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ABSTRACT Francisella tularensis is a highly infectious Gram-negative intracellular patho-
gen that causes tularemia. Because of its potential as a bioterrorism agent, there is a
need for new therapeutic agents. We therefore developed a whole-animal Caeno-
rhabditis elegans-F. tularensis pathosystem for high-throughput screening to identify
and characterize potential therapeutic compounds. We found that the C. elegans p38
mitogen-activate protein (MAP) kinase cascade is involved in the immune response
to F. tularensis, and we developed a robust F. tularensis-mediated C. elegans killing
assay with a Z= factor consistently of �0.5, which was then utilized to screen a li-
brary of FDA-approved compounds that included 1,760 small molecules. In addition
to clinically used antibiotics, five FDA-approved drugs were also identified as poten-
tial hits, including the anti-inflammatory drug diflunisal that showed anti-F. tularensis
activity in vitro. Moreover, the nonsteroidal anti-inflammatory drug (NSAID) diflunisal,
at 4� MIC, blocked the replication of an F. tularensis live vaccine strain (LVS) in pri-
mary human macrophages and nonphagocytic cells. Diflunisal was nontoxic to hu-
man erythrocytes and HepG2 human liver cells at concentrations of �32 �g/ml. Fi-
nally, diflunisal exhibited synergetic activity with the antibiotic ciprofloxacin in both
a checkerboard assay and a macrophage infection assay. In conclusion, the liquid C.
elegans-F. tularensis LVS assay described here allows screening for anti-F. tularensis
compounds and suggests that diflunisal could potentially be repurposed for the
management of tularemia.
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Francisella tularensis, the causative agent of tularemia, is a Gram-negative facultative
intracellular pathogen (1). Multiple Francisella species and subspecies have been

identified, among which the Francisella tularensis subsp. tularensis and F. tularensis
subsp. holarctica biovars are most commonly associated with human disease (1–3) and
are associated with significant mortality (4, 5). F. tularensis infects a variety of mam-
malian hosts, including squirrels, rabbits, and voles (1). In areas where F. tularensis is
endemic, outbreaks in animal populations are often followed by a similar outbreak
among humans (1, 6). The mechanism of disease transmission is unknown, but a
number of arthropod vectors have been implicated, including ticks, biting flies, and
mosquitoes (5, 7). Due to ease of dissemination and a high level of virulence, F.
tularensis is classified as a category A bioterrorism agent by the Centers for Disease
Control and Prevention (1–3, 5). An attenuated live vaccine strain (LVS) has been
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developed from F. tularensis subsp. holarctica (type B) (4, 5, 12) and has been used to
study the organism and vaccinate individuals at risk (1, 13–16).

F. tularensis can be treated with a number of known antibiotics, including the
aminoglycosides streptomycin and gentamicin (1, 3, 6, 13). A high frequency of relapse
is associated after use of tetracyclines (5, 7, 19, 20) and �-lactams; macrolides, lincos-
amides, and co-trimoxazole are not reliable options (21). Oral ciprofloxacin is currently
used for uncomplicated tularemia because it is associated with a low therapeutic failure
rate (6, 23) and is suitable for use in children and pregnant women (24).

The potential use of F. tularensis as a biological weapon has led to a renewed
interest in elucidating the virulence traits of the bacterium, as well as in the discovery
of new antibiotics and anti-infective agents for the treatment of tularemia. The model
nematode Caenorhabditis elegans has been used to study many human bacterial
pathogens, including Salmonella enterica (25, 26), S. enterica serovar Typhimurium (27,
28), Pseudomonas aeruginosa (29–31), Staphylococcus aureus (32), Enterococcus faecium
(33), and Enterococcus faecalis (34). More recently, C. elegans has been used for the
evaluation of libraries of low-molecular-weight compounds in order to identify those
that have antimicrobial or immunomodulatory efficacy while performing a toxicity
assessment in the same assay (9, 10).

