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ABSTRACT

New treatments are urgently required for infections caused by meticillin-resistant Staphylococcus aureus
(MRSA) as these strains are often resistant to multiple conventional antibiotics. Earlier studies showed
that ranalexin, an antimicrobial peptide (AMP), in combination with lysostaphin, an antistaphylococcal
endopeptidase, synergistically inhibits the growth of MRSA, meaning that it deserved consideration as a
new anti-S. aureus therapy. Using haemolysis and Vero cell viability assays, ranalexin with lysostaphin
is proven to be non-toxic at antibacterial concentrations. In human serum, ranalexin with lysostaphin
is significantly more effective against MRSA than treatment with either component alone. In a rabbit
model of wound infection, ranalexin with lysostaphin reduced MRSA in the wound by ca. 3.5 logo colony-
forming units (CFU) compared with the untreated control. The combination is significantly more effective
than treatment with ranalexin or lysostaphin alone. In a mouse model of systemic infection, ranalexin
with lysostaphin reduced MRSA kidney burden by ca. 1 log;o CFU/g compared with untreated controls or
treatment with ranalexin or lysostaphin alone. Importantly, the combination is synergistically bacterici-
dal against various S. aureus isolates in vitro, including those with reduced susceptibility to lysostaphin
or vancomycin. Ranalexin and lysostaphin could be incorporated in wound dressings for the prevention
and treatment of topical S. aureus infections. That AMPs can enhance the antibacterial effectiveness of
lysostaphin in vivo highlights a new avenue of research in the fight against drug-resistant staphylococci.

© 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

Staphylococcus aureus is a serious opportunistic pathogen that
can infect open wounds such as burns, ulcers and sites of surgery
and can cause potentially lethal systemic infections [1]. Meticillin-
resistant S. aureus (MRSA) strains are a particular problem as
infections caused by these pathogens are more difficult and expen-
sive to treat [2,3]. Moreover, MRSA strains can be resistant to
multiple antibiotics, meaning that effective treatment can be unre-
liable, especially with the emergence of strains with reduced
susceptibility to the ‘antibiotic of last resort’, vancomycin [4].
Thus, new treatments for topical and systemic MRSA infections are
urgently required.

Antimicrobial peptides (AMPs) are considered to have potential
as new therapeutic agents for treating drug-resistant bacte-
rial infections [5-7]. Concomitantly, the antistaphylococcal
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endopeptidase lysostaphin has attracted attention in the treat-
ment of drug-resistant S. aureus infections [8,9]. Recently, it has
been shown that combinations of AMPs with lysostaphin achieve
enhanced or synergistic antibacterial effects against S. aureus
and MRSA compared with the compounds individually [10,11].
One such synergistic combination consists of lysostaphin with
ranalexin, a cationic AMP originally isolated from the North Amer-
ican bullfrog, Rana catesbeiana [12]. This bactericidal combination
kills bacteria within 5min, is effective in low pH and high salt
conditions and, importantly, is effective on human skin [11].
Moreover, individually ranalexin and lysostaphin are efficacious
and non-toxic in animal models of bacterial infection [6,13,14].
These earlier observations suggested that ranalexin in combination
with lysostaphin warranted further assessment for its ability to
treat MRSA infections in vivo.

The present study was aimed to assess whether the combina-
tion of ranalexin with lysostaphin was effective in the treatment
of wound and systemic MRSA infections in animal models and
whether this combination was more effective compared with each
component individually.

0924-8579/$ - see front matter © 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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2. Materials and methods
2.1. Reagents, culture media and microorganisms

High-performance liquid chromatography (HPLC)-grade
reagents (or the highest grade available) and culture media were
purchased from Sigma Aldrich Ltd. (Poole, UK). Ranalexin (>95%
purity) and recombinant lysostaphin (>93% purity) were sourced
as previously described [11]. Stocks and all other solutions were
made with ultrapure deionised water unless stated. Solutions and
media were autoclaved at 121°C for 15min or filter-sterilised
(polyethersulfone 0.22 pm; Millipore, Watford, UK). Stocks of the
following S. aureus isolates were kind gifts: meticillin-resistant
strain MRSA252 and meticillin-susceptible S. aureus (MSSA) strain
MSSA476 (from Prof. Mark Enright, Imperial College London, UK);
BB270, Newman and four lysostaphin-resistant mutants (from Dr
Angelika Griindling, Imperial College London, UK); six isolates with
reduced susceptibility to vancomycin [vancomycin-intermediate
S. aureus (VISA) isolates] (from Dr Sue Lang, Glasgow Caledonian
University, UK); RN4220 and SH1000 (from Prof. Simon Foster,
University of Sheffield, UK); and MRSA4 (Huntingdon Life Sciences,
Alconbury, UK). Staphylococcus epidermidis was an in-house clinical
isolate.

