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Abstract: Mupirocin is an antibiotic having a unique mode
of action, not shared by any other therapeutically available
antibiotic. However, due to its rapid elimination following
injection and high protein binding, current therapeutic
use is limited to topical administration. Computational
methods have identified mupirocin as a good candidate for
delivery via long-circulating nano-liposomes. Formulat-
ing mupirocin in such liposomes to form Nano-mupirocin
protects the drug in the circulation, enabling therapeutic
efficacy. This was demonstrated using two different animal
models that served as a proof of concept: the mice necrotiz-
ing fasciitis and rabbit endocarditis models. In both ani-
mal models, mupirocin administered intravenously (IV)

aPresent address: Teva Pharmaceutical Industries, Ltd., Kfar Saba,
Israel.

*Corresponding author: Yechezkel Barenholz, Laboratory of
Membrane and Liposome Research, Department of Biochemistry,
IMRIC, The Hebrew University — Hadassah Medical School,
Jerusalem, Israel, Phone: +972 2 6757615, Fax: +972 2 6757499,
E-mail: chezyb@ekmd.huji.ac.il

Ahuva Cern: Laboratory of Membrane and Liposome Research,
Department of Biochemistry, IMRIC, The Hebrew University —
Hadassah Medical School, Jerusalem, Israel; and Molecular
Modeling and Drug Design Laboratory, The Institute for Drug
Research, The Hebrew University of Jerusalem, Israel

Ayelet Michael-Gayego: Microbial Molecular Diagnostics Laboratory,
Department of Clinical Microbiology and Infectious Diseases,
Hadassah Hebrew University Medical Center, Jerusalem, Israel
Yaelle Bavli: Laboratory of Membrane and Liposome Research,
Department of Biochemistry, IMRIC, The Hebrew University —
Hadassah Medical School, Jerusalem, Israel

Erez Koren: Laboratory of Membrane and Liposome Research,
Department of Biochemistry, IMRIC, The Hebrew University —
Hadassah Medical School, Jerusalem, Israel

Amiram Goldblum: Molecular Modeling and Drug Design Laboratory,
The Institute for Drug Research, The Hebrew University of Jerusalem,
Israel

Allon E. Moses: Department of Clinical Microbiology and Infectious
Diseases, Hadassah Hebrew University Medical Center, Jerusalem,
Israel

Yan Q. Xiong: Geffen School of Medicine at UCLA, LABioMed at
Harbor-UCLA Medical Center, Torrance, CA, USA

lacked therapeutic efficacy, while the Nano-mupirocin
administered IV was efficacious. In both mice and rabbits
the pharmacokinetic (PK) profile following IV injection
of Nano-mupirocin showed significantly greater AUC and
elimination half-life of Nano-mupirocin compared to the
free drug. In addition, in mice we also demonstrated sig-
nificant drug distribution into the disease site. These PK
profiles may explain Nano-mupirocin’s superior therapeu-
tic efficacy. To the best of our knowledge, this is the first
study demonstrating that systemic activity of mupirocin is
feasible. Therefore, Nano-mupirocin can be considered a
novel and unique parenteral antibiotic candidate drug.

Keywords: antibiotic; computer-based identification;
nano-liposomes; repurposing.

Introduction

Mupirocin was identified by computational methods as
a good candidate for nano-liposomal delivery (1, 2). This
computational approach tested the suitability of drugs
for remote loading into liposomes and nano-liposomes.
Remote liposomal loading is an approach by which pre-
formed liposomes having an ion and/or pH gradient
demonstrate a highly efficient and stable uptake of active
pharmaceutical ingredients (APIs) (3, 4). Nano-liposomes
remote loading may be the only valid solution to achieve
enough drug per liposome to result in therapeutic efficacy
in humans. Suitable candidates for remote loading are
amphipathic weak acids or weak bases. These are defined
by their logD at pH 7.0 in the range of -2.5 to 2.0. Amphi-
pathic weak bases should have a pKa <11 and weak acids
should have a pKa >3 (5). However, not all amphipathic
weak acids or bases are suitable for this loading method.
Computational screening identified only 2.3% of screened
molecules as being capable of high and efficient remote
loading into nano-liposomes (2). Mupirocin chemical struc-
ture is described by Figure 1. It is an amphipathic weak
acid as defined by its pKa (4.78) and logD value at pH 7.0
(0.02) (6). In addition, it was highly scored by the computa-
tional models developed (2). Nano-liposomal formulation
of mupirocin was developed based on this computational
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Figure 1: Mupirocin chemical structure.

