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Francisella tularensis, a bacterium which causes tularemia in humans, is classified as a CDC category A
bioterrorism agent. In this study, we demonstrate that celecoxib, an anti-inflammatory cyclooxygenase-2
inhibitor in clinical use, exhibits activity against a type A strain of F. tularensis (Schu S4), the live vaccine strain
of F. tularensis (a type B strain), and F. novicida (“F. tularensis subsp. novicida”) directly in growth medium.
This bacterial killing, however, was not noted with rofecoxib, despite its higher potency than that of celecoxib
in inhibiting cyclooxygenase-2. The unique ability of celecoxib to inhibit the proliferation of F. fularensis could
be pharmacologically exploited to develop novel anti-Francisella therapeutic agents, of which the proof of
principle is demonstrated by compound 20, a celecoxib derivative identified through the screening of a
celecoxib-based focused compound library. Compound 20 inhibited the intracellular proliferation of Francisella
in macrophages without causing appreciable toxicity to these host cells. Together, these data support the
translational potential of compound 20 for the further development of novel, potent anti-Francisella agents.

Francisella tularensis is a gram-negative, facultative, highly
virulent bacterium that causes the zoonotic disease tularemia.
Infection can occur through several routes, but pneumonic
tularemia is the most severe clinical form, with a mortality rate
of up to 60% in the absence of treatment (5, 17, 22). F.
tularensis can invade a range of host cells, but its primary target
in vivo is the macrophage (22). After being phagocytosed by
macrophages, this intracellular pathogen can block the fusion
of Francisella-containing phagosomes with lysosomes and es-
cape from the phagosome into the cytosol, where it multiplies
(2, 6, 20). Following proliferation within macrophages, F. tu-
larensis induces host cell apoptosis or pyroptosis, leading to the
release of bacteria and the subsequent infection of new cells
(13, 14). Because of the ease with which aerosolized organisms
could potentially be deliberately disseminated, inflicting sub-
stantial morbidity and mortality on large numbers of people, F.
tularensis has been recognized as a potential biological warfare
agent and, consequently, has been classified as a category A
bioterrorism agent by the U.S. Centers for Disease Control
and Prevention (CDC) (3, 18). The current live attenuated
vaccine derived from a type B strain of F. tularensis has serious
drawbacks and is of limited utility in the face of a bioterrorism
threat (18). Moreover, it is believed that antibiotic-resistant
strains of F. tularensis were created in the early 1990s as bio-
logical weapons (1, 3). Consequently, the development of
novel, antibacterial agents against F. tularensis has become a
priority.

In this study, we demonstrate that the cyclooxygenase-2
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(COX-2)-specific inhibitor celecoxib exhibits activity against a
virulent type A strain of F. tularensis (Schu S4), the live vaccine
strain (LVS) of F. tularensis (a type B strain), and F. novicida
(“F. tularensis subspecies novicida”; an avirulent species) di-
rectly in growth medium. This bacterial killing, however, was
not noted with another COX-2-specific inhibitor, rofecoxib,
despite its higher potency than that of celecoxib in COX-2
inhibition (23). From a drug discovery perspective, the unique
ability of celecoxib to inhibit the proliferation of F. tularensis
could be pharmacologically exploited as a molecular platform
to develop novel anti-Francisella agents. The proof of principle
of this premise is demonstrated by compound 20, a celecoxib
derivative identified through the screening of a celecoxib-based
focused compound library. Compound 20 not only inhibited
the growth of Francisella in growth medium but also inhibited
the intracellular proliferation of Francisella in macrophages at
doses that do not cause appreciable toxicity to the host cells.

MATERIALS AND METHODS

Bacteria. F. novicida strain U112 and F. tularensis LVS (type B) and strain
Schu S4 (type A) were used throughout this study. Experiments involving Schu
S4 were conducted in a CDC-approved select-agent biosafety level 3 laboratory
at The Ohio State University. Bacteria were grown at 37°C on chocolate II agar
(Becton, Dickinson and Company, Franklin Lakes, NJ) or in tryptic soy broth
(TSB; Becton, Dickinson and Company) supplemented with 0.025% (wt/vol)
iron(III) pyrophosphate (Sigma-Aldrich, St. Louis, MO) and 0.1% (wt/vol) cys-
teine hydrochloride (MP Biomedicals, Solon, OH).