2.2. Efficacy in human serum

Briefly, 48 pL of MRSA252 cell suspension [1 x 108 colony-
forming units (CFU)/mL, exponential phase] made up in heat-
inactivated human serum (Lonza, Wokingham, UK) was added to
each well of a 96-well plate. The bacterial inoculum had been
cultured in a shaking incubator (37°C, 220rpm) from a single
colony in tryptone soya broth (TSB). Then, 2 L of stock solutions
were added to experimental wells to give final well concentra-
tions of 25 mg/L ranalexin alone, 0.125 mg/L lysostaphin alone or
these compounds together at these concentrations; water only was
added to control wells. Each treatment was performed in quadru-
plicate. Following incubation (ca. 25°C, 35 min), viable bacteria
were determined for each well by serial dilution in phosphate-
buffered saline (PBS) [for 1L: 8 g NaCl, 0.2 g KCl, 1.15g NayHPO4,
0.2g KH,PO4 (pH 7.3)] and plating on tryptone soya agar (TSA).
Plates were incubated (37°C, 24 h) and colony counts were per-
formed. The number of colonies recovered from replicate wells for
each treatment was transformed by log¢ and then averaged to give
a mean value.

2.3. Haemolysis assay

To each well of a 96-well plate was added 96 L of 2% defibri-
nated horse blood (Oxoid, Basingstoke, UK) in PBS (ca. 1.3 x 108
erythrocytes/mL) and 4 L of various stock solutions to give
final well concentrations of 10-100 mg/L ranalexin, 0.1-5 mg/L
lysostaphin or these compounds in combination; water only was
added to negative control wells. For positive controls, erythro-
cytes were suspended in 1% sodium dodecyl sulphate in water,
which causes 100% haemolysis. The plate was incubated (37 °C, 4 h,
shaker speed 2) on a microplate spectrophotometer (PowerWave
XS with KC4 software; Bio-Tek Instruments Inc., Winooski, VT) with
As70 readings collected every 2 min. A reduction in As7q indicated
haemolysis.

2.4. Mammalian cell toxicity assay

Mammalian cell toxicity was assessed using the neutral red
assay modified from Babich and Borenfreund [15]. Vero cells, rou-
tinely cultured in 75cm? flasks (5% CO,, 95% humidity, 37°C,
ca. 72h) in 5mL of RPMI 1640 medium supplemented with 10%

bovine calf serum (Cambrex Corp., East Rutherford, NJ), penicillin
(50,000U/L) and streptomycin (50 mg/L), were exposed to trypsin
and harvested with fresh medium. Then, 40,000 cells (200 p.L) were
added to each well of a 96-well plate and the plate was incu-
bated for 24 h to allow cell monolayers to develop. The medium
was then removed and replaced with 196 L of fresh medium and
4 L of various stock solutions to give the same concentrations of
ranalexin and lysostaphin as described in Section 2.3. The plate
was incubated for 48 h. The medium was removed, the cells were
washed with 200 p.L of PBS and then 100 p.L of fresh medium sup-
plemented with neutral red (100 mg/L) was added to each well.
The plate was incubated (90 min), the medium was removed and
the cells were washed with PBS before the addition of 200 L of
acidified isopropanol (0.33% HCl) to each well. As4y was deter-
mined for each well, with lower As4g values indicating reduced cell
viability.

2.5. Spectrum of activity

To determine the spectrum of activity, 96 pL of bacterial sus-
pensions in TSB (1 x 108 CFU/mL, exponential phase) and 4 pL of
stock solutions were added to wells on a 96-well plate to give
various final well concentrations of ranalexin alone, lysostaphin
alone or ranalexin with lysostaphin; to control wells was added
water only. Each treatment was performed in quadruplicate. Bac-
terial inocula were prepared as described in Section 2.2 in either
TSB, TSB supplemented with 2 mg/L vancomycin for the VISA iso-
lates or TSB supplemented with 10 mg/L erythromycin for the
lysostaphin-resistant mutants (as erythromycin is the selectable
marker for these transposon mutants from the Phoenix library
[16]). The 96-well plate was incubated (37°C, 24h, 1000 rpm)
on a microplate thermoshaker (PHMP; Grant Instruments Ltd.,
Shepreth, UK). Following incubation, viable bacteria were deter-
mined for each well by serial dilution in PBS and plating on
TSA as described in Section 2.2. Bactericidal synergy is defined
as a >2logio CFU/mL reduction by the combination treatment
compared with its most active constituent, providing that the
number of viable bacteria recovered from the combination treat-
ment is >2logig CFU/mL lower than the starting inoculum [17].
Furthermore, at least one of the components in the combina-
tion must not affect the viability of the test organism when used
alone.

2.6. Rabbit model of MRSA wound infection

Animal experimentation was performed by Huntingdon Life
Sciences and adhered to their in-house ethics policies. The fol-
lowing method is modified from Morton and Malone [18]. New
Zealand White rabbits (1.71-3.31 kg, 10-15 weeks old, outbred)
were housed in polypropylene or metal cages with grid floors oper-
ating a 12h:12h light:dark cycle (18°C, 55% relative humidity)
and given access to food and water ad libitum. Each rabbit was
anaesthetised with isoflurane and a 3 cm x 3 cm area of the dorsal
thoracic region was shaved and disinfected with 5% chlorhexidine
digluconate. The area was swabbed and plated on mannitol salt
agar (MSA) but no contaminants were ever recovered. A circu-
lar wound (ca. 1.5 cm diameter) was made by excision (including
the panniculus carnosus and adherent tissues) and inoculated
with ca. 1 x 109 CFU of MRSA4 in 0.2mL of PBS (prepared from
surface growth on TSA). The wound was covered with a sterile Hill-
top chamber (gauze moistened with saline), which was secured
with a dressing and further covered to prevent exposure to the
air.