approach (7, 8). This formulation, termed “Nano-mupi-
rocin”, is based on a PEGylated nano-liposomal formula-
tion of mupirocin containing hydroxypropyl-B-cyclodextrin
(HPCD) in its intra-liposomal aqueous phase. The HPCD in
the liposomes improves the control of mupirocin release in
the presence of serum. Figure 2 is a schematic illustration
of mupirocin loading into calcium acetate liposomes with
and without HPCD. Nano-mupirocin was found to be stable
upon storage at 4°C for at least 1 year.

Mupirocin (pseudomonic acid A) is the major compo-
nent of a family of structurally related antibiotics produced
by strains of Pseudomonas fluorescens (9-11). The primary
mode of action of mupirocin has been found to be inhibition
of RNA and protein synthesis. The target in the bacterial cell
is the isoleucine-binding site on the isoleucyl-transfer-RNA
synthetase enzyme. By reversibly inhibiting formation of
the enzyme complex, further incorporation of the amino
acid is prevented, and cellular levels of the isoleucine
charged transfer RNA are depleted. This causes cessation
of RNA and protein synthesis in these bacteria. Mupirocin
has low affinity for mammalian isoleucyl-transfer-RNA syn-
thetase (12). Mupirocin’s mode of action is unique and not
shared by any other therapeutically available antibiotic, so
that cross resistance with other antibiotics is not expected.
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Mupirocin is active mainly against Gram-positive
bacteria such as Staphylococcus and Streptococcus. The
Gram-negative bacteria sensitive to mupirocin include Hae-
mophilus influenzae, Neisseria gonorrhoeae, Neisseria men-
ingitides, Branhamella catarrhalis and Pasteurella multocida
(13). The Centers for Disease Control and Prevention (CDC)
published the report “Antibiotic resistance threats in the
United States, 2013” (14), which prioritized bacteria in this
report into three categories: urgent, serious, and concerning.
Mupirocin is active against bacteria in all three categories.

Mupirocin use is currently limited to topical admin-
istration due to its rapid degradation in vivo to its inactive
metabolite (monic acid) and its high protein binding (9). The
toxicity of mupirocin was studied after parenteral adminis-
tration and it was found to be safe at therapeutically relevant
doses (LD50 in mice and rats after [V administration was 1.6
and 1.3 g/kg, respectively) (13). Mupirocin was administered
by intravenous infusion to human volunteers. The highest
dose administered was 252 mg. The administered doses
were well tolerated and there were no side effects (15).

We developed Nano-mupirocin to enable mupirocin
parenteral use by encapsulation of mupirocin in long-
circulating PEGylated nano-liposomes. Remote loading
serves at least two functions: first, protecting mupirocin
from degradation while circulating in the blood and
second, enabling its passive targeting to the diseased
tissue by taking advantage of the enhanced permeabil-
ity and retention (EPR) effect in such tissues (7, 16). The
EPR effect is the property by which macromolecules and
nano-particlutes tend to preferentially accumulate at sites
of increased vascular permeability. The EPR effect was
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Figure 2: Remote loading of mupirocin into liposomes using a transmembrane calcium acetate gradient, (left scheme). Mupirocin in its
un-ionized form influxes across the liposome membrane; it is then ionized inside the liposome and trapped by forming an insoluble salt with
calcium. Concomitantly acetate is protonated to acetic acid and effluxes through the liposome membrane. For each acetate molecule that was
effluxed, one molecule of mupirocin was influxed. This exchange process can continue until the liposome will lose all its acetate. However, in
practice this exchange process is stopped much earlier as the retained trans-membrane calcium acetate gradient stabilizes the drug remote
loading (31). The scheme on right shows loading of mupirocin into nano-liposomes exhibiting a tansmembrane gradient of calcium acetate
which also contain HPCD (present in the figure in its toroid structure). HPCD ensures a controlled, slow mupirocin release in plasma (7).
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taken advantage-of for the development of nano-drugs
used to treat cancer and inflammation (17, 18). The EPR
effect could also be used for antimicrobial delivery where
it enables targeted antibiotic delivery (16). Encapsulating
antibiotic drugs in liposomes may result in better anti-
bacterial effects than the free drugs. This was demon-
strated for amikacin and streptomycin encapsulated in
liposomes. When injected to mice infected with Mycobac-
terium avium-intracellular complex (MAC) the liposomal
encapsulated drugs showed higher therapeutic efficacy
compared to the injections of the free drugs (19). Liposo-
mal ciprofloxacin has been evaluated in a murine model
of Salmonella dublin infection. Injection of liposomal
ciprofloxacin was 10 times more effective in preventing
mortality than injection of free drug (19). Arikace® (lipo-
somal amikacin) for inhalation has currently completed
successfully a phase III study with chronic Pseudomonas
aeruginosa infections in cystic fibrosis patients (20). Other
antibiotics encapsulated in liposomes and their in vivo
activity may be found in the literature (21-24).

