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LasA protease is a staphylolytic endopeptidase secreted by Pseudomonas aeruginosa. We have examined the
effectiveness of LasA protease in the treatment of staphylococcal keratitis caused by methicillin-sensitive
Staphylococcus aureus (MSSA) and methicillin-resistant S. aureus (MRSA) isolates in a rabbit model. Keratitis
was induced by intrastromal injection of the bacteria. The eyes were treated topically, and the efficacy of LasA
protease was compared to those of lysostaphin (a staphylolytic protease secreted by Staphylococcus simulans)
and vancomycin. When treatment was initiated early (4 h) after infection, practically all of the MSSA- and
MRSA-infected corneas were sterilized by LasA protease, and its efficacy in eradicating the bacteria was
comparable to those of lysostaphin and vancomycin. By contrast, most of the control corneas were heavily
infected, with median values of 4.5 � 106 (MSSA) and 5 � 105 (MRSA) CFU/cornea (P < 0.001). When
treatment was initiated late (10 h) after infection, LasA protease reduced the numbers of CFU in both MSSA-
and MRSA-infected corneas by 3 to 4 orders of magnitude compared to the numbers of CFU for the controls
(median values, 1,380 and 30 CFU/cornea, respectively, for the treated animals compared to 1.2 � 106 and 5
� 105 CFU/cornea for the respective controls [P � 0.001]), and it was more effective than vancomycin in
eradicating MRSA cells (P � 0.02). In both the early- and the late-treatment protocols, the clinical scores for
eyes treated with LasA protease were significantly lower than those for the eyes of the corresponding controls
and comparable to those for the lysostaphin- and vancomycin-treated eyes. We conclude that LasA protease is
effective in the treatment of experimental S. aureus keratitis in rabbits and may have potential for the treatment
of disease in humans.

Staphylococcus aureus is among the most frequent causes of
bacterial keratitis (1, 3). S. aureus keratitis is potentially a
sight-threatening ocular infection (24, 27); therefore, it re-
quires intensive antibacterial therapy to eliminate rapidly the
infecting organism, reduce the inflammatory response, and
prevent structural damage to the cornea. Despite the availabil-
ity of numerous efficient antibiotic agents, management of S.
aureus infections remains a challenge due to the constantly
increasing incidence of clinical isolates resistant to antibiotics
(1, 14, 25, 32). Moreover, the recent emergence of S. aureus
strains resistant to vancomycin (34, 36), the drug of choice for
the treatment of infections caused by antibiotic-resistant gram-
positive organisms, emphasizes the need for new broad-range
and efficient antibacterial agents.

An alternative approach to antibiotic treatment of S. aureus
infections involves the use of lysostaphin, a 27-kDa staphylo-
lytic endopeptidase that degrades the pentaglycine bridges of
the peptidoglycan of S. aureus cells (33), as a therapeutic agent.
The beneficial effect of lysostaphin has been demonstrated in
numerous studies (13, 16, 17, 31, 38). Recently, it was shown to
effectively eradicate oxacillin-resistant and vancomycin-inter-

mediate-susceptible S. aureus strains in a rabbit model of en-
docarditis (8, 28), and its ability to kill methicillin-resistant S.
aureus (MRSA) has been demonstrated in rabbit models of
both keratitis (9, 11) and endophthalmitis (10, 11).

LasA protease (also called staphylolysin) is a 20-kDa staph-
ylolytic endopeptidase secreted by Pseudomonas aeruginosa
(19–21). It cleaves peptide bonds following Gly-Gly pairs in
peptides or proteins (22, 35), and as in the case of lysostaphin,
its ability to lyse staphylococci results from cleavages within the
pentaglycine cross-links in the peptidoglycan of S. aureus cells
(20, 21). LasA protease can cause lysis of a wide range of S.
aureus strains (5), and it has also been shown to inhibit the
growth of S. aureus cells in vitro (26, 29). This favors LasA
protease as another useful agent in enzyme-based treatment of
S. aureus infections. LasA protease is not a major virulence
factor in experimental P. aeruginosa keratitis (2, 18, 30, 37).
Furthermore, topical application of LasA protease on scarified
mouse corneas causes little or no damage to ocular tissues
(30). Therefore, we have selected an experimental model of S.
aureus keratitis in rabbits to evaluate the protective effect of
LasA protease in vivo. We show that topical treatment of
experimental keratitis induced by a methicillin-sensitive S. au-
reus (MSSA) strain, as well as an MRSA strain, reduces the
number of S. aureus cells in the infected corneas dramatically.
Our results support the potential of LasA protease as a ther-
apeutic tool in the management of S. aureus corneal infections.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. Two clinical isolates of S. aureus, an