To recover from the anaesthetic, each animal received subcuta-
neous injections of 0.05 mg/kg buprenorphine immediately after
wounding and at 8, 16 and 24h thereafter. Then animals were
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assigned to five treatment groups (two male and two female rab-
bits for each experimental group and one male and one female
rabbit for the two control groups): (i) PBS (untreated control);
(ii) ranalexin 0.225 mg; (iii) lysostaphin 0.0045 mg; (iv) ranalexin
0.225 mg +lysostaphin 0.0045 mg and (v) vancomycin 6 mg (pos-
itive control). These doses were administered at 24, 48 and 72h
post-inoculation in 0.3 mL of PBS by moistening the gauze of fresh
Hilltop chambers. Every 24 h, gauzes from the Hilltop chambers
were removed from the wounds and were assessed for MRSA4
burden by vortexing the whole gauze in PBS, serially diluting
the liquid and plating on MSA supplemented with enrofloxacin
(MSA-E) to select for MRSA4. At 96 h post-inoculation, the rab-
bits were humanely sacrificed with pentobarbital and the wound
area was carefully excised, homogenised in PBS, diluted and plated
on MSA-E to assess MRSA4 burden. Group sizes for the untreated
control and the vancomycin positive control were smaller than
the experimental groups owing to the high cost of this experi-
mentation. Furthermore, the key aim in this experiment was to
determine whether there was a beneficial effect of combining
ranalexin with lysostaphin compared with the individual compo-
nents alone.

2.7. Murine model of systemic MRSA infection

Female ICR CD-1 mice (22-26 g, 4-6 weeks old) were housed in
vented polycarbonate cages operating a 12 h:12 h light:dark cycle
(21 °C, 55% relative humidity) and given access to food and water ad
libitum. Each mouse was inoculated intravenously via the tail vein
with ca. 1.7 x 107 CFU of MRSA4 (prepared in 0.2 mL of 2% mucin in
beef broth from surface growth on TSA). Animals were randomly
assigned to five treatment groups (eight mice per group): (i) PBS;
(ii) ranalexin 12 mg/kg; (iii) lysostaphin 0.1 mg/kg; (iv) ranalexin
12 mg/kg +lysostaphin 0.1 mg/kg and (v) vancomycin 50 mg/kg.
Doses (all in PBS) were administered intravenously at 2, 26 and
50 h post-inoculation (dose volume 10 mL/kg) with the exception
of vancomycin, which was administered by subcutaneous injec-
tion into the skin around the neck. Mice were inspected for adverse
clinical signs at inoculation, every 2 h for the first 6 h and then at
6 h intervals. Body weights were recorded prior to inoculation and
then at 20, 44 and 68 h. At 74 h post-inoculation, animals were sac-
rificed and MRSA4 kidney burden was assessed by excising the
kidneys. Kidneys were weighed, homogenised in PBS (in pairs),
serially diluted and plated on MSA. Plates were incubated (37 °C,
24 h) and colony counts were performed and converted to CFU/g of
tissue.

2.8. Statistical analyses

All statistical tests were performed using SPSS v15.0 for Win-
dows (SPSS Inc., Chicago, IL). For the human serum and in vivo
data, log;¢ CFU reductions (per mL, per g or in total) were compared
between groups by Mann-Whitney U-test (one-sided) employing
Holm’s correction to P-values for multiple comparisons [ 19]. For the
haemolysis and Vero cell experiments, Kruskal-Wallis tests were
performed on the raw data to compare the combination groups and
the 50 mg/L ranalexin treatment and where significant (i.e. hetero-
geneity between groups detected) this was followed by subsequent
Mann-Whitney U-tests. In all cases, P < 0.05 was considered statis-
tically significant.

3. Results
3.1. Efficacy in human serum

To assess the usefulness of the combination for subse-
quent testing in animal models, an evaluation of efficacy

was performed in human serum. Untreated controls showed
no change in viable MRSA252 during 35min of incubation
[0.00 £0.03log1o CFU/mL (mean=+1 standard error)]. Ranalexin
at 25mg/L had little effect on bacterial abundance (increase
of 0.10+£0.03log o CFU/mL), whilst lysostaphin at 0.125mg/L
reduced viable bacteria by 1.25+0.37log;o CFU/mL. In combi-
nation, ranalexin with lysostaphin reduced viable MRSA252 by
3.65+0.141logqo CFU/mL, which was a significantly greater reduc-
tion compared with treatment with ranalexin alone (P<0.05)
or lysostaphin alone (P<0.05). Thus, even in human serum,
which contains components that can inhibit the action of
antibiotics [20], the combination is antibacterial and has
enhanced efficacy compared with either ranalexin or lysostaphin
alone.

3.2. Invitro toxicity

Ranalexin alone caused haemolysis and showed signs of toxicity
to Vero cells at >50 mg/L, but lysostaphin alone caused no haemo-
lysis and had no effect on Vero cell viability. In both assays,
ranalexin in combination with lysostaphin was no more toxic
than the ranalexin component alone (Vero toxicity, Hs 30 =3.864;
P>0.05; haemolysis, Hq30=10.591; P<0.05, but Mann-Whitney
U-tests confirmed that each combination caused no greater
haemolysis compared with ranalexin alone)(Table 1). Reassuringly,
the concentrations of the combination that were toxic to erythro-
cytes and Vero cells were in excess of those required for effective
antibacterial activity in human serum.