We present here our study of the in vivo effect of Nano-
mupirocin in two clinically relevant animal models, mice
in a necrotizing fasciitis model (25) in which the infec-
tion site is the skin and soft tissue, and rabbit endocar-
ditis (26) in which the infection site is in the aortic valve
of the heart. We found that Nano-mupirocin (given IV) is
superior to the free drug in both animal models. In addi-
tion, Nano-mupirocin demonstrated a pharmacokinetic
(PK) profile having much higher exposure (in terms of
AUC) and much longer half-life than the free drug. This
may explain the much better therapeutic efficacy of Nano-
mupirocin. These results demonstrate for the first time
that delivery of mupirocin as Nano-mupirocin enables its
use as a parenteral therapeutically efficacious antibiotic.
It has a unique mode of action, activity against resistant
pathogens, and a good safety profile. In addition, Nano-
mupirocin, due to the ability to benefit from the EPR
effect, has the advantage of passively targeted delivery to
the infected tissue. As shown by its PK profile, free mupi-
rocin has very poor activity due to its rapid elimination
and activity can be achieved only by reaching the target
site through the EPR effect. Nano-mupirocin may show its
activity mainly locally in target organs in which it will not
be inactivated by metabolism and binding to proteins. It
has the benefit of being administered parenterally, and
thereby can affect internal organs, with low systemic
exposure to the free drug that may cause toxicity. Topical
routes of administration (pulmonary, intranasal, etc.) also
show low systemic exposure with high concentration at
the administration site but their effect is limited to the
specific exposed organ.
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The fact that Nano-mupirocin delivers sufficient
amounts of active mupirocin to the infected tissue explains
its superiority for the treatment of mice with necrotizing
fasciitis and of rabbits with endocarditis. This opens the
door to use Nano-mupirocin for the treatment of diseases
that today represent a challenge such as deep infections
with resistant bacteria. Nano-mupirocin having a unique
mode of action as well as passive delivery to the infection
site suggests a new mode of action (lack of cross resistance
with other antibiotics) and benefit of passive targeting to
the infected tissue.

Materials and methods
Materials

Mupirocin was a gift from Teva Pharmaceutical Industries Ltd. (Be’er
Sheva, Israel) HPCD was a gift from Roquette Fréres (Lestrem, France).
The anion exchanger Dowex 1x8200 and collagenase (type XI) were
obtained from Sigma Aldrich (Saint Louis, MO, USA). Hydrogenated
soy phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000] (mPEG
DSPE) and cholesterol were obtained from Lipoid GmbH (Ludwig-
shafen, Germany). The solvents used for analysis were HPLC grade. All
other chemicals were commercial products of reagent grade.

Methods

Preparation of Nano-mupirocin: PEGylated nano-liposomal formu-
lation of mupirocin: Liposomes were prepared as described previ-
ously (7). Briefly, lipids in a mole ratio of 55:40:5 HSPC: cholesterol:
mPEG DSPE were mechanically hydrated by stirring at 65°C with
200 mM calcium acetate pH 5.5 containing 15% (w/w) HPCD. The
liposomal dispersion was downsized by stepwise extrusion by the
Northern Lipids (Burnaby, BC, Canada) extruder using polycarbon-
ate filter membranes. Liposomes were diafiltrated against a 10%
sucrose solution using Millipore, Pellicon XL. Remote loading was
performed by incubating at 65°C for 10 min a solution of the drug
in 200 mM phosphate buffer, pH 6.3, with the liposome dispersion.