In this paper, we describe the development of a suitable C. elegans pathosystem for
the study of the F. tularensis live vaccine strain (LVS) in liquid medium. Furthermore, we
demonstrate that the C. elegans-F. tularensis LVS host-pathogen system can be utilized
in a high-throughput, whole-animal assay to screen for compounds that can extend
survival of the host. Using the C. elegans-F. tularensis LVS liquid assay, we screened a
library of FDA-approved therapeutics consisting of 1,760 small molecules. Interestingly,
we found that the nonsteroidal anti-inflammatory drug (NSAID) diflunisal, a salicylic
derivative, is effective against F. tularensis LVS and that the action of diflunisal is
synergistic with that of ciprofloxacin. Diflunisal displayed no significant toxicity to
mammalian cells and human erythrocytes. The findings from this study outline a new
screening model for the identification and study of anti-F. tularensis compounds that
can be performed in standard research laboratories without high-level biological
containment facilities. This work suggests that the salicylic derivative drug diflunisal
should be studied further as a potential repurposed drug for treating F. tularensis
infections.

RESULTS AND DISCUSSION
The p38 MAP kinase cascade is involved in the C. elegans immune response to

F. tularensis. We extended the use of the C. elegans model of microbial pathogenesis
to study the pathogenesis of F. tularensis. First, we found that wild-type C. elegans
animals (strain N2) feeding on lawns of F. tularensis LVS had longevity similar to that of
animals feeding on lawns of Escherichia coli strain OP50 (the standard C. elegans
laboratory food source) (Fig. 1). In contrast, a C. elegans sek-1 immunocompromised

FIG 1 The MAP kinase pathway is essential for survival of C. elegans challenged with F. tularensis. Percent
survival of wild-type N2 or mutant sek-1 (kinase involved in the p38 MAP kinase cascade) C. elegans
worms grown on lawns of E. coli or F. tularensis LVS was determined. Data represent the means �
standard errors of the means (n � 3).
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mutant, in which the p38 mitogen-activated protein kinase (MAPK) pathway is abro-
gated (36), was susceptible to F. tularensis LVS-mediated killing (Fig. 1) (P � 0.001). This
finding suggests that F. tularensis LVS is a weak C. elegans pathogen and that survival
of the nematodes in the presence of F. tularensis LVS depends on the p38 MAPK
immune response pathway.

A high-throughput screening (HTS) assay. Based on the agar-based killing assay
shown in Fig. 1, we developed a high-throughput killing assay that can be performed
in liquid medium (Fig. 2a). As previously described, C. elegans pathogen-mediated
liquid killing assays can be used for automated large-scale screening for low-molecular-
weight compounds that block the ability of a pathogen to kill the nematodes (8–10).
We determined the optimal F. tularensis LVS inoculum, time of incubation, temperature,
and medium conditions empirically. For example, for worms exposed to an initial dose
of F. tularensis LVS at an optical density at 600 nm (OD600) of 0.06, the survival rate after
96 h in 10% Trypticase soy broth (TSB) with 0.1% L-cysteine HCl was 5% in contrast to
75% survival after exposure to E. coli OP50 (Fig. 2b). At the end of the assay, the wells
were washed to remove bacteria, and the worms were stained with Sytox orange,
which preferentially stains the dead worms (Fig. 2c).

Robustness and quality assessment of the coinoculation assay. The Z= factor,
which is widely used in high-throughput screens to determine if an assay is sufficiently
robust, was used to evaluate the reproducibility and robustness of the F. tularensis-C.
elegans killing assay (11). Dimethyl sulfoxide (DMSO) was used as a negative control
(background), and ciprofloxacin and gentamicin were used as the positive controls. The
Z= factor values from three independent experiments were calculated with a range of
ciprofloxacin (0.5, 0.75, 1, 1.25, 1.5, and 1.75 �g/ml) and gentamicin (2, 4, 8, 16, 32, and

FIG 2 Development of a high-throughput assay for anti-Francisella compounds. (a) Flowchart representing
the work flow of the C. elegans-F. tularensis high-throughput screening assay. (b) Optimization of F.
tularensis LVS inoculum for the liquid killing assay. (c) C. elegans-F. tularensis liquid killing assay: Sytox-
stained images of C. elegans with or without ciprofloxacin.