3.3. Spectrum of activity

The synergistic antibacterial efficacy of ranalexin with
lysostaphin was assessed against various strains of S. aureus,
including lysostaphin-resistant mutants, clinically relevant VISA
isolates and MRSA4 (used in animal infection models) as well as a
strain of S. epidermidis. In combination, ranalexin with lysostaphin
synergistically reduced the viability of each S. aureus isolate and
the S. epidermidis strain (Table 2). The concentrations of ranalexin
and lysostaphin selected for these experiments were dependent
on the isolate under investigation, as the susceptibility of each
isolate differed with respect to each component. In addition, while
some of these concentrations are high enough to be toxic in vitro,
they were selected to best highlight the synergistic interaction
(lower, non-toxic concentrations are bactericidal but do not show
the synergy as distinctly).

3.4. Rabbit model of MRSA wound infection

Wound dressings that had been treated with PBS, ranalexin
alone, lysostaphin alone, ranalexin with lysostaphin, or van-
comycin were applied to infected wounds for 24h and then
replaced with freshly treated dressings. Upon removal from the
wound, the abundance of MRSA4 was assessed for each dressing
to provide an indication of infection progression and bacterial sur-
vival on the dressing. During the experiment, mean viable MRSA4
recovered from the dressings reduced from ca. 7.5logo CFU at 24 h
post-inoculation to ca. 3 log;o CFU at 96 h for those dressings con-
taining the combination treatment (Fig. 1). At 96 h post-inoculation,
the dressings containing the combination contained fewer viable
MRSA4 than those containing lysostaphin alone by ca. 2 log;g CFU
(U=3; ny =ny=4; P>0.05) and ranalexin alone by ca. 3.5log;o CFU
(U=1;nq=n3=4;P<0.05)(Fig. 1). These data confirm that the com-
bination of ranalexin with lysostaphin is effective at reducing the
viability of MRSA4 when soaked into a gauze dressing.

The combination treatment of ranalexin with lysostaphin
reduced median viable MRSA4 recovered from infected wounds
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Table 1

Toxicity of ranalexin and lysostaphin alone and in combination compared with untreated controls as assessed by (i) haemolysis of equine erythrocytes during 4 h incubation

and (ii) reduction in viability of Vero cells during 48 h incubation.

Concentration of lysostaphin (mg/L)

Concentration of ranalexin (mg/L)

Haemolysis (%) Reduction in cell viability (%)?

Ranalexin alone

0 10
0 20
0 30
0 40
0 50
0 100
Lysostaphin alone

0.1 0
0.5 0
1 0
5 0
In combination

0.1 50
0.5 50
1 50
5 50

—3.54 + 0.90° 3.97 £ 2.79
—0.07 + 0.58 —3.15 + 1.60
—0.18 + 0.48 1.51 + 1.38
0.62 + 0.55 8.87 +2.28
20.0 £ 10.9 28.9 + 9.56
44.5 + 5.09 75.6 £4.23
-3.35+0.77 3.04 + 1.94
—2.89 + 0.78 —1.08 + 1.66
—1.56 + 0.40 271 £ 1.44
-3.32 +0.53 —-3.13 £ 1.24
26.0 +£11.7 43.7 £ 2.83
4.04 + 0.56 41.0 £ 5.66
—0.28 + 0.70 36.9 £ 1.53
6.86 + 2.44 43.6 £+ 8.19

2 Note that a negative value in the table indicates that haemolysis was less than the control and that Vero cell viability was greater than the control. In both assays, n=6;

+1 standard error.

by ca. 3.5log19 CFU compared with the untreated control and
ranalexin alone (U=0; n;=ny=4; P<0.05) groups and by ca.
2logqo CFU compared with treatment with lysostaphin alone (U=1;
ny=ny=4; P<0.05) (Fig. 2). The combination was more effica-
cious than vancomycin treatment as the combination reduced
viable MRSA4 by a further ca. 2.5log;o CFU (Fig. 2). The combi-
nation treatment significantly reduced viable MRSA4 compared
with lysostaphin alone and ranalexin alone, confirming that
when soaked into a dressing this combination acts against
MRSA in an infected wound with enhanced efficacy com-
pared with treatment with each component of the combination

alone.

Table 2

3.5. Murine model of systemic MRSA infection

The combination treatment reduced median viable MRSA4
recovered from the animals’ kidneys by ca. 11log;o CFU/g compared
with the untreated control or treatment with ranalexin alone or
lysostaphin alone (Fig. 3). However, the combination treatment
was no more effective statistically than treatment with lysostaphin
alone (U=22; ny=n,=8; P>0.05). In the positive control group
(vancomycin 50 mg/kg), median viable MRSA4 recovered from the
animals’ kidneys reduced by ca. 4.510g¢ CFU/g, whilst no MRSA4
was recovered from four of eight animals, indicating complete
clearance of infection in these cases.

