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Abstract

Background: Staphylococcus aureus remains the predominant pathogen in diabetic foot infections and prevalence of
methicillin resistant S.aureus (MRSA) strains further complicates the situation. The incidence of MRSA in infected foot ulcers
is 15-30% and there is an alarming trend for its increase in many countries. Diabetes acts as an immunosuppressive state
decreasing the overall immune functioning of body and to worsen the situation, wounds inflicted with drug resistant strains
represent a morbid combination in diabetic patients. Foot infections caused by MRSA are associated with an increased risk
of amputations, increased hospital stay, increased expenses and higher infection-related mortality. Hence, newer, safer and
effective treatment strategies are required for treating MRSA mediated diabetic foot infections. The present study focuses
on the use of lytic bacteriophage in combination with linezolid as an effective treatment strategy against foot infection in
diabetic population.

Methodology: Acute hindpaw infection with S.aureus ATCC 43300 was established in alloxan induced diabetic BALB/c mice.
Therapeutic efficacy of a well characterized broad host range lytic bacteriophage, MR-10 was evaluated alone as well as in
combination with linezolid in resolving the course of hindpaw foot infection in diabetic mice. The process of wound healing
was also investigated.

Results and Conclusions: A single administration of phage exhibited efficacy similar to linezolid in resolving the course of
hindpaw infection in diabetic animals. However, combination therapy using both the agents was much more effective in
arresting the entire infection process (bacterial load, lesion score, foot myeloperoxidase activity and histopathological
analysis). The entire process of tissue healing was also hastened. Use of combined agents has been known to decrease the
frequency of emergence of resistant mutants, hence this approach can serve as an effective strategy in treating MRSA
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mediated foot infections in diabetic individuals who do not respond to conventional antibiotic therapy.
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Introduction

Diabetes is one of the biggest cause of morbidity and mortality
worldwide. According to a major international study, an estimated
350 million people in the world have diabetes [1]. Both type 1 and
type 2 diabetes lead to hyperglycemia that further results in a
number of complications, including damage to nerves (diabetic
neuropathy) [2]. Peripheral neuropathy has a central role to play
in the development of foot infections. Wounds leading to foot and
leg amputation occur in about 30 to 50 percent of patients with
diabetes [3].

One of the most common pathogen in acute, previously
untreated, superficial infected foot wound in patients with diabetes
1s Staphylococcus aureus. Overuse of antibiotics and the selection of
broad- rather than narrow-spectrum agents has contributed
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towards a high prevalence of methicillin-resistant S.aureus (MRSA)
in diabetic foot wounds.

MRSA accounts for up to 42.86 % of the S.aureus isolates from
diabetic foot infections [4]. The prevalence of MRSA in infected
foot ulcers is as high as 30% and an increase has been noticed in its
incidence in many countries [5]. A recent study from Manchester
has reported MRSA isolation in 30.2% of patients, which is a
100% increase as compared to three years earlier [6]. Also MRSA
bacteremia in diabetics with foot infections is associated with 43%
mortality compared to 20% mortality rate reported with
methicillin sensitive S.aureus (MSSA) bacteremia [7] The mortality
rate is much higher in case of diabetic foot infections caused by
MRSA undergoing amputation (43% MRSA vs 9% non-MRSA)
[8].

Furthermore, there is evidence that MRSA colonization of
chronic ulcers is associated with delayed healing [9,10]. Strategies
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to eliminate MRSA from colonized wounds are therefore essential
and should include the use of simple, low-cost, effective treatments
[10]. The commonly deployed antibiotics to treat MRSA
mediated foot infections (tigecycline, vancomycin) are associated
with a large number of side effects and S.aureus strains resistant to
these antibiotics have already emerged in hospital and community
settings [11-13]. Among the newer drugs, the only drugs
specifically approved by US Food and Drug Administration for
diabetic foot infections are trovafloxacin (which is now rarely used)
and linezolid [14]. Linezolid is a suitable alternative because it has
100% oral bioavailability which allows conversion from intrave-
nous to oral therapies as soon as the patient is clinically stable, thus
allowing early discharge and reduced economic burden on the
patient. This provides an advantage over comparative therapy
(vancomycin and quinupristin/dalfopristin) which can only be
delivered parenterally [6].

In addition, a number of clinical studies support the use of
linezolid in treating diabetic foot infections caused by MRSA with
superior cure rates and excellent tissue penetration into the
inflamed soft tissue of diabetic foot infections [15-23]. The drug-
related adverse events in linezolid treated patients are also
generally mild and reversible [24].

