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Abstract

Iron acquisition is a virulence factor for Saphylococcus aureus. We assessed the efficacy of the
iron chelator, deferasirox (Def), alone or in combination with vancomycin (Van) against two
methicillin-resistant S. aureus (MRSA\) strains in vitro and in a murine bacteremia model. In vitro
time—Kkill assays were carried out against MRSA or vancomycin-intermediate S. aureus (VISA)
strains. The impact of Def on Van binding to the surface of S. aureus was measured by flow
cytometry. Furthermore, we compared the efficacy of Def, Van, or both drugs in treating S. aureus
bacteremia in a murine model. Combination therapy reduced MRSA and VISA viability in vitro
versus either drug alone or untreated controls (p <0.005); this outcome was correlated with
enhanced Van surface binding to S aureus cells. In vivo, Def+Van combination therapy
significantly reduced the bacterial burden in mice kidneys (p =0.005) and spleen (p <0.001), and
reduced the severity of infection with MRSA or VISA strains compared to placebo-treated mice.
Our results show that Def enhances the in vitro and in vivo capacity of Van-mediated MRSA
killing via a mechanism that appears to involve increased binding of Van to the staphylococcal
surface. Iron chelation is a promising, novel adjunctive therapeutic strategy for MRSA and VISA
infections.

Introduction

Saphylococcus aureus, a persistent nasal colonizer in approximately one-third of the human
population [1], causes infections ranging from superficial skin lesions to life-threatening
syndromes such as endocarditis, osteomyelitis, toxic shock, and sepsis [2-4]. Indeed, S.
aureus is the second leading cause of healthcare-associated bacteremia, accounting for ~13
% of such infections. Of note, the acquisition of nosocomial S. aureus bloodstream
infections leads to extended length of hospital stay and increased antibiotic usage, costs, and
mortality [5].

Recent data indicate that iron acquisition is absolutely required for multiple stages of S.
aureus pathogenicity and virulence [6, 7]. S. aureus possesses several iron uptake systems,
including the iron-regulated surface determinant system [8-10], siderophores such as
staphyloferrin A [11], staphyloferrin B [12], and aureochelin [13], the transferrin receptor
[14], and heme or hemoprotein-specific staphylococcal receptors [7]. Furthermore, patients
suffering from iron overload are at increased risk of developing S. aureus bacteremia [15].
Our previous study showed that the iron chelator, deferasirox (Def), significantly protected
mice from mucormycosis, and enhanced the efficacy of liposomal amphotericin B in treating
experimental mucormycosis and aspergillosis [16—18]. Therefore, we hypothesized that
using Def alone or in combination with conventional antibiotic therapy might also prove to
be effective against S. aureus in vitro and in vivo.

Eur J Clin Microbiol Infect Dis. Author manuscript; available in PMC 2015 May 01.
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Materials and methods

Bacterial strains and culture conditions

S aureus LAC, a USA300 methicillin-resistant S. aureus (MRSA) clinical isolate, was
provided by Dr. Frank DeLeo (NIAID/NIH), while S aureus Mu50 is a vancomycin-
intermediate S. aureus (VISA) strain obtained from the NIAID’s Network on Antimicrobial
Resistance in Staphylococcus aureus (NARSA). Both strains were maintained in stock
cultures containing brain heart infusion (BHI) medium+17 % glycerol (Sigma-Aldrich) and
stored at —80 °C until thawed for use. Working plates were subcultured from the stock
cultures by streaking a loopful on Luria-Bertani (LB) agar plates and incubating at 37 °C for
24-48 h prior to storing them at 4 °C. Overnight cultures were inoculated in BHI medium
and grown at 37 °C in a shaking incubator for 12-16 h. On the day of each experiment, the
bacterial cells (100 ul) were passaged into fresh BHI medium and incubated at 37 °C for
2.5-3 h to yield exponential phase cells. The bacterial cells were then harvested by
centrifugation at 4,000xg for 5 min and washed twice with phosphate buffered saline (PBS),
resuspended in PBS, and the inoculum determined by McFarland standard reading using a
desktop portable photometer. All inocula estimates were confirmed by quantitative plate
counts.