Effect on the viability of Staphylococcus aureus isolates and an isolate of Staphylococcus epidermidis during 24 h exposure to ranalexin, lysostaphin or ranalexin with lysostaphin.

Strain Concentration (mg/L) Mean (logio CFU/mL)?
Ranalexin Lysostaphin Inoculum Untreated control Ranalexin alone Lysostaphin alone Ranalexin with lysostaphin

MSSA isolates

MSSA476 32 0.125 6.42 (0.02) 9.96 (0.06) 9.73(0.19) 9.80(0.16) 2.00 (0.00)

Newman® 32 0.063 5.93(0.22) 9.94 (0.06) 9.85(0.07) 9.82(0.05) 2.00 (0.00)

RN4220 48 0.023 6.20 (0.08) 9.28 (0.06) 9.38(0.04) 9.39(0.07) 414 (2.51)

SH1000 32 0.063 5.94 (0.07) 9.74 (0.07) 9.73(0.06) 9.53(0.12) 2.00 (0.00)
MRSA isolates

BB270¢ 16 0.063 6.32(0.13) 9.13(0.60) 9.48 (0.07) 9.44 (0.06) 2.00 (0.00)

MRSA4 32 0.125 5.73(0.19) 9.84(0.03) 9.84(0.05) 9.87(0.08) 2.00 (0.00)

MRSA252 48 0.125 6.49 (0.04) 9.45(0.11) 9.36(0.17) 9.23(0.39) 2.00 (0.00)
VISA isolates

3700.W 64 0.25 6.02 (0.09) 9.12(0.07) 8.97(0.03) 9.51(0.19) 2.43(0.86)

3759.V 48 0.023 6.02 (0.21) 9.95 (0.04) 9.80 (0.04) 9.90 (0.02) 2.00 (0.00)

5827 128 0.063 6.32(0.06) 9.85(0.08) 8.67(0.44) 9.85(0.06) 2.00 (0.00)

5836 64 0.5 6.42 (0.08) 9.59(0.11) 8.72(0.16) 9.65 (0.07) 4.19 (1.66)

Mu3 24 0.5 5.67 (0.27) 9.75 (0.08) 9.40 (0.09) 9.64 (0.04) 2.00 (0.00)

Mu504 128 3 5.34(0.43) 7.82(0.35) 6.15(0.13) 8.48(0.92) 2.61(1.22)
Lysostaphin-resistant S. aureus (MSSA)

ANG133 (AfemAB) 12 0.375 5.73(0.17) 10.00 (0.05) 9.61 (0.26) 9.95 (0.09) 3.08 (1.76)

ANG144 (AlyrA) 32 0.5 6.65 (0.09) 10.03 (0.03) 10.02 (0.05) 9.72 (0.16) 2.08 (0.15)
Lysostaphin-resistant S. aureus (MRSA)

ANG365 (AfemAB) 4 0.125 6.27 (0.05) 9.58(0.07) 9.59(0.04) 9.51(0.07) 2.19(0.39)

ANG366 (AlyrA) 16 0.25 5.88(0.36) 9.50(0.13) 9.64 (0.05) 9.55(0.10) 2.00 (0.00)
S. epidermidis 24 16 5.73 (0.06) 9.46 (0.04) 9.28 (0.27) 9.10 (0.43) 2.00 (0.00)

MSSA, meticillin-susceptible S. aureus; MRSA, meticillin-resistant S. aureus; VISA, vancomycin-intermediate S. aureus; CFU, colony-forming units.
2 The detection limit was 2 log;o CFU/mL. n=4; data given as mean (standard deviation).

Parent strain of ANG133 and ANG144.

b
¢ Parent strain of ANG365 and ANG366 [20].
d Exposure was 30 h for Mu50 as this is a slow-growing strain.
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Fig. 1. Recovery of viable meticillin-resistant Staphylococcus aureus strain MRSA4
from gauze dressings that had been on infected wounds for 24 h periods. The first
dressings removed from the wounds (at 24 h) had been treated with saline only.
The dressings removed at 48, 72 and 96h had been treated before application
to the wound with phosphate-buffered saline only (®), 0.225 mg ranalexin (O),
0.0045 mg lysostaphin (W), 0.225 mg ranalexin + 0.0045 mg lysostaphin (OJ), or 6 mg
vancomycin (a). The limit of detection was 100 CFU/mL. Arithmetic means plotted;
n =4 (except for control and vancomycin groups where n=2); error bars indicate +1
standard error. CFU, colony-forming units.

Body weights reduced each day in each treatment group
after inoculation (data not shown), with the greatest change in
the ranalexin treatment group (—16.3% at 68 h post-inoculation).
Although the reduction in body weight in the combination treat-
ment group (—10.5%) was less than the reduction in the lysostaphin
only treatment group (—12.3%), this difference was not significant
(U=23.5; n;=n,=8; P>0.05). Body weights changed in the PBS
and vancomycin treatment groups by —14.3% and —3.3%, respec-
tively. In general, few adverse clinical signs were observed, but
towards the end of the study (ca. 68 h) some animals showed slight
piloerection (3/8 in the PBS-treated group, 7/8 in the ranalexin-
treated group, 2/8 in the lysostaphin-treated group and 3/8 in the
combination-treated group). In the combination treatment group,
one animal developed a slightly bruised tail at 32 h. The animals’