Mice necrotizing fasciitis model: The necrotizing fasciitis model
was based on a published method (25). Female Balb/c mice, 3-4
weeks old (Envigo, Israel) ~10 g, were subcutaneously injected with
approximately 1x10® CFU, M14 Group A streptococcus (GAS). GAS
was cultured in Todd-Hewitt broth supplemented with 0.2% (w/v)
yeast extract (THY) at 37°C.

The injection of the bacteria causes a wound in the skin, fol-
lowed by a systemic disease characterized by difficulty in mobility,
closed/partially closed eyes, rough hair, body weight loss and mor-
tality. Mice were monitored for five days after bacterial challenge to
evaluate disease severity and mortality. The minimum inhibitory
concentration (MIC) of mupirocin to the GAS used was tested by
the E test kit (BIOMERIEUX, MUPIROCIN MU 1024 US) and found to
be <0.064 pug/mL.
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PK study in mice: Free mupirocin (5 mg/mL solution in phosphate
buffer 200 mM, pH 6.3) and Nano-mupirocin (5 mg/mL Nano-mupi-
rocin containing 45 mg/mL lipids) were administered IV at a dose
of 40 mg/kg to female Balb/c mice (Envigo, Israel) aged, 7-8 weeks.
At the time points described below, mice (n=4 per time point) were
humanely sacrificed with an overdose of intraperitoneal (IP) pento-
barbital sodium. Terminal blood was collected in K3EDTA tubes and
plasma was separated for the analysis. Time points for Nano-mupi-
rocin were 1 min, 1 h, 4 h, 5.75 h and 24 h after drug administration.
Time points for free mupirocin were 1 min, 5 min, 15 min, 30 min, 1 h
and 4 h after drug administration.

A PK study in the mice with necrotizing fasciitis was addition-
ally performed. In this study, free mupirocin or Nano-mupirocin at
40 mg/kg was administered 1 h after the bacterial challenge. At 1 h,
3 h and 24 h after drug administration, five mice of each group were
sacrificed, and, in addition to collecting plasma as above, the wound
and surrounding skin was excised.

The protocols of mice studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Hebrew University
and Hadassah Medical Center for animal welfare.

PK parameters in plasma were calculated using WinNonlin 6.4
software (Pharsight Corp., A Certara company, NJ, USA).

Experimental endocarditis in rabbits caused by methicillin-resistant
Staphylococcus aureus (MRSA): A well-characterized rabbit endo-
carditis model was used to evaluate the efficacy of Nano-mupirocin
vs. free mupirocin, as previously described (27). At 72 h after aortic
catheter placement, New Zealand white rabbits (2.2-2.5 kg) were
infected by an MRSA strain, MW2 (USA400), using an ID,, dose (~10°
CFU/animal) as we previously defined (27). At 24 h after induction
of endocarditis, animals were equally randomized to the following
groups (8 animals/group): (i) control (NaCl 0.9%, 1V); (ii) free mupi-
rocin at 25 mg/kg, IV, twice daily; or (iii) Nano-mupirocin at 25 mg/kg,
IV, twice daily. Treatment lasted for 3 days. At 24 h after the last thera-
peutic dose, antibiotic-treated animals were sacrificed. Five control
animals were euthanized at 24 h post-infection and three animals
were not sacrifice at 24 h post-infection to determine the progress of
infection. At sacrifice, cardiac vegetations, kidneys and spleens were
removed, homogenized and quantitatively cultured. Target tissue
counts were calculated from each therapy group, and expressed as
mean log,, CFU/g tissue+SD.

The IACUC of the Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center approved this study protocol.

PK study in rabbits: PK blood samples were taken from two rabbits
receiving Nano-mupirocin and one rabbit receiving free mupirocin.
Time points for Nano-mupirocin PK samples were 5, 60, 120 and
240 min after the first dose administration. Time points for free mupi-
rocin rabbit were 5, 15, 30 and 60 min after the first dose administra-
tion. Plasma was separated from the blood samples and processed as
described below in mupirocin quantification in PK samples.