An alternative or supplement to antibiotic therapy, which is
currently being re-examined, is the use of bacterial viruses (phage/
bacteriophage) i.e phage therapy to target bacterial infections
particularly refractory to the action of antibiotics. Phage therapy
has long been used for treating infections in patients ranging from
simple infections such as acne, conjunctivitis, dermatitis, pharyn-
gitis, rhinitis [25], suppurative skin infections [26,27], surgical and
burn wounds [28-30] to serious fulminating infections such as
deep seated ulcers, osteomyelitis , meningitis and life threatening
pneumonia [30,31]. Moreover, bacteria find it much harder to
develop resistance to bacteriophages and there is an abundance of
phages in nature with broad host range covering a large number of
clinical strains [7]. The ability of a phage to kill and lyse the
infecting pathogenic bacteria, their ability to self-replicate and
proven safety in various animal models [32—39] makes this therapy
worth considering especially in immunocompromised individuals
such as diabetic patients. Hence, the present study was aimed at
isolating a lytic bacteriophage with broad host range and
evaluation of its potential for treating MRSA induced hindpaw
infection in diabetic mice, administered alone and in combination
with the antibiotic.

Materials and Methods

Ethical Statement

The experimental protocols were approved by the Institutional
Animal Ethics Committee (Approval ID: IAEC/156) of the Panjab
University, Chandigarh, India and performed in accordance with
the guidelines of Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Government
of India, on animal experimentation. All efforts were made to
minimize the suffering of animals.

Bacterial Strains

Standard strains of Staphylococcus aureus from ATCC, Mannasse,
USA were used. These included: S. aureus ATCC 43300(MRSA),
S. aureus ATCC 29213(MSSA), S. aureus ATCC 25923(MSSA) and
S.aureus ATCC 33591(MRSA). Clinical isolates of S.aureus (MRSA)
procured from Postgraduate Institute of Medical Education and
Research (PGIMER), Chandigarh, India were used. These strains
were identified on the basis of gram reaction, growth on mannitol
salt agar (MSA), catalase activity, and coagulase test. Disk diffusion
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assay was performed to confirm its resistance towards penicillin,
methicillin and oxacillin followed by determination of MIC values
against oxacillin by broth microdilution assay as recommended by
Clinical and Laboratory Standards Institute (CLSI) [40]. As stated
in the CLSI standards, S.aureus isolates with oxacillin MICs =
4 pug/ml were taken as methicillin-resistant S. aureusMRSA), and
the strains giving MIC values = 4 pg/ml strains as methicillin-
sensitive S. aureus (MSSA). All such clinical strains giving MIC
=4 ug/ml were selected , numbered sequentially and stored in
60% glycerol at —80°C and when necessary, maintained on
nutrient agar slants at 4°C.

Phage isolation, purification and host range
determination. The method of Cerveny et al. [35] was adopted
for the isolation of phages active against S.aureus ATCC 43300
from sewage samples. Samples were collected from drainage of
different localities in and around Chandigarh. Equal volumes of
sewage samples and host bacterium [grown in brain heart infusion
broth (BHI) supplemented with 5 mM CaCly] were mixed and
incubated overnight at 37°C. After 24 h, the samples were
centrifuged, the supernatant filter sterilized and the lysate checked
for phage activity using spot assay as described by Chang e al.
[41]. Phage titration was done using double agar overlay method
as described by Adams [42] and phage titers were expressed as
plaque forming units (PFU/ml). The phage MR-10 was then
tested for its host range against a panel of 34 clinical isolates of
S.aureus (MRSA) and other ATCC strains by spot test.

Phage adsorption rate, one-step growth curve, phage
DNA isolation. The adsorption rate of phage MR-10 was
determined by the method of Adams [42]. Phage suspension was
added at a multiplicity of infection (MOI) of 0.1 to the S.aureus
43300 culture and incubated at 37°C. Aliquots were taken at
5 min intervals and the number of free infectious phage particles
was calculated by phage titration. A one-step growth curve was
performed as described by Chhibber et al. [38]. MR-10 phage was
added at a MOI of 0.1 to the cells of . aureus 43300 and allowed to
adsorb for 24 min at room temperature. The mixture was then
centrifuged (10,000 rpm, 10 min, 4°C) and the pellet containing
infected cells was suspended in 1 ml of BHI broth with CaCly
(final conc. of 5 mM) followed by incubation at room temperature.
Samples were taken periodically in duplicate at 5 min interval for
a period of 1 h, immediately diluted and titrated by the double-
layer technique.

Bacteriophage DNA was extracted following the standard
protocol of Sambrook et al. [43] by treating the concentrated
phage suspension with proteinase K and sodium dodecyl sulphate
followed by extraction with phenol: chloroform. The extracted
DNA after precipitation with chilled ethanol was finally dissolved
in TE buffer (10 mM Tris-HCI, pH 7.0, 1.0 mM EDTA, pH 7.0).
A/HindIII marker was run in parallel for estimation of molecular
size.

