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ABSTRACT Bacterial persisters are a quasidormant subpopulation of cells that are
tolerant to antibiotic treatment. The combination of the aminoglycoside tobramycin
with fumarate as an antibacterial potentiator utilizes an antipersister strategy that is
aimed at reducing recurrent Pseudomonas aeruginosa infections by enhancing the
killing of P. aeruginosa persisters. Stationary-phase cultures of P. aeruginosa were
used to generate persister cells. A range of tobramycin concentrations was tested
with a range of metabolite concentrations to determine the potentiation effect of
the metabolite under a variety of conditions, including a range of pH values and in
the presence of azithromycin or cystic fibrosis (CF) patient sputum. In addition, 96-
well dish biofilm and colony biofilm assays were performed, and the cytotoxicity of
the tobramycin-fumarate combination was determined utilizing a lactate dehydroge-
nase (LDH) assay. Enhanced killing of up to 6 orders of magnitude of P. aeruginosa
persisters over a range of CF isolates, including mucoid and nonmucoid strains, was
observed for the tobramycin-fumarate combination compared to killing with tobra-
mycin alone. Furthermore, significant fumarate-mediated potentiation was seen in
the presence of azithromycin or CF patient sputum. Fumarate also reduced the cyto-
toxicity of tobramycin-treated P. aeruginosa to human epithelial airway cells. Finally,
in mucoid and nonmucoid CF isolates, complete eradication of P. aeruginosa biofilm
was observed in the colony biofilm assay due to fumarate potentiation. These data
suggest that a combination of tobramycin with fumarate as an antibacterial potenti-
ator may be an attractive therapeutic for eliminating recurrent P. aeruginosa infec-
tions in CF patients through the eradication of bacterial persisters.

KEYWORDS Pseudomonas aeruginosa, aminoglycoside, bacterial metabolite, bacterial
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In response to various stimuli, including antibiotic treatment, bacteria can enter into
a persister state. In this metabolically dormant state, bacteria become tolerant or

unresponsive to antibiotics, which can lead to chronic recurrent infections (1). Persis-
tent, or “tolerant,” bacteria are genetically identical to the bacterial population from
which they emerge. This subpopulation of nongrowing bacteria can remain in a state
of metabolic hibernation for weeks or months in persistently infected patients, only to
later “awaken,” often in a more aggressive form (2). Persistent infections have been
described in many serious lung diseases, including cystic fibrosis (CF) (3), non-CF
bronchiectasis (4, 5), chronic obstructive pulmonary disease (COPD) (6, 7), and nontu-
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berculous mycobacterial pulmonary infections (8, 9). Recurrent infections that are
attributable to bacterial persisters occur in a wide variety of biofilm-related infections
(e.g., lung, urinary tract, device associated, and wound infections) caused by an array of
bacterial pathogens (10–12).

As previously shown by Collins and coworkers, metabolite stimulation of the proton
motive force (PMF) enables the uptake of aminoglycoside antibiotics in Escherichia coli
and Staphylococcus aureus, effectively eradicating bacterial persisters and clearing an
infection (13). In this earlier work, persister populations were selected in planktonic
culture by exposure to ofloxacin, and the effects of different carbon sources (normal-
ized to 60 mM carbon concentration) on the sensitivity of the persister population to
subsequent exposure to gentamicin were tested. Notably, combining mannitol with the
aminoglycoside antibiotic gentamicin significantly enhanced the killing of persistent E.
coli in vitro. In addition, in vivo studies in a mouse model of chronic urinary tract
infection with a mannitol-gentamicin combination reduced the bacterial load on the
catheters by 1.5 orders of magnitude and inhibited the spread of the bacterial infection
to the kidneys compared to gentamicin alone (13). Similarly, screening of various
bacterial metabolites using the PAO1 strain of Pseudomonas aeruginosa showed that
specific carbon sources, such as fumarate (at 15 mM, since it has four carbons), which
is involved in the tricarboxylic acid (TCA) cycle (as well as others involved in glycolysis),
increase the efficacy of tobramycin (TOB) against PAO1 persisters by four orders of
magnitude (14).

Over the course of the disease, up 80% of people with CF become chronically
infected with P. aeruginosa. In one study, for example, 98% (39/40) of infant patients
had serological or culture evidence of P. aeruginosa infection by age three (15). These
infections are associated with accelerated lung function decline and earlier mortality,
with 80 to 90% of CF deaths attributable to progressive lung disease (16). Bacterial
persisters lead to drug tolerance, which can result in a failure to eradicate the infection,
as schematically depicted in Fig. 1 (2). Inhaled TOB has long been known to modulate
but not eradicate P. aeruginosa infections (17, 18). Genetic resistance to TOB does not
account for the lessening reduction in sputum bacterial density (as measured in CFU)
observed with subsequent on-off cycles of treatment. Instead, the decreasing efficacy
of TOB over treatment time is consistent with an increase in the numbers of persisters
that are tolerant to antibiotic treatment.

New disease-modifying agents, such as the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) modulators, hold great promise (19, 20) for the treatment of CF
patients (19, 20). However, CFTR modulators may ameliorate but are unlikely to reverse

FIG 1 Bacterial persisters lead to antibiotic tolerance and failure to eradicate the infection. Schematic
generalized based on data presented by Ramsey et al. (17). Pae, P. aeruginosa.
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long-standing bronchiectasis (21). As such, the prevalence of chronic airway infection
is unlikely to decrease among CF patients with existing bronchiectasis. The data from
the G551D ObservationAL (GOAL) study has, for example, shown that patients on
ivacaftor remain colonized with P. aeruginosa (22). Therefore, anti-infectives that can
effectively treat chronic P. aeruginosa CF airway infections will remain an important
clinical need that is largely unmet at present. If clinical use of CFTR modulators results
in stabilization of CF lung disease, a large fraction of the CF population will nonetheless
continue to suffer from chronic airway infections for the next 30 to 50 years (22).

