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Staphylococcus aureus osteomyelitis is a common and debilitating invasive infection of bone. Treatment of osteomyelitis is con-
founded by widespread antimicrobial resistance and the propensity of bacteria to trigger pathological changes in bone remodel-
ing that limit antimicrobial penetration to the infectious focus. Adjunctive therapies that limit pathogen-induced bone destruc-
tion could therefore limit morbidity and enhance traditional antimicrobial therapies. In this study, we evaluate the efficacy of
the U.S. Food and Drug Administration-approved, nonsteroidal anti-inflammatory (NSAID) compound diflunisal in limiting S.
aureus cytotoxicity toward skeletal cells and in preventing bone destruction during staphylococcal osteomyelitis. Diflunisal is
known to inhibit S. aureus virulence factor production by the accessory gene regulator (agr) locus, and we have previously dem-
onstrated that the Agr system plays a substantial role in pathological bone remodeling during staphylococcal osteomyelitis. Con-
sistent with these observations, we find that diflunisal potently inhibits osteoblast cytotoxicity caused by S. aureus secreted tox-

ins independently of effects on bacterial growth. Compared to commonly used NSAIDs, diflunisal is uniquely potent in the
inhibition of skeletal cell death in vitro. Moreover, local delivery of diflunisal by means of a drug-eluting, bioresorbable foam
significantly limits bone destruction during S. aureus osteomyelitis in vivo. Collectively, these data demonstrate that diflunisal
potently inhibits skeletal cell death and bone destruction associated with S. aureus infection and may therefore be a useful ad-

junctive therapy for osteomyelitis.

Osteomyelitis is an invasive infection of bone, most frequently
caused by the Gram-positive pathogen Staphylococcus aureus
(1). Treatment of osteomyelitis is confounded by an increasing
prevalence of antimicrobial resistance, as well as the propensity for
patients to develop pathological changes in bone remodeling that
limit antimicrobial penetration to the infectious focus. For this
reason, patients suffering from osteomyelitis often undergo mul-
tiple surgical debridements to remove infected and necrotic bone,
while also receiving prolonged antimicrobial therapy (1, 2). De-
spite these aggressive measures, a subset of patients with acute
osteomyelitis will progress to chronic infection, which is highly
refractory to further intervention and may require months to
years of antimicrobial treatment. Moreover, although adult osteo-
myelitis is often secondary to comorbidities such as trauma, sur-
gery, diabetes, or vascular insufficiency, hematogenous osteomy-
elitis in previously healthy children is more prevalent in the
current era of community-acquired staphylococcal infections (3).
Children are inherently vulnerable to adverse outcomes during
osteomyelitis given the presence of active epiphyseal plates and
thus have the potential to develop limb-length discrepancy (4).
Taken together, these facts illustrate the need for adjunctive ther-
apies that lessen the morbidity of staphylococcal osteomyelitis and
promote the efficacy of traditional antimicrobials through inhibi-
tion of destructive bone remodeling.

S. aureus is capable of producing numerous virulence factors,
including host-binding proteins, secreted toxins and superanti-
gens, degradative enzymes, and immune evasion factors. We re-
cently defined the secreted alpha-type phenol soluble modulins
(PSMs) as key contributors to the pathogenesis of staphylococcal
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osteomyelitis (5). Alpha PSMs were both necessary and sufficient
to elicit destruction of osteoblasts, the skeletal cells responsible for
synthesis of new bone and regulation of bone-resorbing oste-
oclasts. Moreover, inactivation of the alpha-type PSMs led to sig-
nificantly decreased bone destruction in a murine model of S.
aureus osteomyelitis, despite not having a significant effect on bac-
terial burdens. Production of PSMs in S. aureus is regulated by the
accessory gene regulator protein AgrA, which is a component of
the quorum-sensing agr regulatory locus. In contrast to most agr-
regulated virulence factors, the PSMs are regulated directly by
AgrA, rather than via the regulatory RNA molecule RNAIII (6).
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Accordingly, inactivation of the agrlocus also leads to a significant
reduction in bone destruction during osteomyelitis (5). These
data suggest that the agr locus might be an attractive target for
adjunctive therapies that lessen the morbidity of staphylococcal
osteomyelitis.

To date, a number of studies have shown preclinical efficacy of
agr inhibitory compounds in limiting S. aureus virulence (7-10).
One such study identified the U.S. Food and Drug Administration
(FDA)-approved nonsteroidal anti-inflammatory drug (NSAID)
diflunisal as a potent inhibitor of AgrA-mediated transcriptional
regulation (11). In an in silico screen, diflunisal was predicted to
inhibit AgrC-mediated phosphorylation of AgrA. Consistent with
this prediction, diflunisal treatment inhibited rabbit red blood cell
lysis and significantly lowered transcript levels of hla, RNAIII, and
psmo without affecting bacterial growth (7, 11). However, the
efficacy of diflunisal in mitigating staphylococcal virulence in vivo
has yet to be determined.

