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Abstract

Background Therapy of S. aureus keratitis is increasingly
challenging due to emerging resistant strains. Staphylolysin
(LasA protease) is a staphylolytic endopeptidase secreted by
Pseudomonas aeruginosa. The purpose of the current study
was to study the effect of treatment with staphylolysin on
experimental keratitis caused by various Staphylococcus
aureus strains.

Methods The therapeutic effect was studied in a keratitis
model induced in rabbits by intrastromal injections of 10°
S. aureus cells of three different methicillin-resistant S.
aureus (MRSA) strains and one methicillin-susceptible S.
aureus strain (MSSA). Topical treatment with either staph-
ylolysin or bovine serum albumin (BSA; control) was
applied every half hour for 5 h, starting at 4 h after
infection. Corneas were removed for bacterial quantifica-
tion. Histopathological analysis was performed on MSSA-
infected rabbits, killed at either one or 84 h after completion
of treatment and on uninfected eyes 1 h after treatment
termination.
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Results The number of bacteria in the staphylolysin-treated
corneas was significantly reduced in all infections with the
four S. aureus strains studied as compared to controls: the
staphylolysin-treated eyes infected with MRSA strains were
either completely sterilized or showed a 3-4 orders of
magnitude decrease in the number of cfu/cornea (p=0.004
to 0.005); all of the staphylolysin-treated MSSA-infected
eyes were sterile. Histopathological analysis of the
methicillin-sensitive (MSSA) strain-infected eyes at 84 h
after completion of treatment showed moderate inflamma-
tion in the staphylolysin-treated eyes as compared with
extensive abscess formation in the control group. The
uninfected corneas showed only mild stromal edema in
both the staphylolysin and BSA-treated groups.
Conclusions Staphylolysin provided long-lasting protection
against several strains of S. aureus, evident by both its strong
anti-bacterial activity and beneficial histopathological results
of treatment.

Keywords Keratitis - Staphylolysin - LasA protease -
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Introduction

Staphylococcus aureus keratitis is among the commonest
sight-threatening ocular infections either in normal or in
compromised corneas [1]. Therefore, timely antimicrobial
treatment must be initiated for rapid eradication of the
infecting organism. Numerous reports from all over the
world indicate a methicillin-resistance rate of up to 74%
among S. aureus isolates, which emphasizes the necessity
to search for new anti-S. aureus agents as an alternative to
currently available antibiotics [2—6]. Enzyme-based therapy
has been proposed as an alternative approach to treatment
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with antibiotics. Lysostaphin, a staphylolytic endopeptidase
from Staphylococcus simulans, is a glycylglycine endopep-
tidase capable of cleaving the cross-linking pentaglycine
bridges in the cell walls of staphylococci, and is the first
enzyme reported to successfully treat S. aureus experimen-
tal keratitis [7]. Staphylolysin (LasA protease) is a 20-kDa
staphylolytic endopeptidase secreted by Pseudomonas
aeruginosa that similarly to lysostaphin can cleave the
pentaglycine bridges of the cell wall peptidoglycan of S.
aureus, leading to cell lysis and inhibition of bacterial
growth [8-11]. Staphylolysin can cause lysis of a wide
range of S. aureus strains and other types of Staphylococci,
including S. saprophyticus, S. epidermidis, and S. warneri
[12]. We have previously reported that staphylolysin is
effective in the treatment of both methicillin-sensitive S.
aureus (MSSA) and methicillin-resistant S. aureus (MRSA)
experimental keratitis [13]. It completely sterilized the
infected corneas when treatment was initiated 4 h after
infection and reduced the number of viable bacteria (cfu) in
both MSSA and MRSA-infected corneas by 3—4 orders of
magnitude as compared to controls when treatment was
initiated 10 h post-infection. Furthermore, staphylolysin
was found to be even more effective than vancomycin in
eradicating MRSA cells. In another study, we demonstrated
that staphylolysin is also effective in the treatment of
experimental endophthalmitis in rats caused by another
MRSA strain [14].