A potential strategy for enhancing the susceptibility of persister cells to antibiotics,
such as TOB, is to utilize specific metabolites that sensitize “transiently resistant” or
persistent bacteria to antibiotics, thereby potentially enabling the effective treatment
of debilitating chronic infections. Potentiating the activity of TOB is an attractive
strategy, since it is currently the front-line therapy for treating CF lung infections, and
genetic resistance to inhaled TOB has not increased markedly (23–25). Fumarate was
selected from a small set of potential metabolite potentiators because it exhibited the
highest level of potentiation in P. aeruginosa, and it has been used as an excipient in
several inhaled drug products. In the present work, we specifically study the combi-
nation of TOB with fumarate in a variety of in vitro models that aim to mimic the
environment of the CF lung. In so doing, we further probe the action of the TOB-
fumarate combination and its potential utility as a therapeutic for treating P. aeruginosa
infections in CF and other lung diseases. Most notably, the potentiation effect of
fumarate on TOB in killing P. aeruginosa persisters was examined over a diverse set of
CF clinical isolates, across a range pH values relevant to the CF lung, in the presence
of CF patient sputum, in combination with succinate, and in two different biofilm
models. Since clinically azithromycin is often given concomitantly with tobramycin, the
potentiation of tobramycin by fumarate was also examined in the presence of azithromy-
cin. In addition, the cytotoxicity of the combination of TOB plus fumarate was assessed.

RESULTS
Potentiation in CF clinical isolates. To simulate the treatment of persisters in

chronic infection, a diverse set of P. aeruginosa CF isolates, including both mucoid and
nonmucoid isolates representing a range of TOB susceptibilities, were tested in the
planktonic stationary phase (PSP) time-kill potentiation assay, in which persister cells
were generated by allowing the cultures to grow to stationary phase. Potentiation of
TOB activity (here referred to simply as potentiation) by fumarate ranging from 3.5 to
over 6 orders of magnitude was observed for approximately 90% of the TOB-sensitive
CF P. aeruginosa clinical isolates (see Table 1). Mucoid and nonmucoid isolates dis-
played similar patterns of fumarate-enhanced killing. Representative assays for a non-
mucoid (isolate 10004) and a mucoid (isolate 10028) strain are shown in Fig. 2. While
the MICs for these strains range from 0.25 to 1 �g/ml, potentiation was observed
starting at TOB concentrations of �8 �g/ml, which generally leveled off by �16 to 32
�g/ml. In fact, data for isolate 10004 were extended out to 1,024 �g/ml TOB and
showed that the potentiation effect is maintained (see Fig. S2 in the supplemental
material). As expected, fumarate alone had no effect (see Fig. S3 for a replot of the
no-TOB data for further clarity). A significant potentiation effect by fumarate was also
observed at similar TOB concentrations in the PAO1 and PA14 P. aeruginosa laboratory
strains, both of which have an MIC of 0.8 �g/ml (Fig. S4). These results are consistent
with previously published results (13, 14) and suggest that potentiation by fumarate is
a consequence of fumarate metabolism by the TCA cycle and the generation of PMF.
Also consistent with the postulated mechanism of PMF-enhanced killing of persisters,
three TOB-resistant strains tested (10022, 10039, and 10084 with MICs of 8, 64, and 128
�g/ml, respectively) were not potentiated (Table S2 and Fig. S5). TOB-sensitive CF
isolates 10020 and 10077 did not show potentiation (Fig. S6) despite having low MICs
of 0.25 and 0.5 �g/ml, respectively (Table 1). It should be noted that in the PSP
potentiation assays for these two strains, after growing the cells overnight for 16 h in
lysogeny broth (LB) medium (the step expected to take the cells to stationary phase),
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the cultures were not as turbid as the cultures for the other P. aeruginosa strains tested.
Moreover, the colonies formed by these two strains on LB-agar plates were very small.
At the end of the assay, however, after spot plating and counting, the CFU counts for
the no-TOB/no-potentiator controls were comparable for these two strains (mean,
�1.5 � 109 CFU/ml) and the 17 TOB-susceptible strains for which potentiation was
observed (mean, �3.9 � 109 CFU/ml). Given that isolates 10020 and 10077 did not
appear to reach saturation in the PSP assay, we initially extended the overnight culture
from 16 to 20 h for these two strains but obtained similar results.

To probe the possibility that the lack of potentiation for isolates 10020 and 10077
is due to metabolic and/or TCA cycle impairment through an inability to metabolize
fumarate efficiently, and therefore an inability to generate sufficient PMF to facilitate
TOB uptake, we generated growth curves under a variety of conditions (see supple-
mental Materials and Methods). Specifically, we observed delayed growth of 10077 for
at least 5 h and a lack of any significant growth of 10020 on fumarate, succinate, or
pyruvate as sole carbon sources under diluted conditions (1:30) (Fig. S7). PAO1 under
the same conditions grew relatively rapidly on fumarate and succinate but showed
negligible growth at 4 h on pyruvate as a sole carbon source (Fig. S7C). Interestingly,
pyruvate also potentiated TOB-mediated killing of PAO1 but at a slightly higher
concentration of TOB than fumarate (�5 log at 32 �g/ml TOB with pyruvate versus
�5.5 log at 16 �g/ml TOB with fumarate; compare Fig. S7D and S4A).