Francisella tularensis-C. elegans Pathosystem Antimicrobial Agents and Chemotherapy

September 2017 Volume 61 Issue 9 e00310-17 aac.asm.org 3

http://aac.asm.org


64 �g/ml) concentrations. Ciprofloxacin or gentamicin at 0.1 �g/ml or 2.0 �g/ml,
respectively, enabled the survival of 93 to 100% of the worms, and in three indepen-
dent experiments, the Z= factor values using these concentrations ranged from 0.59 to
0.64, with an average value of 0.63.

Identification of antibacterial compounds. The C. elegans-F. tularensis LVS high-
throughput liquid killing assay pathosystem was implemented in a screen of known
bioactive compounds to identify compounds that prolonged nematode survival. A total
of 1,760 known bioactive and FDA-approved compounds, including many antibiotics,
were screened. A total of 31 hits were identified in the primary screen (see Table S1 in
the supplemental material). Among these hits, a total of 13 compounds that prolonged
survival of �60% of the nematodes in the assay were chosen for further study (Table
1). Four of these compounds were quinolones, and two were tetracyclines, two families
of compounds that have been used in the clinical treatment of tularemia (Table 1),
thereby providing proof of principle that the assay could identify bona fide anti-F.
tularensis therapeutics.

In addition to the quinolone and tetracycline antibiotics, the screen identified seven
additional bioactive drugs that prolonged the survival of worms by �60%. Three of
these hit compounds, benzalkonium chloride, paroxetine hydrochloride, and oxibenda-
zole, were previously shown to have antibacterial activity (37–39). These three known
antimicrobial compounds, as well as two additional hits, ethidium bromide (because it
is associated with broad toxicity) and acetaminophen (because it was a false hit that
was not confirmed in secondary screens), were not investigated further. Mefloquine
and diflunisal showed MICs of 16 �g/ml and 8 �g/ml, respectively, suggesting that they
rescued C. elegans from F. tularensis killing by blocking bacterial replication. Interest-
ingly, standard broth MIC assays of diflunisal and mefloquine did not indicate any
antimicrobial activity against the Gram-positive species E. faecium or the Gram-negative
species Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, or Enterobacter
aerogenes (MICs of �64 �g/ml). Because diflunisal exhibited a lower MIC (8 �g/ml) than
mefloquine (16 �g/ml) against F. tularensis LVS, we focused our further studies on the
evaluation of diflunisal for its antibacterial activity and synergy with antibiotics. More-
over, the MIC (8 �g/ml) of diflunisal is a lower dose than the plasma concentration of
diflunisal (41 �g/ml) required when it is used at the recommended dosage as an NSAID
(40).

Enhanced efficacy of diflunisal in combination with ciprofloxacin. Although quin-
olones and especially ciprofloxacin have been successfully used in clinical treatment of

TABLE 1 Hit compounds and their corresponding percentage of survival in the C. elegans-
F. tularensis infection assaya

Compound group and name (2 �g/ml) Reference(s) % survival

Quinolone antibiotics
Oxolinic acid 48 87
Ofloxacin 35 87
Flumequine 35 80
Lomefloxacin hydrochloride 35 80

Tetracycline antibiotics
Tetracycline hydrochloride 49 67
Meclocycline sulfosalicylate 49 67

Other antibiotics
Benzalkonium chloride 50 60

Other compounds
Oxibendazole 51 67
Paroxetine hydrochloride 37 73
Mefloquine 52 67
Ethidium bromide 53, 54 60
Diflunisal 55 60
Acetaminophen 56 60

aSurvival with the compound was compared to that with the positive control, ciprofloxacin.
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tularemia, efficacy against intracellular bacteria has been a concern (19, 20). We
evaluated the hypothesis that diflunisal might be able to function synergistically with
ciprofloxacin. A broth microplate assay was used to test for growth inhibition of the F.
tularensis LVS in the presence of diflunisal, adjusted to a final concentration between
0.25 and 16 �g/ml, in combination with ciprofloxacin, adjusted to final concentrations
between 0.03 and 2 �g/ml. The MICs at which the test compounds inhibited bacterial
growth both alone and in combinations were determined to calculate the fractional
inhibitory concentration (FIC) index according to the equation shown in Materials and
Methods. The FIC index was 0.5 for the diflunisal-ciprofloxacin combination (Fig. 3a).
Synergy was also observed in a time-kill assay where the combination of diflunisal and
ciprofloxacin at low concentrations had the same effect as a higher dose of ciprofloxa-
cin alone (0.25 �g/ml) (Fig. 3b). The combination of diflunisal and ciprofloxacin allows
the treatment of F. tularensis infections at lower concentrations of ciprofloxacin, reduc-
ing the probability of the development of antibiotic resistance (41).