Salmonella enterica serovar Typhimurium (ATCC 14028) and Escherichia coli
(ATCC 25922) were grown on Luria-Bertani (LB) agar (Becton, Dickinson and
Company) or in LB broth at 37°C. Experiments involving these bacteria were
performed using biosafety level 2 laboratory procedures.

Reagents. Celecoxib was extracted and purified from Celebrex capsules
(Amerisource Health, Malvern, PA) with ethyl acetate and then recrystallized in
a mixture of ethyl acetate and hexane. Rofecoxib was synthesized according to a
previously described procedure (19). The celecoxib-based focused compound
library consisted of 21 compounds (see Table 2). The synthesis of these com-
pounds will be described elsewhere. The identities and purities (=99%) of all
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compounds used in this study were verified by proton nuclear magnetic reso-
nance spectroscopy (300 MHz), high-resolution mass spectrometry, and elemen-
tal analyses.

Macrophages. The RAW 264.7 murine macrophage cell line and the THP-1
human monocytic leukemia cell line were obtained from the American Type
Culture Collection (ATCC; Manassas, VA). The RAW 264.7 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL, Invitrogen
Corp., Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Gibco-
BRL). The THP-1 cells were maintained in RPMI 1640 containing 10% FBS.
THP-1 cells were differentiated by treatment with 20 nM 12-O-tetradecanoyl-
phorbol-13-acetate (TPA; Sigma-Aldrich, St. Louis, MO) for 48 h. All culture of
murine and human cells was performed at 37°C in a humidified incubator
containing 5% CO,. Cells were seeded into 96- or 12-well tissue culture plates,
and the plates were incubated for 8 to 12 h prior to experimentation.

Antibacterial assays. The MICs of individual agents were determined by a
broth microdilution method recommended by the Clinical and Laboratory Stan-
dards Institute (24), with the exception that TSB was used. Bacteria cells grown
overnight on chocolate II agar plates were suspended in phosphate-buffered
saline (PBS) to an optical density at 600 nm of 1.0, which was equivalent to 10'°
CFU/ml, and the suspensions were then diluted in modified TSB to a final
concentration of 5 X 10° CFU/ml. The bacterial suspensions were exposed to the
test agents and chloramphenicol at escalating doses, ranging from 1 to 64 pg/ml,
in triplicate in 96-well plates, and the plates were incubated at 37°C for 24 h (for
F. novicida and Schu S4) or 48 h (for LVS). The MIC was derived from the
concentration at which no growth of bacteria was visible. Subsequently, to ana-
lyze the viabilities of F. novicida and LVS cells after drug exposure, a 100-ul
sample of the bacterial suspension from each well was serially diluted with PBS
and the diluted samples were spread onto chocolate IT agar plates. After 24 h (for
F. novicida) or 48 h (for LVS) of incubation at 37°C, the bacterial colonies on
each plate were counted and the results were expressed as the numbers of CFU
per milliliter. The effects of test agents on the growth of two additional gram-
negative bacteria, S. enterica serovar Typhimurium (ATCC 14028) and E. coli
(ATCC 25922), in LB broth or modified TSB were assayed as described above
for Francisella spp. To assess the protein binding effects on the anti-Francisella
activities of celecoxib and compound 20, the MICs of these two agents for F.
novicida were assayed in the presence of different concentrations of human AB
serum (Valley Biomedical, VA) and FBS (Gibco-BRL) by the microdilution
method as described above.

