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Abstract: Lysostaphin is being developed as a treatment for serious staphylococcal infections. Mice challenged with S. 

aureus produce inflammatory cytokines including, TNF-  and IL-6, and over-production of these cytokines can lead to 

shock and contribute to the lethality of staphylococcal infections. Two major components of the staphylococcal cell wall, 

peptidoglycan and lipoteichoic acid, are known to synergize to induce shock and organ failure in animal models, and we 

wished to determine whether the rapid lysostaphin-mediated degradation of peptidoglycan during treatment of systemic S. 

aureus infection could affect shock-associated parameters. We found that lysostaphin treatment of S. aureus-infected 

mice, which reduces bacteremia and organ infection, also reduced the serum levels of inflammatory cytokines and 

reversed the symptoms of S. aureus-induced shock. We compared the cytokine response of mice challenged with S. 

aureus to that of mice challenged with S. aureus and then treated with lysostaphin or nafcillin. Lysostaphin-treated mice, 

as compared with untreated mice or nafcillin-treated mice, had a blunted cytokine responses to S. aureus challenge. Core 

body temperature was used as a real time indicator for systemic shock in mice. Mice infected with S. aureus demonstrated 

a rapid drop in core body temperature, which was reversed by lysostaphin treatment. These studies demonstrated that 

lysostaphin treatment did not contribute to the induction of shock by rapidly releasing staphylococcal cell wall 

components, but rather it blunted the inflammatory cytokine response and ameliorated shock related symptoms. 
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INTRODUCTION 

 Bacterial infections are generally treated with antibiotics, 
but in certain cases antibiotic treatment is not indicated due 
to concerns that antibiotics could further exacerbate the 
clinical situation by lysing the bacteria and releasing toxic 
factors into the host. This is the case with certain food 
poisonings caused by E. coli and Vibrio parahaemolyticus 
where the concern is that antibiotic treatment could release 
bacterial toxins like Shiga toxins from the bacteria that may 
cause more harm to the host than the enteric infection alone 
[1, 2]. This can also be the case with systemic gram negative 
infections during which, endotoxin, released by the bacteria, 
stimulates excessive cytokine production. This has been 
shown to be the case after treatment of infections caused by 
Pseudomonas aeruginosa or E coli in the presence of 
amikacin, ceftazidime, imipenem, and ofloxacin [3, 4]. In 
gram positive bacteria, free lipoteichoic acid (LTA) and 
peptidoglycan synergize to stimulate cytokine production 
through activation of TLR-2 and MyD88 and cause shock-
like symptoms in animal models [5-9]. -lactam antibiotics 
have been shown to stimulate the release of LTA from 
bacteria grown in vitro [10] and this may also occur in vivo 
during treatment of infection. Antibiotics that stimulate  
the release of bacterial components in infected hosts could 
lead to over-expression of cytokines and result in shock  
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particularly if these bacterial components are released 
rapidly and in large quantities.  

 Lysostaphin is a highly active, lytic, anti-staphylococcal 

enzyme which is being developed as a treatment for serious 

staphylococcal infections, and has demonstrated efficacy  
in animal models of staphylococcal infection [11-15]. It  

is a glycyl-glycine endopeptidase which rapidly lyses 

staphylococci by cleaving the pentaglycine cross-bridge in 
the staphylococcal cell wall [16]. A single dose of lysostaphin 

will virtually eliminate the blood-borne Staphylococcus 

aureus from a bacteremic animal by lysing the bacteria [12]. 
Because lysostaphin rapidly lyses staphylococci which 

releases bacterial components like LTA and peptidoglycan 

into the system, the concern is that treatment of a systemic 
staphylococcal infection with lysostaphin could lead to 

cytokine over-expression and systemic shock.  

 In this study, we demonstrated that treatment of S. aureus-
challenged mice with lysostaphin reduced the expression of 

inflammatory cytokines, and blunted shock-like symptoms 

as measured by a drop in core body temperature. 

MATERIALS AND METHODOLOGY 

Materials 

 Recombinant mature lysostaphin was produced by 
fermentation in E. coli and purified to homogeneity by 
Avecia (Stanstead, UK) under contract to Biosynexus 
Incorporated (Gaithersburg, MD) [17]. Purified lysostaphin 
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was formulated in pH 6.5, phosphate buffered saline  
(PBS) for storage at -70ºC until used. Nafcillin was 
purchased from Sigma (St. Louis, MO). All reagents were 
endotoxin-free. 