Analytical methods

Mupirocin quantification in the formulation: Drug concentrations
were quantified using HPLC equipped with a UV detector (YL9100, YL
Instruments, South Korea). The column used was a Luna C18 column,
5 um, 4.6 mmx150 mm (Phenomenex, Torrance, CA, USA). The chro-
matographic conditions were based on a published USP method (28).
Total (free plus liposomal) drug concentration was determined by
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HPLC assay of the liposomal dispersion diluted with methanol. Lipo-
somal drug concentration was determined after removing the free
drug by mixing the dispersion with Dowex 1x8-200 anion exchanger,
which binds selectively the negatively charged free drug (29, 30).

Mupirocin quantification in PK samples: The chromatographic con-
ditions used for the analysis of PK samples were identical to those
used for the analysis of the formulation. Plasma samples were diluted
with acetonitrile (five-fold dilution) followed by vortex and centrifu-
gation. The diluted sample was analyzed by HPLC after additional
dilution with water. In case of low drug concentration, samples were
further evaporated to dryness and reconstituted to a 10-fold lower
volume with methanol.

For the determination of drug biodistribution into the skin
wounds in the mice necrotizing fasciitis model, wound samples were
weighed and incubated with 1 mL of collagenase solution (0.75 mg/
mL solution containing also calcium chloride, 0.3 mg/mL) by shak-
ing (200 rpm), at 37°C. After overnight incubation, samples were
diluted five-fold with acetonitrile, vortexed, and the upper phase
was evaporated to dryness and reconstituted with methanol prior to
HPLC analysis.

Sample preparation process of both plasma and wound samples
was verified by spiking of control samples with known amounts of
mupirocin, resulting in >90% recovery.

Results and discussion

The Nano-mupirocin formulation was designed, as previ-
ously described, based on a computational approach to
identify molecules suitable for remote liposomal loading
(2, 7). The remote loading of mupirocin (which is a weak
amphipathic acid) into PEGylated nano-liposomes is
driven by a transmembrane calcium acetate gradient (31,
32). The Nano-mupirocin formulation obtained was stable
upon storage at 4°C (for at least 1 year, study ongoing).
However, in serum at 37°C, drug release was fast (82%
release within 1 h) (7). The presence of HPCD in the intra-
liposomal volume slowed down this fast release (7). The
product of PEGylated nano-liposomes containing HPCD
and remotely loaded with mupirocin is termed “Nano-
mupirocin”. The intra-liposomal concentration of mupi-
rocin was calculated from the liposomal trapped aqueous
volume, which was determined from the liposome trapped
calcium. Intra-liposome aqueous phase mupirocin con-
centration was found to be ~200 mM (~100 mg/mL),
which is much higher than mupirocin’s solubility (mupi-
rocin maximal solubility in 15% HPCD in phosphate buffer
pH 6.3 is 82 mM). This results in an intra-liposomal HPCD
to mupirocin mole ratio of ~1 to 2 (200 mM mupirocin to
109 mM HPCD). A schematic illustration of mupirocin
loading into calcium acetate liposomes with and without
HPCD is given in Figure 2. Nano-mupirocin’s particle size
is ~85 nm (z average) and its polydispersity index of 0.09
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indicates a narrow unimodal size distribution. The stabil-
ity of the formulation upon storage at 4°C was followed for
1 year. Nano-mupirocin was found to be stable in terms of
drug leakage, drug concentration and particle size. This
stability study is still ongoing.

In this study we describe the first in vivo evaluations
of Nano-mupirocin.

Efficacy of Nano-mupirocin and free

mupirocin in a mice necrotizing fasciitis
model

The mice necrotizing fasciitis model was used for a proof of
concept study to test whether Nano-mupirocin can dem-
onstrate efficacy when administered intravenously. In this
model, mice were challenged with GAS subcutaneously,
resulting in the development of a wound at the injection
site and systemic disease 24-48 h after the bacterial chal-
lenge. In addition to wound development, infected mice
show rough hair, difficulty in mobility, closed/partially
closed eyes and reduction in body weight.