The purpose of the current study was to further expand
the information regarding the therapeutic potential of
staphylolysin in experimental keratitis, focusing on its
range of activity against a number of MRSA strains and
examination of possible side-effects. Towards this end, we
evaluated the protective effect of staphylolysin treatment
against three clinical MRSA isolates as compared to the
MSSA strain we studied before [13] with respect to both
bacterial eradication and reduction of corneal damage as
revealed by histopathological analysis. The latter analysis
was also used to examine corneal toxicity of staphylolysin
in un-infected corneas.

Materials and methods
Animals

New Zealand white rabbits (weight, 2.5 to 3.0 kg) were
handled 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 animal care and use committee.
Before induction of infection and clinical assessments, all
rabbits were anesthetized by intra-muscular injection of
Xylazine (3 mg/kg of body weight; Arendonk, Belgium)
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and Ketamine hydrochloride (35 mg/kg of body weight;
Fort Dodge, 1A, USA). At the end of the experiment, prior
to enucleation of the eyes, the animals were anesthetized
and euthanized by intra-venous injection of excess pento-
barbital (60 mg/ml).

Bacteria

Three MRSA strains were used: COL [15] (a kind gift of Dr.
Gordon Archer, Virginia Commonwealth University, Rich-
mond, VA) and two clinical isolates, 02/48406, and 02/
48103 (a kind gift of Prof. Nathan Keller, The Microbiology
Laboratory, Sheba Medical Center, Tel Hashomer, Israel).
The MSSA strain used in the study was isolated from a
human cornea and was described previously [13].

All strains were propagated 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
10,000-20,000 cfu/ml.

In-vitro susceptibility

Inhibitory concentrations (ICs) were determined by the tube-
broth dilution method in Mueller-Hinton broth (Becton
Dickinson BBL) and a final inoculum of 10° cfu/ml as
described [13] except that the broth was supplemented with
0.01% (instead of 0.1%) BSA. The ICsq was defined as the
concentration of staphylolysin that caused a reduction of
50% in absorbance at 600 nm of the bacterial cell suspension
after 24-h incubation at 37°C.

Treatment solutions

Staphylolysin was purified from an overproducing P.
aeruginosa strain as described [16]. Prior to the experiment,
the enzyme was diluted to 1 mg/ml in 0.05 M Hepes
0.15 M NaCl, pH 7.8. For the control, bovine serum
albumin (BSA) diluted to 1 mg/ml in the same buffer was
used. Both the staphylolysin and BSA solutions were kept
at 4°C during the treatment period.

Keratitis study

All of the procedures were performed utilizing a stereo-
scopic surgical microscope (Wild M690, Wild Heerbrugg,
Switzerland). Prior to the induction of keratitis, the central
corneal epithelium was marked with a trephine (7.5 mm
diameter, 50 pm depth) and then was scraped with a Beever
knife in order to avoid permeability issues, thereby ensuring
free diffusion of the topically applied protein into the
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stroma. Then, 100 pl of a freshly prepared S. aureus cell
suspension containing 1,000-2,000 viable organisms (cfu)
was injected intrastromally at the central part of the cornea
with a 1-ml tuberculin syringe and a 30-gauge needle. The
same investigator preformed all of the injections.

Each MRSA strain was studied separately. Each exper-
iment included 12 rabbits (=6 in both the staphylolysin
treatment group and the BSA-treated control group). The
MSSA keratitis experiment included 20 rabbits (=10 in
each, the staphylolysin treatment group and the BSA-
treated control group).

Animals were randomly divided into two groups: staph-
ylolysin treatment group and BSA treatment group (con-
trol). Topical treatment with either a single drop of
staphylolysin (45 pl containing 45 pg of LasA protease)
or a drop of BSA as appropriate was applied at each time
point, starting 4 h after the induction of infection (to allow
development of keratitis) and given every 30 min for 5 h (a
total of 11 applications).

One hour after the last drop application, all rabbits with
the MRSA-infected eyes and 12 of the MSSA-infected
rabbits were killed and their corneas excised for bacterial
quantification. The remaining MSSA-infected rabbits were
divided into two groups. Four of these rabbits were killed
1 h after the last drop administration and the remaining four
rabbits were killed 84 h after administration of the last drop.
The eyes were enucleated after killing and submitted for
histopathological evaluation.