E 1 x107 1 Py
o ]
o 1x106 - .. )
g ®
=
° 5
S 1x10 —e—
£
S 1x104 @
- °
? 1x10° ] ® e
g .
®
9 1x10? 4
g
< 1x10"
P-4
7
14 0 . . . . .
= 3 £ £ c £
= x = o 1]
5§ = & § £
(5] c @ £ ]
] =] K] 5]
= 2 £ 5
) 8 >
Treatment group

Fig. 2. Recovery of viable meticillin-resistant Staphylococcus aureus strain MRSA4
from infected wounds at 96h after treatment at 24, 48 and 72h with gauze
moistened with phosphate-buffered saline only, 0.225 mg ranalexin, 0.0045 mg
lysostaphin, 0.225 mg ranalexin +0.0045 mg lysostaphin in combination, or 6 mg
vancomycin. The limit of detection was 100 CFU/mL. n=4 (except for control and
vancomycin groups where n=2); bar indicates median. CFU, colony-forming units.
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Fig. 3. Recovery of viable meticillin-resistant Staphylococcus aureus strain MRSA4
from infected animals’ kidneys at 74h post-inoculation after treatment (at 2,
26 and 50h) with phosphate-buffered saline only, 12 mg/kg ranalexin, 0.1 mg/kg
lysostaphin, 12 mg/kg ranalexin + 0.1 mg/kg lysostaphin, or 50 mg/kg vancomycin.
The limit of detection was 100 CFU/mL. n=38; bar indicates median. CFU, colony-
forming units.

tails in the ranalexin treatment group showed slight bruising (5/8),
slight swelling (1/8) and reddening (3/8), but these clinical signs
were always mild.

4. Discussion

In combination, ranalexin with lysostaphin reduces the burden
of MRSA in infected wounds and treatment dressings to a greater
extent than treatment with each component of the combination
alone. This is the first demonstration that an AMP administered in
combination with lysostaphin can achieve enhanced antibacterial
activity in vivo compared with either component alone. The com-
bination of ranalexin with lysostaphin synergistically kills MSSA,
MRSA, VISA and lysostaphin-resistant strains of S. aureus and a
clinical isolate of S. epidermidis. This combination is effective in
human serum and reduces the bacterial burden in a mouse model
of systemic MRSA infection.

In contrast to a previous report [12], ranalexin and combination
treatments containing ranalexin were found to be toxic to ery-
throcytes and Vero cells in vitro at concentrations close to those
needed for potent bactericidal activity in vitro. However, perhaps
more importantly, only mild signs of toxicity were detected in the
mouse systemic model, whilst there was no evidence for toxicity
in the rabbit wound model. Moreover, other studies have shown
ranalexin to be non-toxic at efficacious antibacterial concentrations
in vivo [13,14], suggesting that the highly effective combination of
ranalexin with lysostaphin could still have potential medical appli-
cations.

Topically applied agents are important in the prevention and
management of wound infections. Compared with systemic antibi-
otics, topical therapies benefit from lower toxicity and higher local
concentrations of the antibacterial agent, especially where the
blood supply to the wound is poor [21]. Presently, all available
antibacterial dressings contain broad-spectrum agents, but such
agents and non-specific biocides can actually impair wound heal-
ing processes [22,23]. Moreover, broad-spectrum agents may kill
microorganisms that live harmlessly on the skin or in the wound
and provide niche protection against opportunistic pathogens [24].
A dressing containing ranalexin with lysostaphin could be used
as a prophylactic to reduce the chances of contracting an infec-
tion, as its narrow spectrum of activity should not affect the
normal skin flora but would prevent staphylococci from colonis-
ing the dressing itself or the wound area. Alternatively, the
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dressing could be applied once an infection has become estab-
lished. Also, wound exudate would not be expected to interfere
with the combination’s efficacy, as it remains effective in human
serum and wound exudate contains similar components to serum
[25].

Combination therapies greatly reduce the opportunity for resis-
tant strains to be selected provided that two mechanisms of action
are used by the drugs in question [26]. Furthermore, the narrow
spectrum of the ranalexin with lysostaphin treatment reduces the
opportunity for resistance to emerge in the normal bacterial flora,
which is a mechanism recognised for the emergence and spread of
resistance to pathogens [27]. Importantly, the present study shows
that in combination ranalexin with lysostaphin is synergistically
bactericidal against S. aureus strains with reduced susceptibility to
lysostaphin, which is often characterised by mutation of the fem
or lyrA genes [16,28]. S. aureus mutants with reduced susceptibil-
ity to ranalexin have not been found [29] and are thought to be
rare due to its non-specific mode of action. The combination of
ranalexin with lysostaphin was effective and synergistic against
VISA isolates but an assessment is required for its effectiveness
against further important strains, including community-acquired
MRSA (CA-MRSA).

Additional medications are urgently required for MRSA owing
to the emergence of resistance to the ‘last resort’ antibiotic,
vancomycin [4], as well as the newly introduced agents dap-
tomycin [30], linezolid [31], quinupristin/dalfopristin [32] and
teicoplanin [33]. Concerns have been raised regarding the safety
of lysostaphin with respect to inducing adverse immunological
reactions; however, these responses seem unapparent even after
prolonged or systemic application [34-38]. Hence, considering
its efficacy, the combination of ranalexin with lysostaphin may
be useful in the prevention and treatment of drug-resistant-S.
aureus infections, especially for topical application in a gel [11]
or incorporated into a wound dressing. That AMPs can enhance
the antibacterial effectiveness of lysostaphin in vivo highlights a
new avenue of research in the fight against drug-resistant staphy-
lococci.