Preparation of S. aureus for Challenge 

 S. aureus was prepared for intravenous challenge of mice 
as previously described [12]. 

Analysis of Cytokine Response to S. aureus in Treated 
Mice 

 All animal experiments were carried out in accordance 
with Biosynexus’ Institutional Animal Care and Use 
Committee approval. Groups of 5, six week-old, female 
Balb/c mice (Harlan, Indianapolis, IN) were challenged with 
2x10

7
 of a well characterized S. aureus strain, ATCC 49521 

(ATCC, Manassas, VA) by injection in the tail vein [12]. 
Control animals were not challenged with S. aureus. Either 
immediately after challenge or 24 hours after challenge,  
the mice were treated with intravenous injections of  
either lysostaphin (20mg/kg) or nafcillin (50mg/kg) or a 
combination of both in 200μl of PBS, pH 7.2. Blood samples 
were collected at 2, 6 and 24 hours post-treatment. Red 
blood cells were separated from the serum by centrifugation, 
and the serum was stored at -70°C until analyzed. Serum 
samples were analyzed for TNF-  and IL-6 as indicators  
of innate and acute phase responses. TNF-  and IL-6  
levels were analyzed by ELISA using the eBioscience  
(San Diego, CA) Mouse TNF-  and Mouse IL-6 ELISA 
Ready-SET-Go! Briefly, each sample of mouse serum was 
diluted between 3 and 81-fold for TNF-  and 25 and 400-
fold for IL-6 and the capture ELISA assay was performed  
on triplicate samples as per the manufacturer’s instructions. 
The concentration of each cytokine at each time point was 
determined by comparison with ELISA responses to a 
reference standard curve of control cytokines provided with 
the kit. Data presented are representative of two independent 
experiments. 

Measuring Hemodynamic Shock in Mice Challenged 

with S. aureus  

 The core body temperature of mice was used as a real 
time measure of hemodynamic shock due to S. aureus 
challenge. In this model, six week-old female CF-1 mice 
(Harlan, Indianapolis, IN) were implanted with an IPTT-300 
microchip transponders (Bio Medic Data Systems, Seaford 
DE) 24 hours prior to bacterial challenge. On the day of 
challenge, an overnight culture of S. aureus was prepared for 
intravenous challenge. A baseline core body temperature was 
established for each mouse using the DAS-5002 Notebook 
Scanner system (Bio Medic Data Systems), and then four 
groups of five mice each were intravenously challenged with 
either, 3.6 x 10

8
 S. aureus (three groups) or 3.6 x 10

8
 S. 

aureus that had been pretreated for 30 minutes with 100 g 
of lysostaphin (equivalent to 5mg/kg lysostaphin dose). One 
of the three groups of mice challenged with whole S. aureus 
then received an intraperitoneal dose of lysostaphin of 
5mg/kg immediately after bacterial challenge. This group as 
well as another group of mice challenged with whole S. 
aureus then received i.p. lysostaphin injections (5mg/kg) at 
two hours after bacterial challenge and then b.i.d. for three 

additional days. Starting at 30 minutes after S. aureus 
challenge and then every 10 minutes for 4 hours, the core 
body temperatures of the mice were monitored on the day of 
challenge and surviving mice were also monitored three 
times a day on subsequent days. Blood was also drawn from 
all surviving challenged mice on a daily basis to monitor 
bacteremia [12]. Data presented are representative of three 
independent experiments. 

Statistical Analysis 

 Data sets were analyzed for statistically significant 
differences by analysis of variance with a post-hoc test for 
comparing multiple tests. Differences were considered 
significant if p 0.05 for both the overall ANOVA and the 
pair-wise comparisons. 

RESULTS 

Mice Challenged with S. aureus and then Treated with 

Lysostaphin Expressed less Inflammatory Cytokines then 

Mice Challenged with S. aureus Alone 

 When mice were challenged with 2x10
7
 S. aureus, TNF-

 and IL-6 could be detected in the serum within two hours 
(Fig. 1). TNF-  concentrations peaked at six hours post 
challenge and then dropped to slightly above detection at 24 

hours post- challenge, while IL-6 concentrations remained 
high from 2 hours post-challenge through at least 24 hours 
post-challenge. Serum from unchallenged mice had no 
detectable TNF-  or IL-6 at any time point (data not shown). 