Macrophage viability assay. The effects of individual agents on macrophage
viability were assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium (MTT) assay (4). RAW 264.7 cells were seeded into 96-well plates at
2.5 % 10* cells/well (with a minimum of 6 wells per test group) in DMEM
supplemented with 10% FBS and 10 pg/ml of gentamicin, and then the plates
were incubated overnight at 37°C in a humidified incubator containing 5% CO.,.
The medium from each well was removed and replaced with fresh 5% FBS-
supplemented DMEM containing various concentrations of test agents dissolved
in dimethyl sulfoxide (DMSO; final concentration of 0.1%). Controls received
DMSO alone at a concentration equal to that in drug-treated cell samples. After
8 h of treatment, the medium was removed and replaced by 200 pl of 0.5-mg/ml
MTT in 10% FBS-containing medium and the cells were incubated in the CO,
incubator at 37°C for 1 h. Supernatants were removed from the wells, and the
reduced MTT dye was solubilized in 200 pl/well of DMSO. Absorbances at 570
nm were determined on a plate reader. The viability of drug-treated cells was
calculated as a percentage of that of vehicle-treated control cells, and a 50%
inhibitory concentration (ICs,) for cells was determined by using CalcuSyn
software (Biosoft, Cambridge, United Kingdom).

Assay for intracellular survival of Francisella in macrophages. F. novicida and
F. tularensis (type A strain Schu S4) cells grown overnight on chocolate IT agar
plates were suspended in PBS to a concentration of approximately 10'° CFU/ml
(as estimated by measuring an optical density at 600 nm of 1.0). RAW 264.7
murine macrophages and TPA-differentiated THP-1 cells were seeded into 12-
well plates at 5 X 10° cells/well, and bacteria were added at a multiplicity of
infection of 50 (16). After centrifugation of the plates at 800 X g for 15 min to
facilitate infection, macrophages were incubated at 37°C in a humidified incu-
bator containing 5% CO, for 2 h, exposed to 50 pwg/ml of gentamicin for 30 min,
and washed with prewarmed PBS twice to remove killed extracellular bacteria
(14). Infected macrophages were then treated in triplicate with various concen-
trations of test agents for 8 h, after which culture medium was collected from
each well and macrophages were lysed with 500 pl of 0.1% sodium deoxycholate
in PBS at 37°C for 5 min to release intracellular bacteria (15). Bacteria present
in the collected culture medium, either as free bacteria or as cells within floating
macrophages, were harvested by centrifugation at 16,000 X g for 5 min, followed
by the resuspension of the pellet in 500 pl of 0.1% sodium deoxycholate in PBS.
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TABLE 1. MICs of celecoxib and rofecoxib

MIC? (wg/ml) of:

Gram-negative bacterium

Celecoxib Rofecoxib
F. novicida 32 NE
F. tularensis LVS 16 NE
F. tularensis Schu S4 16 NE
S. enterica serovar Typhimurium NE NE
E. coli NE NE

“ NE, no effect of the test agent at 64 pg/ml.

Combined lysates were serially diluted with PBS and spread onto chocolate 1I
agar plates. The numbers of CFU were calculated after the incubation of the
plates for 24 h at 37°C. The rates of survival of intracellular bacteria in drug-
treated macrophages were calculated as percentages of the number of surviving
control (untreated) cells.

Statistical analyses. Data are expressed as means * standard deviations (SD).
Group means were compared using a two-tailed ¢ test for independent samples.
Differences were considered significant at P of <0.05. Statistical analyses were
performed using SPSS for Windows (version 16.0; SPSS, Inc., Chicago, IL).