Evaluation of diflunisal toxicity. Although diflunisal is an FDA-approved drug and
has been in clinical use for several decades, it is important to test the toxicity of
diflunisal at concentrations that are effective against F. tularensis LVS. Diflunisal did not
cause any detectable hemolysis of human erythrocytes at concentrations of up to 64
�g/ml, suggesting that it would be nontoxic at twice the concentration that inhibits the
growth of F. tularensis LVS in phagocytic and nonphagocytic assays (Fig. 4a). Triton
X-100 was used as a positive control. Consistent with the hemolysis assay, diflunisal did
not exhibit cytotoxicity toward HepG2 cells, a cell line derived from human liver
carcinoma cells, at concentrations of up to 32 �g/ml (Fig. 4b).

Diflunisal limits intracellular replication of F. tularensis in phagocytic cells and
nonphagocytic cells and shows synergy with ciprofloxacin in macrophages. Be-
cause F. tularensis LVS replicates in macrophages (13, 15), we evaluated the activity of
diflunisal to limit intracellular growth of the bacterium. In this series of experiments, we
used RAW 264.7 macrophages infected with F. tularensis LVS and quantified the viable
intracellular bacteria using a gentamicin protection assay (13, 17, 18). The diflunisal
treatment resulted in a 100-fold reduction of the intracellular bacterial load within the
macrophage cells (Fig. 5a) (P � 0.001). Consistent with the macrophage assay, diflunisal
inhibited the growth of F. tularensis LVS in nonphagocytic 293T/17 human kidney
epithelial cells by 10,000-fold (Fig. 5b) (P � 0.001). These data show that diflunisal
displays antimicrobial activity against intracellular F. tularensis LVS. In addition, we
observed that a low concentration of ciprofloxacin (0.06 �g/ml) in combination with
diflunisal (2 �g/ml) was able to reduce the intracellular bacterial load in macrophages

FIG 3 Checkerboard and time-to-kill assay for diflunisal with ciprofloxacin. (a) Diflunisal was adjusted to a final concen-
tration between 0.25 and 16 �g/ml, in combination with ciprofloxacin, which was adjusted to a final concentration
between 0.03 and 2 �g/ml. The FIC index was 0.5 for the diflunisal-ciprofloxacin combination. The scale represents the
optical density of bacterial growth of F. tularensis LVS. (b) Time-to-kill curve shows that the efficacy of diflunisal (2 �g/ml)
is enhanced in combination with ciprofloxacin (0.06 �g/ml) compared to that of diflunisal alone (8 �g/ml) or ciprofloxacin
alone (0.25 �g/ml). Data are means � standard errors of the means (n � 3).
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significantly more than 0.25 �g/ml ciprofloxacin alone (Fig. 6) (P � 0.001). We also
tested the diflunisal activity against the intracellular pathogen Salmonella Typhimu-
rium. Interestingly, diflunisal did not display significant antimicrobial activity against S.
Typhimurium (�32 �g/ml) and did not inhibit the intracellular replication of S. Typhi-
murium inside macrophage cells (Fig. S1). These data suggest that the antimicrobial
activity of diflunisal may be specific for F. tularensis.

