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ABSTRACT Staphylococcus aureus causes systemic infections with high morbidity and
mortality, and the emergence of drug-resistant strains is a rapidly growing clinical con-
cern. Novel therapeutic agents are required to tackle S. aureus infections. P128 is a
bacteriophage-derived chimeric ectolysin with potent and rapid bactericidal activity
against S. aureus. In the present study, the efficacy of P128 was evaluated in a newly de-
veloped rat model of S. aureus bacteremia. Prior to in vivo testing, P128 was shown to
be stable in whole blood by incubation in rat blood for up to 6 h and testing its bacteri-
cidal activity against the methicillin-resistant S. aureus isolate USA300. Rats succumbed
to intravenous challenge with 109 CFU of S. aureus USA300, resulting in 80 to 100%
mortality by day 14. Evaluation of the bacterial load in various organs at 96 h postinfec-
tion revealed high bacterial counts in the kidney, and this correlated with the presence
of renal abscesses. Treatment of infected animals with P128 either by intravenous bolus
administration via tail vein or by 1-h infusion via the jugular vein at 2 h postinfection re-
sulted in the dose-dependent survival of rats. P128 treatment also resulted in very few
or no abscesses in the kidneys. These data show that P128 is stable in the physiological
milieu and that intravenous treatment with P128 is highly effective in rescuing rats from
S. aureus bacteremia. P128 can be a novel therapeutic option for treatment of S. aureus
systemic infections.
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Staphylococcus aureus is a ubiquitous pathogen that colonizes human nares, skin,
and gastrointestinal tract and is a leading cause of both community- and hospital-

acquired infections (1). Approximately 20 to 30% of the human population can be
colonized with S. aureus in the nares (2). S. aureus is a causative agent of bacteremia,
infective endocarditis, osteomyelitis, skin and soft tissue infections, pneumonia, and
device-related infections (3–5). Infections caused by S. aureus remain a major public
health problem worldwide and are considered difficult to treat. S. aureus is widely
known for its ability to rapidly develop antibiotic resistance, and the indiscriminate use
of antibiotics has led to the emergence of resistance to standard-of-care antibiotics,
creating a need for novel and effective drugs against S. aureus. Development of new
antibiotics that belong to already-existing classes leads to rapid development of
resistance observed for currently used drugs in the same class (6). This calls for the
development of novel classes of antibacterial agents.

Phage-derived peptidoglycan hydrolases that enzymatically degrade the bacterial
cell wall have demonstrated potent antibacterial activity (7). These enzymes are called
“lysins,” and they are classified into two types: ectolysins and endolysins. Ectolysins are
phage structure-associated muralytic (cell wall-degrading) enzymes that aid entry of
the phage DNA into bacterial cells at the initiation of phage infection, and endolysins
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are hydrolases that degrade the cell wall and aid in the release of progeny phages
during the end of the phage lytic life cycle. With the increasing emergence of antibiotic
resistance in S. aureus, cell wall hydrolases represent potential alternatives against S.
aureus (8–10). P128 is a 27-kDa bacteriophage-derived ectolysin with potent antistaphy-
lococcal activities. It is a chimeric protein comprising the tail-associated muralytic
enzyme (ectolysin) of phage K and the staphylococcal cell wall targeting domain (SH3b)
of lysostaphin (11). P128 has been shown to be effective against clinical strains of S.
aureus, including methicillin-sensitive S. aureus, methicillin-resistant S. aureus (MRSA),
vancomycin-resistant S. aureus, and linezolid-resistant S. aureus (12). In vivo efficacy of
P128 has been shown against mupirocin-resistant MRSA in a rat nasal colonization
model (11). P128 possesses potent antibiofilm activity and shows synergistic activity in
combination with standard-of-care antibiotics against both planktonic and biofilm-
embedded strains of S. aureus (12).