When mice challenged with S. aureus were treated with 
nafcillin immediately post-challenge, they displayed a 
significant increase in TNF-  concentration in their serum at 
2 hours and were not different than control serum at the later 

time points. In marked contrast, when lysostaphin was 
administered immediately after S. aureus challenge TNF-  
serum concentrations were significantly reduced as 
compared with both control mice as well as nafcillin-treated 

mice at all time points (Fig. 1). Further, lysostaphin 
treatment significantly reduced IL-6 expression versus 
control and nafcillin-treated mice at 6 and 24 hours post-
challenge. Unchallenged mice treated with nafcillin or 

lysostaphin alone did not have detectable levels of cytokines 
in their serum at any time point (data not shown). 

 When S aureus-challenged mice were treated with 
nafcillin or lysostaphin 24 hours post-challenge, a different 
cytokine response was seen than described above. As noted 

previously, at 24 hours post challenge, TNF-  concentrations 
were already low and were not affected significantly by 
nafcillin or lysostaphin treatment (Fig. 2). Only the 
combination treatment of lysostaphin and nafcillin at 24 

hours post-challenge led to a significant reduction in TNF-  
post-treatment. IL-6 concentrations remained elevated beyond 
24 hours post-challenge. Lysostaphin or nafcillin treatment 
at 24 hours post-challenge did not significantly change  

the concentration of IL-6 within 3 hours after treatment,  
but both treatments significantly reduced IL-6 concentrations 
by 6 hours post-treatment (Fig. 2). Further, lysostaphin or 
lysostaphin combined with nafcillin significantly reduced the 

concentration of IL-6 at 6 hours post-treatment as compared 
with nafcillin alone. 
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Fig. (1). Lysostaphin reduced the expression of inflammatory cytokines in S. aureus challenged mice when administered immediately 

after challenge. Groups of 5 mice each were challenged 2x107
 S. aureus and then immediately after challenge received an i.v. injection to of 

either PBS (Control), 50mg/kg of nafcillin (+Nafcillin) or 20mg/kg of lysostaphin (+Lysostaphin). Blood samples were then taken from the 

mice at 2, 6 and 24 hours and analyzed for TNF-  and IL-6. The graphs display the mean serum concentration in pg/ml for the two cytokines 

at the various time points as indicated, ±standard deviation. The single asterisks (*) indicate that the cytokine concentrations were 

significantly different than the Control group, while the double asterisks (**) indicate that the cytokine concentrations were significantly 

different than the +Nafcillin group. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Lysostaphin was less effective in reducing inflammatory cytokines when delivered 24 hours after the challenge. Groups of 5 

mice were challenged 2x107
 S. aureus and then 24 hours after challenge received an i.v. injection to of either PBS (Control), 50mg/kg of 

nafcillin (+Nafcillin), 20mg/kg of lysostaphin (+Lysostaphin) or lysostaphin (20mg/kg) and nafcillin (50mg/kg) combined (+Lyso/Nafcillin). 

Blood samples were then taken from the mice at 3 and 6 hours and analyzed for TNF-  and IL-6. The graphs display the mean serum 

concentration in pg/ml for the two cytokines at the various time points as indicated, ±standard deviation. The single asterisks (*) indicate that 

the cytokine concentrations were significantly different than the control group, while the double asterisks (**) indicate that the 

concentrations were significantly different than the +Nafcillin group. Three asterisks (***) indicate that the concentration was significantly 

different than the +Lysostaphin group. 
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Lysostaphin Blunted the Initial Temperature Drop 
Caused by S. aureus Challenge and Prevented the 

Animals from Progressing to Hemodynamic Shock Due 

to Sepsis 

 When mice were challenged with 3.6x10
8
 S. aureus, 

there was an almost immediate drop in core body tem- 
perature of ~5°C which then recovered in all mice about one 
hour after challenge (Fig. 3, insert). Immediate administra- 
tion of 5mg/kg lysostaphin after bacterial challenge blunted 
this temperature drop, resulting in a core body temperature 
drop of only ~2°C. To determine if staphylococci pre-lysed 
with lysostaphin would have this same effect, mice were 
challenged with S. aureus that had been treated in vitro with 
lysostaphin. No core body temperature drop was seen in 
these mice (Fig. 3, insert). 

 Consistent with previous results [12], all control animals 
challenged with S. aureus developed bacteremia (average 
~12,000 CFU/ml of blood) at 24 hours post challenge, while 
lysostaphin-treated animals averaged <100 CFU/ml of blood. 
Lysostaphin-treated animals were free of bacteremia by 48 
hours post challenge.  

