) and
postantibiotic treatment (72 h, darker colors). PA14 biofilms are shown in gray, PA14 + M64 biofilms in green, and
mvfR— biofilms in red. Data show the average +/— SEM of at least 20 replicates. Statistical significance was

assessed using the Kruskal-Wallis test plus Dunn’s posttest. ***, P < 0.001; +, treated; -, not treated.

10 uM M64, then both biofilm biomass and biofilm viable cells were quantified as
described above. Biofilm biomass quantification showed that M64 inhibited PA14
biofilm formation in a dose-dependent manner by 49.7%, 33.5%, or 11.6%, respectively,
for 10 uM, 1 uM, or 0.1 uM M64 (P < 0.001) (Fig. 1a). Accordingly, we estimated the
relative biofilm 50% inhibitory concentration (IC,,) of M64 at 1 wM. Quantification of
biofilm viable cells further support these data, as M64 also significantly reduced PA14
biofilm formation in a dose-dependent manner (P < 0.01) (Fig. 1d). Further data
indicate that the M64-mediated reduction in biofilm formation is due to MvfR inhibi-
tion, as (i) M64 did not significantly modulate biofilm formation in the mvfR mutant (Fig.
1a and d) (P > 0.05), and (ii) the inactive M64 analogue M65 (18) did not interfere with
PA14 biofilm formation (Fig. 1b) (P > 0.05). Biofilm formation kinetics performed over
72 h showed that 24 h was the time point when both M64-treated PA14 or mvfR—
biofilms were the lowest (Fig. 1e), indicating that inhibition of the MvfR QS system
significantly affects the early steps of biofilm formation and supporting the notion that
MvfR inhibitors could be used preventively against the initiation of biofilm formation.
M64 also interfered with PAO1 biofilm formation, indicating that its activity is not
limited to only one strain (Fig. 1c) (P < 0.001). Compared to different chemical families
of MvfR and PgsD inhibitors reported in several sources (11, 15-17), the BB compound
M64 is at least 100 times more potent at reducing biofilm formation, and therefore the
BB chemical family represents a significant step forward in the development of highly
efficacious biofilm inhibitors targeting the MvfR QS system.

We previously reported that the MvfR QS system promotes biofilm tolerance to
antibiotic via HQNO-mediated autolysis and eDNA release (14). Thus, we tested here
whether chemical inhibition of the MvfR QS system could sensitize biofilms to antibi-
otics. To this end, biofilms were grown for 48 h in the presence or absence of 10 uM
M64 then treated for 24 h with 10 wg/ml of meropenem or tobramycin, antibiotics
frequently used against P. aeruginosa infections (22-24). Biofilm viable cells were
quantified before and after antibiotic treatment. PA14 biofilm appeared highly tolerant
to meropenem, as no biofilm cells were killed by this antibiotic (Fig. 2a). However,
Mé64-treated or mvfR— biofilms were both significantly more susceptible to mero-
penem, as the number of biofilm viable cells decreased by 9.1-fold or 42.6-fold,
respectively, following antibiotic treatment (Fig. 2a). A similar pattern was observed
with tobramycin, as this antibiotic reduced biofilm viable cells 195-fold and 352-fold in
M64-treated and mvfR— biofilms, respectively, compared to only 11.8-fold in PA14
biofilm (Fig. 2b). These data support our previous observation that the MvfR QS system
is critical for the tolerance of biofilms to antibiotics (14) and demonstrate that chemical
inhibition of MvfR significantly increases the ability of antibiotics to kill antibiotic-
tolerant P. aeruginosa biofilms.
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FIG 3 Treatment of preformed biofilms with M64 potentiates antibiotic-mediated biofilm disruption. (a) Biofilm
CFU were quantified before (24 h or 48 h) or after (72 h) treatment with 10 uM M64. (b and c) Biofilm CFU were
quantified before (48 h) or after (72 h) treatment with a combination of 10 uM M64 and 10 ug/ml antibiotic. Data
show the average +/— SEM of at least 6 replicates. Statistical significance was assessed using the unpaired t test.
** P < 0.01; ***, P < 0.001; +, treated; -, not treated.

To further evaluate the utility of BB compounds, we then asked whether they could
disrupt preformed biofilms. Biofilms were grown for 48 h then treated with 10 uM M64
or dimethyl sulfoxide (DMSO) vehicle control for 24 h. As shown in Fig. 3a, M64
treatment reduced the increase in biofilm CFU that occurred between 48 and 72 h by
50% relative to the DMSO control (P < 0.01). However, M64 did not reduce biofilm CFU
below the level of before treatment, indicating that M64 alone can interfere with
further biofilm development but does not disrupt a preformed PA14 biofilm.

We then sought to determine whether concomitant addition of M64 and antibiotics
would still increase the antibiotic efficacy against preformed biofilms, or whether M64
could be active only when added prophylactically as shown in Fig. 2. Biofilms were
grown for 48 h then simultaneously treated with 10 uM M64 and 10 pg/ml of
meropenem or tobramycin for 24 h. As shown in Fig. 3b, biofilm CFU were 178 times
lower in the group treated with M64 and meropenem than in the group treated with
meropenem alone (P < 0.001). A similar profile was observed with tobramycin, as
biofilm CFU were 17 times lower in the group treated with M64 and tobramycin than
in the group treated with tobramycin alone (P < 0.01) (Fig. 3c). These data indicate that
when used in combination with the antibiotics meropenem and tobramycin, M64
greatly potentiates the biofilm disruption ability of both.

Altogether, this study demonstrated that the BB MvfR inhibitor M64 interferes with
P. aeruginosa biofilm formation and potentiates the antibiofilm activity of antibiotics.
Based on these results, M64 or M64-like compounds of the BB chemical family hold
great promise as antibiofilm agents and have a great potential to be used either alone
or as antibiotic adjuvants to treat established chronic infections where biofilms render
antibiotic treatments particularly ineffective (2, 4). Indeed, to treat chronic infections,
the dose of antibiotic is often increased but can still fail to clear the infection, frequently
leading to high-level antibiotic resistance (25). The use of an efficacious anti-MvfR small
molecule like M64 may therefore provide a solution to this problem in view of its ability
to potentiate antibiotic efficacy against biofilms. Coating indwelling medical devices
could be another application for these agents, where they may prevent P. aeruginosa
biofilm buildups, which are highly problematic in catheter-associated urinary tract
infections or ventilator-associated pneumonia (26, 27). Overall, this study opens new
avenues for the treatment of biofilms on both biotic and abiotic surfaces and reinforces
the relevance of the MvfR QS system in chronic infection and tolerance to antibiotics.
It further demonstrates the clinical potential of antivirulence strategies targeting this
pathway and opens possibilities for application in environmental settings, livestock,
and agriculture.
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