Although mouse models of infection are routinely used, rats offer many advantages
in modeling human diseases. They are considered an excellent model to simulate
cardiovascular diseases and cognitive disorders and for use in cancer research. One of
the big advantages of rats is their size compared to that of mice. It is not only easy to
perform surgical procedures, but also important substructures of the organs involved
in lesions are proportional in size (13). The standard mouse peritonitis model used to
evaluate antibacterials has drawbacks. Factors unique to the mouse peritoneum are not
considered during the extrapolation of data to clinical conditions in humans. Because
of its small size and limited blood volume, it is not possible to sample the same animal
over longer durations and also, considering the rapid course of infection, mice are less
relevant to clinical situations (14).

In the present study, we report a rat model of bacteremia with characteristics
similar to the more rapidly fatal mouse model but presenting relevance to the clinical
situations in humans. We demonstrate the efficacy of P128 in this model. To our
knowledge, this is the first report of a rat model for bacteremia. Successful treatment
of S. aureus-infected rats using this model demonstrates that P128 may be a viable
option for the treatment of systemic S. aureus infections.

RESULTS
In vitro activity of P128 in whole blood. In order to verify that P128 is active in the

complex and multifactorial milieu of whole blood, prior to testing its in vivo efficacy,
P128 was incubated in rat blood for 20 min, 60 min, and 6 h after which its bactericidal
activity was tested. In this test, a difference of 3 orders of magnitude in CFU compared
to cell controls (99.9% reduction in CFU) is considered significant with respect to
the bactericidal activity of P128. Both in saline (Fig. 1A) and blood (Fig. 1B), a 3-log
reduction was seen up to 6 h, which is statistically significant (P � 0.05).

FIG 1 Activity of P128 in rat blood. P128 retains activity against MRSA USA300 in saline (A) and in whole
blood (B) as measured by a �99.9% reduction in CFU/ml in comparison to controls (n � 3). Results are
expressed as mean residual CFU/ml � the SE. *, significantly different from cell control (P � 0.05).
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Minimum lethal dose of S. aureus bacteria. The minimum lethal dose of S. aureus
bacteria was considered to be the bacterial inoculum that resulted in 80 to 100%
mortality by day 14. Challenging animals with 109 CFU resulted in 100% mortality by
day 14, whereas 108 CFU per animal did not result in any mortality (Fig. 2A). Treatment
with vancomycin resulted in 100% survival (Fig. 2B).

Course of MRSA USA300 systemic infection. CFU counts were enumerated by
sampling blood from animals at different time points following the bacterial challenge.
At the first minute after challenge, CFU counts detected in blood were in the range of
2 � 108 � 8 � 107 CFU/ml (Fig. 3). The counts reduced by 1 to 3 orders of magnitude
by 4 h. Over the next 4 days, the CFU counts in the blood remained between 2 � 104

CFU/ml and 2 � 106 CFU/ml (Fig. 3).
Bacterial burden in tissues. At 96 h postinfection, all of the test organs evaluated,

i.e., kidney, liver, spleen, and lung tissues, showed the presence of bacteria. The CFU
counts (means � the standard errors [SE]) in the kidney, liver, spleen, and lungs were
1.89 � 107 � 9.84 � 106, 2.37 � 105 � 2.19 � 105, 2.16 � 104 � 1.26 � 104, and 2.02 �

104 � 1.93 � 104, respectively (Fig. 4A). During gross necropsy, diffuse abscesses were
found in the kidneys (Fig. 4B). Histopathology revealed normal kidney architecture in

FIG 2 Establishment of minimum lethal dose of S. aureus USA300 strain. (A) Wistar albino rats (n � 6 per
group) were challenged with 108 or 109 CFU of MRSA USA300 per animal and monitored for survival for
14 days. (B) Wistar albino rats (n � 5 per group) were challenged with 109 CFU of MRSA USA300 per
animal and treated 2 h postinfection with vancomycin at 120 mg/kg administered subcutaneously (two
doses at 12-h interval), and survival was monitored for 14 days.

FIG 3 Bacterial load in blood at different time points after infection. Blood samples were drawn at
different time points from rats challenged with 109 CFU of MRSA USA300 per animal to determine
bacterial counts, expressed as the mean CFU/ml � the SE in individual animals. Each animal is
represented by a different shape. n � 4/group at 72 and 96 h; n � 5/group at all other time points.
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control animals (Fig. 4C), whereas in animals infected with S. aureus, there was massive
infiltration of inflammatory cells in the abscess lesions (Fig. 4D).