Based on the critical role of agr-regulated virulence factors in
the pathogenesis of staphylococcal osteomyelitis, we hypothesized
that diflunisal treatment would limit skeletal cell death and corti-
cal bone destruction during S. aureus infection. Here, we test this
hypothesis by evaluating the effects of diflunisal and other com-
monly used NSAIDs on staphylococcal growth, virulence factor
production, and host cell cytotoxicity. We also test the preclinical
efficacy oflocal diflunisal therapy during staphylococcal osteomy-
elitis by synthesizing drug-eluting polyurethane foams for direct
delivery to infected bone. Collectively, our results suggest that
diflunisal treatment is a promising strategy for adjunctive therapy
of osteomyelitis given its osteoprotective and anti-virulence prop-
erties.

MATERIALS AND METHODS

Bacterial strains, reagents, and growth conditions. An erythromycin-
sensitive derivative of the USA300-lineage strain LAC was used for all
experiments unless otherwise noted (12). Strain Newman was also used to
test whether diflunisal could limit the cytotoxic potential of other clinical
strains of S. aureus (13). For growth curve analysis, overnight cultures
were back-diluted 1:1,000 into tryptic soy broth (TSB) supplemented with
various NSAIDs or vehicle control. Cultures were grown in glass Erlen-
meyer flasks at 37°C and 180 rpm, shaking at a flask-to-volume ratio of
5:1. The optical density at 600 nm (ODy,,,) was measured at the indicated
time points. Diflunisal, ibuprofen, ketorolac, piroxicam, and salicylic acid
were purchased from Sigma and dissolved in either 100% ethanol or di-
methyl sulfoxide (DMSO) at a final concentration of 10 mg/ml. PSMa:2
was synthesized to >95% purity by AAPPTec (Louisville, KY) and resus-
pended in DMSO. Lysine triisocyanate (LTI) was purchased from Kyowa
Hakko USA (New York, NY) and contained 42.2% NCO. For polyester
triol synthesis, e-caprolactone and stannous octoate were purchased from
Sigma-Aldrich, and p,L-lactide and glycolide were purchased from Poly-
sciences (Warrington, PA). Triethylene diamine (TEDA) catalyst was re-
ceived from Goldschmidt (TEGOAMIN33, Hopewell, VA). All other re-
agents, including calcium stearate and turkey red oil, were purchased
from Sigma-Aldrich.

Osteoblast cell culture. Primary human osteoblasts were obtained
from Lonza (Basel, Switzerland) and cultured according to the manufac-
turer’s recommendations. To isolate primary murine osteoblasts, murine
femurs were extracted, the bone marrow was flushed, and the diaphysis
was cut into small pieces. The bone pieces were digested twice in 0.01%
trypsin-EDTA and 2 mg/ml collagenase for 30 min at 37°C. After diges-
tion, bone pieces were plated in a-MEM supplemented with 10% fetal
bovine serum (FBS), and cells were allowed to migrate from the bone for
10 to 14 days prior to harvest and plating for cytotoxicity assays. Cell lines
were obtained from the American Type Culture Collection (ATCC) and
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propagated at 37°C and 5% CO, according to ATCC recommendations.
The media were replaced every 2 to 3 days. All cell culture media were
prepared with 1 X penicillin-streptomycin and sterilized using a 0.22-pm-
pore size filter prior to use. MC3T3 E-1 murine osteoblastic cells were
cultured in a-MEM, supplemented with 10% FBS. Saos-2 human osteo-
blastic cells were grown in McCoy’s 5A medium with 15% FBS. The fol-
lowing cell densities were used for cytotoxicity assays: MC3T3 E1 murine
preosteoblastic cells and primary murine osteoblasts at 5,000 cells per
well, Saos-2 human osteoblastic cells at 10,000 cells per well, and primary
human osteoblasts at 3,500 cells per well.

Preparation of concentrated supernatants. To prepare concentrated
bacterial supernatants, three colonies were inoculated into triplicate
15-ml cultures in loosely capped 50-ml conical tubes and grown for 15 h
in RPMI supplemented with 1% Casamino Acids and various NSAIDs or
vehicle control. For some experiments, bacteria were alternatively grown
in glass Erlenmeyer flasks that were tightly sealed with a rubber stopper.
Bacteria were grown for 15 h at 37°C and 180 rpm, and then triplicate
cultures were combined, an aliquot was taken for CFU enumeration, and
supernatants were harvested by centrifugation. Supernatants were steril-
ized by passage through a 0.22-pum-pore size filter and then concentrated
to a final volume of approximately 1.5 ml using Amicon Ultra 3-kDa
nominal molecular mass columns. After concentration, supernatants
were again filter sterilized and either used immediately or frozen at
—80°C. For some experiments, synthetic PSMa2 (100 pg/ml) was added
to concentrated supernatants prior to intoxication of the cells.

