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Oxacillin-resistant Staphylococcus aureus is rapidly killed by the endopeptidase lysostaphin, and the addition
of �-lactam antibiotics provides synergistic killing. We investigated the possibility that �-lactams given in
combination with lysostaphin would improve the activity of lysostaphin against oxacillin-resistant Staphylo-
coccus epidermidis (ORSE), which is normally less susceptible to lysostaphin. Checkerboard synergy testing was
performed for lysostaphin given in combination with oxacillin against 10 ORSE isolates for which the
lysostaphin MICs were > 8 �g/ml. The fractional inhibitory concentration index ranged from 0.0234 to 0.2656,
indicating synergy, which was confirmed in growth curve experiments. In the rabbit model of experimental
aortic valve endocarditis using an ORSE strain, the combination of lysostaphin and nafcillin was as effective
as vancomycin alone and significantly better than lysostaphin or nafcillin alone. We conclude that �-lactam
antibiotics given in combination with lysostaphin are synergistic against many strains of ORSE.

Oxacillin-resistant Staphylococcus epidermidis (ORSE) is in-
creasingly implicated as a cause of hospital-acquired infec-
tions, especially nosocomial bacteremia (23). Most such infec-
tions are also resistant to multiple other antibiotics, a finding
that has led to a search for alternative treatment agents (1).
Lysostaphin, a peptidase produced by Staphylococcus simulans,
has recently been studied as a potential therapeutic agent for
use against Staphylococcus aureus (4, 7, 20).

Earlier studies in animal models of oxacillin-susceptible S.
aureus-induced infection indicated that lysostaphin was an ef-
fective treatment agent against intraperitoneal infection and
renal abscess models in mice and against experimental aortic
valve endocarditis in dogs caused by a penicillinase-producing
S. aureus strain (3, 10, 14, 15, 16, 19, 24–27, 32). Though there
was evidence of efficacy, the impurity of lysostaphin prepara-
tions and wide availability of alternative antistaphylococcal
antibiotics halted further development of lysostaphin as a ther-
apeutic agent. With the development of a recombinant lyso-
staphin that is more than 90% pure, it has been possible to
study the efficacy of lysostaphin in an experimental S. aureus
endocarditis model. In the treatment of experimental aortic
valve endocarditis caused by oxacillin-resistant S. aureus
(ORSA) in the rabbit, lysostaphin demonstrated a bactericidal
effect, with significant reductions of 8.5 log10 CFU/g in the
mean aortic valve vegetation counts compared to those found
in untreated controls (7).

Although lysostaphin appeared to be an effective treatment
of serious experimental S. aureus infections, high-level resis-
tance to lysostaphin developed following exposure to low sub-
inhibitory levels of the compound (4). The development of
resistance among S. aureus isolates, mediated by alterations in
the crossbridge of the muropeptide, was suppressed by the

concomitant administration of �-lactams with antistaphylococ-
cal activity (4, 28). In addition to suppressing the development
of lysostaphin resistance, the combinations of �-lactams given
with lysostaphin were synergistic against S. aureus, as demon-
strated by microdilution checkerboard testing, growth curve
experiments, and an in vivo model of experimental aortic valve
endocarditis caused by ORSA (4). Nafcillin given in combina-
tion with low-dose lysostaphin resulted in a mean reduction of
7.53 log10 CFU/g in aortic valve vegetation counts, whereas
either agent given alone was ineffective (4). As ORSE is less
susceptible to lysostaphin (22), we wanted to test the hypoth-
esis that the combination of �-lactams and lysostaphin would
improve the activity of lysostaphin. In this report, we charac-
terize the in vitro susceptibilities of ORSE to combinations of
lysostaphin and �-lactam antibiotics by the use of growth curve
and checkerboard testing. Additionally, the effectiveness of
combinations of lysostaphin and nafcillin was tested in a rabbit
model of endocarditis caused by ORSE.