Potentiation in COPD clinical isolates. Several P. aeruginosa isolates from patients
with chronic obstructive pulmonary disease (COPD) were also tested in the PSP assay
to assess potentiation by fumarate. Similar levels of enhanced persister killing were
observed as for the CF P. aeruginosa isolates, with 3.5 to 5 log of enhanced killing
compared to TOB alone (Table S3). Figure 3 shows the results for genetically identical
early and late COPD isolates with respect to disease progression (isolates 5072829 and
919193, both with MICs of 0.25 �g/ml). The potentiation effect appears to be greater
at a lower TOB and potentiator concentration with the later isolate, although many
additional pairs of patient isolates will need to be tested to see if this trend holds.

Potentiation across a range of pH values. In the lungs of CF patients, airway pH
can vary between 5.6 and 7.8, as measured in the trachea, the mainstem bronchi, and
the smaller secondary and tertiary bronchi (26). In addition, the activity of TOB on

TABLE 1 Most TOB-susceptible P. aeruginosa CF clinical isolates are potentiated by
fumarate

Strain Mucoid MIC (�g/ml)a Potentiation (log10)

10028 Yes 1 5
10048 Yes 0.25 4.5
10005 Yes 0.25 5
14003 Yes 0.5 6
10140 Yes 0.5 5
10063-Sb Yes 0.5 4.5
10063-Lb No 0.25 4.5
10013 No 0.25 4
10019 No 0.25 5
10002 No 0.25 4
10001 No 0.25 5
10008 No 0.25 4.5
10004 No 0.25 4.5
10045 No 0.25 3
10054 No 0.5 5
14001 No 0.5 3.5
10015 No 4 2
10077 Yes 0.25 No
10020 No 0.5 No
aMICs are for TOB alone in an in vitro assay in MHB under standard CLSI conditions, as described in Materials
and Methods under “Characterization of bacterial strains.” The addition of fumarate does not affect the
values (see Table S1).

bS, small colonies; L, large colonies.
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planktonic bacteria versus biofilms may be modulated by pH (27). Over 4 orders of
magnitude of enhanced killing relative to TOB alone was observed at the two lower pHs
tested (5.6 and 7), and 1.5 log enhanced killing was observed at the highest pH (8.5),
which is close to the maximum pH for P. aeruginosa growth (Fig. S8). These results
indicate that the potentiation effect is robust across a range of pH levels expected to
be relevant in the CF lung.

Fumarate in combination with succinate. Since the production of succinate
directly precedes that of fumarate in the TCA cycle, the ability of succinate in combi-
nation with fumarate to potentiate the killing of P. aeruginosa persisters was also
examined in the PSP assay for P. aeruginosa strain PA14. As expected, based on the
work of Meylan et al. (14), succinate also showed significant potentiation of TOB. In
addition, we observed an additive (but not synergistic) potentiation effect when
fumarate and succinate were combined with TOB; i.e., similar levels of potentiation
were observed with 15 mM fumarate, 15 mM succinate, and 7.5 mM each (Fig. 4).

Potentiation in naive P. aeruginosa biofilm models. While there is some debate
about the precise form of the biofilms involved in CF infections, it is clear that biofilms
are present in the CF lung and that they are a form of growth that is highly enriched
in persisters (12). Importantly, we saw significant fumarate potentiation of TOB killing
of P. aeruginosa biofilm cells in two different biofilm models. Notably, in these exper-
iments, there was no preselection of persisters. In the 96-well plate biofilm assay (28),
the extent of P. aeruginosa PA14 biofilm formation and the effect of fumarate on the
reduction of biofilm were measured using the dye crystal violet (CV) by quantifying

FIG 2 Dose-dependent potentiation effect of fumarate on TOB sensitivity in P. aeruginosa CF clinical isolates. Planktonic
stationary-phase (PSP) cultures were used to generate P. aeruginosa persister cells (56). Plots of percent survival versus TOB
concentration in the PSP assay are shown for the nonmucoid 10004 isolate (A) and for the mucoid 10028 isolate (B). Values
of percent survival depict the mean � standard deviation (SD) (n � 2). (C and D) Data for the 15 mM fumarate curves are
replotted as bar graphs for isolates 10004 (C) and 10028 (D), and statistically significant differences in a one-way analysis of
variance (ANOVA) with Dunnett’s multiple-comparison test are indicated (**, P � 0.01; ***, P � 0.001; ns, not significant).
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absorbance at 550 nm. Significant reduction in biofilm relative to the TOB-alone control
(optical density at 550 nm [OD550], 0.22 � 0.01) was observed for TOB with increasing
concentrations of fumarate (Fig. 5A). The reduction in CV staining was 39% with 7.5 mM
fumarate (OD550, 0.13 � 0.01) and 52% with 15 mM fumarate (OD550, 0.1 � 0.02).
Similar results were observed for the effect of TOB plus fumarate on P. aeruginosa PAO1
biofilm formation (Fig. S9). The PAO1 biofilm biomass relative to the TOB-alone control
(OD550, 0.74 � 0.09) was reduced by 69% with 7.5 mM fumarate (OD550, 0.23 � 0.04)
or 15 mM fumarate (OD550, 0.23 � 0.02) and 87% with 30 mM fumarate (OD550, 0.09 �

0.001). Fumarate alone at 30 mM did not reduce the PA14 biofilm (Fig. S10).
In the colony biofilm assay (29–31), PA14 P. aeruginosa biofilm cells were reduced by

2.5 log at 4 �g/ml TOB and 3.5 log at 8 �g/ml TOB with the addition of fumarate (Fig.
5B). Preexposure and postexposure CFU for the no-TOB/no-fumarate control are �107