Osteoblast cytotoxicity assay. The cytotoxic potential of concen-
trated supernatants toward MC3T3-E1 murine osteoblastic cells, Saos-2
human osteoblastic cells, primary murine osteoblasts, and primary hu-
man osteoblasts was determined as previously described (5, 14). Briefly,
cells were seeded into 96-well tissue culture plates 12 to 24 h prior to
intoxication and grown at 37°C and 5% CO,. The tissue culture medium
was then replaced with fresh media containing various concentrations of
concentrated supernatants. Cells were incubated an additional 22 h, at
which time the cell viability was determined using CellTiter AQueous One
solution (Promega, Madison, WI) according to the manufacturer’s in-
structions. For some experiments, diflunisal was added to the cell culture
medium at the time of intoxication at a final concentration of 10 pg/ml.

Synthesis of PUR foams for local drug delivery. LTI, tertiary amine
catalyst, polyester triol, and turkey red oil were all dried at 10 mm Hg for
3 h at 80°C to avoid excess amounts of water during polyurethane (PUR)
foam synthesis. The polyol component (70% e-caprolactone, 20% gly-
colide, and 10% lactide) of the PUR foam comprised a polyester triol of
900 g/mol that was synthesized using previously published techniques
(15, 16). Appropriate amounts of e-caprolactone, glycolide, p,L-lactide,
dried glycerol, and stannous octoate were mixed in a 250-ml round-bot-
tom flask and stirred under dry argon for 36 h at 140°C. The polyol was
then washed with hexane and vacuum-dried at 80°C for 14 h. Foams were
synthesized using a formulation that maintained constant ratios relative
to the polyol component and premixed with diflunisal. Formulations of
foams included 100 pphp (parts per hundred part polyol) polyol
7C2G1L900 mixed with 1.0 pphp water, 4.5 pphp tertiary catalyst, 1.5
pphp turkey red oil, 6.0 pphp calcium stearate, and the appropriate
amount of LTI. Appropriate ratios of LTI and polyol were mixed to ensure
foams contained targeted index values (100 X NCO equivalents/OH
equivalents) of 115. Reactants were mixed in a 5-ml plastic container for
1.5 min using a Hauschild SpeedMixer DAC 150 FVZ-K vortex mixer
(Flacktek) and left overnight to cure. The foams synthesized included
blank foams and foams loaded with 10 mM diflunisal. Foams were cut
into prisms (6 mm by 4.5 mm by 4.5 mm) for in vivo testing and sterilized
by ethylene oxide treatment.

In vitro release kinetics of diflunisal PUR foams. Foams containing
10 mM (10.8 mg) of diflunisal were synthesized and cut into four equal
slices. The foams were approximately 4.35 cm® before being cut into slices
at approximate sizes of 1.09 cm®. Each foam slice was then placed in a 65
ml vial and immersed in 60 ml of phosphate-buffered saline (PBS) solu-
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tion. All vials were placed on a mixer and incubated at 37°C. Then, 50-ml
samples were withdrawn at 4, 8, 24, 32, 48, 56, 72, and 144 h postincuba-
tion and replaced with 50 ml of fresh PBS. The samples were kept at 4°C
until analyzed by high-pressure liquid chromatography using a system
that contained a Waters 1525 binary pump and a 2487 Dual-Absorbance
Detector at 255 nm. Samples were analyzed using published techniques
(17). Diflunisal samples were eluted through an Xterra RP18 column con-
taining 5-pum particle sizes and measured 4.6 mm in diameter by 250 mm
in length. The mobile phase for this analysis contained a ratio of A40:B60
of acetonitrile (A) and 50 mM acetate buffer (pH 4.2) containing sodium
acetate anhydrous and distilled water (B) flowing at 0.35 ml/min. The
injection volume was 15 pl, and the column temperature was maintained
at 30°C.