Conclusions. In conclusion, we developed a whole-animal screening platform using
the model host C. elegans and screened 1,760 FDA-approved compounds that blocked
the ability of F. tularensis to kill the nematodes. In addition to known antibiotics, our
screen identified FDA-approved drugs that were confirmed in secondary screens. We
further investigated diflunisal, one of the hits, and found that it blocks intracellular

FIG 4 Hemolysis and cytotoxicity testing for diflunisal. (a) Human erythrocytes were treated with serial dilutions of
Triton X-100 (0.00 to 1%) or diflunisal (0.06 to 64 �g/ml). (b) The viability of HepG2 cells was measured after
treatment with serially diluted concentrations (1 to 64 �g/ml) of diflunisal. Data represent the means � standard
errors of the means (n � 3).

FIG 5 Diflunisal inhibits intracellular growth of F. tularensis LVS in macrophages and 293T/17 cells.
Macrophages (a) and 293T/17 (b) cells were infected with F. tularensis LVS bacteria for 2 h, treated with
gentamicin to kill extracellular bacteria, and then cocultured with 4� MIC of diflunisal for 22 h. ***, P �
0.001, comparing results with diflunisal to those with the DMSO control at the 24-h time point using
two-way ANOVA with a Bonferroni posttest correction.
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replication of F. tularensis, exhibits synergy with ciprofloxacin, and has limited toxicity
against mammalian cells. Diflunisal is a good example of the possibility of repurposing
a drug already used in the clinic for other therapies. Importantly, diflunisal and
ciprofloxacin appear to work synergistically against F. tularensis LVS in vitro as well as
in clearing an intracellular infection in macrophages. Thus, the combination therapy of
ciprofloxacin and diflunisal to treat tularemia may be an attractive option and may help
to reduce the chance of ciprofloxacin resistance in tularemia patients.

MATERIALS AND METHODS
Bacterial, worm strains, media, and preparation of inoculum. The live vaccine strain (LVS) of F.

tularensis was obtained from the Centers for Disease Control and Prevention (Atlanta, GA) and was used
throughout this work. Bacterial cultures of F. tularensis LVS were maintained on cysteine heart agar plates
with 2% hemoglobin (CHA-H) (Difco, NJ, USA). Prior to each assay, F. tularensis LVS was grown on CHA-H
plates at 37°C for 72 h, and then a single colony was transferred to 50 ml of brain heart infusion (BHI)
medium (Difco, NJ, USA) containing 200 �g/ml ampicillin and 0.5 �g/ml amphotericin B. The liquid
culture was incubated for 48 h at 30°C with shaking and diluted with fresh BHI medium (containing the
same antibiotics as above) to an optical density of 0.6 at 600 nm, yielding approximately 2 � 106 CFU/ml.
This was the inoculum used for the assay and confirmed by plating on CHA-H plates at 30°C and by
counting CFU 72 to 96 h later. Screening was performed using BHI medium containing 200 �g/ml
ampicillin and 0.5 �g/ml amphotericin B.

A C. elegans glp-4; sek-1 double mutant strain was used throughout this work. The glp-4(bn2)
mutation renders the strain unable to produce progeny at 25°C (42), and the sek-1(km4) mutation leads
to enhanced sensitivity to various pathogens (36), thereby reducing the length of the assay period.
Nematodes were propagated on nematode growth medium (NGM) (8). Escherichia coli strains HB101 and
OP50 were used as the food source for C. elegans and are the strains normally used for large-scale
propagation of worms (9). During the assay, M9 buffer was used to wash the worms, as previously
described (9).

Statistical analysis of high-throughput assay. The Z= factor was used to evaluate the overall
quality of our assay using positive- and negative-control data based on the following equation: Z= �
1 � [(3�c� � 3�c�)/(	�c� � �c�	)], where �c� and �c� specify the averages of test sample signals
for both the positive and negative controls, respectively, and �c� and �c� refer to the standard
deviations for the positive and negative controls, respectively (11). The negative control (back-
ground) was 1% dimethyl sulfoxide (DMSO), and the positive control was ciprofloxacin (0.1 �g/ml)
or gentamicin (1.0 �g/ml). The MICs of ciprofloxacin and gentamicin for LVS have been previously
determined to be 0.004 to 0.06 �g/ml and 0.03 to 0.5 �g/ml, respectively (43, 44). One column (eight
wells) in each 96-well plate was used for either ciprofloxacin or gentamicin (positive control), and
one column (eight wells) was used for DMSO (negative control). The ratio of the Sytox-stained worm
area to the bright-field worm area and the resultant percent survival data were calculated using
CellProfiler software for each well of the assay plates (8). To identify hits, the Z score was calculated
from the ratio data. The Z score is defined as the number of standard deviations an observation is
separated from the mean: Z � (x � �)/�, where x is the raw sample score, � is the mean of the
population, and � is the standard deviation of the population. Wells with Z scores of �2� were
considered hits. Screening wells with Z scores above 0.6 were considered valid hits.