Effect of P128 intravenous (i.v.) bolus treatment on survival and renal ab-
scesses. In the control group, �90% mortality was observed by day 14. P128 treatment
resulted in dose-dependent improvement in survival. The percent survival in animals
treated with P128 at 0.25 mg/kg was comparable to that of the saline-treated group.
Treatment with P128 at 0.5 mg/kg resulted in 54% survival by day 14, and 100% survival
was observed in animals treated with P128 at 2.5 mg/kg (Fig. 5A). One subset of animals
was euthanized at 96 h postinfection and evaluated for renal abscesses. In saline-
treated animals, diffuse abscesses were observed (Fig. 5B), whereas P128 treatment (2.5
mg/kg) resulted in few or no abscesses (Fig. 5C).

Effect of P128 treatment on body weight. On day 1, the body weights (means �

the SE) of animals treated with saline, P128 (2.5 mg/kg), P128 (0.5 mg/kg), and P128
(0.25 mg/kg) were 171.5 � 2.04 g, 171.7 � 3.02 g, 172.7 � 1.98 g, and 172.0 � 1.84 g,
respectively (Fig. 6). On day 7, the body weights (means � the SE) of saline-, P128 (2.5
mg/kg)-, P128 (0.5 mg/kg)-, and P128 (0.25 mg/kg)-treated animals were 114.2 � 9.04
g, 136.2 � 3.91 g, 120.1 � 4.93 g, and 94.2 � 4.37 g, respectively (Fig. 6). On day 7, in
comparison to control animals, P128-treated (2.5 mg/kg) animals showed significantly
higher mean body weights (Fig. 6).

Efficacy of P128 after i.v. infusion. P128 was evaluated at 10, 2.5, and 0.5 mg/kg
by i.v. infusion over 1 h after challenging animals with 109 CFU i.v. In this subset of
animals, infusion was started at 2 h after bacterial challenge, and the animals were

FIG 4 Bacterial burden in tissues and renal abscesses. Wistar rats were challenged with 109 CFU per animal i.v. and euthanized at 96
h postinfection. (A) Liver, spleen, kidney, and lung tissues were homogenized and plated to determine the CFU. Data represent
individual CFU counts and means � the SE for each organ. Each animal is represented by a different shape. (B) Renal abscesses (arrows)
were observed at 96 h postinfection. (C and D) Kidneys from control animals showed normal renal histology (C), whereas histological
findings after i.v. challenge with S. aureus USA300 included massive infiltration of inflammatory cells and accumulation of inflamma-
tory fluid, marked by arrows (D). The original magnification of panels C and D was �400.
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monitored for survival. A total of 84% of the untreated animals died in the control
group by day 14. Infusion of P128 at 10 and 2.5 mg/kg resulted in 84 and 66% survival,
respectively, whereas 0.5 mg/kg did not protect the animals and the mortality re-
mained comparable to that of the infection control group (Fig. 7A). In the second
subset of animals that were infused with either saline or P128 at 10 mg/kg starting
immediately after infection to compare renal abscesses, diffuse abscesses were found
throughout the kidney (Fig. 7B) in the saline-infused animals, whereas in the P128-
treated animals (Fig. 7C) renal abscesses were either pinpoint sized and few in number
or entirely absent.

DISCUSSION

Staphylococcus aureus is a major cause of bacteremia with significant morbidity and
mortality (15). S. aureus bacteremia is associated with complications such as infective
endocarditis, osteomyelitis, pneumonia, and foreign body infections which require
long-term hospitalization (16). Extensive use of antibiotics for several decades has led
to the emergence of antibiotic resistance (17). In this study, we report the efficacy of a
novel antistaphylococcal recombinant protein, P128, against MRSA USA300 both under
in vitro conditions and in vivo in a rat model of systemic infection.