MSSA ocular strain isolated from a human corneal specimen and an MRSA
strain isolated from human blood (see the 50% inhibitory concentrations [IC50s]
in Table 1), were used to induce experimental keratitis. Both strains were prop-
agated on Mueller-Hinton agar (Difco) plates. Fresh cultures were prepared for
each experiment by inoculating bacteria onto new plates and incubating the
plates at 37°C for 18 h. Several bacterial colonies were pooled and suspended in
phosphate-buffered saline to a final concentration of approximately 10,000 CFU/
ml. P. aeruginosa strain FRD2128(pJKG107), in which the LasA protease gene is
carried on a plasmid under the control of the inducible trc promoter (15), served
as the source for LasA protease. Bacteria were grown at 37°C with shaking in
Luria broth supplemented with carbenicillin (100 �g/ml). For large-scale pro-
duction of LasA protease, an overnight culture was diluted 1:100 with 3.2 liters
of fresh medium and incubated for 12 h, at which time isopropyl-�-D-thiogalac-
topyranoside (1 mM) was added and the cells were incubated for an additional
12 h.

Purification of LasA protease. The cell-free culture medium obtained by
centrifugation (6,000 � g for 20 min) of the LasA protease-producing P. aerugi-
nosa cell culture was concentrated approximately eightfold with a Minitan con-
centration device (Millipore) and a set of four ultrafiltration membranes (cutoff,
10,000 Da; Millipore). The proteins in the resulting filtrate were concentrated
further by ammonium sulfate (80% saturation) precipitation. The precipitate was
dissolved in and dialyzed against 0.02 M Tris-HCl pH 8.0 (final volume, �70 ml),
and LasA protease was isolated from this fraction by chromatography on car-
boxymethyl cellulose, as described previously (23), with the exception that the
salt gradient used to recover the enzyme from the column was from 0 to 1 M
NaCl (instead of 0 to 0.6 M). The amount of LasA protease produced under
these conditions was about 12 mg/liter, and the overall yield was between 50 and
60%. Fractions containing the purified enzyme (which was found to be homo-
geneous by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coo-
massie staining) were pooled and concentrated to about 2 mg/ml with a Diaflo
concentration cell and a YM-10 membrane (cutoff, 10,000 Da; Amicon). The
concentrated enzyme solution was dialyzed against 0.05 M HEPES–0.15 M NaCl
(pH 7.8) (buffer A) and stored in aliquots at �80°C until use.

Antibiotics. Purified LasA protease, lysostaphin (Sigma, St. Louis, Mo.), and
bovine serum albumin (BSA; Sigma) (control) were each diluted to a final
concentration of 1 mg/ml in buffer A. Vancomycin (Merck Sharpe & Dohme,
Lyon, France) was dissolved in sterile deionized water to a final concentration of
33 mg/ml, similar to that recommended for clinical use. A 50-mg/ml solution of
cefazolin (Cefamezin) was obtained from the central pharmacy at the Sheba
Medical Center, Tel-Hashomer, Israel. All antibiotic solutions were freshly pre-
pared before use and kept at 4°C.

In vitro susceptibility. Inhibitory concentrations (ICs) were determined by the
tube-broth dilution method in either cation-supplemented (for vancomycin and
cefazolin) or regular (for LasA protease and lysostaphin) Mueller-Hinton broth
(Becton Dickinson BBL) with a final inoculum of 105 CFU/ml. For determina-
tion of the ICs of lysostaphin and LasA protease, the broth was supplemented
with 0.1% BSA (Sigma) to minimize adsorption of these enzymes to the walls of
the test tubes. The IC50 was defined as the concentration that caused a 50%
reduction in the absorbance at 600 nm of the bacterial cell suspension after 24 h
of incubation at 37°C.