RESULTS

Differential inhibitory effects of celecoxib and rofecoxib on
the growth of F. tularensis in broth culture. As part of our
effort to identify lead agents with activities against F. tularensis,
we examined the effects of a panel of pharmaceuticals in clin-
ical use on the growth of F. novicida and LVS in modified TSB.
Of the drugs examined, the COX-2 inhibitor celecoxib exhib-
ited a unique ability to inhibit bacterial growth, with MICs of
32 and 16 pg/ml for F. novicida and LVS, respectively (Table
1). The treatment of these bacteria with celecoxib at the re-
spective MICs led to 3- and 1.5-log decreases in CFU of F.
novicida and LVS, respectively (data not shown). F. novicida
and LVS were completely eliminated by 64 and 32 pg/ml of
celecoxib, respectively (data not shown). Importantly, cele-
coxib was equipotent in suppressing the growth of the human
virulent type A strain of F. tularensis, Schu S4, with an MIC of
16 pg/ml (Table 1). Moreover, this suppressive effect was
highly specific for Francisella since celecoxib was inactive
against two other gram-negative bacteria examined, namely, S.
enterica serovar Typhimurium (ATCC 14028) and E. coli
(ATCC 25922). In contrast, at 64 pg/ml, the structurally dis-
tinct but more potent COX-2 inhibitor rofecoxib had no ap-
preciable effect on any of the bacteria examined (Table 1),
indicating that the antibacterial effect of celecoxib was attrib-
utable to an “off-target” mechanism independent of the inhi-
bition of a putative COX-2-like enzyme in Francisella.

Pharmacological exploitation of the anti-Francisella activity
of celecoxib. The above-described findings of the off-target
activity of celecoxib against F. tularensis could be exploited by
using celecoxib as a molecular platform to develop potent
anti-Francisella agents for therapeutic use. Accordingly, we
established a focused compound library consisting of 21 cele-
coxib derivatives by replacing the sulfonamide (R;) and meth-
ylphenyl (R,) fragments of celecoxib with various functional-
ities (Table 2). The activities of these celecoxib derivatives
against F. novicida and LVS were examined. Of these deriva-
tives, compounds 2, 11, 12, 16, and 20 exhibited MICs of no
greater than 4 pg/ml for both strains. In particular, compound
12 was able to suppress the growth of F. novicida and LVS at
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TABLE 2. Structures and anti-Francisella activities of celecoxib, rofecoxib, and compounds 1 to 21
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MIC? (pg/ml) for:
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Compound R, R, R —— Compound R, R, . ——

F. novicida LVS F. novicida LVS
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“ NE, no effect of the test agent at 64 pg/ml. Data for F. novicida and LVS were obtained after 24 and 48 h, respectively.

2 and 1 pg/ml, respectively. This multifold increase in antibac-
terial activity provided a proof of principle that celecoxib could
be structurally optimized to develop potent anti-Francisella
agents.

Differential cytotoxicities of lead agents for macrophages.
Since the primary target in vivo for F. tularensis is the macro-
phage, we further assessed the cytotoxicities of celecoxib and
these lead agents in RAW 264.7 murine macrophage cells.
Figure 1 depicts the dose-response curves for individual agents
and samples of RAW 264.7 cells in 5% FBS-containing
DMEM medium after 8 h of treatment, demonstrating the
following order of relative potencies: compound 12 > com-
pound 11 > compound 2 > compound 16 > celecoxib >
compound 20. Serum was an important variable in this assay,
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FIG. 1. The cytotoxic effects of celecoxib and selected agents (com-
pounds 2, 11, 12, 16, and 20) on RAW 264.7 cells were measured using
the MTT cell viability assay, and the results are expressed as the
percentages of viable cells relative to the number of surviving vehicle
control (DMSO)-treated cells. Points indicate means, and bars indi-
cate SD (n = 3).
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TABLE 3. Comparison of cytotoxicities and antimicrobial efficacies
of selected agents

MIC 'ml) for 1C ml) for RAW 1C5y/MIC
Compound F. (n'Z%/icidL ” (ggfu)cens ;;;/tio
Celecoxib 32 17 0.5
2 4 9 2.3
11 4 4.8 1.2
12 2 2.4 1.2
16 4 15 3.8
20 4 46 11.5

as prior studies had shown that serum can suppress the activ-
ities of these agents (C. S. Chen, unpublished data). Although
compound 12 at 2 pg/ml was highly effective at inhibiting
bacterial growth, it also showed cytotoxicity for macrophages
at the same concentration, i.e., the IC5,/MIC ratio was 1.2
(Table 3). On the other hand, compound 20 exhibited the
highest IC5/MIC ratio, 11.5, indicating desirable selectivity in
drug-induced bacterial growth inhibition relative to cytotoxic-
ity for host cells. Moreover, like that of celecoxib, the inhibi-
tory activity of compound 20 was specific for Francisella, as this
compound was inactive against the gram-negative bacteria S.
enterica serovar Typhimurium and E. coli (data not shown).