(Fig. S11 gives the CFU for the various conditions). A nonmucoid and a mucoid CF
patient strain were also tested in the colony biofilm assay, and a dramatic reduction in
the biofilm colonies was observed (Fig. 6). With the nonmucoid strain, there was

FIG 3 Dose-dependent potentiation effect of fumarate on TOB sensitivity in P. aeruginosa COPD isolates. Early and
late patient isolates with respect to disease progression were obtained from A. Oliver (6). Plots of percent survival
versus TOB concentration in the PSP assay are shown for an early isolate from a patient (5072829) (A) and for a late
isolate from the same patient (919193) (B). Strains 5072829 and 919193 are genetically identical (as determined by
pulsed-field gel electrophoresis) and have a TOB MIC of 0.25 �g/ml. Values of percent survival depict the mean �
SD (n � 2).

FIG 4 Potentiation effect of succinate alone and in combination with fumarate on TOB for P. aeruginosa
strain PA14. A plot of percent survival versus TOB concentration in the PSP assay is shown for strain PA14.
Values of percent survival depict the mean � SD (n � 2), and the results are representative of two
repeated experiments.
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complete eradication of the P. aeruginosa biofilm at 8 �g/ml TOB plus 15 mM fumarate,
while with the mucoid strain this occurred at an even lower TOB concentration of 4
�g/ml TOB plus the fumarate.

Potentiation observed in the presence of CF sputum. In a further attempt to
mimic as closely as possible the environment of the CF lung, we also tested TOB with
fumarate in the PSP assay in the presence of artificial sputum media and CF patient
sputum. In each of two artificial sputum medium formulations (32, 33), the TOB-
fumarate combination showed enhanced killing of bacterial persisters by approxi-
mately 4 orders of magnitude relative to TOB alone (see supplemental Materials and
Methods and Fig. S12). Sputum was collected from two different patients, and for
patient 2, early (pre-antibiotic treatment) and late (post-antibiotic treatment) samples

FIG 5 Fumarate potentiation of TOB observed in two different biofilm models. P. aeruginosa strain PA14 was tested in the
96-well plate biofilm assay (A) and in the colony biofilm assay (B). For the 96-well plate biofilm assay, the effect of TOB plus
fumarate on the reduction in biofilm was measured using crystal violet dye by quantifying the absorbance at 550 nm. The
height of each bar represents the average OD550 values of 4 replicate wells from one representative experiment, and error
bars indicate standard deviations. Each experiment was carried out twice, yielding similar results. The difference in OD550

between the TOB-only control and each set of the other wells was statistically significant in a one-way ANOVA (***, P �
0.001). For the colony biofilm assay, error bars represent two biological replicates, and percent survival is normalized to
the no-TOB/no-fumarate value; statistically significant differences in a two-way ANOVA are indicated (***, P � 0.001).

FIG 6 Eradication of P. aeruginosa in colony biofilms from CF clinical isolates. Plots of percent survival versus TOB
concentration are shown for the nonmucoid isolate 10004 (A) and for the mucoid isolate 10005 (B). Blue arrows indicate
complete eradication with no colonies remaining. Two biological replicates are shown for each condition tested, and the
results are representative of two repeated experiments. Percent survival is normalized to the no-TOB/no-fumarate value for
the strain, which can result in values greater than 100%. Statistically significant differences in a two-way ANOVA are
indicated (***, P � 0.001).
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were collected. All three samples were tested with P. aeruginosa strain PAO1, and the
late sputum sample from the second patient was tested with nonmucoid CF isolate
10004. In all cases, in the presence of these CF sputum samples, approximately 3 log
enhanced killing was observed in the PSP assay (Fig. 7).

Fumarate potentiation in the presence of azithromycin. Reducing airway inflam-
mation in a chronic lung disease, such as CF, is desirable, and in fact, azithromycin is
often given concurrently with TOB primarily for its anti-inflammatory effect (34, 35),
even though it appears clinically to antagonize/reduce the anti-infective effect of TOB
(36, 37). Indeed, we found that azithromycin does show a diminished effect of
fumarate-mediated potentiation of TOB against P. aeruginosa persisters (compare the
red triangle curve to the red square curve in Fig. 8). Nevertheless, �3 log potentiation
was still achieved with TOB plus fumarate in the presence of azithromycin (comparing
the black curves to the red triangle curve in Fig. 8).

The TOB-fumarate combination exhibits a cytoprotective effect on airway cells.
Fumarate also had a protective effect on human airway epithelial cells (Fig. 9). For
example, for the mucoid CF isolate 14003, the relative cytotoxicity was reduced in a
dose-dependent manner from 1.0 to below 0.3 upon the addition of fumarate. This
decrease in cytotoxicity of P. aeruginosa is not the result of potentiation by fumarate.
Under the conditions of this assay, that is, in the presence of 2 mM glutamine, which
is necessary to maintain the human airway epithelial cells, there was no additional
potentiation (beyond what was observed with glutamine) with the addition of fumarate

FIG 7 Fumarate-mediated potentiation observed in the presence of CF patient sputum. The PAO1 laboratory and the CF
patient isolate 10004 were tested. Plots of percent survival versus TOB concentration in the PSP assay in the presence of
10% sputum purified through filtration are shown for PAO1 with early sputum from patient 1 (A), for PAO1 with early
sputum from patient 2 (B), for PAO1 with late sputum from patient 2 (C), and for clinical isolate 10004 with late sputum
from patient 2 (D). Early sputum refers to pre-antibiotic treatment for the most recent exacerbation, while late refers to
posttreatment. Values of percent survival depict the mean � SD (n � 2).
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(Fig. S13). Furthermore, fumarate alone was tested at the highest concentration (30
mM) with two strains of P. aeruginosa and had no effect on cytotoxicity (Fig. S14). Thus,
the data indicate that fumarate plus TOB reduces the cytotoxicity of P. aeruginosa on
human airway epithelial cells, suggesting that the TOB-fumarate combination may have
the potential to decrease airway inflammation.