FIG 5 Efficacy of P128 after i.v. bolus administration. Wistar rats were challenged i.v. with 109 CFU per
animal and treated 2 h postinfection with either saline or various doses of P128. (A) Survival was
monitored for 14 days. P128 treatment resulted in dose-dependent survival with 100% survival observed
at 2.5 mg/kg (P � 0.0001). (B and C) Diffuse renal abscesses (indicated by arrows) were found in animals
treated with saline (B), whereas P128 treatment (2.5 mg/kg) resulted in few or no abscesses (C).
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Biological fluids and physiological microenvironments can influence antibacterial
properties of therapeutic molecules. Some antimicrobial peptides that show potent
antibacterial activity under in vitro conditions in media are inactivated in plasma and
serum (18, 19). Human serum inhibits the antibacterial effect of lysostaphin (20).
Therapeutic proteins are also subjected to degradation and inactivation by peptidases
or proteases present in biological fluids. Therefore, we considered it important to
evaluate the stability and activity of P128 after exposure to whole blood in vitro, before
administering the protein into systemic circulation in vivo. Whole rat blood had no
inhibitory effect on P128 activity after incubation for 6 h. Based on complete retention
of activity in vitro in whole blood, P128 was evaluated by using i.v. dosing in rats.

The mouse peritonitis model has been extensively used for preclinical evaluation of
antimicrobial drugs, with mortality the most common efficacy endpoint. Rapid progression
of disease culminating in death, often within 24 h, makes the mouse model less relevant to
clinical conditions in human infections. Because of their small size and low blood volume,
studying the course of infection and monitoring the efficacy of test antibacterial agents in
the same mouse is not possible (14). The rat offers many advantages over the mouse as an
animal model of infection. Because of their larger size, performing surgical procedures in
rats is technically easier than in mice. Their larger blood volume enables serial blood
sampling and monitoring of status in the same animal over the course of the disease (13).
It also minimizes the number of animals required and helps in complying with the principle
of 3Rs (replacement, reduction, and refinement) in animal use. Staphylococcal infections
such as endocarditis, osteomyelitis, and wound infections have been modeled in rats
(21–23). In most of these models, the endpoints have been reduction in CFU counts in
specific target organs such as heart, bones, and wounds (24, 25). S. aureus infections are
characterized by the formation of abscesses in soft tissues (26). We developed a rat model
of S. aureus bacteremia with renal abscesses that is reproducible and presents with gradual
progression of disease, leading to mortality over several days and thus more closely
simulating human infection.

Intravenous challenge with S. aureus typically results in bacteremia associated with
colonization of bacteria in various organs such as the kidney, liver, and spleen.
Abscesses in renal tissues have been reported both in humans and laboratory animal
models (27, 28). Although not unique, abscess formation and persistence in host tissues

FIG 6 Body weights of saline- and P128-treated animals. Wistar rats were challenged i.v. with 109 CFU per
animal and treated 2 h postinfection with either saline or various doses of P128. Body weights were
recorded on days 1 and 7. Data are represented as means � the SE. n � 10 or 11 on day 1, and n � 4
to 10 on day 7.
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are characteristic features in S. aureus infections (26). Antibiotics have been shown to
be ineffective in resolving abscesses because of stationary-phase bacteria, low pH, high
protein content, the large number of bacteria, and the presence of bacterial antimi-
crobial agent-deactivating enzymes within abscesses (29).

In our study, after i.v. administration of 109 CFU of S. aureus USA300 in rats, 2.1 �

108 � 8.0 � 107 CFU/ml of bacteria could be recovered in blood at 1 min. By 4 h, CFU
counts in blood had decreased (to �5.00 � 106 CFU/ml), possibly due to dissemination
to various organs as reported in the literature (28). By 96 h postinfection, bacterial
counts in the blood were �5 � 105 CFU/ml, whereas bacterial counts in the kidney
were 1.9 � 107 CFU/g of tissue. This high bacterial burden in the kidney correlated with
development of abscesses, indicating that S. aureus USA300 localized mainly in the
kidney and disseminated into blood and other tissues. Abscesses caused by S. aureus
mature over weeks, rupture, and release the contents into peritoneal cavity, leading to
new lesions (30).