 Within 24 hours of S. aureus challenge, untreated, 
control mice began to lose their ability to maintain their core 

body temperatures, with temperatures dropping an average 
of 10°C prior to sacrificing the animals at 28 hours post 
challenge (Fig. 3). Lysostaphin treatment prevented this  
drop in core body temperature. In a separate experiment,  
S. aureus-challenged mice that had reduced core body 
temperature at 24 hours post challenge were treated with 
20mg/kg of lysostaphin, but treatment at this late time point 
was unable to reverse the hemodynamic shock and multi-
organ failure that had occurred due to the high challenge 
dose of S. aureus and the mice had to be sacrificed (data not 
shown). 

DISCUSSION 

 During infection, the host recognizes the invading 
pathogen as foreign through a number of mechanisms. The 
Toll-like receptors (TLRs) play an important role in this 
recognition as do other pathways of the innate immune 
system which recognize foreign molecular patterns (PAMPS) 
and activate the innate immune system to release pro- 
inflammatory cytokines. This process can be dysregulated 
and culminate in sepsis [18] which constitutes the systemic 
over-response to infection and is a major cause of morbidity 
and mortality in patients admitted to the intensive care unit 
with mortality often reaching 50% [19]. The septic response 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Lysostaphin blunted the initial temperature drop and prevented the more delayed loss of hemodynamic stability in S. 

aureus-challenged mice. Groups of five mice were challenged with either S. aureus (closed squares, open squares or open circles) or S. 

aureus that had been pretreated with lysostaphin (open triangles). The mice challenged with whole S. aureus were then treated with either 

lysostaphin (open circles and closed squares) or nothing (control untreated mice (open squares)). Lysostaphin treatments (indicated by the 

closed arrows) were once on the day of challenge and twice on the following day. One group of mice (closed squares) also received an 

additional lysostaphin treatment immediately after S. aureus challenge (open arrow). Core body temperature was monitored at various time 

points as shown on the figure. The inset graph displays the early time points through 100 minutes post-challenge. The graph is the mean of 

the core body temperature of five animals ± the standard deviation versus time in minutes post S. aureus challenge. The data are 

representative of three independent experiments. 
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is marked by the sequential generation of pro-inflammatory 
cytokines among the most important of which is TNF-   
[20]. The pro-inflammatory effects of these cytokines are 
inhibited by various receptor antagonists and anti-inflamma- 
tory cytokines including IL-10 and transforming growth 
factor-  [20]. Modulation of the activity of both pro-  
and anti-inflammatory cytokines as well as modulation of 
regulatory cells which control these processes in order  
to improve outcome in patients with sepsis has been the 
subject of multiple clinical interventions and has determined  
that reducing cytokine over-production during infections 
would be desirable [20]. In a recent paper, Bannerjee et al. 
demonstrated that mice that had reduced levels of a number 
of different inflammatory cytokines had improved survival 
for staphylococcal pneumonia as compared with wild type 
mice [21]. 

 When S. aureus infects a host, it produces factors that 
interact with the immune system, some of these factors 
induce a protective response by the host and some of these 
factors are beneficial to the bacteria through modulation of 
the immune response [22]. Two of the most prevalent 
components in staphylococci that play a role in this 
interaction are peptidoglycan and LTA [23]. These two 
components comprise much of the cell wall of the bacteria 
[24]. Free LTA binds to TLR2, and in conjunction with 
interaction with C5aR [8], induces inflammatory cytokine 
production which includes TNF-  and IL-6 [25] with a 
pattern of immunostimulation and proinflammatory mediator 
production that is similar in many respects to the response 
induced by LPS from gram negative bacteria [26]. Pepti- 
doglycan is also recognized by TLR2 [7], and in com- 
bination with LTA, acts synergistically to cause shock and 
multiple organ failure [5] through the production of nitric 
oxide [6]. 