Induction of experimental S. aureus keratitis. New Zealand White rabbits
(weight, 2.5 to 3.0 kg) were treated and maintained in accordance with the tenets
of the ARVO Statement on the Use of Animals in Ophthalmic and Vision
Research, and the research was approved by the Tel Aviv University Institutional
Review Board. All rabbits were anesthetized by intramuscular injection of xyla-
zine (3 mg/kg of body weight) and ketamine hydrochloride (35 mg/kg). By
observation through a stereoscopic microscope, the central corneal epithelium
(diameter, 7.5 mm) was scraped with a Beever knife to allow maximal penetra-
tion of the enzymes applied. A total of 100 �l of a freshly prepared S. aureus cell
suspension (approximately 1,000 organisms) was then injected intrastromally
into the center of the cornea with a 30-gauge needle and a 1-ml tuberculin
syringe.

Treatment. Following intrastromal injection of the bacterial cell suspension,
the rabbits were randomly divided into treatment groups, as indicated below.
Two therapeutic regimens were used. In the early-onset therapy schedule, infec-
tion was allowed to progress undisturbed for 4 h prior to the initiation of therapy
and topical treatment was applied every 30 min during the first 5 h and then every
hour for four additional hours. In the late-onset therapy schedule, infection was
allowed to proceed for 10 h and topical treatment was applied every 30 min for
5 h. A single drop (45 �l containing 45 �g of LasA protease, lysostaphin, or BSA;

1.5 mg of vancomycin; and 2.25 mg of cefazolin) was applied at each time point,
as specified above.

Clinical evaluation. Approximately 45 min after administration of the last eye
drop, all rabbits underwent biomicroscopic examination by a masked observer.
Clinical parameters that were evaluated included conjunctival injection, chemo-
sis, corneal infiltrate, corneal edema, fibrin in the anterior chamber, hypopyon
formation, and iritis. Each parameter was graded on a scale of 0 to 4. The
parameter grades were totaled to produce a single clinical score ranging from 0
(normal eye) to a theoretical maximum of 28 (9).

Bacterial quantification. One hour after the cessation of treatment, the rabbits
were anesthetized and killed by intracardiac injection of pentobarbital (60 mg/
ml). Uniform corneal buttons were removed aseptically with a 7.5-mm corneal
trephine. The central corneal buttons were rinsed and homogenized in sterile
phosphate-buffered saline (3 ml/cornea) with a Polytrone homogenizer. Aliquots
of the corneal homogenates were serially diluted in the same buffer, plated in
triplicate onto Muller-Hinton agar plates (100 �l per plate), and incubated for
24 h at 37°C to determine the number of CFU per cornea. The numbers of CFU
were derived from dilutions that yielded 20 to 100 colonies per plate. Aliquots
from homogenates of corneas that contained few or no organisms were plated
undiluted. The lower limit of detection was 1 colony per plate, i.e., 30 CFU per
cornea.

Statistical analysis. The numbers of CFU were tested for statistical signifi-
cance by nonparametric analyses, Wilcoxon rank-sum tests, and analysis of vari-
ance (ANOVA) on the ranks. Evaluation of the clinical scores was performed by
using ANOVA for comparison among groups. P values of 0.05 or smaller were
considered significant. Before the analyses described above were carried out,
variance component models were used to confirm that the data from several
independent experiments could be analyzed at the individual-animal level.

RESULTS

In vitro susceptibilities of S. aureus strains. The IC50s of
LasA protease for the MSSA and MRSA strains used in this
study were compared to those of lysostaphin, vancomycin, and
cefazolin. Table 1 shows that the IC50 of LasA protease for the
MSSA strain was 2.5-fold higher than that for the MRSA strain
(5 and 2 �g/ml, respectively), indicating that the MRSA strain
was more susceptible to LasA protease than its methicillin-
sensitive counterpart. No difference was found between the
susceptibilities of each of these strains to either lysostaphin or
vancomycin as their respective IC50s, 0.1 �g/ml for lysostaphin
and 2 �g/ml for vancomycin, were found to be the same. The
IC50s of lysostaphin for both strains were lower than those of
LasA protease by at least 1 order of magnitude, indicating that
lysostaphin is more efficient than LasA protease in inhibiting
the growth of S. aureus in vitro. The IC50s (2 to 5 �g/ml) of
vancomycin and LasA protease for both strains were compa-
rable. The resistance of the MRSA strain to methicillin was
confirmed by showing that the cefazolin IC50 for the strain (200
�g/ml) was 400 times higher than that for the MSSA strain (0.5
�g/ml).