When mortality was assessed over a period of 14 days, 80 to 100% mortality was
observed with i.v. challenge of MRSA USA300 at 109 CFU per animal. Under similar
infection conditions in mice, animals succumb to infection rapidly, generally within 24

FIG 7 Efficacy of P128 after i.v. infusion. Wistar rats (n � �5) were challenged i.v. with 109 CFU per animal and treated 2 h postinfection
with a 1-h i.v. infusion of either saline or various doses of P128. (A) Survival was monitored for 14 days. P128 resulted in dose-dependent
survival with 80% survival at 10 mg/kg (P � 0.04). (B and C) Renal abscesses (arrows) found in animals 96 h after bacterial challenge and
administration of a single dose of saline (B) or P128 at 10 mg/kg per animal (C).
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h, whereas in this model infection is established gradually, leading to mortality over a
period of 2 weeks. This is clinically relevant and enabled us to monitor the disease
progression and efficacy of P128 in the same animal over the course of disease.

Single i.v. bolus administration of P128 at 2.5 mg/kg per animal resulted in 100%
survival of rats. Body weight is a vital indicator of health status in laboratory animals.
During infection, physiological changes affect feed and water intake resulting in the
loss of body weight (31–33). On day 7 postinfection, there was a significant difference
in the mean body weight between saline-treated and P128 (2.5 mg/kg)-treated animals
that was presumably due to less severe infection and faster recovery in the P128-
treated group. In clinical settings, treatments for bacteremia are often administered by
i.v. infusion. We therefore tested P128 for efficacy in this model by i.v. infusion through
the jugular vein. This mode of dosing also resulted in dose-dependent survival in rats.
Further studies are being done to determine the pharmacokinetic/pharmacodynamic
index driving the efficacy by bolus and infusion routes.

Several cases of renal abscesses in S. aureus infections have been reported in human
beings (34–36). In a retrospective study, S. aureus was found to be the second most
common etiological agent of renal and perinephric abscesses (37). Therefore, in addi-
tion to monitoring the dose-to-survival ratio, we evaluated renal abscesses in the
untreated and P128-treated animals. Saline-treated animals showed diffuse abscesses
in both of the kidneys, whereas in P128-treated animals, either there were no abscesses
at all, or very few small pin-point abscesses were discernible. We presume that P128,
through its bactericidal effect, contributes to reduction in abscess formation and
protects animals from mortality. The probability that P128 acts in the renal tissue
warrants further investigation.

Because P128 is a phage-derived protein, it is expected to be immunogenic, leading
to the production of antidrug antibodies both in animals and human beings. The
impact of antidrug antibodies on the efficacy of P128 has been evaluated. Hyperim-
mune serum raised against P128 did not exert an inhibitory effect on the activity of the
protein (38).

To conclude, we report the efficacy of P128 in a rat model of bacteremia. A single
dose of P128 delivered by either i.v. bolus or i.v. infusion resulted in protection from
mortality in this model, demonstrating its therapeutic potential. P128 merits clinical
development for the treatment of bacteremia in humans.

MATERIALS AND METHODS
P128 protein. P128 protein of �95% purity was used in all of the studies. Recombinant P128 was

expressed in Escherichia coli and purified as described previously (11).
Bacterial strains. Community associated mupirocin-resistant MRSA USA300 was obtained from BEI

Resources. Glycerol stocks of bacterial strains were maintained at �70°C and revived for preparation of
challenge doses.

Animals. All procedures involving animals were approved by the Institutional Animal Ethics Com-
mittee. Female Wistar albino rats, 8 to 9 weeks of age, were used for the study. Animals were housed in
individually ventilated cages with free access to water, fed ad libitum, and maintained under a 12:12-h
light/dark cycle at 19 to 21°C and 55 to 75% relative humidity.

P128 activity in whole blood. The stability of P128 in rat blood (n � 3) was evaluated by CFU
reduction assay after preincubation of the protein in whole blood (38). P128 was diluted into whole
blood to a final concentration of 10 �g/ml and incubated for 6 h. Aliquots were assayed for bactericidal
activity at 20 min, 60 min, and 6 h by adding USA300 cells (5 � 107 CFU/ml), followed by incubation for
an additional 2 h at 37°C. Bacterial cells incubated in whole blood without P128 served as controls.
Residual CFU at the end of the assay were enumerated by plating on Luria-Bertani (LB) agar. Each
experiment was performed in duplicate and repeated three times.