 S. aureus-challenged mice develop bacteremia and have 
high levels of S. aureus in their spleen, heart and liver by 24 
hours post challenge [12]. A single dose of 5mg/kg 
lysostaphin clears bacteremia by rapidly lysing the infecting 
bacteria, and with three days of dosing, also clears infected 
organs [12]. The rapid lytic action of lysostaphin on 
staphylococci depends on degradation of the peptidoglycan 
[24]. Lysostaphin binds directly to the cross-linked 
peptidoglycan in the cell wall envelop of S. aureus [27], and 
enzymatically cleaves the pentaglycine oligopeptides [28] 
between the third and fourth glycine [29]. This enzymatic 
cleavage rapidly degrades the peptidoglycan leading to the 
formation of osmotically fragile cells which swell and 
quickly lyse [30] releasing peptidoglycan fragments and 
LTA into the surrounding media[27]. It has been found that 
synthetic peptidoglycan partial structures do not stimulate 
TLR2 in vitro suggesting that there may be some minimal 
three dimensional structural requirement for cytokine 
stimulation [31]. This may partially explain why treatment of 
S. aureus-challenged mice with lysostaphin which releases 
LTA and peptidoglycan actually blunts cytokine expression 
rather than enhancing it (Fig. 1). The peptidoglycan frag- 
ments which are released by lysostaphin digestion may be 
lacking a critical structure to induce cytokine formation. 

 Another possible explanation for why treatment of S. 
aureus-challenged animals with lysostaphin blunts cytokine 
expression may be found in a recent publication by Ip et al. 

[9]. In this publication, it was demonstrated that prior to 
TLR-dependent cytokine production, whole staphylococci 
must be engulfed and delivered into acidic phagosomes 
where acid-activated host enzymes digest the internalized 
bacteria to liberate otherwise cryptic bacterial-derived 
ligands that initiate the cytokine response from vacuoles. In 
our study, lysostaphin was delivered systemically to the mice 
rapidly lysing non-phagocytosed staphylococci, but since 
lysostaphin does not cross cell membranes [32], it lyses only 
extra-cellular S. aureus. The bacterial factors that are 
released during this lysis are thus diluted throughout the 
system and likely do not reach concentrations comparable to 
those found within phagosomes to allow signaling as 
described by Ip et al. This is supported by the finding that if 
lysostaphin treatment is delayed until 24 hours post 
challenge, the blunting of the cytokine response is 
diminished in comparison to the reduced response seen when 
lysostaphin is given shortly after challenge (Fig. 2). Many of 
the S. aureus would have already been phagocytosed by 24 
hours post challenge and are thus signaling through TLR2 
following degradation in the phagosomes.  

 In this study, we also used core body temperature of the 
mice as a real-time indicator of septic shock [33]. Within 30 
minutes after infusion of S. aureus, mice core temperature 
dropped by ~5°C and then fully recovered by 60-70 minutes 
post-challenge (Fig. 3). In vitro pretreatment of the S. aureus 
with lysostaphin prevented this core temperature drop, while 
immediate treatment of mice with lysostaphin following 
bacterial challenge blunted the initial temperature drop  
and prevented the delayed temperature drop as well. This  
is consistent with the rapid recognition of intact bacteria  
by the mouse immune system leading to phagocytosis, 
phagolysosome formation and induction of cytokines 
inducing temperature drop. Lysostaphin pre-digestion of the 
bacteria rendered them inactive in terms of inducing 
systemic shock in this model. 

 As the S. aureus infection progressed in the challenged 
animals, they lost their capacity to regulate their core body 
temperature (Fig. 3), and over the next ~27 hours post 
infection the core temperatures dropped to <28°C prior to the 
animals being sacrificed. Lysostaphin treatment of S. aureus-
challenged mice at 2 hours post challenge reversed this 
temperature drop Consistent with previously reported data 
[12], two additional lysostaphin treatments also cleared the 
infection in all animals (data not shown). In separate 
experiments, S. aureus-challenged mice that had begun to 
show rapid decline in body temperature by 20 hours post-
challenge were treated with a bolus of lysostaphin, but, this 
treatment in moribund animals failed to save the mice most 
likely because they had already progressed to multi organ 
failure (data not shown). 

CONCLUSION 

 When considering how rapidly lysostaphin lyses S. 
aureus and clears infection, a concern could be raised that 
the rapid release of cell contents into the infected host could 
lead to massive cytokine release and septic shock. In the 
present study we have demonstrated that lysostaphin 
treatment of S. aureus-challenged animals blunted both the 
immediate S. aureus-induced release of cytokines as well as 
the more delayed septic shock associated with S. aureus 
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infection. This finding supports the use of lysostaphin for 
treatment of serious S. aureus infections in humans who are 
susceptible to interventions that would result in inflamma- 
tory over-responses during staphylococcal infections. 
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