Murine model of osteomyelitis. Osteomyelitis was induced in 7- to
8-week-old female C57BL/6] mice as previously described (5). An inocu-
lum of 10° CFU in 2 pl of PBS was delivered into murine femurs. For the
evaluation of local diflunisal therapy, PUR foams (6 mm X 4.5 mm X 4.5
mm) loaded with 10 mM diflunisal were fabricated, sterilized, and
wrapped around the femur at the inoculation site and sutured into place.
Empty PUR foams served as a mock treatment control. As a positive
control for the feasibility of local therapy using PUR foams, 8% (wt/wt)
vancomycin foams were synthesized and used in the osteomyelitis model.
At various times postinfection, mice were euthanized, and the infected
femurs were removed and either processed for CFU enumeration or im-
aged by micro-computed tomography (microCT). For CFU enumera-
tion, femurs were homogenized in a Bullet Blender (Next Advance, Aver-
ill, NY) using the Navy Bead Lysis kit and plated at limiting dilution on
tryptic soy agar. Analysis of cortical bone destruction was determined by
microCT imaging as previously described (5). Specifically, axial images of
each femur were acquired with 5.0-pwm voxels at 70 kV, 200 p.A, 2,000
projections per rotation, and an integration time of 350 msin a 10.24-mm
field of view. Each imaging scan comprised 1,635 slices (8.125 mm) of the
length of the femur, centered on the inoculation site as visualized in the
scout-view radiographs. A volume of interest including only the original
cortical bone and any destruction was selected by drawing inclusive con-
tours on the periosteal surface and excluding contours on the endosteal
surface. New bone formed during the course of infection was excluded
from this analysis. This process was repeated iteratively for all of the 1,635
slices of the microCT scan (comprising the entire diaphysis) using the
manufacturer’s analytical software. Volume of cortical bone destruction
was determined by segmenting the image with a lower threshold of 0 and
an upper threshold of 595 mg HA/ccm (milligrams of hydroxyapatite per
cubic centimeter), sigma 1.3, and support 1 to exclude bone in the analy-
sis. The direct voxel counting method was used for all reported calcula-
tions in each analysis.

Statistical evaluation. Differences in cytotoxicity, cortical bone de-
struction, and CFU counts were analyzed by Student # test. A P value of
=0.05 was considered significant.

RESULTS

Diflunisal inhibits S. aureus cytotoxicity toward human and
murine osteoblasts without affecting bacterial growth. In silico
analyses identified the NSAID diflunisal as a potent inhibitor of
AgrA-mediated gene expression (11). We previously demon-
strated that Agr-dependent virulence factor production, and in
particular synthesis of alpha-type PSMs, significantly contributes
to skeletal cell death and bone destruction associated with S. au-
reus osteomyelitis (5, 14, 18). Accordingly, we hypothesized that
diflunisal treatment would limit PSM production, and there-
fore abrogate osteoblast cytotoxicity. To test this hypothesis, a
USA300-lineage strain of S. aureus was grown in the presence of
various concentrations of diflunisal or vehicle control, after which
concentrated supernatants were prepared and tested for cytotox-
icity toward murine and human osteoblasts. Treatment with difl-
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unisal significantly limited the cytotoxicity of supernatant from
strain LAC toward murine osteoblastic MC3T3 cells in a dose-
dependent manner (Fig. 1A). Moreover, this effect was not strain
dependent, since diflunisal also significantly limited the cytotox-
icity of supernatant from strain Newman (see Fig. S1A in the sup-
plemental material). Diflunisal treatment also potently inhibited
staphylococcal killing of human Saos-2 osteoblastic cells, primary
murine osteoblasts, and primary human osteoblasts (Fig. 1B). The
diminution of cytotoxicity in the presence of diflunisal was not a
result of decreased bacterial density, since diflunisal treatment did
not significantly affect staphylococcal growth kinetics (Fig. 1C).
Collectively, these data indicate that diflunisal treatment signifi-
cantly limits the ability of S. aureus to destroy osteoblasts.

During the completion of these experiments, we discovered
that oxygenation significantly impacts the cytotoxic potential of S.
aureus cultures (14). Specifically, the growth of S. aureus in tightly
capped Erlenmeyer flasks, and thus lower oxygenation, led to en-
hanced cytotoxicity relative to culture in flasks loosely covered by
foil. We therefore conducted additional assays to test whether di-
flunisal could inhibit the cytotoxic potential of staphylococcal cul-
tures grown under altered oxygenation. In staphylococcal cul-
tures grown in tightly capped flasks, diflunisal still significantly
inhibited the cytotoxicity of concentrated supernatants toward
MC3T3 cells (see Fig. S1B in the supplemental material). This
result suggests that diflunisal can inhibit staphylococcal viru-
lence factor production under conditions of lower oxygenation
and therefore may have efficacy in the hypoxic environment of
infected bone.

Replenishment of alpha-type PSMs restores cytotoxicity to
diflunisal-treated S. aureus supernatants. Structural modeling
predicted that diflunisal binds to AgrA and inhibits phosphor-
ylation by AgrC, thereby halting quorum sensing and virulence
factor production (11). Given the critical role of AgrA in tran-
scription of the alpha-type PSMs (6), we reasoned that supple-
mentation of diflunisal-treated staphylococcal supernatants
with alpha-type PSMs would restore cytotoxicity toward osteo-
blasts. Three of the alpha-type PSMs were previously noted
to be dose-dependently cytotoxic toward osteoblasts, with
PSMa2 being most potent (5). To test whether PSM supple-
mentation could restore cytotoxicity to diflunisal-treated S. au-
reus, synthetic PSMa2 was added to concentrated supernatants
harvested from diflunisal-treated cultures. Supplementation
with PSMa2 restored the cytotoxicity of diflunisal-treated su-
pernatants toward both MC3T3 cells and primary human os-
teoblasts (Fig. 1D), providing further evidence that the anti-
virulence effects of diflunisal reflect AgrA inhibition.