Acknowledgment

The authors wish to acknowledge the contribution of Mr Chris
Liddle (Huntingdon Life Sciences) for co-ordinating the in vivo
experiments.

Funding: This work was supported by the Biotechnology
and Biological Sciences Research Council (Follow-on Fund grant
number BB/F528106/1) and the Wellcome Trust (Value in People
Award).

Competing interests: The work described here is the subject
of an International Patent Application (PCT/GB2007/001157), in
which the authors have no financial interest at present.

Ethical approval: Animal experimentation was performed by
Huntingdon Life Sciences (Alconbury, UK) and adhered to their
in-house ethics policies.

References

[1] Gemmell CG, Edwards DI, Fraise AP, Gould FK, Ridgway GL, Warren RE. Guide-
lines for the prophylaxis and treatment of methicillin-resistant Staphylococcus
aureus (MRSA) infections in the UK. ] Antimicrob Chemother 2006;57:589-
608.

[2] Tai CC, Nirvani AA, Holmes A, Hughes SPF. Methicillin-resistant Staphylococcus
aureus in orthopaedic surgery. Int Orthop 2004;28:32-5.

[3] Gould IM. Costs of hospital-acquired methicillin-resistant Staphylococcus
aureus (MRSA) and its control. Int ] Antimicrob Agents 2006;28:379-
84.

[4] Boyle-Vavra S, Carey RB, Daum RS. Development of vancomycin and
lysostaphin resistance in a methicillin-resistant Staphylococcus aureus isolate.
J Antimicrob Chemother 2001;48:617-25.

[5] Hancock REW. Peptide antibiotics. Lancet 1997;349:418-22.

[6] Ghiselli R, Giacometti A, Cirioni O, Orlando F, Mocchegiani F, Mataloni
Pacci G, et al. Therapeutic efficacy of the polymyxin-like peptide ranalexin
in an experimental model of endotoxemia. ] Surg Res 2001;100:183-
8.

[7] AndrésE, Dimarcq]JL. Cationic peptides: update of clinical development.] Intern
Med 2005;255:519-20.

[8] PatronRL, Climo MW, Goldstein BP, Archer GL. Lysostaphin treatment of exper-

imental aortic valve endocarditis caused by a Staphylococcus aureus isolate

with reduced susceptibility to vancomycin. Antimicrob Agents Chemother
1999;43:1754-5.

Kokai-Kun JF, Chanturiya T, Mond ]J. Lysostaphin as a treatment for systemic

Staphylococcus aureus infection in a mouse model. ] Antimicrob Chemother

2007;60:1051-9.

[10] Graham S, Coote PJ. Potent, synergistic inhibition of Staphylococcus aureus
upon exposure to a combination of the endopeptidase lysostaphin and
the cationic peptide ranalexin. J Antimicrob Chemother 2007;59:759-
62.

[11] Desbois AP, Lang S, Gemmell CG, Coote PJ. Surface disinfection properties of
the combination of an antimicrobial peptide, ranalexin, with an endopeptidase,
lysostaphin, against methicillin-resistant Staphylococcus aureus (MRSA). ] Appl
Microbiol 2010;108:723-30.

[12] Clark DP, Durell S, Maloy WL, Zasloff M. A novel antimicrobial peptide from
bullfrog (Rana catesbeiana) skin, structurally related to the bacterial antibiotic,
polymyxin. ] Biol Chem 1994;14:10849-55.

[13] Giacometti A, Cirioni O, Ghiselli R, Goffi L, Mocchegiani A, Riva A, et al. Efficacy
of polycationic peptides in preventing vascular graft infection due to Staphylo-
coccus epidermidis. ] Antimicrob Chemother 2000;46:751-6.

[14] Giacometti A, Cirioni O, Ghiselli R, Goffi L, Mocchegiani F, Riva A, et al.
Polycationic peptides as prophylactic agents against methicillin-susceptible
or methicillin-resistant Staphylococcus epidermidis vascular graft infection.
Antimicrob Agents Chemother 2000;44:3306-9.

[15] Babich H, Borenfreund E. Cytotoxicity of T-2 toxin and its metabolites deter-
mined with the neutral red cell viability assay. Appl Environ Microbiol
1991;57:2101-3.

[16] Griindling A, Missiakas DM, Schneewind O. Staphylococcus aureus mutants with
increased lysostaphin resistance. ] Bacteriol 2006;188:6286-97.

[17] White RL, Burgess DS, Mandura M, Bosso JA. Comparison of three different
in vitro methods of detecting synergy: time-Kkill, checkerboard, and E test.
Antimicrob Agents Chemother 1996;40:1914-18.

[18] Morton JJP, Malone MH. Evaluation of vulnerary activity by an open wound
procedure in rats. Arch Int Pharmacodyn Ther 1972;196:117-26.

[19] Holm S. A simple sequentially rejective multiple test procedure. Scand ] Stat
1979;6:65-70.