The observer was not masked due to the need to know
which treatment each rabbit should receive, and the need to
plan our dilutions appropriately for bacterial counting.

Determination of the number of viable bacteria

For bacterial counting, uniform corneal buttons were
removed aseptically from the center of the infected cornea
using a 7.5-mm corneal trephine. The corneal buttons were
rinsed and homogenized in sterile phosphate-buffered saline
(3 ml/cornea) using a Polytron homogenizer. Aliquots of the
corneal homogenates were serially diluted in the same buffer,
plated in triplicates onto Muller-Hinton agar plates (100 pl per
plate) and incubated for 24 h at 37°C to determine the number
of colony forming units (cfu) per cornea. The reported cfu
numbers (Table 2) were derived from dilutions that yielded
20 to 100 colonies per plate. Homogenates of corneas that
produced only a few or no colonies were plated undiluted.
The lower limit of detection was one colony per plate, i.c.,
30 cfu per cornea.

Toxicity study

The possible toxicity of staphylolysin was evaluated in
eight eyes from eight rabbits. Corneal erosion was created
in each rabbit as described above in order to maintain the
same conditions, but no keratitis was induced. Eyes were
treated with either staphylolysin (n=4) or BSA (n=4) using
the same regimen as in the keratitis study, namely,
treatment was initiated 4 h after scraping of the corneal
epithelium, and was given every 30 min for 5 h (a total of
11 treatments). One hour after administration of the last
drop, all of the rabbits were euthanized and their eyes were
enucleated and submitted to histopathological examination.

Histopathological evaluation

The enucleated eyes were fixed in 10% buffered formalin
and embedded in paraffin blocks. Specimens included (i)
four infected eyes treated with staphylolysin and four
infected control eyes (treated with BSA) enucleated 1 h
after completion of treatment; (ii) four staphylolysin-treated
infected eyes and four infected control eyes (treated with
BSA), enucleated 84 h after completion of treatment; (iii)
four un-infected staphylolysin-treated eyes and four un-
infected control eyes treated with BSA, enucleated 1 h after
completion of treatment.

Tissue sections of 4 um thick of all of these eyes were
stained by hematoxylin and eosin (H&E) and examined for
corneal erosion, edema, infiltrate, and the presence of
bacteria by a masked observer using a light microscope.

Statistical analysis

The individual cfu values were tested for statistical signifi-
cance by a nonparametric analysis using the Wilcoxon rank-
sum test. p values of 0.05 or smaller were considered
significant.

Results
Inhibitory concentrations for the various S. aureus strains

The same 1Cs, value, 5 pg/ml, was obtained for the MSSA
strain, the MRSA strain COL and the MRSA clinical isolate
02/48406. The 1Cs, value obtained for the second MRSA
isolate, 02/48103, was 1.8 pg/ml, i.e., about 2.5 fold lower
than that of all of the other strains studied (Table 1).

Table 1 The 50% inhibitory

concentration (ICsg) of S. aureus MSSA

Strain:

MRSA COL MRSA 02/48406 MRSA 02/48103

strains for staphylolysin
ICso (ng/ml) 5

5 5 1.8
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Bacterial number in MSSA and MRSA-infected corneas