FIG 9 Cytoprotective effect on human epithelial cells. Cytotoxicity was measured in a colorimetric assay that quantitates the
amount of lactate dehydrogenase (LDH) released into the media from damaged cells (by recording the absorbance at 490 nm)
as a biomarker for cellular cytotoxicity. Reduced cytotoxicity of the human airway epithelial cells was observed in a dose-
dependent manner with the addition of fumarate to TOB in the presence of P. aeruginosa strains PAO1, PA14, the nonmucoid
CF isolate 14001, and the mucoid CF isolate 14003. Under the conditions of this assay, in the presence of 2 mM glutamine,
fumarate does not yield additional potentiation (see Fig. S10). Cytotoxicity values are normalized to the cytotoxicity of the
human airway epithelial cells in response to PAO1 P. aeruginosa untreated with TOB or fumarate. Means � SD (n � 3) are
depicted, and statistically significant differences in a one-way ANOVA are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

FIG 8 Greater than 3 log of TOB potentiation in the presence of azithromycin. A plot of percent survival
versus TOB concentration in the PSP assay is shown for strain PAO1; AZM, azithromycin. Values of percent
survival depict the mean � SD (n � 2).
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DISCUSSION

This work demonstrates that the combination of TOB and fumarate can enhance
killing in stationary-phase planktonic cultures and biofilms of P. aeruginosa by up to six
orders of magnitude compared to TOB alone. These effects occurred with a variety of
mucoid and nonmucoid CF and COPD isolates, suggesting that formulations consisting
of an aminoglycoside with a metabolic potentiator might have broad therapeutic
application. For most TOB-susceptible P. aeruginosa strains tested, a significant poten-
tiation effect of fumarate was seen.

The concentrations of TOB needed for killing of P. aeruginosa persisters in the
presence of potentiator in the PSP experiments (Table 1) were higher than the TOB
MICs typically observed for log-phase cultures. One explanation for these relatively high
TOB concentrations compared to standard MICs is that although fumarate may be
enhancing uptake of TOB through the generation of PMF (14), the concentration of TOB
in the persisters may be lower than it is in growing cells. Furthermore, an inoculum
effect may account for this difference, in that in standard MIC assays, the inoculum is
approximately 105 cells, whereas in the PSP assay, it is approximately 109 cells. In any
case, potentiation occurs at TOB concentrations that are likely to be relevant to the
concentrations present in the lungs of treated CF patients; e.g., the mean concentration
of tobramycin in the lung epithelial lining fluid was measured at 90 �g/ml after a single
300-mg inhaled dose of tobramycin (38) and, in a separate study, in lung sputum at
1,237 �g/ml in CF patients (38, 39).

For two strains, no potentiation was observed, perhaps attributable to a metabolic
defect or significant growth delay when switched to fumarate as the sole carbon
source. Certain strains may have impaired persister cell formation as a consequence of
mutations in genes related to quorum sensing, heat shock, toxin-antitoxin systems, or
other stress responses (2). Alternatively, strains that display TOB tolerance in stationary
phase yet do not display potentiation by fumarate may have mutations in TCA cycle
genes as the basis for impaired potentiation.

Thus, one plausible explanation for the lack of potentiation for isolates 10020 and
10077 is that they exhibit an inability to metabolize fumarate efficiently and are
therefore not able to generate sufficient PMF to facilitate TOB uptake. Previous studies
in E. coli showing that while metabolic stimuli do not induce rapid growth resumption
in the PSP assay over an 8-h period, the addition of the potentiator to a diluted culture
(1:100) does stimulate growth (13). That is, carbon sources at concentrations per
persister 100-fold higher than required for metabolite-enabled persister eradication can
stimulate persister growth. Moreover, the carbon sources that caused the highest level
of potentiation were the ones that caused the quickest revival of persisters, suggesting
that these carbon sources are most efficiently metabolized by persisters. The observed
delayed growth of 10077 and the lack of growth of 10020 on fumarate, succinate, or
pyruvate as sole carbon sources under diluted conditions, as well as the lack of
potentiation observed for these two strains, is consistent with these earlier studies in E.
coli.

Persisters derived from TOB-resistant strains tested were not potentiated by fuma-
rate, which is expected if one assumes that the mechanisms underlying their TOB
resistance are not related to defects in TOB uptake. If TOB resistance is due to enzymatic
inactivation of the drug itself or mutations to the drug target (40) that prevent the drug
once inside the bacteria from binding to its target, the potentiator is unlikely to have
an effect. If on the other hand, the resistance is due to defects in uptake of the drug,
the potentiator might be able to compensate. Genetic resistance to TOB, as opposed to
persister-mediated tolerance to TOB during antibiotic therapy, has not increased
markedly as the use of inhaled TOB has become widespread among CF patients
(23–25). Thus, metabolite enhancement of TOB efficacy would not be expected to drive
the selection and dissemination of TOB-resistant P. aeruginosa strains.

The COPD P. aeruginosa clinical isolates tested in the PSP assay also showed a high
level of potentiation of TOB by fumarate, suggesting that the combination or similar
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formulations consisting of an aminoglycoside plus a metabolic potentiator could have
broad therapeutic applications. While providing another clinically relevant example of
how these findings could translate therapeutically, the sample sizes are small. In
general, clinical relevance will need to be probed further through subsequent in-
human studies.