Transmission electron microscopy. In order to observe
phage morphology, transmission electron microscopy (TEM) of
the MR-10 phage was performed as described by Goodridge et al.
[44]. Drops of ultra-centrifuged phage samples (1, 00, 000 g for
2 h, 4°C; L-80, Beckman Instrument, Switzerland) were dropped
on nitrocellulose coated grids (diameter, 3 mm; 300 meshes)
stained with 2% (w/v) potassium phosphotungustate (pH 6.8-7.2)
for 10 sec and examined under a transmission electron microscope
(Hitachi H 7500, Tokyo, Japan) at 80 KV.

Animals. BALB/c female mice, 4-6 weeks old weighing 20—
25 g were used in this study. The animals were obtained from
Central Animal House, Panjab University, Chandigarh, India.
The animals were kept in polycarbonate cages housed in well
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aerated rooms with a 12-h light/12-h dark cycle at 25%£2°C, fed
with standard rodent diet and water ad libitum.

Induction of Diabetes in BALB/c mice. Diabetes as per
the protocol of Pan et al. [45] was induced by giving two intra-
peritoneal injections of alloxan monohydrate (150 mg/kg body
weight) at 48-hour intervals in mice fasted overnight. One week
after the second injection, blood glucose levels (both random as
well as fasting) were recorded. The blood sample was obtained by
tail clipping method of Oladiende et al. [46] and checked by
glucose oxidase method using a pre-calibrated Glucometer (One
touch Horizon™).

Whole blood killing assay. Heparinized blood was collected
from the retro-orbital track of diabetic and non-diabetic BALB/c
mice. Blood killing assay was performed as per the method of Rich
and Lee [47]. Microfuge tubes were labeled and 200 pl of mouse
blood from each mouse was mixed with 100 pl of S.aureus 43300 to
yield a final concentration of 10° CFU/ml. The samples were
incubated at 37°C and aliquots were removed after 0,30,60,90 and
120 minutes. Samples were serially diluted and plated on nutrient
agar plates to quantify the CFU/ml.

Establishment of S.aureus 43300 induced hindpaw
infection in diabetic mice [47]. S. aureus 43300 was cultivated
for 24 h at 37°C in brain heart infusion broth. Next day, cells were
pelleted and washed twice with phosphate-buffered saline (PBS).
Bacterial suspension prepared in PBS was adjusted so as to achieve
a cell density corresponding to a range of bacteria inoculums
(10°,10%107 and 10° CFU/ml). The number of CFU/ml was
confirmed by quantitative plate count. Diabetic BALB/c mice
were taken and distributed in five different groups of 12 animals
(n=12) each. The mice were anaesthesized by giving ¢.p injection
of 100 mg/kg ketamine and 10 mg/kg xylazine. The planter
aspect of both the left and right hindpaw of each mice was
disinfected with 70% alcohol.10 pl of suspension of S.aureus ATCC
43300 was injected at a depth of 24 mm into the planter-
proximal aspect of the hindpaw. Each of the four groups received
different inoculum doses. Animals of the fifth group received same
volume of PBS injected into their hindpaws. Two animals from
each group were killed on day 1, 3, 5, 7, 9 and 12 post bacterial
challenge and both the hindpaws (left and right) of each mice were
amputated, defleshed and processed separately. The tissue was
homogenized, and dilutions of the homogenates were plated to
determine the bacterial burden.

Phage protection studies. Therapeutic potential of bacte-
riophage, MR-10 specific for S.aureus 43300 was evaluated for its
ability to resolve experimental hindpaw foot infection in diabetic
BALB/c mice. The phage was administered locally at a dose of
10® PFU/ml (MOI-100) near the site of inoculation into the
hindpaw. Diabetic BALB/c mice were randomly divided into four
groups (each group containing 12 mice each).

Group 1: Diabetic mice
43300(10° CFU/ml).

Group 2: Diabetic mice were infected with S.aureus 43300
followed by administration of phage at a multiplicity of infection
(MOI) - 100 [30 minutes post-infection].

Group 3: Diabetic mice were infected with S.aureus 43300
followed by administration of linezolid (25 mg/kg/per oral).

Group 4: Diabetic mice were infected with S.aureus 43300
followed by administration of phage at a MOI of 100 as well as
simultaneous administration of linezolid (25 mg/kg/per oral).

(Note: The optimal dose of phage to be used in protection study
was based on the results of a preliminary experiment carried out
using different MOI and the MOI giving maximum decrease in
log CFU was thus selected).

were infected with S.aureus
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The parameters used to monitor the progress of infection
included a) bacterial load in infected and treated hindpaws
b) Oedema and Lesion scoring c¢) Footpaw myeloperoxidase
(MPO) levels and d) Histopathological examination.