Susceptibility testing and time—kill assay

The in vitro susceptibility of MRSA strain LAC300 or the vancomycin-intermediate MRSA
strain (VISA) Mu50 against Def or vancomycin (VVan) were determined by standard Clinical
and Laboratory Standards Institute (CLSI) microdilution methods [19]. We also determined
the minimum bactericidal concentrations (MBC) by spotting samples from all of the 96-well
plates on LB plates and incubating at 37 °C for 24 h. The MBC was defined as the least
concentration of the drug at which the organism failed to grow on the LB plate. To evaluate
the potential enhanced activity of Van in combination with Def against the above two
MRSA strains in vitro, the isolates were “preconditioned’ in BHI with 0.5x minimum
inhibitory concentration (MIC) of Def (25 mg/L) at 37 °C overnight to reduce intracellular
iron stores versus BHI alone (“non-preconditioned’ control). Preconditioned or non-
preconditioned bacterial cells [1x108 colony-forming units (CFU)/mlI] were transferred into
BHI medium containing 1x of MIC of Def (50 mg/L), Van (0.78 and 6.25 mg/L for MRSA
LAC300 or VISA, respectively), or a combination of both drugs. Inoculated BHI medium
without drugs served as controls. Aliquots were obtained at 0, 4, 6, and 24 h for CFU
quantification. Data were expressed as mean log;g CFU/mI [+ standard deviation (SD)]. All
experiments were performed in triplicate.

Effect of Def treatment on Van binding to the bacterial cell surface

The impact of Def on Van binding was measured by flow cytometry. Overnight culture of
bacterial cells were collected, washed, adjusted to 1x 108 CFU/ml, and exposed to: (1) 1x
MIC of fluorescently labeled Van (Bodipy®FL VAN; Invitrogen Corp., Carlshad, CA,
USA,; at 0.78 and 6.25 mg/L for MRSA LAC300 and VISA Mu50, respectively) or (2) 1x
MIC of Bodipy®FLVan plus Def at 1x MIC (50 mg/L) for 6 h at 37 °C, as described above
for the in vitro time—kill assays. The maximum excitation and emission spectra of the
Bodipy®FL VAN are 504 and 511 nm, respectively [20]. The binding of VVan was assayed

Eur J Clin Microbiol Infect Dis. Author manuscript; available in PMC 2015 May 01.
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by quantitative flow cytometry (FACScalibur; Becton-Dickinson) [21, 22]. For each sample,
10,000 cells were acquired and analyzed for quantitative green fluorescence, indicating the
extent of Van binding. S. aureus cells without any antibiotic exposure were used as negative
controls. Data were expressed in terms of the intensity of fluorescence (relative fluorescent
units), as well as the percentage of acquired cells with positive fluorescence (set at>10
fluorescent units in the FL-1 channel) [21, 22].

Animal model

We also studied the potential for enhanced activity of VVan in combination with Def in a
well-characterized murine staphylococcemia model. BALB/c mice were infected via the tail
vein with 6x107 bacterial cells. Treatment with Def (Novartis Pharmaceuticals) [15 mg/kg,
administered twice daily via oral gavage in 0.5 % hydroxypropylcellulose (Klucel)] was
started 4 h postinfection, while Van (2 mg/kg, administered twice daily via tail vein
injection) was started 24 h postinfection. These doses were selected based on pilot studies
showing limited efficacy of either drug alone, which would likely allow for the detection of
enhanced drug combination activities. Additionally, a dose falling between 3.74 and 11
mg/kg/d of Van has been reported to result in 50 % survival of mice infected with an MRSA
strain with a Van MIC of 1.0 mg/L [23]. Treatment continued for 2 days. Control mice were
given 0.5 % Klucel. Tissue bacterial burdens (mean log,q CFU/g+SD) for two prototypical
hematogenously seeded target organs (kidneys, spleen) served as the primary end-point and
histopathological examination of kidneys stained with Gram stain served as a secondary
end-point.