The data indicating that the potentiation effects of fumarate and succinate on TOB
are additive suggest that it may be possible in future therapeutic applications to
combine more than one potentiator molecule with TOB or another aminoglycoside. On
the other hand, although combining fumarate and succinate with TOB, as an example,
would not be expected to increase the drug load and may help limit the development
of resistance to a single potentiator, it might complicate the development path, since
three substances would be involved. The combination of fumarate and succinate may
be attractive in light of the fact that bacteria have different mechanisms for the uptake
of these metabolites (41).

In both biofilm assays (which involve naive biofilms and no selection of persisters per
se), a significant potentiation effect was observed. In fact, the concentrations of TOB
needed to reduce biofilm formation in the 96-well plate biofilm assay and eradicate the
biofilm in the colony biofilm assay are significantly lower than what is required to yield
the maximum potentiation effect in the PSP assay. There are a number of differences
between the colony biofilm and PSP assays that might account for this effect. Experi-
ments were initiated with �107 cells for the colony biofilm assay compared to �109 for
the PSP assay. A lower cell count was utilized for the colony biofilm assay to avoid
diffusion limitations with respect to oxygen, antibiotic, and fumarate that arise from
growing the bacteria on solid media. Since the PSP assay was performed in broth with
vigorously mixed cultures, the diffusion of the oxygen/antibiotic/metabolite is not a
concern even at high cell counts. In addition, the exposure to each antibiotic-
metabolite combination was performed for 20 h in the colony biofilm assay compared
to 4 h in the PSP assay. The longer incubation time in the colony biofilm assay may
allow for enhanced persister killing at a lower tobramycin concentration.

In addition, the observed cytoprotective effect of fumarate on human airway
epithelial cells indicates that the potentiator may have the potential to reduce airway
inflammation. It is possible that fumarate may reduce the level of cytotoxicity of P.
aeruginosa to the airway cells by tuning down virulence factors and influencing the
level of toxins secreted by P. aeruginosa. It is known, for example, that at least certain
strains of P. aeruginosa utilize the type III secretion system (T3SS) to deliver effector
proteins that are cytotoxic to mammalian cells during infection to avoid innate immune
clearance (42, 43). As a further indication of the potential importance of the observed
cytoprotective effect of fumarate, azithromycin is often given concurrently with TOB
primarily for its anti-inflammatory effect (and possible inhibition of bacterial commu-
nication through quorum sensing) (34), even though it appears clinically to antagonize/
reduce the anti-infective effect of TOB (36). Our data combining azithromycin with TOB
plus fumarate in the PSP assay confirm in vitro the antagonistic effect of azithromycin
on TOB while showing that significant potentiation by fumarate is maintained.

We observed a significant potentiation effect by fumarate under a variety of
conditions designed to mimic the CF lung. These data include enhanced killing of P.
aeruginosa persisters across a wide range of pH values (5.5 to 8.5) in the PSP assay,
potentiation in the presence of CF patient sputum, and efficacy in two relevant biofilm
models of P. aeruginosa infection. The CF sputum results suggest that even in the
presence of nutrients available in the CF lung environment, the potentiation of TOB by
fumarate is likely to be significant. In addition, within biofilms and under conditions
likely to promote persister formation, the nutrient environment of the lung may be
somewhat reduced. The biofilm results in general are noteworthy because in those
assays, there is no preselection of bacterial persisters, although as discussed, biofilms
are expected to be enriched in persisters. The colony biofilm assay results are partic-
ularly significant in that complete eradication of the biofilm was observed for the
nonmucoid as well as the mucoid strain, and perhaps somewhat surprisingly, the effect
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is observed at a somewhat lower TOB concentration for the mucoid strain. Mucoid
strains are thought to be more tolerant to antibiotics (44), and moreover, CF P.
aeruginosa strains convert to mucoidy as the disease progresses (45, 46).

TOB plus fumarate presumably targets persistence and the development of antibi-
otic tolerance in contrast to heritable resistance. The precise and often stochastic
mechanism by which bacteria naturally enter and emerge from a persistent state is not
fully known (2, 47, 48). We suspect that if treatment with the TOB-fumarate combina-
tion eliminates persisters as they form, not just when they “reawaken” during a course
of antibiotic treatment, the TOB-fumarate combination may show an effect on acute
infections as well as diminish or eliminate recurrent infections. This hypothesis is
supported by data in an acute mouse model of catheter-associated urinary tract
infection for a related combination (gentamicin plus mannitol) (13). As such, it may be
possible to reduce the dose of TOB in the combination, limiting potential toxicities,
thereby making TOB a more effective antibiotic.

If the strategy of enhancing the efficacy of inhaled TOB through the addition of
fumarate and/or other metabolites were to enable the eradication of P. aeruginosa
persisters in the clinical setting, this innovation could represent a major therapeutic
breakthrough in the treatment of CF airway infection, potentially leading to reduced
rates of pulmonary exacerbations and disease progression (49). Furthermore, given that
fumarate and any other mechanistically similar potentiators enhance the killing of only
nongrowing persister cells, the development of resistance to the potentiator is ex-
pected to be low. Bacterial persisters, however, are thought to serve as an evolutionary
reservoir from which resistant organisms can emerge (2, 50–53). Others have hypoth-
esized that persistence is an actively maintained state that is caused and supported by
changes in gene expression patterns in a network of intracellular stress responses.
These same stress responses can accelerate processes of adaptive evolution leading to
the development of resistance. Thus, eliminating bacterial persisters as early as possible
may be key to limiting further resistance and thereby prolonging the lifetimes of
clinically important anti-infective agents.