Bacterial load in hindpaw. Bacterial load was assessed as
per the method of Park et al. [48]. Mice from each group were
taken and killed on day 1, 3,5,7,9 and 12 post-infection by cervical
dislocation. After disinfection, their hindpaws were amputated,
defleshed and homogenized. The tissue homogenates were serially
diluted. Bacterial load in terms of CFU/ml was evaluated by
plating each dilution on nutrient agar plates and the phage titers
were determined (in terms of PIFU/ml) by plating the dilution on a
lawn of S. aureus 43300.

Oedema and lesion scoring. Six hours post-inoculation on
the same day i.e day 0, and later on day 1, 3,5,7,9 and 12 post-
infection, the oedema of the infected hindpaw of all animals was
checked with the help of vernier caliper and the lesion was scored
on a scale of 0 to 4 as follows:

0- No redness, no oedema with thickness of hindpaw in the
range of 0.14-0.19 mm.

1- Slight redness with slight oedema with thickness of hindpaw
in the range of 0.20-0.25 mm.

2- Visible redness and moderate oedema with thickness of
hindpaw in the range of 0.26-0.30 mm.

3- Severe redness and visible oedema with thickness of hindpaw
in the range of 0.31-0.36 mm.

4- Severe redness and pronounced visible oedema with
thickness of hindpaw in the range of 0.37-0.42 mm.

Myeloperoxidase (MPO) estimation. Mice from each
group (same groups as those categorized for phage protection
studies with 12 animals per group) were killed and their hindpaws
amputated, defleshed and washed in sterile normal saline.
Homogenized foot paw samples were processed for MPO
determination as per the method of Greenberger et al. [49]. The
absorbance was read immediately at 490 nm over a period of 4
minutes. MPO was calculated as the change in optical density
(O.D) xdilution factor (D.F).

Histopathological examination. Extent of injury caused by
S.aureus and healing of the infected hindpaw following phage
therapy was assessed on the basis of histopathological analysis of
the injured and recovered paw following the method of Brans et al.
[50]. The sections were picked on separate slides, stained with
hematoxylin and eosin (Hi-Media, Mumbai) and the slides then
examined under a microscope to evaluate the extent of damage.

Statistical methods. All data are expressed as mean =*
standard deviation of replicated values where indicated. The
statistical significance of differences between groups was deter-
mined by the Student’s t-test(two groups), one-way ANOVA
followed by a Tukey test using Sigma Stat, Graph pad prism
(Graph pad software, San Diego, CA). p value of less than 0.01
was considered statistically significant.

Results

Out of the five isolated phages, MR-10 gave the broad host
range as it showed activity on all the four ATCC strains and 32/34
clinical isolates (94%). Therefore, phage MR-10 was selected for
further study. The time of adsorption of 99% phage population
was calculated to be 24 minutes and the adsorption rate (K) was
0.972x10~% ml/min. One step growth curve revealed that phage
MR-10 exhibited a latent period of 15 minutes and burst size of 57
phages per cell. The electron micrographs (Fig. 1) revealed that

February 2013 | Volume 8 | Issue 2 | 56022



e

2dr.ta t
Print ”dg
17:09 05,2112
TEM Mode: Imaging

59%000x ¥ 8.0 1n

Bacteriophage and Linezolid in Treating MRSA

HV B0kV
Mrect Mag
X:=283.% ¥

F00000x
197.6 T:0.4
SAIF Punjab Univerzity Chandigarh

Figure 1. Transmission Electron Micrograph of S.aureus specific phage MR-10.

doi:10.1371/journal.pone.0056022.g001

phage MR-10 had an icosahedral head with a diameter of
56%2.30 nm and contractile tail (120+4.12 nm) separating from
the head by a constricted neck region and terminated at a basal
tuft. It consisted of dsDNA with a genome size of 24 kb. It
belonged to Order Caudovirales and Family Myouviridae.

Induction of Diabetes in Mice

The average random blood glucose level of normal BALB/c mice
was found to be 139.6%4.16 mg/dl whereas the fasting blood
glucose level (after overnight fasting) was 104.6+9.81 mg/dl.
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Fasting glucose levels were checked daily post-alloxan injection.
Mice with fasting blood glucose levels in the range of 150-180 mg/
dl, 4-5 days post-injection were termed as moderately diabetic.
However, 15 days after alloxan administration, the fasting blood
glucose level was found to be 200%6.18 mg/dl whereas the random
blood glucose levels were =600 mg/dl. Such animals were
considered severely diabetic and selected for infection studies.
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Whole Blood Killing Assay