Forty-one ORSE isolates, a collection of diverse clinical
strains recovered from patients with central venous catheter
infections, were examined. MICs were determined by the broth
microdilution method using cation-adjusted Mueller-Hinton
broth (Becton Dickinson, Cockeysville, Md.) and a standard
inoculum of 105 CFU/ml to determine the level of susceptibil-
ity of the isolates to lysostaphin. MIC determinations were
performed in the presence of 0.1% bovine serum albumin
(Sigma) to prevent the adsorption of lysostaphin to polystyrene
microtiter wells as described previously (20). The activity of
antimicrobials in combination was assessed by the checker-
board microdilution method using microtiter trays, as previ-
ously described (4, 6, 11). Combinations of lysostaphin and
oxacillin were tested at concentrations of 0.015 to 64 �g/ml and
0.125 to 512 �g/ml, respectively. Microtiter plate contents were
incubated at 37°C and read at 24 and 48 h. The FIC (fractional
inhibitory concentration) index was calculated by adding the
FICs read at 48 h (MIC of drug A in combination with drug
B/MIC of drug A alone) of lysostaphin and oxacillin. A FIC
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index that was � 4.0 was antagonistic, a FIC index that fell
between 0.5 and 4.0 was additive or indifferent, and a FIC
index that was � 0.5 was indicative of synergy. Checkerboard
test results represented the average of duplicate testing for
each isolate.

Growth curve assays were performed in 50 ml of cation-
adjusted Mueller-Hinton broth inoculated with the test organ-
isms at a starting concentration of 5 � 105 CFU/ml as de-
scribed previously (4). Test organisms included CTS 41
(lysostaphin MIC, 16 �g/ml; oxacillin MIC, �32 �g/ml) and
Butler 920 (lysostaphin MIC, 1 �g/ml; oxacillin MIC, �32
�g/ml). Synergy was defined as suppression of growth at 24 h
in the presence of both antibiotics.

The rabbit model of aortic valve endocarditis, as previously
described (21), was used to evaluate the antibiotic treatment
regimens. Seventy-two hours after transcarotid placement of a
polyethylene catheter across the aortic valve, 1 ml of an over-
night culture containing approximately 109 CFU of the test
organism (Butler 920; ORSE)/ml was injected intravenously
through the marginal ear vein of the rabbits. Butler 920 has
previously been used in the rabbit model of endocarditis (2).
After 24 h, blood cultures were obtained and the rabbits were
randomly assigned to one of the following treatment groups:
(i) lysostaphin, 1 mg/kg of body weight intravenously (i.v.)
twice a day (BID), (ii) nafcillin, 200 mg/kg intramuscularly
(i.m.) BID, (iii) lysostaphin, 1 mg/kg intravenously BID; and
nafcillin, 200 mg/kg i.m. BID, (iv) vancomycin, 30 mg/kg i.v.
BID, or (v) no treatment (control group). After 3 days of
antibiotic treatment, surviving rabbits were sacrificed with in-
travenous pentobarbital and the heart and kidneys were asep-
tically harvested from each rabbit for quantitative counts. Tis-
sue homogenates were also plated onto Mueller-Hinton agar
containing lysostaphin (16 �g/ml) in order to screen for resis-
tant subpopulations. Isolates recovered from aortic valve tissue
homogenates also underwent antimicrobial susceptibility test-
ing by the microdilution method to check for small changes in
susceptibility to lysostaphin.

For the final analysis, animals that fulfilled the following
criteria were included: (i) positive blood culture at 24 h, (ii)
survival for at least 24 h of antibiotic treatment; (iii) proper
placement of the catheter across the aortic valve at necropsy
with macroscopic evidence of aortic valve endocarditis (visible
vegetations); and (iv) aortic valve vegetation and kidney tissue
yielding pure cultures of the test organism.

The mean number of bacteria per gram of vegetation and
kidney tissue in all treatment groups was compared by the
analysis of variance. The Student-Newman-Keuls test was used
to adjust for multiple comparisons. A P of �0.05 was consid-
ered statistically significant.