Statistical analysis

Results

Differences in growth rates in vitro or tissue bacterial burdens in the infected organs were
compared by the non-parametric Wilcoxon rank-sum test. p-values <0.05 were considered
significant. All procedures involving mice were approved by our Institutional Animal Care
and Use Committee (IACUC), according to the National Institutes of Health guidelines for
animal housing and care.

Def acts synergistically with Van in killing S. aureus in vitro

The Def MICs and MBCs were 50 mg/L for both strains. The MIC and MBC values for Van
against MRSA LAC300 were both 0.78 mg/L, whereas they were both 6.25 mg/L for the
VISA strain. In preconditioned or non-preconditioned medium, Def alone resulted in a~2-3
log;o CFU/mI reduction in counts at all time points tested for both strains compared to
controls (p <0.005 by Wilcoxon ran- sum test). Further, Def was superior to Van at all time
points against MRSA LAC300 (p =0.002) (Fig. 1a, b). Similarly, compared to Van, Def
reduced VISA counts by ~1.5-2.5 logs early (4 h time point), although this effect was not
durable (Fig. 1c, d). In contrast, Van had no significant effect on reducing MRSA LAC300
or VISA CFU compared to controls at all time points. These studies are in agreement with
several previous reports showing a modest effect of Van killing of MRSA in vitro [24-26].
Interestingly, the combination of Def+Van significantly inhibited the growth of both strains

Eur J Clin Microbiol Infect Dis. Author manuscript; available in PMC 2015 May 01.
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at both early and late time points, compared to controls as well as Def or VVan alone, both in
Def preconditioned or Def non-preconditioned medium (p <0.005) (Fig. 1).

Def enhances Van binding to the S. aureus cell surface

In an attempt to study the potential mechanisms by which Def might enhance the activity of
Van, we studied the effect of Def treatment on the ability of Van to bind to the cell surface
of S aureus [27]. The impact of Def on Van binding is showed in Fig. 2 (panels a and b for
MRSA and VISA strains, respectively). A significant increase in Van binding was observed
in the combination Def and VVan group as compared to Van alone, as indicated by a
substantial increase in FL-1 intensity (Fig. 2; rightward curve shift). The mean FL-1
fluorescence values in the combination groups were significantly higher than the Van alone
groups (185.19+12.3 for combination vs. 55.87+7.8 for Van alone using the MRSA strain
[Fig. 2a, p <0.0003]; and 235.1+21.5 for combination vs. 66.5+6.3 for Van alone using the
VISA strain [Fig. 2b, p <0.003]). These results suggest that Def exposure significantly
enhanced cell surface Van binding in both study strains. Importantly, the increased Van
binding in the combination groups correlated with their in vitro susceptibility profiles above
(Fig. 1). Although the VISA strain appears to have bound less Van than the MRSA strain
(63.52+10.47 % for the VISA strain vs. 78.50+5.72 % for the MRSA strain), this difference
was not statistically significant (p >0.05).