Early-onset treatment of experimental keratitis. The efficacy
of LasA protease in the treatment of MSSA- and MRSA-
induced experimental keratitis was examined initially by using
the early-onset therapy schedule. In experiments with the

TABLE 1. IC50s of the staphylolytic enzymes and antibiotics
for S. aureus

Strain

IC50 (�g/ml)

LasA
protease Lysostaphin Vancomycin Cefazolin

MSSA 5 0.1 2 0.5
MRSA 2 0.1 2 200
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MSSA strain, the effect of LasA protease was compared to that
of lysostaphin, whereas in the case of the MRSA-infected cor-
neas, the effectiveness of LasA protease was compared to that
of vancomycin. Therefore, together with the control group
(topical application of BSA), each set of experiments included
three treatment groups. Table 2 shows that LasA protease was
as effective as lysostaphin in eradicating the MSSA strain from
the infected corneas. Examination of the numbers of CFU
obtained for individual corneas for each of the treatment
groups showed that LasA protease and lysostaphin both ster-
ilized at least six of the eight infected corneas, and the numbers
of CFU for the remaining eyes were reduced dramatically
compared to those for most of the control eyes. Furthermore,
the median numbers of CFU calculated for the LasA protease-
and lysostaphin-treated eyes were 0, whereas the median num-
ber of CFU calculated for the control group was 4.5 � 106

CFU/cornea. LasA protease was even more effective in erad-
icating the MRSA strain, sterilizing all 12 eyes in three inde-
pendent experiments; and it was as effective as vancomycin,
which sterilized all eight eyes in this treatment group. Initial
statistical analysis of the numbers of CFU obtained for indi-
vidual eyes in each of several independent experiments (see
Roman numerals in Table 2) showed that the variance between
different experiments was negligible compared to the variance
between rabbits within each experiment. Therefore, we con-
cluded that a valid analysis of the data obtained for eyes re-
ceiving the same treatment in independent experiments could
be conducted at the individual-animal level. Also, since the
distribution of CFU in all of the treatment groups was highly
nonsymmetric, with numerous values below the limit of detec-
tion (�0.003 � 104; Table 2 [see also Table 4]), the analysis
was performed on the ranks of the CFU counts rather than on
the log scale of the actual data. The results of the statistical
analysis confirmed the self-evident conclusions outlined above,
clearly indicating that the numbers of CFU in the LasA pro-

tease-treated eyes were significantly lower than those in the
eyes of the controls (P � 0.001). Using a nonparametric Wil-
coxon test, we found no significant difference between the
numbers of bacteria in the LasA protease- and lysostaphin-
treated corneas (P � 0.59). Thus, despite the marked differ-
ences in their respective IC50s (Table 1), LasA protease and
lysostaphin were found to be as effective as each other when
they were tested in vivo.

Table 3 shows that the average clinical score (3.8 	 1.5) of
the LasA protease-treated eyes in the MSSA keratitis model
was lower than that obtained for the respective controls (6.6 	
1.8). The same trend was observed in the MRSA keratitis
model, in which the average clinical score for the LasA-treated
eyes (2.3 	 1.7) was far lower than that for the respective
control eyes (4.3 	 2.1). A statistical analysis performed on the
sum of the individual values obtained for all of the LasA-
treated eyes and that obtained for all of the control eyes,
whether they were infected with MSSA or MRSA, demon-
strated that the average clinical score for the LasA-treated eyes
(2.93) was significantly lower than that for the control eyes
(5.21; P � 0.001). The average score for the LasA protease-
treated eyes in the MSSA keratitis model was, however, sig-
nificantly higher than that for the eyes of the lysostaphin treat-
ment group (3.8 and 1.9, respectively; P � 0.004) (Table 3),
suggesting that either LasA protease was more irritative to the
cornea than lysostaphin or it was less efficient than lysostaphin
in eradicating the MSSA cells so that full elimination of the
bacteria was attained at a later time point in the experiment.