Compound 20 inhibits the growth of intracellular F. tula-
rensis in murine and human macrophages. Based on these
results, compound 20 was studied further for its effect on the
intracellular survival of F. novicida in murine RAW 264.7 and
TPA-differentiated human THP-1 macrophages. After the in-
fection of macrophages and the removal of extracellular bac-
teria, the infected samples were treated with 4, 8, and 16 wg/ml
of compound 20 in 5% FBS-containing DMEM medium for
8 h. Intracellular bacteria were then harvested and enumerated
by calculating the numbers of CFU after growth on agar. As
shown in Fig. 2A, compound 20 effectively inhibits intracellular
F. novicida at 16 pg/ml (P < 0.05). Subsequently, the effect of
compound 20 on F. tularensis (type A strain Schu S4) in TPA-
treated THP-1 cells was assessed. At 4 pg/ml, the lowest con-
centration tested, compound 20 significantly inhibited the in-
tracellular survival of Schu S4 (P < 0.01), indicating the greater
susceptibility of Schu S4 than of F. novicida to compound 20
(Fig. 2B).

DISCUSSION

Several drugs that were not originally developed for the
treatment of bacterial infections have been demonstrated to
possess antimicrobial activities in vitro (8-12). For example,
statins, a group of cholesterol-lowering drugs, were shown pre-
viously to inhibit the in vitro growth of Staphylococcus aureus
(8). Here, we have demonstrated that celecoxib, a broadly used
anti-inflammatory agent, exhibits off-target activity against F.
tularensis in vitro. It is particularly noteworthy that the activity
of celecoxib against F. fularensis is more potent than that
against F. novicida. These differential effects are reflected in
the disparate MICs for F. novicida versus F. tularensis type A
strain Schu S4 and LVS. Moreover, the assessment of the
anti-Francisella activities of new celecoxib derivatives revealed
that F. novicida and LVS showed a marked difference in their
susceptibilities to celecoxib and its derivatives, especially com-
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pound 17, which had no measurable inhibitory effect on F.
novicida but was a potent inhibitor of LVS growth in modified
TSB (Table 2). This finding indicates that the interactions
between the drug and its putative bacterial target protein differ
among Francisella spp. One possibility is that the binding sites
for celecoxib on its putative target protein differ, leading to
higher binding affinities in F. tularensis strains than in other
Francisella strains and stronger growth inhibition of F. tularen-
sis in vitro.