Preparation of challenge dose. All of the animal experiments were performed with MRSA strain
USA300. The bacterial strain was revived from the glycerol stock onto LB agar plates and incubated at
37°C overnight. Colonies of the bacteria from LB agar plates were resuspended in LB broth and grown
for 3 h at 37°C/120 rpm in a shaker-incubator. Bacterial lawns were prepared from these cultures on
nutrient agar plates containing 5% sheep blood and incubated at 37°C overnight. The lawn culture was
harvested, suspended in sterile saline, and centrifuged at 8,000 rpm for 10 min. Cell pellets were washed
three times with sterile saline, and the optical density at 600 nm of the cell suspension was adjusted to
obtain a final suspension of 2.5 � 0.5 � 1010 CFU/ml.

Challenge dose administration. Animals weighing 140 to 180 g of body weight at the beginning
of the study were challenged with exponential-phase bacterial inocula prepared as described above. To
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determine the minimum lethal dose, a cell suspension of �108 or 109 CFU was administered in 200 �l
of saline, i.v., via the tail vein. Survival was monitored for 14 days postinfection. To validate the model,
animals challenged with 109 CFU of MRSA USA300 were treated subcutaneously with vancomycin (120
mg/kg, two doses separated by a 12-h interval on the day of infection).

Characterization of course of infection and bacteremia. Blood samples were collected from rats
at 1, 30, 60, 120, and 240 min and at 24, 48, 72, and 96 h after the i.v. administration of the bacterial
inoculum (�109 CFU per animal). A 50-�l portion of blood was collected from the tail vein into sterile
tubes containing 450 �l of sterile saline. Appropriate dilutions were prepared and plated on LB agar for
CFU enumeration. At 96 h postinfection, the animals were euthanized, and gross necropsy was per-
formed. Liver, kidney, spleen, and lung tissues were collected into sample vials containing 2 ml of sterile
saline. The tissues were macerated to homogeneity to release the bacteria, and appropriate dilutions
were prepared and plated for determination of the bacterial load in the organs. Subsets of the kidneys
were fixed in 10% formalin and processed for routine histopathology. Tissue sections were stained with
hematoxylin and eosin and examined by light microscopy.

Efficacy of P128 after an i.v. bolus. Rats were challenged i.v. with 109 CFU of MRSA USA300, and
the animals were treated with different doses (2.5, 0.5, or 0.25 mg/kg per animal) of P128 (200 �l)
administered i.v. 2 h after infection. The untreated group was administered 200 �l of sterile saline.
Survival was monitored for 14 days. The experiment was repeated twice, with each treatment group
consisting of 11 to 12 rats.

Efficacy of P128 after i.v. infusion. A bacterial suspension (109 CFU in 200 �l normal saline) was
injected i.v. into rats, and 1 min later blood samples were collected via the tail vein for enumeration of
CFU in blood. Animals were then anesthetized with ketamine and xylazine and were catheterized by
cannulating the jugular vein using aseptic surgical procedures. Infusion of P128 was initiated within 5
min after bacterial challenge or 2 h after bacterial challenge. P128 (10, 2.5, or 0.5 mg/kg in 1 ml of saline)
or 1 ml of saline was infused over 1 h (flow rate � 16.6 �l/min). After the infusion was completed, the
catheter was removed, the jugular vein was occluded to prevent bleeding, and the skin incision was
sutured. Animals were monitored for survival for 14 days. Subsets of animals assigned for evaluation of
renal abscesses were infused with sterile saline (control group) or 10 mg/kg of P128 (treatment group)
over 1 h beginning immediately after infection. After 96 h, animals were euthanized and gross necropsy
was done to evaluate renal abscesses.

Statistical methods. Data are presented as means � the SE. Statistical analysis was performed by
one-way analysis of variance with Tukey’s post hoc test (GraphPad Prism Software, San Diego, CA).
Survival curves were analyzed by log-rank (Mantel-Cox) test. A P value of �0.05 was considered
statistically significant.
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