Late-onset treatment of experimental keratitis. The late-
onset therapy schedule provided a more extreme test of the
efficacy of LasA protease, as it allowed a longer time for the
bacteria to multiply freely in the cornea than was allowed in
the early-onset therapy schedule. The experiments were per-
formed with the same MSSA and MRSA strains used for
early-onset therapy. Table 4 shows that despite the challenge

TABLE 2. Bacterial numbers in corneas infected with either MSSA or MRSA after early initiation of therapy

MSSA MRSA

Expt no.
No. of CFU/cornea (104)a

Expt no.
No. of CFU/cornea (104)a

LasA Lysostaphin Control LasA Vancomycin Control

I 0.09 0.27 160 I �0.003 �0.003 330
�0.003 �0.003 800 �0.003 �0.003 105
�0.003 �0.003 600 �0.003 �0.003 370
�0.003 �0.003 �0.003 �0.003 �0.003 12

II 84 �0.003 80 II �0.003 �0.003 6
�0.003 �0.003 1,800 �0.003 �0.003 108
�0.003 �0.003 300 �0.003 �0.003 15
�0.003 �0.003 1,600 �0.003 �0.003 6

III �0.003 156
�0.003 14.7
�0.003 96
�0.003 �0.003

No. of eyes 8 8 8 12 8 12
Medianb 0 0 450 0 0 55.5

a Values represent the results obtained for individual eyes in two to three independent experiments (Roman numerals) performed under identical conditions, with
each experiment comprising four rabbits per treatment group.

b In calculating the median, numbers of CFU below �0.003 � 104 were considered zero (sterile corneas).
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of the late initiation of therapy, LasA protease remained highly
effective in eradicating both the MSSA and the MRSA cells.
As reflected by the median numbers of CFU calculated for
eyes in each of the treatment groups, LasA protease reduced
the number of viable bacteria in the corneas by 3 (MSSA) to 4
(MRSA) orders of magnitude compared to those for the con-
trols (median values, 0.138 � 104 and 0.003 � 104 CFU/cornea,
respectively, compared to 117 � 104 and 51 � 104 CFU/cornea
in the respective controls). Strikingly, in experiments with the
MRSA strain, LasA protease was even more effective in erad-
icating the bacteria than vancomycin (median numbers of

CFU, 0.003 � 104 and 6.75 � 104, respectively; Table 4). A
Wilcoxon test performed on the ranks of the actual numbers of
CFU confirmed that the numbers of CFU obtained for the
LasA protease treatment group were significantly lower than
those obtained for both the control (P � 0.001) and the van-
comycin (P � 0.02) treatment groups.

Table 5 shows that despite the late initiation of therapy, the
clinical scores for eyes treated with LasA protease, whether the
eyes were infected with the MSSA strain or the MRSA strain
(average scores, 2.5 	 2.1 and 2.9 	 0.99, respectively), were
lower than those for the control eyes (4.1 	 2.4 and 4.4 	 1.8,

TABLE 3. Clinical scores after early initiation of therapy

MSSA MRSA

Expt
Total scorea

Expt
Total scorea

LasA Lysostaphin Control LasA Vancomycin Control

I 2 2 5 I 2 2 7
3 3 7 1 3 4
6 2 7 1 2 3
3.5 1.5 4 1 2 2

II 3 2 7.5 II 6 1 4
4 2 6 4 1 6
6 1.5 6 3 3 8
3 1.5 10 0 2 3

III 3 1
1.5 5
4 4
1.5 NDb

No. of eyes 8 8 8 12 8 12
Mean 3.8 1.9 6.6 2.3 2 4.3
SDc 1.5 0.5 1.8 1.7 0.8 2.1

a Values represent the total scores obtained for individual eyes in either two or three independent experiments (Roman numerals) performed under identical
conditions, with each experiment comprising four rabbits per treatment group.

b ND, not determined.
c SD, standard deviation.