MATERIALS AND METHODS
Antibiotics and chemicals. TOB (T4014-500MG) and sodium fumarate dibasic (F1506-100G) were

obtained from Sigma-Aldrich.
Medium preparation. LB medium (M1245-500G, lot no. 0000215110; HiMedia) was prepared and

sterilized for 15 min by autoclaving. Mueller-Hinton broth (MHB) medium (Fluka 70192) was prepared as
per the manufacturer’s instructions and sterilized for 25 min by autoclaving. M9 salts (catalog no.
30621015-2, lot no. L14051600; bioWORLD) were prepared as a 5� stock solution. For all PSP experi-
ments, a 1� M9 medium solution was used. The final 1� M9 solution was created using 200 ml of 5�
M9, 2 ml of sterile 1 M MgSO4 (final concentration, 2 mM), and 100 �l of sterile 1 M CaCl2 (final
concentration, 0.1 mM) and supplemented to 1 liter with sterile water.

Characterization of bacterial strains. P. aeruginosa CF clinical isolates were collected over a period
of 2 years at two CF centers in the United States (54). In an initial round of characterization, 93 isolates
were prescreened for mucoidy and TOB resistance by inoculating from frozen stock cultures into 50 �l
of LB broth and streaking LB-agar plates supplemented with 0, 4, 8, 16, 32, and 64 �g/ml TOB. The
streaked plates were incubated for 24 h at 37°C, followed by 48 h of incubation at room temperature.
The plates without TOB were used to estimate the growth and mucoidy of the CF isolates. The plates with
various TOB concentrations were used to estimate the level of resistance for each isolate. Out of 93
strains tested, we selected 21 isolates, including seven mucoid strains, with no major growth defects in
a second round of characterization. We determined the TOB MICs for these isolates by broth microdi-
lution using the Clinical and Laboratory Standards Institute (CLSI) recommendations (55), with P.
aeruginosa ATCC 27853 and E. coli ATCC 25922 as controls. Colonies of each clinical isolate were
suspended in 1 ml of MHB and diluted to a density of 5 � 105 CFU/ml into 2-fold serial dilutions of TOB
(0 to 64 �g/ml final concentration). The plates were incubated at 37°C for up to 48 h.

Isolates were considered susceptible if the TOB MIC was �4 �g/ml, intermediate if their MIC was �4
�g/ml and �16 �g/ml, and resistant if their MIC was �16 �g/ml. A total of 18 isolates, 7 mucoid and 11
nonmucoid, were TOB sensitive; one nonmucoid strain was TOB intermediate, and three were TOB
resistant.

PSP time-kill potentiation assay. PSP cultures are expected to have higher numbers of persisters
and, in terms of antibiotic tolerance, are considered more similar than exponential-phase cultures to
bacterial biofilms (56). The PSP time-kill potentiation assay was utilized to assess TOB-potentiator
combinations with respect to in vitro activity and efficacy. In this assay, P. aeruginosa bacterial cultures
in planktonic stationary phase were used to enrich for bacterial persisters. Bacterial strains were
evaluated using the time-kill method (CLSI M26), using various concentrations of TOB and potentiator.
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Specifically, bacterial cells were streaked from frozen stock on LB-agar (Miller formulation) plates and
individual colonies picked, inoculated into 3 ml of LB broth, and incubated at 37°C with shaking at 200
rpm to an optical density at 600 nm (OD600) of 0.25 to 0.3. Cultures were then diluted 1:1,000 in 40 ml
of LB medium overnight and grown in 250-ml shake flasks for 16 h at 37°C at 200 rpm. After 16 h, cells
were harvested by centrifugation at 5,000 � g for 15 min and were washed by resuspending the pellet
in 10 ml of 1� phosphate-buffered saline (PBS). This step was followed by centrifugation of the cells at
5,000 � g for 15 min and resuspension of the washed cells in 20 ml of 1� M9 medium supplemented
with 2 mM MgSO4 and 0.1 mM CaCl2.

Stock solutions of 1 M fumarate (and/or other carbon sources being tested as potentiators) were
prepared for addition to the media. Each TOB and fumarate concentration was prepared at 2 times the
final desired concentration in 0.5 ml of medium. Half a milliliter of the 2� fumarate plus TOB combination
was mixed with 0.5 ml of resuspended cells in Eppendorf tubes. All combinations were incubated for 4
h at 37°C at 200 rpm. After 4 h, cells were centrifuged at 5,000 � g for 5 min and washed by resuspending
each pellet in 1 ml of 1� PBS. The cells were centrifuged again at 5,000 � g for 5 min and resuspended
in 1� M9 medium. Aliquots were taken from each combination and serially diluted in a 96-well plate
(catalog no. 3370; Costar). Five-microliter aliquots were plated for each dilution on LB-agar plates. The
plates were incubated overnight at 37°C, and CFU were enumerated the next day. See Fig. S1 for a
summary of the PSP assay.

In the standard PSP assay described above, the pH at the start of the incubation was between 7.0 and
7.5. The potentiation effect of fumarate on TOB was also specifically explored in vitro in the PSP assay at
pH values of 5.6, 7, and 8.5 (see supplemental Materials and Methods for details). These pH values are
close to the minimum (5.6), optimal (6.6 to 7), and maximum (8) pH for P. aeruginosa growth (57).