In the first study, mice received either one prophylac-
tic IV dose of 50 mg/kg/day Nano-mupirocin 3 h before the
bacterial challenge or three IV injections of free mupirocin
(50 mg/kg each, total of 150 mg/kg/day: 1, 3 h before the
bacterial challenge followed by a second and third, 3 and
24 h after the bacterial challenge). The results describing
mortality and disease status 48 h after the bacterial chal-
lenge are presented in Figure 3A. Two mice out of six died in
the untreated group 48 h after the bacterial challenge. Other
mice in this group showed disease signs of rough hair and
wound development. In the free mupirocin group, mice had
rough hair and large wounds, while in the Nano-mupirocin
group all mice showed no signs of disease. In addition, 48 h
after the bacterial challenge mice in the untreated and free-
mupirocin group lost on average 6.4% and 1.9% of their
body weight, respectively, while in the Nano-mupirocin
group, animals gained an average of 7.5% of their body
weight (mice were weighed as a group and not individually).

Figure 4 is a photograph comparing a typical Nano-
mupirocin-treated mouse with an untreated one. The
untreated mouse has rough hair with a large wound, while
the Nano-mupirocin-treated mouse has smooth, regular
hair and no wound (hair was removed prior to injection
of bacteria).

The second study tested the efficacy of three prophy-
lactic doses of Nano-mupirocin vs. no treatment. Figure 3B
shows that five out of six mice died in the control group,
with no mortality in either of the Nano-mupirocin groups.
In the 15 mg/kg group, one mouse showed rough hair and

Cern et al.: Nano-mupirocin: enabling the parenteral activity of mupirocin = 143

A
100
8 80
e
5 60
8
O 40
R
20
0
Mortality Rough hair Wound
development
m Untreated
m Free mupirocin, 3 doses/day (150 mg/kg)
m Nano-mupirocin, prophylactic dose (50 mg/kg/day)
B 100
3 80
c
g
S 60
Q
O
O 40
B
20
Mortality Rough hair Wound
development
= Untreated ®15mg/kg =25 mg/kg 50 mg/kg
C 100
g 80
C
o
5 60
(5]
j53
O 40
B
20
0
Mortality Rough hair Wound
development

u Untreated

= Free mupirocin (1, 5 and 24 h after challenge)
= Nano-mupirocin (1 and 24 h after challenge)
# Nano-mupirocin (5 and 24 h after challenge)

Figure 3: Mortality during the study and disease parameters (rough
hair and wound development) 48 h after the bacterial challenge. (A)
A study to compare one prophylactic dose of Nano-mupirocin (50
mg/kg) vs. free mupirocin administered prophylactically and 3 and
24 h after the bacterial challenge. (B) A prophylactic dose response
study. (C) Nano-mupirocin administration after the bacterial chal-
lenge vs. free mupirocin administration.

two developed wounds. Except for that, mice in the Nano-
mupirocin groups did not show signs of the disease. Mice
in the untreated group lost an average of 7.4% of their body
weight 48 h after the bacterial challenge compared to body
weight gain of 3.8%, 9.2% and 8.9% in those treated with
15 mg/kg, 25 mg/kg and 50 mg/kg, respectively.

An additional study tested the efficacy of Nano-
mupirocin at 50 mg/kg intraperitoneal (IP) dose given



144 —

Figure 4: Appearance of a typical Nano-mupirocin-treated mouse
(A) vs. an untreated one (B) 24 h after bacterial challenge. (Hair was
removed prior to injection of bacteria.)
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Figure 5: Plasma profile of mupirocin after IV administration of 40
mg/kg free vs. Nano-mupirocin.

1h or 5 h after the bacterial challenge vs. free mupirocin
administration (see Figure 3C). Two animals died in the
control and one animal died in the free mupirocin groups.
Other animals in the free mupirocin group showed rough
hair and wound development. Nano-mupirocin-treated
mice did not show disease symptoms, with the exception
of two animals treated 5 h after the bacterial challenge
that showed a small/medium wound. This study demon-
strated that Nano-mupirocin was effective as treatment
(after the challenge) and not only as prophylaxis.

Cern et al.: Nano-mupirocin: enabling the parenteral activity of mupirocin
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In general, no mortality occurred in Nano-mupi-
rocin-treated mice in the three studies described, com-
pared to 33-83% mortality in the control groups of the
three studies.