The bacterial count of S.aureus 43300 when incubated with
mouse blood of non-diabetic mice showed a significant decrease
from initial 5.5x10°%=0.25 CFU/ml to a 3.5x10°+0.14 CFU/ml
after 60 min of contact period. The counts further declined to
1.3x10°+0.22 CFU/ml on extended incubation (120 minutes)
thus representing 75% killing (% decrease from initial inoculum).
However, the mice with moderate diabetes (fasting glucose =150—
180 mg/dl) showed impaired killing as compared to non-diabetic
group. Maximum decrease of 21% from initial bacterial count
(decrease from initial 6.1x10°%0.24 CFU/ml to
4.78x10°%0.17 CFU/ml) was observed after 120 minutes of
incubation in the blood. In case of severely diabetic mice with a
fasting blood glucose level of = 200 mg/dl, the bacteria were able
to multiply in the blood of diabetic animals and showed a steady
increase from an initial count of 5.87x10°%+0.18 CFU/ml to
7.21x10°+0.30 CFU/ml which is an increase of 22.6% after 120
minutes (Fig. 2).

Hindpaw Infection Model

Since the aim of this study was to access the efficacy of phage on
the course of infection process, therefore doses higher than 107 and
10% were not selected as these led to 33.3% mortality in diabetic
mice. A dose of 10° CFU/ml was thus chosen as the optimal
infectious dose (Table 1) for setting up of significant hindpaw
infection in diabetic BALB/c mice. Pictorial representation of
S.aureus infected hindpaw (10° CFU/ml) and the average lesion

8 1
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score, oedema levels (mm) and bacterial load on different days post
infection are depicted in Fig. 3 and Table 1.

Phage Protection Study

a) Bacterial load in infected and treated hindpaw. The
results as depicted in Fig. 4A show that when 10° CFU/ml
(10* CFU/10 pl) was injected into the hindpaw of untreated
control animals (group 1), the bacterial load peaked on day 3 with
bacterial burden of 7.42 log CFU/ml, followed by a decline to
5.59 log CFU/ml on day 5 and taking more than 12 days to
obtain sterile paws. However, single injection of phage MR-
10(10° PFU/ml) (group-2) showed significant reduction (p<<0.01)
in bacterial load on day 1 itself. The bacterial load was
significantly reduced (p<<0.01) to 3.92 and 2.89 log CFU/ml
respectively on day 3 and 5 which is equivalent to a reduction of
3.5 and 2.7 log cycles as compared to untreated control. Infection
was resolved completely by day 7 in group 2 and sterile paws were
obtained on day 7. In group 3, animals treated with linezolid also
showed a similar pattern with bacterial burden of 3.37 and 2.92 on
day 3 and 5 respectively with complete resolution thereafter.

However, maximum reduction in bacterial burden was
obtained in group 4 with simultaneous administration of both
phage MR-10 and linezolid. The bacterial load reached to
3.16 log CFU/ml on day 1 followed by a steady decline thereafter.
On day 3, minimal load of 2.36 log CFU/ml was observed which
was a significant reduction of 5 log cycles (p<<0.01) in comparison
to untreated control that peaked to 7.42 log CFU/ml. Also,
bacterial load in hindpaws of animals treated with combination

i
—a—
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1 4
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0 T T T T T T '
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Figure 2. Bacterial load (CFU/ml) as compared to non-diabetic control after incubation of S.aureus ATCC 43300 in blood obtained
from different groups of animals. [Data points represent mean *S.D of ten independent values (n=10)].

doi:10.1371/journal.pone.0056022.g002
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Figure 3. Pictoral representation of S.aureus infected hindpaw (10° CFU/ml along with mean lesion score on different days post

infection.
doi:10.1371/journal.pone.0056022.g003

therapy showed comparatively lower burden at all days in
comparison to monotherapy group (group 2 and 3). Phage titers
(Fig. 4B) initially increased in the hindpaws of animals (group 2
and 4) on day 1 and 3 (due to in vivo replication in presence of
bacteria) followed by decline on day 5 onwards correlating well
with the marked clearance of its host bacteria by day 7 in both the

groups.

post infection.

b) Oedema and lesion scoring. As shown in Table 2, an
increase in oedema and redness (markers of inflammation in
response to infection) was seen in untreated control group which
peaked on day 5 with a lesion score of 4. In phage treated mice, an
increase in oedema and redness continued till day 5. However,
both the oedema and lesion score were significantly less (p<<0.01)
as compared to untreated control animals on day 3, 5 and 7.
Similarly in linezolid (LZD) treated animals, oedema peaked on

Table 1. Lesion score, oedema levels (mm) and bacterial load in S.aureus infected hindpaw (10° CFU/ml) of mice on different days