TABLE 4. Bacterial numbers in corneas infected with either MSSA or MRSA after late initiation of therapy

MSSA MRSA

Expt
No. of CFU/cornea (104)a

Expt
No. of CFU/cornea (104)a

LasA Control LasA Vancomycin Control

I 190 1,500 I 0.75 10 67
30 960 0.006 1.4 54
0.21 54 0.008 �0.003 �0.003
0.007 2.3 7.2 28 78
0.05 180

�0.003 �0.003

II 0.07 33 II �0.003 0.01 49
0.01 190 �0.003 45 7.5

36 33 �0.003 3.5 0.2
80 576 �0.003 14.5 72
94 0.86
0.01 290

No. of eyes 12 12 8 8 8
Medianb 0.138 117 0.003 6.75 51.5

a Values represent the results obtained for individual eyes in two independent experiments (Roman numerals), each of which was performed under identical
conditions, with each experiment comprising either four (MRSA) or six (MSSA) rabbits per treatment group.

b In calculating the median, numbers of CFU below �0.003 � 104 were considered zero (sterile corneas).
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respectively). Also evident from Table 5 is that in the MRSA
model, the average clinical score for the LasA protease-treated
eyes (2.9 	 0.99) was practically the same as that for the
vancomycin-treated eyes (3.1 	 1.4), indicating that the degree
of irritation caused by both agents was comparable. Statistical
analysis (ANOVA for comparison among groups) performed
with the combined clinical scores for all of the LasA-treated
eyes and those for the respective control eyes confirmed that
the differences between the scores for the two groups (2.65 and
4.18 for the LasA protease-treated eyes and control eyes, re-
spectively) were significant (P � 0.01).

Comparison of early- and late-onset therapy protocols. An
additional statistical analysis was performed to compare the
efficacy of LasA protease in the early-onset therapy schedule to
its efficacy in the late-onset therapy schedule. Since the pro-
tective effect of LasA protease against both the MSSA and the
MRSA strains was consistent, the ranks of the numbers of
CFU from experiments with both strains were analyzed jointly.
The difference between the average CFU ranks for the LasA
protease-treated eyes and the control eyes was larger for the
early-treatment protocol (average ranks, 17.4 for LasA pro-
tease-treated eyes and 57.7 for the control eyes; P � 0.001)
than for the late-treatment protocol (average ranks, 34.5 for
the LasA protease-treated eyes and 52.4 for the control eyes; P
� 0.001). This emphasized the higher potency of LasA pro-
tease than that of the control treatment in the early-treatment
protocol compared to its more modest (although significant)
effect in the late-treatment protocol. In addition, the average
clinical scores for the LasA protease-treated eyes and those for
the respective controls after early and late treatments were
compared. Again, data from experiments with MSSA- and
MRSA-infected eyes were analyzed jointly. The differences
between the average scores for the LasA treatment group and
those for the control group were larger for the early initiation
of treatment (2.9 and 5.2, respectively; P � 0.001) than for the

late initiation of treatment (2.7 and 4.2, respectively; P � 0.01).
Thus, the clinical improvement of the LasA-treated eyes was
more moderate in the late-treatment protocol than in the ear-
ly-treatment protocol.

DISCUSSION

The treatment of serious infections caused by MRSA re-
quires intensive administration of bactericidal antibiotics.
Since MRSA strains are resistant to most �-lactams, glycopep-
tides such as vancomycin are considered the treatment of
choice. Despite the universal susceptibility of S. aureus to van-
comycin, clinical failures of vancomycin therapy for MRSA
infections have recently become more common due to the
shifting trends in the susceptibilities of certain S. aureus strains
(14, 25, 32, 34, 36). Of special concern in this regard is the
recent emergence of MRSA strains with intermediate resis-
tance to glycopeptides, known as glycopeptide-intermediate or
vancomycin-intermediate strains (12, 34, 36). Infections with
such strains cannot be effectively treated with vancomycin
alone (28), which highlights the urgent need for new broad-
range and potent antistaphylococcal therapies.