Mice pharmacokinetic profile of
Nano-mupirocin vs. free mupirocin

The PK profiles of Nano-mupirocin and free mupirocin were
determined in healthy mice following IV administration of
40 mg/kg dose. Figure 5 presents the PK profiles obtained.
Nano-mupirocin resulted in enormously higher mupirocin
plasma levels. After administration of Nano-mupirocin,
detectable levels of mupirocin were observed until the last
experimental time point tested (24 h). Administration of free
mupirocin resulted in a much faster decrease in mupirocin
levels, and 15 min after administration there were only very
low levels (average of 1.7 ug/mL). Table 1 summarizes the
PK parameters obtained. Note that due to the rapid elimina-
tion of free mupirocin from plasma, it is assumed that most
of the mupirocin in plasma after administration of Nano-
mupirocin is encapsulated in liposomes. The AUC of mupi-
rocin after administration of free mupirocin was only 1% of
the AUC obtained after administration of Nano-mupirocin.
The half-life of mupirocin after administration of the free
drug was calculated to be 5 min, while by administration of
Nano-mupirocin the half-life was substantially increased to
4.4 h. (Note that the half-life obtained for Nano-mupirocin
is dependent on the last two time points. This value would
probably have been increased if additional time points
were measured.) The MIC of mupirocin to GAS used for the
in vivo study was determined by E test to be <0.064 ug/mL.
Nano-mupirocin AUC/MIC value is therefore 1.65E+06 and
Cmax/MIC value is 1.29E+04.

The levels of mupirocin following IV administration of
Nano-mupirocin and free mupirocin were also evaluated
at three time points in mice in a necrotizing fasciitis model
(efficacy of Nano-mupirocin and free mupirocin in a mice
necrotizing fasciitis model). One hour after the bacterial
challenge, either Nano-mupirocin or free mupirocin was

Table 1: Pharmacokinetic parameters of Nano-mupirocin vs. free mupirocin.

t, ,» min Cmax, pg/mL C,, ug/mL AUCz, min*ug/mL AUCeo, min*pug/mL CL, mL/min/kg
Nano-mupirocin 262 771 780 105,771 106,477 0.38
Free mupirocin 5.28 273 557 1096 1100 36.4

Cmax, Maximum plasma concentration; C,

extrapolated concentration at t=0; AUCz, the area under the curve from time of dosing to the last

time point calculated by the logarithmic trapezoidal method; AUCe, AUC extrapolated to infinity. Calculated from the following equation:
AUCeo=AUCz+Cz/A where Cz is the concentration at last time point predicted by the linear regression and A is the terminal slope; CL, clear-
ance was calculated from the following equation: CL=Dose /AUCe-.
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Figure 6: Mupirocin plasma and wound concentrations after admin-
istration of Nano-mupirocin to diseased mice.
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Figure 7: Percent survival of rabbits in endocarditis study across
the treatment groups.

administered to diseased mice, and plasma and wounds
were collected at 1, 3 and 24 h after drug administration.
At the tested time points, no mupirocin was found in the
plasma and wounds of mice receiving free mupirocin.
Plasma and wounds concentrations at the three tested time
points after administration of Nano-mupirocin are pre-
sented in Figure 6. Plasma levels following administration of
Nano-mupirocin to diseased mice were very similar to those
obtained for healthy mice, with the exception of the last
time point (24 h), which for sick mice averaged 8.2 ug/mL
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vs. 2.0 ug/mL for healthy mice. Mupirocin concentrations
in the wounds following administration of Nano-mupirocin
were 20 and 25 ug/g at 1 and 3 h, respectively, and 10 ug/g
at 24 h. All these concentrations are much higher than the
MIC of mupirocin against GAS (<0.064 ug/mL).

Experimental endocarditis in rabbits caused by
methicillin-resistant Staphylococcus aureus

Nano-mupirocin-treated animals had significantly higher
survival as compared to free-mupirocin treatment group
and the control group which was not sacrificed at 24 h
post-infection (Figure 7; 57% survival for Nano-mupi-
rocin vs. 0% survival for free mupirocin and control). In
addition, Nano-mupirocin had significantly better effi-
cacy in decreasing MRSA densities within all relevant
target tissues of animals infected with MRSA strain, MW2
(USA400), in this model as compared to the control group
that was not sacrificed at 24 h post-infection (Table 2).

The PK profiles of Nano-mupirocin and free mupirocin
in rabbits are shown in Figure 8. The PK profiles were very
similar to those found in mice showing rapid elimination of
the free drug vs. high mupirocin levels after administration
of Nano-mupirocin over the time tested.