Forty-one ORSE isolates underwent testing of antimicrobial
susceptibility to lysostaphin. Lysostaphin MICs ranged from
0.125 to �64 �g/ml, with a MIC at which 50% of the isolates
tested are inhibited (MIC50) of 4 �g/ml and a MIC at which
90% of the isolates tested are inhibited of 64 �g/ml. For com-
parison, previous work has indicated that typical lysostaphin
MICs for S. aureus range from 0.007 to 0.125 �g/ml (7).

In order to test the hypothesis that combinations of �-lactam
antibiotics given with lysostaphin could improve its activity, we
performed broth microdilution checkerboard testing with ly-
sostaphin and oxacillin against 10 ORSE isolates with reduced

susceptibilities to lysostaphin (MICs � 8 �g/ml). The combi-
nation of lysostaphin and oxacillin was synergistic in all of the
strains tested. The FIC index ranged from 0.0234 to 0.2656.
This was seen in strains with low- as well as high-level resis-
tance to oxacillin (MICs, 1 to 512 �g/ml). Synergism was also
seen in checkerboard testing for a number of �-lactams given
in combination with lysostaphin, including cefazolin, ceftazad-
ime, ceftriaxone, and imipenem (data not shown).

The synergistic activity of lysostaphin in combination with
�-lactams was confirmed in growth curve experiments of the
test organism Butler 920, shown in Fig. 1. The combination of
nafcillin and lysostaphin was more effective in inhibiting
growth than was either drug alone. Similar results were seen
with the highly lysostaphin-resistant isolate CTS 41 (lyso-
staphin MIC, 16 �g/ml; data not shown).

Results of treatment of experimental aortic valve endocar-
ditis caused by the ORSE clinical strain Butler 920 are shown
in Table 1. Results are similar to those of in vitro experiments.
Peak concentrations of lysostaphin in serum in rabbits treated
with the 1-mg/kg dose have been determined to range between
0.434 and 1 �g/ml. Concentrations in serum of lysostaphin
were unaffected by the coadministration of nafcillin (data not
shown). Peak concentrations in serum of nafcillin were ex-
pected to be approximately 50 �g/ml, and peak vancomycin
concentrations (69 �g/ml) have been determined previously in
this model (5). The combination of lysostaphin and nafcillin
was as effective as vancomycin alone and was better than lyso-
staphin alone in the rabbit experimental endocarditis model.
With lysostaphin or nafcillin given as a single agent, a modest
reduction in the mean aortic valve vegetation counts compared
to a control value of 1.25 or 0.79 log10 CFU/g, respectively, was
seen. With vancomycin given as a single agent, a significant
reduction (P � 0.05) in the mean aortic valve vegetation count,
6.17 log10 CFU/g, was achieved. The rabbits treated with the
combination of nafcillin and lysostaphin had a significant re-
duction in mean log10 vegetation counts (5.32 log10 CFU/g)
compared to rabbits treated with lysostaphin, nafcillin, or no
antibiotics, and values were similar to those seen with vanco-
mycin. Mean bacterial counts of kidney tissue were similar in
all groups.

In previous experiments in the rabbit model of endocarditis

FIG. 1. Influence of the combination of lysostaphin and nafcillin on
the growth of ORSE Butler 920. Growth curves were completed over
24 h in the presence of no antibiotics (Œ); lysostaphin, 0.5 �g/ml (■ );
nafcillin, 2 �g/ml (�); or a combination of lysostaphin, 0.5 �g/ml; and
nafcillin, 2 �g/ml (F). OD 600, optical density at 600 nm.