FIG 6 Diflunisal and ciprofloxacin show synergy in macrophages. Macrophages were infected with F.
tularensis LVS bacteria for 2 h, followed by gentamicin treatment to kill extracellular bacteria, and
cocultured with ciprofloxacin (0.25 �g/ml), diflunisal (8 �g/ml), or a combination of diflunisal (2 �g/ml)
and ciprofloxacin (0.06 �g/ml) for 22 h. Data shown are CFU counts of intracellular F. tularensis LVS in
macrophages. ***, P � 0.001, comparing results with diflunisal to those with the DMSO control at the
24-h time point using two-way ANOVA with a Bonferroni posttest correction.
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C. elegans-LVS antimicrobial screen assays. Prior to the assay, C. elegans glp-4(bn2); sek-1(km4)
worms were propagated at 25°C for 52 h in order for them to be at larval stage 4 (L4) on the day of the
assay. The HTS assay was performed in 96-well half-area plates (Corning, NY, USA) by dispensing 70 �l
of the screen medium, using a MultiDrop Combi plate filler (Thermo Scientific, MA, USA) equipped with
a standard dispensing cassette (Thermo Scientific, MA, USA). In the 96-well assay plates, 0.1 �l of each
of the compounds to be tested at 2 mg/ml in DMSO was pin transferred to each well from 384-well
compound stock plates (containing the test compounds) into individual wells (containing 70 �l of
screening medium) to yield a final concentration of 20 �g/ml in the assay. As noted above, positive-
control assay wells contained either 0.1 �g/ml ciprofloxacin or 2.0 �g/ml gentamicin, and negative-
control wells contained 1% DMSO. Worms were washed three times with M9 buffer, and a commercial
robot (COPAS Biosort; Union Biometrica, MA, USA) was used to automatically dispense 15 � 1 worms into
each well. Ten microliters of an F. tularensis inoculum (in BHI medium at 
2 � 106 CFU/ml) was then
manually pipetted into each assay well. Plates were sealed with Breathe-Easy membranes (Diversified
Biotech, MA, USA) and incubated at 25°C for 96 h. The assay wells were washed to remove bacteria.
Finally, 60 �l of 0.9 �M Sytox orange (Fisher Scientific, MA, USA) in M9 buffer was added by using a
MultiDrop Combi dispenser into each well to a final Sytox concentration of 0.7 �M, and the plates were
incubated overnight. Worm plates were imaged using a IX-Micro automated microscope (Molecular
Devices, CA, USA) with bright-field and Cy3 channels.

Antimicrobial susceptibility testing. Compounds (5 mg/ml stock solutions in DMSO) were tested
by broth microdilution assays in triplicate, according to a procedure adapted from established protocols
(45). Broth microdilution was performed in triplicate in 96-well plates using Trypticase soy broth (TSB) (BD
Biosciences, NJ, USA) containing 0.1% L-cysteine hydrochloride monohydrate (Fisher Scientific, MA, USA).
The assay volume was 100 �l, and 2-fold serial dilutions were carried out to dilute compounds in the
concentration range of 0.0625 to 64 �g/ml, with a bacterial concentration (measured by the OD600) of
0.03. The bacterial OD after overnight incubation at 37°C was measured to determine antimicrobial
activity. The minimum bactericidal concentration (MBC) was determined by plating 10 �l of culture
volume from the MIC assay onto Mueller-Hinton agar, and colony formation was examined after 48 h at
37°C. The lowest concentration at which colonies were not observed was regarded as the MBC.