The discovery that LasA protease is a potent staphylolytic
protease (20) suggested that it might lend itself to the treat-
ment of S. aureus infections. The ability of LasA protease to
eradicate S. aureus in vivo has not been documented to date.
Using an experimental model of S. aureus keratitis in rabbit
eyes, we showed for the first time that LasA protease can kill
S. aureus cells in vivo and established its potential as a tool in
the management of S. aureus keratitis. Since the efficacy of
lysostaphin has been evaluated in a similar model of S. aureus
keratitis (9, 11), it was of interest to compare the efficacy of
LasA protease with that of lysostaphin, an issue that we have
addressed in the first set of experiments. Using the early-onset
therapy protocol and the MSSA strain as the target organism,

TABLE 5. Clinical scores after late initiation of therapy

MSSA MRSA

Expt
Total scorea

Expt
Total scorea

LasA Control LasA Vancomycin Control

I 5 1 I 3 3 3
0 2 2 2 1
4 2.5 2 2 3
1 1 3 3 6
0 5
2 6

II 3.5 4 II 5 2 6
1 5 3 6 6
3 5 3 2.5 5
7 10 2 4.5 5
2 4
2 3.5

No. of eyes 12 12 8 8 8
Mean 2.5 4.1 2.9 3.1 4.4
SDb 2.1 2.4 0.99 1.4 1.8

a Values represent the total scores obtained for individual eyes in two independent experiments (Roman numerals) performed under identical conditions, with each
experiment comprising either four (MRSA) or six (MSSA) rabbits per treatment group.

b SD, standard deviation.
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we found that even though the IC50 of LasA protease for this
strain was considerably higher than that of lysostaphin (Table
1), in an in vivo setting, LasA protease was as effective as
lysostaphin, with both agents sterilizing essentially all of the
treated eyes (Table 2). The apparent discrepancy between the
in vitro and in vivo activities of LasA protease and lysostaphin
may be explained by the fact that lysostaphin (but not LasA
protease) possesses a unique C-terminal domain that binds to
the cell walls of S. aureus (4). Binding of lysostaphin to its
target bacteria enhances its potency during planktonic growth,
accounting for its extremely low IC50 (Table 1). It is possible
that at lower doses the enhanced potency of lysostaphin within
the cornea also becomes important and that although the bac-
teria were eradicated equally at the time point studied, bacte-
rial clearance with lysostaphin proceeded faster than that with
LasA protease. This may also explain the differences in the
clinical scores observed with each drug.

The ability of LasA protease to eradicate the MSSA and
MRSA strains was compared by using both the early- and the
late-onset therapy schedules. The results showed that although
the ability of LasA protease to eradicate the bacteria when it
was applied late after infection was lower than that when it was
applied early after infection, it offered a highly effective ther-
apy for experimental keratitis caused by both the MSSA and
the MRSA strains. The reduced effectiveness of LasA protease
at the late-onset therapy is in accordance with previous obser-
vations of Dajcs et al. (9, 11), who showed that when lyso-
staphin was applied late after infection, it did not sterilize the
infected corneas, even though it was given at a concentration of
2.8 mg/ml, almost threefold higher than the 1 mg/ml used here.
Thus, with both enzymes, early treatment seems to be an ad-
vantage.

The higher sensitivity of the MRSA strain to LasA protease,
which became apparent in the late-treatment protocol (Table
4), is in good correlation with the lower IC50 determined for
this strain in vitro (Table 1) and is reflected by the relatively
low clinical score (2.3; Table 3) determined for this strain in
the early-treatment protocol. Importantly, the efficacy of LasA
protease against the MRSA strain was either the same as that
of vancomycin (early initiation of therapy; Table 2) or higher
than that of vancomycin (late initiation of therapy; Table 4),
while the clinical scores for eyes treated with either LasA
protease or vancomycin were essentially the same (Tables 3
and 5). The superiority of LasA protease over vancomycin
when the drugs were given late after infection suggests that,
unlike vancomycin, which has limited activity against resting
cells (6, 9), LasA protease can lyse bacterial cells at their
stationary phase of growth, when cell proliferation is minimal.
Tobramycin is the only other antibacterial agent known to
maintain its effectiveness in both the early and the late phases
of experimental Staphylococcus keratitis. However, tobramycin
is normally not effective against MRSA strains (7).

In conclusion, LasA protease may offer an effective antibac-
terial therapy that can be used to control severe MSSA or
MRSA keratitis. To further establish its therapeutic potential,
studies that evaluate its activity against a range of MRSA and
vancomycin-intermediate S. aureus strains are in order. Studies
that examine the efficacy of LasA protease as an adjunctive
treatment in combination with other antibiotics are also war-
ranted.
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