Day 0 (day of

(Log CFU/ml)

infection) Day1 Day3 Day5 Day7 Day9 Day12
Lesion Score 0 2 3 4 3 1 0
Oedema(mm) 0.17%0.01 0.26+0.01 0.34+0.02 0.040*0.02 0.32+0.01 0.24+0.01 0.17x0.01
Bacterial Load * 5.41%0.11 7.89*0.14 5.90+0.08 3.86=0.12 2.01=* 0.11 1.01%= 0.12

Data is mean=S.D of a minimum of four independent values.
(*): not applicable,

(=): no bacterial counts.
doi:10.1371/journal.pone.0056022.t001
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Figure 4. Bacterial load (in terms of Log CFU/ml) in A) Hindpaws of diabetic BALB/c mice following treatment with phage MR-10,
linezolid and combination of phageMR-10 and linezolid (25 mg/kg/per oral) and Phage titers(in terms of Log PFU/ml) in B)
Hindpaws of phage treated (group 2 ) and phage + LZD treated (group 4). [Error bars represent the standard deviation (S.D) from four

independent values].
doi:10.1371/journal.pone.0056022.g004

day 3 with a lesion score of 2 but thereafter it declined with no
such signs visible on day 7 onwards. However, in phage + LZD
treated group, there was marked reduction (p<<0.01) in both
redness and oedema as compared to untreated control animals,
especially on day 3 and 5 and by day 7, paws were normal.
Although lesion scoring based on visual examination of the
hindpaw of animals receiving both the agents was almost similar to
the lesion score of animals receiving either phage or LZD alone,
yet a significant difference (p<<0.01) was observed in the oedema
level in both the groups on day 3 and 5.

c) Myeloperoxidase (MPO) activity. As seen in Fig. 5,
MPO activity in infected hindpaws was significantly less in all the
three treatment groups (group 2, 3 and 4) compared to untreated
control animals (p<<0.01). In the groups 2 and 3, there was a
significant reduction in the MPO activity on all the days as
compared to untreated control animals (p<<0.01) with minimal
activity obtained on day 7 and 10. However, marked reduction in
tissue MPO activity was seen 5™ day onwards in animals treated
with combination therapy (group 4). The tissue MPO values of
group 4 were significantly reduced (p<<0.01) as compared to
untreated control animals. The MPO values was also significantly
less (p<<0.01) than MPO values obtained in group 2 and 3 on day
3,5 and 9.

d) Histopathological examination. The histopathological
section of hindpaw tissue from all the groups were taken on the 5™
day post-infection. The control skin showed all the intact layers,

PLOS ONE | www.plosone.org

namely epidermis with keratin layers, dermis with hair follicles
being visible and the fat and muscle layer (Fig. 6). However, when
the histopathological sections of infected hindpaw of diabetic mice
were observed, the epidermal layer was highly ulcerated and pus
containing abscesses in both the dermis and subcutaneous soft
tissue were visible. These mice had a dense infiltration of
neutrophils and heavy inflammation was seen in the skin,
involving the dermis and extending deep into the muscle
[Fig. 6(i1)]. In the phage treated group, the skin showed mild
infiltration of lymphocytes and the fibroblastic cells in the dermis
beneath the epidermis. Although the epidermis appeared normal
and non-ulcerated, yet there was moderate inflammation observed
in the dermis beneath the epidermis with oedema fluid also visible
in the dermal layer [Fig. 6(iv)]. This was indicative of the process
of tissue healing which correlated well with the lesion score of 2.0
observed in these animals on day 5. In the linezolid treated group,
the epidermis was normal accompanied with only mild inflam-
matory cells in some areas in the dermis. However, in the animals
administered with both phage MR-10 and linezolid, the epidermis
was normal, similar to control skin with no signs of ulceration or
oedema in any layer with all the skin layers being intact and
normal. There was a marked reduction in infiltrating cells with
only a small focus of inflammatory cells visible in the dermis

[Fig. 6(vi)].
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Table 2. Lesion score with oedema values on different days post-infection in diabetic mice treated with phage MR-10, linezolid

Untreated Control Phage MR-10 Treated

LZD treated (25 mg/kg/per oral) Phage MR-10 + LZD treated

Days Lesion score Oedema (mm) Lesion score Oedema (mm) Lesion score Oedema (mm) Lesion score Oedema (mm)
Day 0 0 0.16+0.01 0 0.17+0.01 0 0.17£0.02 0 0.18+0.02
Day 1 1 0.25+0.02 1 0.22+0.02 1 0.24+0.02 1 0.22+0.02
Day 3 3 0.35*0.02 1 0.28+0.01 2 0.3+0.02 2 0.25+0.02
Day 5 4 0.40+0.01 2 0.26+0.02 1 0.25+0.04 1 0.21+0.02
Day 7 3 0.32+0.02 1 0.2*0.01 0 0.18%+0.01 0 0.17%0.01
Day 9 1 0.21£0.01 0 0.18%+0.02 0 0.18+0.02 0 0.16%+0.01
Day 12 0 0.17£0.01 0.17+0.01 0 0.16+0.02 0 0.17+0.01