Table 2 presents the cfu values obtained for the
staphylolysin-treated and control corneas infected with the
various S. aureus strains. Staphylolysin completely steril-
ized all of the six corneas infected with the MSSA strain,
whereas the control corneas in this experiment (#1)
contained 1.8x10° (SD 3.77x10%) cfu/cornea (p=0.003).
The robust protective effect of staphylolysin was durable,
lasting at least 84 h after cessation of treatment (Fig. 2a).
Staphylolysin also completely sterilized all of the six
corneas infected with strain COL, whereas all of the control
corneas (five corneas because one of the control rabbits
died before the end of the experiment) contained 4.03 x10°
(SD 4.0x10°) cfu/cornea (p=0.004; Table 2, experiment
#2). In experiment #3 (corneas infected with the MRSA
isolate 02/48406), staphylolysin sterilized five of the six
treated corneas, and the sixth staphylolysin-treated cornea
contained only 210 cfu/cornea. This is in contrast to the
control eyes in which the average cfu value/cornea was
1.43x10° (SD 1.38x10% (p=0.004) (Table 2). Staph-
ylolysin reduced the number of bacteria in all of the
corneas infected with MRSA isolate 02/48103 (experiment
#4) to a mean of 5.0x 10* cfu/cornea (SD 8.0x10?; Median
6.5x10") as compared to 4.04x10° cfu/cornea (SD 3.6
10 Median 4.0x10° found in the control group (p=
0.005). However, despite the low ICsq value of this latter
strain for staphylolysin (1.8 vs. 5 ug/ml; Table 1), only two
of the six staphylolysin-treated corneas were completely
sterilized. This apparent discrepancy could result from the
relatively high inoculum (2,000 cfu) injected in this
particular experiment. Also, consistent with the relatively
high cfu value found for the control group in this
experiment (mean 4x10° as compared to values of 0.4—
1.8x 10° obtained for the other strains; Table 2), perhaps the

injected bacteria were at such physiological condition that
permitted relatively high intracorneal proliferation rate.
Regardless, together, the data clearly reinforce our previous
results [13] in a study comprising only one MSSA and one
MRSA S. aureus strain, strongly supporting the broad
spectrum of staphylolysin action against a variety of MSSA
and MRSA clinical isolates.

Histopathological examination

The histopathological analysis of the infected eyes at 1 h
after completion of treatment revealed central erosion and
stromal edema in all of the corneas regardless of the
treatment given. Among the infected corneas that were
treated with staphylolysin, three out of four corneas showed
no detectable bacteria. The fourth cornea contained a small
number of bacteria with no detectable bacterial colonies
(Fig. 1a). However, in the control group treated with BSA,
bacterial colonies were seen in all of the 4 corneas studied
(Fig. 1 b and c¢).

All of the infected corneas that were evaluated 84 h
following completion of treatment also demonstrated
central erosion and stromal edema. In the staphylolysin-
treated eyes, dispersed polymorphonuclear leukocytes were
seen in the stroma, with intact Descemet's membrane and
endothelium (Fig. 2a). However, in the respective control
group that was treated with BSA and enucleated 84 h after
termination of the treatment, the corneal structure was
severely disrupted due to extensive abscess formation.
Descemet's membrane remained intact but no endothelium
was seen (Fig. 2b).

Histopathological examination of the staphylolysin-
treated un-infected eyes showed central erosion (due to
epithelial scraping executed before initiation of the treat-
ment) and only mild stromal edema in all eyes. No

Table 2 Bacterial numbers (10™) in rabbit corneas infected with various S. aureus strains®

Experiment #: Strain: 1 MSSA 2 MRSA COL 3 MRSA 02/48406 4 MRSA 02/48103
Treatment: Cornea (#) Staphylolysin BSA Staphylolysin BSA Staphylolysin ~ BSA Staphylolysin BSA

1 0 165 0 5.7 0.021 65 0.003 30

2 0 220 0 38 0 58 0 94

3 0 180 0 106 0 370 0.198 1.9

4 0 220 0 10 0 260 0.1 1,000

5 0 120 0 42 0 41 0.01 500

6 0 170 0 0 63 0 530

Mean SD 00 1792377 00 40.3 40.1 0.0035 0.0085 142.8 138.1 0.05 0.08 404.3 360.3
Median 0 175 38 0 64 0.0065 400

*Each cornea was injected with 1,000 cfu of a S. aureus strain. Topical treatment with either staphylolysin or BSA was initiated 4 h after bacterial
injection and given every 30 min for 5 h. CFU values were determined 1 h after termination of treatment (10 h post-infection). All values should

be multiplied by 10*
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Fig. 1 Histopathology of MSSA-infected corneas 1 h after comple-
tion of treatment i.e., at 10 h post-infection. a Staphylolysin-treated
eye. The epithelium was denuded, the stroma was edematous and no
bacterial colonies were detected. The endothelium was intact. b
Control eye treated with BSA. The epithelium was denuded, the
stroma was edematous and bacterial colonies were observed (arrows).
¢ Higher magnification of the bacterial colonies seen in b. The
sections shown are representative. A similar pattern was observed in
the other three specimens evaluated in each of the groups (hematox-
ylin and eosin; Original magnification of a and b: x100; Original
magnification of ¢:x400)

inflammatory infiltrate was found, and the Descemet's
membrane and the endothelium were intact in all of the
specimens, similar to the control group treated with BSA
(not shown).