Conclusions

Mupirocin is an antibiotic having special advantages: it has
a unique mode of action not shared by any other therapeuti-
cally available antibiotic; it is considered to be safe at thera-
peutically relevant doses and it is active against resistant
bacteria including Neisseria gonorrhoeae, MRSA and Strep-
tococcus pneumoniae, which are classified by the CDC as
urgent and serious threats to public health. However, due to
its rapid metabolism and high protein binding, the adminis-
tration of mupirocin is restricted to topical administration.
Our computational approach identified mupirocin as a good

Table 2: MRSA densities in target tissues and percent survival after free- or Nano-mupirocin treatment in rabbit endocarditis model.

Group Survival Mean log, CFU/g tissuetSD

Vegetation Kidney Spleen
Control (24 h post-infection) 5/5 8.1240.41 6.2140.62 6.58+0.57
Control (was not sacrificed at 24 h post-infection) 0/32 8.89+0.23 8.21+0.35 7.3240.45
Free-mupirocin (25 mg/kg, IV, bidx3 d) 0/7 8.23+0.68 7.3140.64 6.35+0.63
Nano-mupirocin (25 mg/kg, IV, bidx3 d) 4/7 8.04+0.50° 6.93%0.30¢ 6.36+0.78¢

2All animals were dead at 48 h post-infection. ®p=0.006, MRSA densities in vegetation in Nano-mupirocin vs. control that was not sacrificed
at 24 h post-infection. p=0.009, MRSA densities in kidney in Nano-mupirocin vs. control that was not sacrificed at 24 h post-infection.
4p=0.047, MRSA densities in spleen in Nano-mupirocin vs. control that was not sacrificed at 24 h post-infection.
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Figure 8: Mupirocin plasma concentrations after IV administration
of 25 mg/kg Nano-mupirocin vs. free mupirocin.

candidate for remote liposomal loading, which led to the
development of Nano-mupirocin, a PEGylated nano-liposo-
mal formulation of mupirocin. This formulation showed sta-
bility upon storage at 4°C. Nano-mupirocin showed efficacy
after injection in two animal models: mice necrotizing fascii-
tis and rabbit endocarditis models.

Nano-mupirocin efficacy in a mice necrotizing fasciitis
model was shown when tested prophylactically at doses
of 15, 25 and 50 mg/kg and when administered 5 h after the
bacterial challenge.

In the rabbit endocarditis model, animals dosed with
25 mg/kg Nano-mupirocin twice daily showed 57% sur-
vival vs. no survival in the free mupirocin at the same dose
regimen and untreated control groups.

The pharmacokinetics of Nano-mupirocin was tested
in healthy and diseased mice. Administration of free
mupirocin resulted in rapid decrease in mupirocin levels,
and 15 min after administration only very low levels were
quantified. Nano-mupirocin administration resulted in
higher mupirocin plasma levels, which lasted until the
last time point tested (24 h). The ratio of mupirocin AUC
after administration of Nano-mupirocin to that of free
mupirocin was 97:1. The high mupirocin concentrations
obtained after administration of Nano-mupirocin are most
probably from liposomal mupirocin and do not represent
free mupirocin, as the free mupirocin is rapidly degraded.
The PK profile of Nano-mupirocin may explain the effi-
cacy of Nano-mupirocin; its long circulation time results
in distribution of enough drug to the target site by the EPR
effect. This was also shown by quantifying mupirocin con-
centrations in the wounds of diseased mice. The concen-
trations of mupirocin after injection of Nano-mupirocin in
the wounds were 10-25 ug/mL at the time points tested
vs. no quantifiable levels found in the wounds of animals
treated with free mupirocin.

Similar PK profiles were shown in rabbits in the endo-
carditis model. As shown for the mice, following free
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mupirocin injection, mupirocin was rapidly eliminated,
while rabbits treated with Nano-mupirocin showed high
and prolonged mupirocin levels.

Nano-mupirocin is a passively targeted antibacterial
formulation enabling for the first time the therapeutic activ-
ity of mupirocin by injection. The ability to use mupirocin
parenterally results in a new parenteral antibiotic with a
unique mode of action that may be useful for the treatment
of resistant bacteria considered as threats to public health.
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