Def+Van combination therapy is effective against S. aureus in vivo

We also studied the effect of combination Def+Van therapy in vivo using a murine
staphylococcemia model of infection. Our preliminarily studies showed that the kidneys
represented a major target organ in this model (Fig. 3a). Therefore, we selected this organ as
one principle readout target for the in vivo efficacy of Def+Van in terms of MRSA burdens.
We also evaluated the effect of drug treatments in the spleen, since this organ is an
important clinical target in staphylococcemic patients [28, 29]. Moreover, the spleen is a
very important lymphoid organ, and our drug treatments might have an effect on enhancing
the immune response to S aureus infections. As shown in Fig. 3b, c, the kidneys had an
MRSA LAC300 bacterial load of >8 logig CFU/g, as compared to ~7 log1g CFU/g for
VISA-infected mice (placebo groups). Only Def+ Van combination therapy substantially
reduced bacterial burdens in the kidneys of mice infected with MRSA LAC300 (Fig. 3b) (p
<0.02) or VISA strains (Fig. 3c) (p <0.04) when compared to placebo (control) mice.
Further, combination therapy significantly reduced kidney bacterial burden as compared to
Van alone (p =0.017 or <0.04 for MRSA LAC300 [Fig. 3b] or VISA [Fig. 3c] strains,
respectively) and compared to Def-treated mice infected with MRSA LAC300 (Fig. 3b) (p
=0.015). Interestingly, Van treatment alone did not result in a significant decrease in the
kidney bacterial burden (Fig. 3b, ¢). Combination therapy also significantly reduced splenic
bacterial burden as compared to placebo or in mice treated with Def alone (p <0.005 [Fig.
3b]), and strongly trended to reductions in bacterial burden compared to Van alone treated
mice in animals infected with the MRSA LAC300 strain (p =0.06). However, combination
therapy had no effect on the spleen bacterial burden in mice infected with the VISA strain
when compared to Van or Def treatment alone (Fig. 3c).

Eur J Clin Microbiol Infect Dis. Author manuscript; available in PMC 2015 May 01.
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Because kidneys represented the primary target organ, we further investigated the effect of
combination treatment on the histology of this organ collected from mice infected with the
MRSA LAC300 strain and treated with the above treatment regimens. The histopathological
examination corroborated the CFU results, since kidneys collected from combination-treated
mice demonstrated fewer abscesses with less staphylococcal organisms seen on Gram stain
compared to the placebo or monotherapy treatment arms (Fig. 4).

Discussion

Iron is not only a critical nutrient source for microorganism growth, but it also enhances
microbial virulence and impairs host antimicrobial responses [30, 31]. Existing data suggest
that iron acquisition is critical for S aureus survival and its subsequent virulence [6, 7]. For
example, S. aureus harboring mutations in a gene cluster required for the transport of heme
iron were less virulent in animals, with a diminished ability to form abscesses in kidneys and
liver as compared to a wild-type strain [32]. We have previously demonstrated the feasibility
of using the iron chelator, Def, in combination therapy with antifungal drugs in mice
infected with aspergillosis and mucormycosis [16-18]. Given the importance of iron in the
virulence of S aureus, we studied the potential use of Def in combination with Van against
two prototypical MRSA isolates reflecting the range of current pathogenic strains. Our
results showed that Def+Van combination therapy was more efficacious than single-drug
therapy. This enhanced combination drug effect was very pronounced in vitro (with growth
inhibition of both MRSA and VISA strains), while being rather modest in vivo.

There are no published data on the pharmacokinetics of Def in mice at the administered dose
of 30 mg/kg/d. However, data from dogs, rats, and marmosets using a range of 10-25 mg/kg
Def dose indicate rapid absorption of the drug, with maximal plasma concentrations reached
within 1 h, followed by rapid decrease in the drug concentration, with an estimated half-life
of ~1 h [33]. Importantly, Def demonstrates a time-dependent, rather than concentration-
dependent, killing activity [16]. Thus, as a time-dependent effector drug, maintaining the
concentration of the iron chelator above the MIC of the organism throughout the dosing
interval most closely correlates with the antimicrobial effect. Therefore, the relatively
modest efficacy of the chelator—vancomycin combination therapy in vivo may be explicable
by the relatively high MIC and MBC of Def (50 mg/L), a Def level unlikely to be
maintained in mice for a long period of time, given its relatively short half-life. Finally, in
humans, a Def dose of 20 mg/kg yields achievable mean serum peak and trough levels of
only ~38 and ~17 mg/L, whereas a dose of 40 mg/kg yields an achievable mean serum peak
and trough levels of only ~86 and ~26 mg/L [34]. Hence, it is possible that Def may be
ultimately more useful as a topical agent for superficial infections or as a mucosal MRSA
‘decolonizer’ (rather than for treating systemic infections).