Data is mean=*S.D of a minimum of four independent values.
doi:10.1371/journal.pone.0056022.t002

Discussion

Staphylococcus aureus plays a prominent role as an etiological agent
of foot infections in diabetic patients. The condition worsens
further if the infection is caused by MRSA due to its innate and
acquired resistance to many antimicrobials increasing the duration
of hospital stay, cost of management and additional risks of
morbidity and mortality. It has been estimated that at least 50% of
all deaths caused by diabetic foot are the result of infections that
are untreatable and caused by resistant strains. The present study
reinforces the view that phage therapy as an alternative treatment

3.5 1

2.5 1

15 4

MPO activity {units/ml)

05 1

Day-1 Day-3

Day-5

option for MRSA infections in diabetic patients is worth exploring.
Limited work is available on the potential use of phages in treating
MRSA infections in diabetic animals [51,52]. However, none of
the workers have studied the effectiveness of phages as part of
combination therapy in treating foot infections, that are one of the
leading causes of amputation and life long disability among
diabetic population. The therapeutic efficacy of characterized
phage MR-10 (with a broad host range, belonging to Myoviridae
family) in treating S.aureus mediated localized foot infection in
diabetic mice was evaluated.

B Group 1 (untreated control)
(n=12)

B Group 2 (phage treated)
(n=12)

1 Group 3 (LZD treated) (n=12)

M Group 4 (phage + LZD
treated) (n=12)

Day-7 Day-9 Day-12

Figure 5. Comparison of MPO levels in the hindpaw of phage MR-10, linezolid and combination of both treated diabetic BALB/c
mice at different time intervals. [Error bars represent the standard deviation (S.D) from four independent values].

doi:10.1371/journal.pone.0056022.g005
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Figure 6. Histopathological examination of infected and treated hindpaws of diabetic mice. Photo micrograph of i) Normal skin showing
intact epithelial layers(E,D,M) sebaceous glands and intact hair follicles(HF) (H and E 200X) ii) Skin tissue from hindpaw of infected diabetic mice
showing fairly heavy inflammation(l) involving the dermis and extending deep into muscle (H and E 100X) iii) Magnified view of the area (denoted in
the rectangular panel in (ii) showing heavy infiltration of polymorphoneutrophils (I) and collection of oedematous fluid in the subcutaneous areas iv)
Skin tissue from hindpaw of infected diabetic mice treated with phage MR-10 alone showing moderate inflammation and infiltration (1) is visible with
oedema (OF) seen in some areas v) Skin tissue from hindpaw of infected diabetic mice treated with linezolid showing mild inflammatory areas and vi)
Skin tissue from hindpaw of infected diabetic mice treated with phage MR-10 and linezolid (in combination) showing normal skin layers with
significant reduction in inflammation. (E-epidermis, D-dermis, SC-subcutaneous layer, M-muscle layer, OF-oedema fluid accumulation, UE-ulcerated
epridermis, arrow- abscess in epidermal layer, | -infiltrating neutrophils).

doi:10.1371/journal.pone.0056022.g006

Neutrophils from diabetic patients have been shown to exhibit
impaired bactericidal activity [53-57]. To determine whether
leukocytes from diabetic BALB/c mice would show a similar
defect, we performed S.aureus killing assays with mouse blood. The
degree of bactericidal activity in the blood from individual diabetic
BALB/c mice in this study correlated well with their blood glucose
level. Blood from moderately diabetic mice (fasting glucose =150—
180 mg/dl) showed poor killing activity of 21% after 120 minutes
of incubation. On the contrary, S. aureus multiplied in the blood
obtained from severly diabetic mice with a fasting blood glucose
level of =200 mg/dl. In support of these results is the observation
of Gresham et al. [58] who demonstrated that survival of S.aureus
inside polymorphoneutrophils contributes towards the pathogen-
esis of staphylococcal infection in a murine peritonitis model.
These findings are also in line with the findings of Rich and Lee
[47] who demonstrated poor killing activity of leukocytes obtained
from diabetic NOD mice.

Several m wvitro functional defects of the immune system have
been correlated with the metabolic control of diabetic patients.
The insulinopenia-induced enzymatic defects which are responsi-
ble for inhibiting energy-requiring functions essential for normal
functioning of phagocytes and lymphocytes are one of them. This
is likely to hamper the normal bactericidal killing efficiency of
neutrophils of diabetic patients [59].