Treatment of host cells with diflunisal fails to prevent staph-
ylococcal osteoblast cytotoxicity. Diflunisal treatment signifi-
cantly inhibits S. aureus-induced osteoblast cell death. However,
given that this drug is an anti-inflammatory compound, it is pos-
sible that diflunisal treatment modulates host cell death in a man-
ner that is partially independent of bacterial factors. To investigate
this possibility, supernatants were prepared from S. aureus cul-
tures grown in the absence of diflunisal. The supernatants were
subsequently combined with fresh cell culture medium contain-
ing diflunisal or vehicle control and then applied to osteoblast cell
monolayers to assess cytotoxicity. Supplementation of cell culture
media with diflunisal failed to inhibit the cytotoxicity of difluni-
sal-naive S. aureus supernatants (Fig. 2). Thus, inhibition of

September 2016 Volume 60 Number 9


http://aac.asm.org

Repurposing Diflunisal for S. aureus Osteomyelitis

A B
150 D 30% viv S. aureus SN 150 = D Primary Human Osteoblasts
- 20% v/v S. aureus SN -Saos-2 Osteoblastic Cells
[l Primary Murine Osteoblasts
*kk *kk *kk
e—— *kk
> *kk > T
g e g 100 = hii
> >
© ©
o 5]
) [0)
= >
© Kkk © -|-
© . —— O
o 50 C 50=
* X
c T T L] O 1 T
Vehicle 1 pg/ml 10 pg/ml Vehicle 1 pg/ml 10 pg/ml . : A
Diflunisal ~ Diflunisal Diflunisal  Diflunisal Vehicle E)ﬂlh‘gi’s”;'l Vehicle E)%lsggll Vehicle l;glsgi@:l
C 20 D
——@— Diflunisal
—-=O~-~EtOH Vehicle [ Primary Human Osteoblasts
-l @ 150 =
8- DMSO Vehicle [ MC3T3 Murine Osteoblastic Cells
Fkk Kk
b l
3 100+
8
>
©
o
)
=
T
T 504 #i#t#
o
X
#i##
0 T \I q./ T
¢ P 3 g < @5}
i N N S
Time (hours) RS R SN N
& &
& N
& &

FIG 1 Diflunisal inhibits S. aureus cytotoxicity toward human and murine osteoblasts without affecting bacterial growth. (A) MC3T3 murine osteoblastic cells
were intoxicated with 20 or 30% (vol/vol) of the concentrated supernatant (SN) from S. aureus grown in the presence of vehicle control (DMSO) or the indicated
concentrations of diflunisal. Percent cell viability is depicted relative to mock intoxication with sterile RPMI. Error bars represent the standard deviation (SD).
n =5 per group, and data are representative of three independent trials. ***, P < 0.001 relative to the vehicle control. (B) Same as panel A, except that Saos-2
human osteoblastic cells, primary murine osteoblasts, or primary human osteoblasts were intoxicated with 30% (vol/vol) concentrated SN. n = 10, and the data
are representative of at least two independent trials. Error bars represent the SD. ***, P < 0.001 relative to the vehicle control. (C) Growth analysis (i.e., the ODy,)
of S. aureus cultured in glass Erlenmeyer flasks with a 1:5 volume-to-flask ratio and in the presence of two different vehicle controls (100% ethanol or DMSO)
or 10 pg/ml diflunisal. Error bars represent the SD. (D) Same as panel B, except that 100 pg/ml of synthetic PSMa2 was added to concentrated supernatant prior
to intoxication of primary human osteoblasts or MC3T3 cells. Cells were treated with vehicle (DMSO) or 10 wg/ml diflunisal. n = 10, and the data are
representative of two independent trials. Error bars represent the SD. ***, P < 0.001 relative to vehicle control; ###, P < 0.001 relative to diflunisal-treated cells
without PSMa2.

staphylococcal cytotoxicity by diflunisal is largely independent of ~ osteoblasts. To test this, a panel of commonly used anti-inflam-

anti-inflammatory effects on host cells.