Our data show that Def treatment significantly enhances the capacity of Van to bind to the
cell surface of S aureus (Fig. 2). It is not clear how a reduction in iron uptake leads to
increased Van surface binding in S. aureus. However, it is tempting to postulate that this
Def-associated augmentation of VVan surface binding accounts, at least in part, for the in
vitro and in vivo synergy of this drug combination against S aureus. Our results provide an
impetus into further studies to assess the potential of such combination therapy against S.

Eur J Clin Microbiol Infect Dis. Author manuscript; available in PMC 2015 May 01.
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aureus infections, and into understanding the mechanism behind this possible synergistic
effect between these two drugs.
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Fig. 1.
Time-kill activity of deferasirox (Def), vancomycin (Van), and combinations versus

methicillin-resistant Staphyl ococcus aureus LAC300 or vancomycin-intermediate S. aureus
(VISA) Mu50. S aureus strains were ‘preconditioned” (a and c) with 0.5x minimum
inhibitory concentration (MIC) of Def [25 mg/L of brain heart infusion (BHI)] at 37 °C
overnight to reduce intracellular iron stores versus BHI alone (‘non-preconditioned’ control,
b and d). Preconditioned or non-preconditioned MRSA LAC300 or VISA cells [1x10°
colony-forming units (CFU)/mI] were transferred into BHI medium containing 1x of MIC of
Def (50 mg/L), Van (0.78 mg/L for the MRSA strain and 6.25 mg/L for the VISA strain), or
a combination of both drugs. Inoculated BHI medium without drugs served as controls.
Aliquots were obtained at the indicated time points for CFU quantification. *p <0.005 vs.
control or Van, **p <0.005 vs. control or either drug alone, 3p < 0.005 vs. control by the
Wilcoxon rank-sum test
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Fig. 2.
Def exposure significantly enhanced Van binding on S. aureus MRSA or VISA strains. Van

binding to the study S. aureus strains was determined by measuring the fluorescence activity
of Bodipy®FL Van using flow cytometry. a, b show the fluorescence units versus the
number of MRSA (a) and VISA (b) cells treated with Van alone (left curves) and Van+Def
(right curves). A shift in the cell population to the right indicates an increased Van binding
to S aureus strains. *p <0.0003, while **p <0.003. M1 represents the Van-bound population
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Fig. 3.
Efficacy of Def and Van combination therapy in mice infected with the MRSA LAC300 or

the VISA strain. Bacterial tissue tropism was quantitatively determined after intravenous
inoculation of mice with the MRSA LAC300 strain (1x107 cells) (a). For the treatment
efficacy studies, mice were infected with the MRSA LAC300 (b) or the MRSA VISA strain
(c) via tail vein injection with 6x107 cells. Mice were treated with Def (15 mg/kg/d, n =16
for the MRSA LAC300 strain and n =9 for the VISA strain), Van (2 mg/kg/bid, n =15 for
the MRSA LAC300 strain and n =8 for the VISA strain), Def+Van (n =14 for the MRSA
LAC300 strain and n =10 for VISA strain), or placebo (n =17 for the MRSA LAC300 strain
and n =9 for the VISA strain). Combination treatment significantly reduced bacterial burden
in the kidneys of mice infected with either strain (b, c) and in spleens collected from mice
infected with the MRSA LAC300 strain (b), but not from mice infected with the MRSA
VISA strain (c). Data are displayed as medianszinterquartile ranges. *p <0.0002 vs. all other
organs; **p <0.02 vs. all other treatments; $p <0.005 vs. placebo or Def treatments; and #p
<0.04 vs. placebo or Van treatments
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Fig. 4.

Dgf and Van combination therapy reduced disease severity in mice. Representative
histopathological sections from kidneys are shown. All mice were infected with the MRSA
LAC300 strain via tail injection with 6x107 cells. Although abscesses were seen in kidneys
from all treatments, sections from the combination therapy arm had much less bacteria
compared to all other treatments. Magnification=40x (a) or 400x (b). Sections were stained
by Gram stain to show S aureus as dark purple clusters
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