Among the celecoxib derivatives synthesized and evaluated,
compound 20 was identified as having the best selectivity for
bacterial growth inhibition relative to its cytotoxicity for mac-
rophages. Equally important, it could inhibit the survival of
both intracellular F. novicida and intracellular F. tularensis
(type A strain Schu S4) in macrophages. Nevertheless, there is
a difference between the MICs for intracellular F. novicida and
bacteria grown in broth culture (16 versus 4 pg/ml). This dis-
crepancy reflects many factors that limit the access of antibac-
terial agents to intracellular pathogens, including serum pro-
tein binding and physical barriers imposed by biological
membranes. As shown in Table 4, the presence of either hu-
man serum or FBS in growth broth decreased the inhibitory
activities of both celecoxib and compound 20 on F. novicida
growth in broth. This issue identifies some of the challenges
that need to be addressed for the continued development of
this class of anti-Francisella agents. These include the devel-
opment of compounds with greater antibacterial potencies and
lower host toxicities and methods for increasing cytosolic levels
of compound 20 and future compounds. Also, because Fran-
cisella is located primarily in macrophages of the infected host,
methods for targeted drug delivery to macrophages should be
considered in the development of future anti-Francisella
agents. Thus, strategies that couple compound 20 with a carrier
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FIG. 2. Effects of compound 20 on the survival of intracellular F.
novicida and F. tularensis (type A strain Schu S4) in macrophages.
Compound 20 inhibits the intracellular survival of F. novicida in RAW
264.7 and THP-1 cells (A) and that of F. tularensis (type A strain Schu
S4) in THP-1 cells (B). Surviving intracellular bacteria were enumer-
ated by determining the numbers of CFU after treatments, and the
results are expressed as percentages of CFU relative to the CFU in
control (DMSO)-treated groups. The absolute CFU values for F. novi-
cida from control-treated RAW 264.7 and THP-1 cells were 2,466,667
and 160,000, respectively. The absolute CFU value for Schu S4 from
control-treated THP-1 cells was 113,666. Columns indicate means;
bars indicate SD (n = 3). *, P < 0.05 for the difference between groups
treated with 16 pg/ml compound 20 and the control group; **, P <
0.01 for the difference between each drug-treated group and the con-
trol group.
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TABLE 4. Effect of sera on MICs of celecoxib and compound 20
for F. novicida

MIC? (pg/ml) of:

Serum type Serum concn (%)
Celecoxib Compound 20
Human AB serum 0 32 4
10 NE 16
50 NE NE
80 NE NE
FBS 0 32 4
10 64 8
50 NE NE
80 NE NE

“NE, no effect of the test agent at 64 pwg/ml.

that can be actively phagocytosed by macrophages may prove
to be promising means to attain both increased intracellular
drug concentrations and specificity of drug delivery. One pos-
sible approach in this regard is to utilize the mannose receptor
that is expressed abundantly on macrophages, which has been
broadly used to enhance the specific delivery of drugs, oligo-
nucleotides, and proteins to intracellular compartments in
macrophages (7).

Celecoxib and rofecoxib are potent COX-2 inhibitors that
have been shown previously to interact with the same binding
pocket of the COX-2 enzyme with ICs,s in the submicromolar
range. Nonetheless, our data show that only celecoxib pos-
sessed activity against Francisella and that the MIC of cele-
coxib for Francisella (32 pg/ml) is much higher than its re-
ported ICs, for COX-2 (0.21 pg/ml) (19). These findings
suggest that the antimicrobial activity of celecoxib is indepen-
dent of the structural features that dictate its binding to
COX-2. Thus, we postulate that the putative bacterial target of
celecoxib in F. tularensis is structurally distinct from the COX-2
enzyme. In addition to COX-2, celecoxib has been reported to
possess inhibitory activities against other mammalian enzymes,
including phosphoinositide-dependent kinase-1, carbonic an-
hydrase, sarcoplasmic/endoplasmic reticulum calcium ATPase,
and COX-1 (21). These mammalian enzymes may serve as
leads to identify structurally similar bacterial proteins, one of
which may be the putative antibacterial target of celecoxib in F.
tularensis. Based on this assumption, the protein sequences of
these celecoxib-targeted enzymes were used to search for ho-
mologous protein sequences in the published proteomes of F.
tularensis Schu S4, F. novicida, and F. tularensis LVS at the
National Center of Biotechnology Information (http://www
.ncbinlm.nih.gov/). Our preliminary results have identified
several proteins of F. novicida and LVS that show homology to
carbonic anhydrase, sarcoplasmic/endoplasmic reticulum cal-
cium ATPase, and COX-1, including superoxide dismutase,
FGAM (phosphoribosylformylglycinamidine) synthase, and a
cation transport ATPase (FTF1738c). Although further exper-
iments must be performed to validate the roles of these bac-
terial proteins in celecoxib-induced growth inhibition of Fran-
cisella spp., these preliminary findings suggest that such an
approach to identifying bacterial drug targets is feasible and
will facilitate the development of more potent and specific,
celecoxib-derived anti-Francisella agents.
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