Potent inhibition of S. aureus cytotoxicity toward osteo-
blasts is unique to diflunisal. Diflunisal is a member of the salic-
ylate class of nonsteroidal anti-inflammatory compounds. It was
therefore postulated that other NSAIDs with similar chemical
properties might also inhibit staphylococcal cytotoxicity toward
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matory drugs representing the major classes of NSAIDs was tested
for the ability to limit S. aureus cytotoxicity. Aspirin (salicylate
class), its active metabolite salicylic acid, ibuprofen (propionic
acid derivative class), ketorolac (acetic acid derivative class), and
piroxicam (enolic acid derivative class) were included in the anal-
ysis. All compounds except piroxicam were tested using two dif-
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FIG 2 Supplementation of host cells with diflunisal does not inhibit cytotox-
icity of untreated S. aureus supernatant. MC3T3 cells were intoxicated with
concentrated supernatant from S. aureus grown in the presence (left) or ab-
sence (right) of vehicle control (DMSO) or 10 pg/ml diflunisal. Host cells were
then cultured in the absence (left) or presence (right) of vehicle control
(DMSO) or 10 pg/ml diflunisal. More specifically, fresh diflunisal or DMSO-
supplemented cell culture medium was added back to the cell monolayers at
the time of intoxication with concentrated supernatant. n = 5 per group, and
the data are representative of two independent trials. Error bars represent the
SD. ***, P < 0.001 relative to vehicle control. NS, not significant.

ferent solvents, DMSO and 100% ethanol. Piroxicam was only
soluble in DMSO at 10 mg/ml. None of the compounds signifi-
cantly inhibited S. aureus growth at 10 pg/ml (see Fig. S2 in the
supplemental material). Interestingly, although these compounds
share similar mechanisms of action, only diflunisal potently in-
hibited staphylococcal cytotoxicity toward osteoblastic cells (Fig.
3A and B). Piroxicam partially inhibited cytotoxicity at 10 pg/ml
(Fig. 3B) but also caused the most pronounced lag in exponential
growth (see Fig. S2 in the supplemental material). Salicylic acid
modestly inhibited cytotoxicity when dissolved in ethanol at a
concentration of 50 pg/ml (Fig. 3C), which is consistent with pre-
vious reports showing efficacy of this compound in limiting
staphylococcal virulence factor production (19-21). To further
investigate the relative potency of diflunisal, piroxicam, and sali-
cylic acid in preventing cytotoxicity, dose-response studies were
performed using 10, 25, 50, or 100 p.g/ml of each compound dis-
solved in DMSO. Diflunisal potently inhibited cytotoxicity to-
ward MC3T3 cells at all of the concentrations tested (Fig. 3D).
Salicylic acid did not inhibit cytotoxicity at any of the tested con-
centrations, suggesting that its effects on staphylococcal virulence
may be solvent dependent. Piroxicam again inhibited cytotoxicity
at higher concentrations (Fig. 3D), but growth curve analysis in-
dicated that this diminution of cytotoxicity was likely related to
inhibition of bacterial growth (Fig. 3E). Diflunisal also inhibited
bacterial growth at concentrations greater than 50 pg/ml. Collec-
tively, these data indicate that diflunisal potently inhibits staphy-
lococcal cytotoxicity toward osteoblasts, likely reflecting the im-
portant role of AgrA and alpha-type PSMs in inducing cell death
of these host cells.

PUR drug delivery foams are effective as local therapies for
experimental osteomyelitis. Given the potent blockade of PSM-
induced osteoblast cell death by diflunisal in vitro, we sought to
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test whether diflunisal would limit the pathogenesis of S. aureus
osteomyelitis in vivo in a murine model. We reasoned that a local
drug delivery system would achieve clinical efficacy while avoiding
the potential untoward effects of NSAIDs on the gastrointestinal,
renal, and cardiovascular systems. PUR drug delivery foams were
therefore fabricated to deliver diflunisal directly to the infectious
focus. To test the feasibility of PUR as a drug delivery system in the
murine model of S. aureus osteomyelitis, we first synthesized
foams containing 8% (wt/wt) of vancomycin. Groups of mice
were subjected to experimental S. aureus osteomyelitis, and either
an empty foam or a vancomycin-loaded foam was sutured into
place around the affected femur, centered on the inoculation site,
at the time of wound closure. Mice received no additional antibi-
otic therapy throughout the experiment. At 14 days postinfection,
mice were euthanized, and the infected femur was harvested and
processed for CFU enumeration. Local vancomycin therapy dra-
matically reduced the bacterial burdens in affected femurs relative
to mock-treated animals (Fig. 4). In fact, four of five vancomycin-
treated animals had bacterial burdens that were below the limit of
detection, suggesting that these mice may have cleared the infec-
tion completely. Therefore, PUR drug delivery foams have thera-
peutic efficacy in a murine model of S. aureus osteomyelitis.