Checkerboard assay. The antimicrobial activity of a combination of diflunisal with ciprofloxacin was
determined using a checkerboard assay (4). Briefly, compounds were arrayed in serial concentrations,
vertically for one compound and horizontally for the other compound, in the same 96-well microplate.
The addition of bacteria and measurement of growth were carried out as described in the previous
section for measurement of MIC. The fractional inhibitory concentration (FIC) index for two compounds
A and B is defined using the following equation: FIC � (A/MICA) � (B/MICB), where MICA and MICB are the
MICs of compounds A and B, respectively, and (A) is the lowest concentration of compound A in
combination with compound B that inhibits bacterial growth and vice versa for (B). An FIC of �0.5
indicates synergism between the compounds being tested.

Time-to-kill study. Time-to-kill assays were carried out in 10-ml tubes to determine the bactericidal
or static nature of the compound. An overnight culture of F. tularensis LVS was diluted in fresh TSB
containing 0.1% L-cysteine hydrochloride monohydrate to a density of 108 cells/ml. The test compound,
at 4� MIC (32 �g/ml), was added to the tube and incubated at 37°C with shaking. At periodic intervals,
aliquots sampled from each tube were diluted serially and plated on cysteine heart agar plates with 2%
hemoglobin. The plates were incubated at 37°C in 5% CO2 for 48 h to observe the viable counts.

Human blood hemolysis assay. A hemolysis assay of human erythrocytes (Rockland Immunochemi-
cals, PA, USA) was adapted from Rosch et al. (46) and Rajamuthiah et al. (47). The assay was carried out
in 96-well plates with 50 �l of 2% human erythrocytes suspended in phosphate-buffered saline (PBS)
added to 50 �l of compounds serially diluted in PBS and incubated at 37°C for 1 h. Plates were then
centrifuged at 500 � g for 5 min, and 50 �l of the supernatant from each well of the assay plate was
transferred to a fresh 96-well plate. Erythrocyte lysis was monitored by both visual observation and
measuring the absorbance at 540 nm. The hemolysis experiments were performed in triplicate.

Cytotoxicity assay. A cytotoxicity assay protocol was adopted from Kwon et al. (2). HepG2 (ATCC HB
8065) cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Life Technologies, CA, USA)
containing 10% fetal bovine serum (FBS), 25 mM D-glucose, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 1% penicillin-streptomycin and maintained at 37°C in 5% CO2. For the toxicity test, HepG2 cells were
cultured at 70 to 80% confluence in 96-well plates in a volume of 100 �l/well culture medium. Serially
diluted diflunisal was incubated with the cells at 37°C in 5% CO2 for 24 h. Ten microliters of 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) solution (Roche, Mannheim,
Germany) was added per well for the last 4 h of the 24-h incubation period. WST-1 reduction was
detected at 490 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). Percent
fluorescence was calculated by comparing signals of treated cells to those of control untreated cells. The
assay was done in triplicate.

F. tularensis LVS growth inhibition assay in macrophages and 293T/17 cells. RAW 264.7 macro-
phages were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco, NY, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco, NY, USA) and 1% penicillin-streptomycin (Gibco) and maintained
at 37°C in 5% CO2. Cells of the nonphagocytic kidney epithelial cell line 293T/17 (ATCC CRL-11268) were
cultured in DMEM supplemented with 10% fetal bovine serum (Gibco, NY, USA). To assess intracellular
growth, gentamicin protection assays were performed as described previously (13). Macrophages and
293T/17 cells were seeded in 96-well culture dishes (BD Biosciences, CA, USA) at a density of 5 � 104

cells/well. Overnight-grown F. tularensis LVS bacteria were adjusted to an OD600 of 0.3 and diluted to
achieve a multiplicity of infection (MOI) of 
500. After the infection period, cells were incubated with
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gentamicin (100 �g/ml) for 30 min to kill extracellular bacteria and then washed twice with warm Hanks
balanced salt solution (Cellgro, VA, USA). Fresh culture medium with or without diflunisal was then
added, and cells were incubated for another 22 h at 37°C with 5% CO2. At the indicated time points, cells
were lysed with 0.02% sodium dodecyl sulfate, and the numbers of viable CFU were determined.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00310-17.
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