[20] Ciornei CD, Sigurdardéttir T, Schmindtchen A, Bodelsson M. Antimicrobial and
chemoattractant activity, lipopolysaccharide neutralization, cytotoxicity, and
inhibition by serum of analogs of human cathelicidin LL-37. Antimicrob Agents
Chemother 2005;49:2845-50.

[21] Fletcher ]. Best practice—choosing an appropriate antibacterial dressing. Nurs
Times 2006;102:46-9.

[22] Peter FW, Li-Peuser H, Vogt PM, Muehlberger T, Homann HH, Steinau HU. The
effect of wound ointments on tissue microcirculation and leucocyte behaviour.
Clin Exp Dermatol 2002;27:51-5.

[23] Vick LR, Propst RC, Bozeman R, Wysocki AB. Effect of Dakin’s solution on com-
ponents of a dermal equivalent. ] Surg Res 2009;155:54-64.

[24] Cooper R. A review of the evidence for the use of topical antimicrobial agents
in wound care. World Wide Wounds; 2004, http://www.worldwidewounds.
com/2004/february/Cooper/Topical-Antimicrobial-Agents.html (accessed
12.11.09).

[25] White R, Cutting KF. Modern exudate management: a review of wound
treatments. World Wide Wounds; 2006, http://www.worldwidewounds.
com/2006/september/White/Modern-Exudate-Mgt.html (accessed 12.11.09).

[26] Zhao X, Drlica K. Restricting the selection of antibiotic-resistant mutants:
a general strategy derived from fluoroquinolone studies. Clin Infect Dis
2001;33(Suppl. 3):5147-56.

[27] Coates A, Hu Y, Bax R, Page C. The future challenges facing the development of
new antimicrobial drugs. Nat Rev Drug Discov 2002;1:895-910.

[28] Climo MW, Ehlert K, Archer GL. Mechanism and suppression of lysostaphin
resistance in oxacillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother 2001;45:1431-7.

[29] Giacometti A, Cirioni O, Barchiesi F, Scalise G. In vitro activity and killing
effect of polycationic peptides on methicillin-resistant Staphylococcus aureus
and interactions with clinically used antibiotics. Diagn Microbiol Infect Dis
2000;38:115-18.

[30] Marty FM, Yeh WW, Wennersten CB, Venkataraman L, Albano E, Alyea EP, et
al. Emergence of a clinical daptomycin-resistant Staphylococcus aureus isolate
during treatment of methicillin-resistant Staphylococcus aureus bacteremia and
osteomyelitis. ] Clin Microbiol 2006;44:595-7.

[31] Tsiodras S, Gold HS, Sakoulas G, Eliopoulos GM, Wennersten C, Venkataraman
L, et al. Linezolid resistance in a clinical isolate of Staphylococcus aureus. Lancet
2001;358:207-8.

[32] Werner G, Cuny C, Schmitz FJ, Witte W. Methicillin-resistant,
quinupristin-dalfopristin-resistant = Staphylococcus aureus with reduced
sensitivity to glycopeptides. J Clin Microbiol 2001;39:3586-90.

[33] Cepeda J, Hayman S, Whitehouse T, Kibbler CC, Livermore D, Singer M, et
al. Teicoplanin resistance in methicillin-resistant Staphylococcus aureus in an
intensive care unit. ] Antimicrob Chemother 2003;52:533-4.

[9



A.P. Desbois et al. / International Journal of Antimicrobial Agents 35 (2010) 559-565 565

[34] Quickel Jr KE, Selden R, Caldwell JR, Nora NF, Schaffner W. Efficacy and safety [37] Climo MW, Patron RL, Goldstein BP, Archer GL. Lysostaphin treatment of exper-
of topical lysostaphin treatment of persistent nasal carriage of Staphylococcus imental methicillin-resistant Staphylococcus aureus aortic valve endocarditis.
aureus. Appl Microbiol 1971;22:446-50. Antimicrob Agents Chemother 1998;42:1355-60.

[35] Harrison EF, Fuquay ME, Zygmunt WA. Antigenic response to topically applied [38] Dajcs JJ, Thibodeaux BA, Girgis DO, Shaffer MD, Delvisco SM, O’Callaghan R].
proteins. Infect Immun 1975;11:309-12. Immunity to lysostaphin and its therapeutic value for ocular MRSA infections

[36] Daley MJ, Oldham ER. Lysostaphin: immunogenicity of locally administered in the rabbit. Invest Ophthalmol Vis Sci 2002;43:3712-16.

recombinant protein used in mastitis therapy. Vet Inmunol Immunopathol
1992;31:301-12.



	In vivo efficacy of the antimicrobial peptide ranalexin in combination with the endopeptidase lysostaphin against wound an...
	Introduction
	Materials and methods
	Reagents, culture media and microorganisms
	Efficacy in human serum
	Haemolysis assay
	Mammalian cell toxicity assay
	Spectrum of activity
	Rabbit model of MRSA wound infection
	Murine model of systemic MRSA infection
	Statistical analyses

	Results
	Efficacy in human serum
	In vitro toxicity
	Spectrum of activity
	Rabbit model of MRSA wound infection
	Murine model of systemic MRSA infection

	Discussion
	Acknowledgment
	References