Local diflunisal therapy significantly decreases S. aureus-in-
duced bone destruction during osteomyelitis. Having estab-
lished the feasibility of local drug delivery in a murine model of
osteomyelitis, we next sought to determine whether local difluni-
sal therapy could limit bone destruction during S. aureus infec-
tion. PUR foams were synthesized with a final concentration of
approximately 10 mM diflunisal. To ensure that the diflunisal-
loaded foams would elute the drug at a sufficient concentration to
inhibit skeletal cell death without impacting bacterial growth, the
foams were first tested in vitro for the ability to block staphylococ-
cal osteoblast cytotoxicity. Cultures grown in the presence of difl-
unisal-loaded foams achieved similar bacterial densities com-
pared to cultures incubated with empty foams (9.93 = 0.1008
log,, CFU/ml for diflunisal treatment versus 9.81 = 0.1307 log,,
CFU/ml for mock treatment; n = 3). However, supernatants pre-
pared from cultures incubated in the presence of diflunisal-loaded
foams had substantially less cytotoxicity toward osteoblastic cells
in comparison to cultures incubated with empty foams (Fig. 5A).
Of note, the potency of concentrated S. aureus supernatant was
lower in the presence of empty foams relative to experiments with
other vehicle controls, which may reflect nonspecific binding or
inhibition of the amphipathic phenol soluble modulins by the
foams. Nevertheless, diflunisal-loaded foams still showed signifi-
cant inhibition of cytotoxicity relative to empty foams. In addi-
tion, the in vitro release kinetics of diflunisal indicated an initial
burst release from the foam in the first 24 to 48 h, with approxi-
mately 50% of the loaded diflunisal having released within the first
day followed by a sustained release until day 7 (see Fig. S3 in the
supplemental material). From these results we concluded that di-
flunisal-loaded PUR foams elute the drug within the range of ther-
apeutic efficacy.

To test the ability of diflunisal to inhibit pathogen-induced
bone destruction, groups of mice were subjected to staphylococcal
osteomyelitis and administered a diflunisal-loaded or empty
foam. At 14 days postinfection, infected femurs were removed and
either imaged by microCT or processed for CFU enumeration.
There were no significant differences in bacterial burdens in the
femurs of mice receiving local diflunisal therapy versus those re-
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FIG 3 Potent inhibition of S. aureus cytotoxicity toward osteoblasts is unique to diflunisal. (A) MC3T3 cells were intoxicated with 20 or 30% (vol/vol) of
concentrated SN from S. aureus grown in the presence of vehicle control (ethanol) or 10 wg/ml of the indicated NSAIDs. (B) Same as panel A except that S. aureus
was grown in the presence of vehicle control (DMSO) or 10 pg/ml of piroxicam or diflunisal, since piroxicam was not soluble in ethanol. (C) Same as panel A
except that S. aureus was grown in the presence of vehicle control (ethanol), 10 pg/ml diflunisal, or 50 pg/ml salicylic acid. For panels A to C, the percent cell
viability is depicted relative to mock intoxication with sterile RPMI. Error bars represent the SD. n = 10 per group, and the data are representative of two
independent trials. ***, P < 0.001; **, P < 0.01 (relative to the vehicle control). (D) Dose-response curves were prepared with concentrated SNs grown in the
presence of increasing amounts of diflunisal, piroxicam, and salicylic acid (in DMSO). Then, 30% (vol/vol) concentrated SNs were used to intoxicate MC3T3
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and in the presence of the indicated concentrations of diflunisal, piroxicam, or vehicle control (DMSO). Error bars represent the SD. n = 3 per group, and the
data represent the average of two independent trials.
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FIG 4 PUR drug delivery foams are effective as local therapies for experimen-
tal osteomyelitis. Groups (n = 5) of 7- to 8-week-old female C57BL/6] mice
were subjected to experimental osteomyelitis by inoculation with S. aureus.
After inoculation, either an empty PUR foam or a foam containing 8% (wt/wt)
vancomycin was sutured into place around the inoculation site. At 14 days
postinoculation, femurs were harvested and processed for CFU enumeration.
The log,, CFU per femur is depicted. The horizontal bar represents the mean.
The dotted line depicts the limit of detection for bacterial burdens. ***, P <
0.001 relative to mice administered an empty foam.

ceiving mock treatment (Fig. 5B). However, mice treated with
diflunisal experienced significantly less cortical bone destruction
than mock-treated mice, with an average reduction in bone de-
struction of 36% in two independent trials (Fig. 5C and D). In
sum, these data show that diflunisal therapy ameliorates the
pathogenesis of staphylococcal osteomyelitis by blocking osteo-
blast cell cytotoxicity and limiting cortical bone destruction. We
therefore propose that diflunisal could be a promising adjunctive
therapy for invasive staphylococcal disease, and particularly mus-
culoskeletal infections.