Ninety-six-well plate biofilm assay. In preparation for the 96-well plate biofilm assay (28), P.
aeruginosa PA14 was grown in liquid culture in rich LB medium. After overnight incubation at 37°C, the
culture was diluted 1:100 into fresh M63 minimal medium supplemented with 0.4% (wt/vol) arginine.
M63 minimal medium, a standard biofilm assay medium for P. aeruginosa, was supplemented with
arginine as the sole carbon and energy source to promote less planktonic growth and a more robust
biofilm formation in this assay (28).

For each condition tested, a final volume of 100 �l was added to each well of a 96-well plate in
quadruplicate. Plates were incubated for 8 h at 37°C, and the biofilms were stained and quantified
immediately afterwards as described below. Planktonic cells were removed by turning the plate over and
shaking out the liquid. Plates were gently submerged in a small tub of water, and the water was
subsequently shaken out. To lower the background in the assay, the process was repeated twice to
remove unattached cells and medium components that stain with CV. After the washes, 125 �l of a 0.1%
solution of CV (Sigma) was added in water, and the plates were incubated at room temperature for 20
min. The plates were subsequently washed 3 to 4 times with water, the water was shaken out, and the
plates were blotted on a stack of paper towels. Then, they were turned upside down and dried for 2 to
3 h. To quantitate the amount of biofilm in each well, 200 �l of 20% acetic acid was added to each well.
Plates were left to sit for 15 min, and 100 �l was transferred to a new flat-bottom microtiter plate. The
plate was read at an absorbance of 550 nm using 20% acetic acid in water as a blank.

In this assay, the biofilm was allowed to form in the presence of increasing concentrations of TOB to
identify the concentration of TOB that inhibits the formation of biofilm by approximately 50%. A TOB
concentration of 2.5 �g/ml was therefore utilized for subsequent assays involving TOB to assess the
effect of TOB with fumarate on biofilm formation. The following conditions were then tested: no
exposure, TOB alone, 30 mM fumarate alone, TOB plus 7.5 mM fumarate, TOB plus 15 mM fumarate, and
TOB plus 30 mM fumarate.

Colony biofilm assay. Colony biofilms of each strain were grown as previously described, with minor
modifications (29–31). Briefly, overnight cultures of each strain in LB were diluted to 1 � 108 CFU/ml in
PBS. Single 5-�l droplets (5 � 105 cells) of the diluted culture were placed on individual autoclave-
sterilized 0.2-�m-pore-size polycarbonate filter membranes (GTBP 02500; Millipore) placed on top of
M9-agar plates. The plates were inverted and incubated for 20 h at 37°C. The colony biofilms that formed
on the filter membranes were moved onto fresh M9-agar plates with or without TOB and the potentiator
and incubated for 20 h at 37°C. Biofilms were harvested by resuspension in 9 ml of 1� PBS, vigorously
vortexed, and then serially diluted. Serial dilutions were plated on LB-agar and incubated overnight at
37°C for CFU enumeration the next day.

CF patient sputum collection and preparation. CF sputum samples were collected at the Massa-
chusetts General Hospital (MGH) Cystic Fibrosis Center (institutional review board [IRB] no. 2011P000620)
by having each patient expectorate into a sterile cup. The collected sputum was weighed, fast-frozen on
dry ice, and stored at �80°C until needed. At the time of the experiment, the sputum samples were
thawed on ice and diluted 1:1 (wt/vol) in water, followed by sonication on ice for 4 constant cycles of 30
s using a microtip probe. After sonication, the insoluble debris fraction was removed by centrifugation
at 18,000 � g for 10 min. The soluble fraction was filter sterilized (0.22-�m pore size) to generate a 50%
sputum stock kept at 4°C for up to 1 week. For the PSP assay, the sputum stock was diluted with 1� M9
medium to a final concentration of 10%.

Cytotoxicity assay. Twenty-four-well tissue culture plates were seeded with 2 � 105 cystic fibrosis
bronchial epithelial (CFBE) cells in 0.5 ml of feeding medium per well (58). The medium was replaced
every 2 to 3 days. One to two days before bacterial inoculation, the feeding medium was replaced with
minimal essential medium (MEM; without phenol red), supplemented with 10% fetal bovine serum (FBS)
and 2 mM glutamine. The plates were ready to use 7 to 10 days after the initial seeding.
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Epithelial cell cytotoxicity was determined by first inoculation of CFBE cells with overnight cultures
of P. aeruginosa at a multiplicity of infection (MOI) of 30:1 in 0.5 ml of assay medium, 0.4% arginine, 40
�g/ml TOB (or 8 �g/ml for PA14, since higher concentrations eliminated this more sensitive strain), and
either no fumarate, 7.5 mM, 15 mM, or 30 mM fumarate. Cocultures were incubated for 16 h at 37°C and
5% CO2 before epithelial cell cytotoxicity was assessed. The following strains were tested: PAO1, PA14,
nonmucoid clinical strain 14001, and mucoid clinical strain 14003.

For cytotoxicity measurements, 300 �l of supernatant was harvested prior to washing the wells with
1� PBS. The supernatant was centrifuged at 16,000 � g in a microcentrifuge for 2 min, and 50 �l was
assayed in triplicate for lactate dehydrogenase (LDH) release using the CytoTox96 nonradioactive
cytotoxicity assay kit (catalog no. G1780; Promega, Madison, WI), according to the manufacturer’s
instructions (58). Cytotoxicity was determined by measuring spontaneous release of LDH from CFBE cells
(untreated). To assay the toxicity of TOB or fumarate alone, CFBE cells, prepared as described above, were
incubated with 40 �g/ml TOB (or 8 �g/ml for PA14) or 30 mM fumarate for 16 h at 37°C in the presence
of 5% CO2.
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