2018 NOTES ANTIMICROB. AGENTS CHEMOTHER.



due to ORSA treated with identical doses of lysostaphin (1
mg/kg i.v. BID) we found lysostaphin-resistant mutants among
vegetation material (4). While the parent isolates were oxacil-
lin resistant, lysostaphin-resistant mutants became oxacillin
susceptible. We screened bacterial colonies from isolated veg-
etation material for susceptibility to lysostaphin and oxacillin.
All colonies from rabbits treated with lysostaphin alone or the
combination of lysostaphin and nafcillin were oxacillin resis-
tant. In addition susceptibility to lyostaphin as measured in
broth microdilution testing was unchanged in bacterial colo-
nies isolated from vegetation material in comparison to the
parent isolate Butler 920. There was no evidence of bacterial
colonies with high-level lysostaphin resistance among rabbbits
treated with either lysostaphin alone or lysostaphin given in
combination with nafcillin.

We have previously demonstrated the effectiveness of lyso-
staphin for treatment of experimental aortic valve endocarditis
due to S. aureus. In addition it was demonstrated that combi-
nations of �-lactams and lysostaphin are synergistic and sup-
pressed the formation of lysostaphin-resistant mutants among
S. aureus (4). In the present study, we also show that combi-
nations of �-lactams and lysostaphin are synergistic against
ORSE. This was demonstrated in checkerboard testing, growth
curve experiments, and the rabbit model of experimental aortic
valve endocarditis. In the treatment of experimental endocar-
ditis caused by an ORSE strain (Butler 920) for which the
lysostaphin MIC was 1 �g/ml, the combination of lysostaphin
and nafcillin was as effective a treatment as vancomycin alone.
Although the ORSE strain tested in this model was more
susceptible to lysostaphin than several other tested strains, the
results were still unexpected.

Resistance to lysostaphin among S. aureus is mediated by
changes in the muropeptide crossbridge. Mutations of the
femA gene, which controls the addition of the second and third
glycines of the forming crossbridge, result in the formation of
a new crossbridge structure composed of a single glycine (9, 12,
13, 17, 18, 28). Strains with this monoglycine crossbridge are
lysostaphin resistant but also become hypersusceptible to
�-lactam antibiotics. This mechanism of resistance gives partial
explanation to the observed synergism among S. aureus strains
treated with combinations of lysostaphin and �-lactams (4).

Resistance to lysostaphin among coagulase-negative staph-
ylococci is mediated by a distinctly different alteration of the
muropeptide crossbridge. Increased incorporation of amino
acids other than glycine (predominantly serine and alanine)
accounts for the decreased susceptibility of many coagulase-
negative staphylococci to lysostaphin (8, 12, 22, 30). This is best

exemplified by the organism that produces lysostaphin, S.
simulans. The lysostaphin immunity factor (lif ) gene found in
S. simulans mediates an increased incorporation of serine into
the third and fifth positions of the crossbridge, thereby pro-
tecting itself from the lytic action of lysostaphin (12, 29, 31). lif
and epr, a gene nearly identical to lif found in Staphylococcus
capitis, have significant homology to femA and femB and act
together with these Fem proteins to increase the incorporation
of serine into the crossbridge (8, 12, 30).

The observed synergism between lysostaphin and �-lactams
for ORSE is unexplained. Exposure to �-lactams may produce
changes in the muropeptide crossbridge that increase suscep-
tibility to lysostaphin. This could be due to an alteration in
glycine content or change in the degree of cross-linking in
coagulase-negative staphylococci following exposure to �-lac-
tam antibiotics. Interestingly, our study suggests that mutations
in femA seen among lysostaphin-resistant S. aureus mutants are
not seen in coagulase-negative staphylococci exposed to low
levels of lysostaphin. In the rabbit model of endocarditis due to
ORSE Butler 920, we were unable to document the presence
of any oxacillin-susceptible mutants following treatment with
low-dose lysostaphin indicative of mutations in the femA gene.
Identical low doses of lysostaphin reliably produced lyso-
staphin-resistant, oxacillin-susceptible mutants among vegeta-
tion material in rabbits infected with an ORSA strain. Further
studies to examine the cell wall structure and amino acid com-
position of muropeptide ORSE strains following exposure to
�-lactams and lysostaphin are under way.
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