DISCUSSION

Invasive S. aureus infections are a considerable source of global
morbidity and mortality. Treatment of staphylococcal infections
is hindered by intrinsic antimicrobial resistance, as well as by ex-
trinsic factors that lessen the clinical efficacy of antimicrobial
agents with proven activity in vitro. Staphylococcal osteomyelitis
is perhaps most demonstrative of these barriers to treatment, as
many musculoskeletal infections in the United States are caused
by antibiotic-resistant S. aureus (3), and pathogen-induced bone
destruction limits antimicrobial penetration to the infectious fo-
cus. Osteomyelitis therefore requires prolonged antibiotic therapy
and invasive debridement procedures, after which a proportion of
patients still progress to chronic infection.

Given that S. aureus accounts for nearly half of all deaths
caused by antibiotic-resistant pathogens in the United States,
there is an urgent focus on the development of new antimicrobial
therapies. This includes new and improved antibiotics for the
treatment of resistant pathogens, as well as complementary ther-
apies aimed at boosting host immune responses or limiting the
extrinsic factors that promote treatment failure. In regard to
staphylococcal osteomyelitis, therapies that limit pathological
bone destruction and improve antibiotic delivery to the infectious
focus could significantly enhance traditional antimicrobial ther-
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apy. Such complementary therapies could shorten the duration of
therapy for osteomyelitis while also limiting progression to
chronic infection, thereby lessening the likelihood of a pathogen
developing intrinsic antimicrobial resistance. In this study, we
tested the FDA-approved NSAID diflunisal as a potential comple-
mentary therapy for S. aureus osteomyelitis. Diflunisal potently
inhibited staphylococcal cytotoxicity toward murine and human
osteoblasts in vitro and significantly reduced bone destruction
during experimental osteomyelitis. Because the agr system is nec-
essary for expression of critical virulence factors by S. aureus,
blockade of AgrA activity by diflunisal may also have therapeutic
efficacy in other invasive staphylococcal diseases. Our in vivo stud-
ies likely underestimate the efficacy of diflunisal as an osteopro-
tective agent, as the release kinetics of diflunisal-loaded foams
indicated the majority of the compound is released in the first
week of the 2-week experiment. In future studies, we will tune the
foams to deliver the most efficacious release pattern in vivo.

Since surgical debridement of infected bone is a standard prac-
tice in the treatment of acute osteomyelitis, a unique opportunity
exists for administration of local therapies. In order to create a
preclinical model to evaluate local therapies for staphylococcal
infection, we utilized drug-eluting PUR foams in a murine model
of osteomyelitis. PUR foams effectively delivered both vancomy-
cin and diflunisal to the infectious focus, resulting in efficient
bacterial killing and amelioration of bone destruction, respec-
tively. Since PUR foams can be synthesized in a variety of shapes
and sizes, are readily compressible, and can be loaded with a vari-
ety of antimicrobial and tissue regenerative compounds, they may
be particularly useful for the delivery of local therapies to infected
tissues (22). The murine model of osteomyelitis did not allow for
testing the efficacy of diflunisal in limiting the pathogenesis of
established infections, since this would require stabilization of the
induced fracture with a fixator device to facilitate multiple surgical
procedures. Instead, we are currently developing alternative deliv-
ery vehicles for diflunisal to facilitate percutaneous administra-
tion to the infectious focus.

Future studies will determine whether local diflunisal therapy
enhances systemic antimicrobial therapy, in terms of reducing the
necessary duration of therapy, limiting the outgrowth of resistant
pathogens, or by decreasing the progression to chronic infection.
One limitation of the present study is the inability to parse out the
antivirulence effects of diflunisal from its anti-inflammatory
properties. NSAIDs are known to affect bone remodeling, and
they specifically impact osteoclast biology via inhibition of the
synthesis of proresorptive, inflammatory mediators such as pros-
taglandins (23). Additional studies are required to further inves-
tigate the cellular mechanisms underlying the osteoprotective ef-
fects of diflunisal in the context of osteomyelitis and whether
osteoprotection is mediated by osteoblasts, osteoclasts, or both.
Nevertheless, since NSAIDs are a mainstay of therapy for patients
recovering from osteomyelitis, any antivirulence effects that can
be added by diflunisal will be valuable. Another potential limita-
tion of diflunisal therapy is that AgrA inhibition may have the
unintended consequence of increasing biofilm formation. Inacti-
vation of the agr system leads to enhanced in vitro biofilm forma-
tion in a number of S. aureus strains, and Agr-defective strains
have been isolated from patients with chronic musculoskeletal
infection (24-27). It may therefore be prudent to only use difluni-
sal in combination with traditional antibiotics, and perhaps to
focus on patients with acute osteomyelitis, rather than those with
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implant-associated infection or established chronic disease. De-
spite these caveats, our work suggests that diflunisal may be a
promising adjunctive therapy for osteomyelitis with antivirulence
and osteoprotective effects.
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