PLOS ONE | www.plosone.org

The diabetic mice infected with S.aureus 43300 were treated with
phage MR-10. The results showed that a single injection of
10® PFU/ml was able to resolve the infectious process within a
period of 5 days, unlike 15 days required to obtain sterile paws in
untreated animals. A significant reduction of ~3.5 log cycles and
2.7 log cycles in bacterial load was also obtained as compared to
control animals on day 3 and 5 (p<<0.01). This correlated well with
the lesion scoring and oedema levels . This finding corroborates
the results of an earlier study where in rats infected with S.aureus
MRSA CSV-36 in an excision wound model and administered
with S. aureus phage @ SH-56 showed sterile skin abscess after 6
days [52]. In the present study, phage MR-10 prevented initial
multiplication of the pathogen since a bacterial count of 4.84 log
CFU /ml was obtained after 24 hours of infection which was
almost similar to the bacterial inoculum injected (10* CFU/10 pl).
However, later phage multiplied (as evident by the phage titers
that peaked on day 3) and was able to effectively arrest the entire
infection within the next 48-72 hours. In addition, the process of
tissue healing was hastened before the establishment of full fledged
infection in diabetic animals.

Linezolid is one of the latest drugs recommended for treating
diabetic foot infections [23]. It has activity against many of the
gram-positive organisms and is available in both intravenous and
oral formulations, making it convenient for use in both inpatient
and outpatient settings. In the group that received linezolid
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(25 mg/kg) orally, bacterial load was significantly reduced in the
first 24 hours and by day 5 the bacterial load was significantly
reduced to 2.92 log CFU/ml (p<<0.01). On day 7 post-infection,
the bacterial load was negligible and infection was completely
resolved. The oedema and lesion score also correlated well with
the decreased bacterial load. On comparing these results with
those obtained with phage MR-10, it was observed that both the
agents (phage and linezolid) when administered alone 30 minutes
after infection showed almost similar efficacy in resolving MRSA
induced hindpaw infection in diabetic mice.

In animals receiving combination therapy (108 PFU/ml, given
directly into the hindpaw along with linezolid administered orally)
the infection process was well- controlled with significant reduction
of ~5 log cycles in bacterial load as compared to untreated mice
(p<<0.01). This reduction in bacterial load was maximum in
comparison to when phage or linezolid were given alone.
However, compared to differences observed in microbial load at
the infection site in the combination therapy group, no marked
differences were seen in the lesion scores of this group compared to
animals receiving LZD only. This discrepancy probably was due
to the visual scoring of the lesions as it was based entirely on the
development of redness and erythema around the infected
hindpaw. The oedema was measured by using vernier caliper
and a range of measurements were clubbed in one lesion score.
Though in combination therapy the oedema levels were signifi-
cantly less than those observed with monotherapy on days 3 and 5
yet these were given the same score as the values fell within that
range. However, the entire process of infection and tissue injury
was shorter and milder as it healed faster than in animals given
either phage or linezolid alone. This emphasizes that phage given
along with linezolid effectively controlled the pathogen population
by their combined action. Linezolid being a bacteriostatic
antibiotic can easily stop further growth of S.aureus population
which can then be easily cleared off by the lytic phage and thus
prevent the initial establishment of infection. This combination
therapy has its own advantages. Not only it was effective in
controlling the infection process, but it has also been reported in
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literature that use of phage and antibiotic together also checks the
development of resistant mutants as the two agents differ in their
mechanism of action [60]. Besides this, the maximum decrease in
tissue MPO levels was also seen in this group of mice that received
combined therapy with minimal MPO activity obtained on day 5
and 7. This could be due to the fact that combined therapy
effectively contained the pathogen and once the growth of
invading bacteria was arrested at the site of injury, neutrophil
accumulation declined and this correlated well with tissue healing.
The results of histopathological examination of control (untreated)
and treated skin also substantiated these observations.

From these observations it is concluded that phage MR-10 with
a broad host range (lytic toward MRSA as well as MSSA strains)
showed efficacy similar to a potent currently used antibiotic i.e
linezolid. A combination therapy using bacteriophage and line-
zolid was found to be more effective in controlling the entire
process of hindpaw infection in diabetic mice as compared to
antibiotic or phage given alone. Since emergence of linezolid
resistant strains has already been reported therefore, combination
of two agents will always help in decreasing the development of
resistant mutants. Hence, co-therapy using phage and linezolid
can take care of the critical problem of resistance in modern
medicine, particularly in immuno-suppressed patients. Phage
therapy therefore presents a new window and reinforces the view
that it can act as an alternative treatment option for MRSA
infections in diabetic patients.
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