Discussion

The results of the current study indicate that treatment
with staphylolysin (also known as LasA protease) from
P. aeruginosa can dramatically reduce the number of
viable bacteria in S. aureus-infected corneas. This was
observed with all of the three MRSA strains studied as
well as the MSSA isolate. The number of viable bacteria
per cornea in the staphylolysin-treated group was either

Fig. 2 Histopathological evaluation of MSSA-infected corneas 84 h
after completion of treatment. a Staphylolysin-treated eye. The
epithelium was denuded and there was stromal edema and infiltration
by polymorphonuclear leukocytes, but the stromal lamellac were
preserved and the endothelium was intact. b Control eye treated with
BSA. The structure of the cornea showed severe destruction due to
extensive inflammatory infiltration. Inflammatory infiltrate was also
present at the inner corneal surface, and no endothelium was present
(hematoxylin and eosin; original magnification: x 100)

below the detection level or significantly reduced as
compared to the control corneas that contained high
numbers of viable bacteria (Table 2). These results are
comparable to those obtained in our previous and more
limited study [13] in which treatment was also initiated
4 h post-infection, however, it was given for a total of
10 h instead of 5 h as was done here. Thus, the results of
the current study both support and expand those of our
earlier investigation [13], showing that despite the
reduced duration of treatment, full eradication of the
MSSA strain and of practically all of the MRSA strains
was achieved, demonstrating the strong and immediate
effect of staphylolysin.

Dajcs et al. [7] reported similar results for lysostaphin
treatment of MRSA-induced keratitis in rabbits. Our current
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treatment regimen was similar to that used by Dajcs and his
colleagues, and the rate of eradication of bacteria achieved
in the current study was also comparable to that reported by
Dajes et al. [7]; full sterilization by lysostaphin of the
MRSA-infected corneas whereas the untreated control
corneas remained heavily infected.

The ICs, values of three of the strains we studied were
identical (5 pg/ml). Only one strain was more sensitive to
staphylolysin, with an ICso of 1.8 pg/ml. However, the
results of the staphylolysin treatment for all of the four
strains studied were practically the same, once again
manifesting the strong anti-bacterial power of staphylolysin.

Our histopathological examination also revealed a
marked reduction in the level of bacterial infection and
inflammation in the staphylolysin-treated corneas as com-
pared to the controls. The beneficial results seen at 84 h
after termination of staphylolysin-treatment provided im-
portant new information, indicating the long-term effect of
staphylolysin treatment. The stromal lamellae and the
endothelial layer were both intact in all of the
staphylolysin-treated corneas, while in the corneas of the
control group, extensive disruption of the stromal structure
and complete loss of the endothelium was seen at this point
of time (Fig. 2). The rapid eradication of the infecting
bacteria by staphylolysin apparently prevented further
damage to the inner layers of the cornea in the treatment
group. The epithelial erosion performed before the induc-
tion of keratitis persisted in all of the animals until killed
and was evident even at 84 h after completion of treatment.
The un-infected corneas that were examined at 1 h after
cessation of treatment had a similar appearance with only
mild stromal edema in both the staphylolysin and BSA-
treated groups, suggesting that staphylolysin treatment has
no (short-term) toxic effect and does not cause a severe
structural damage to the cornea.

The possibility that P aeruginosa endopeptidases can
cause corneal damage has been discussed by several
investigators [17-19]. There is disagreement, however,
concerning the role of staphylolysin in Pseudomonas
corneal infection. Cowell et al. [18] found that staph-
ylolysin contributes to Pseudomonas invasion of rabbit
corneal epithelial cells. White et al. [20] reported that a
staphylolysin-deficient mutant of P aeruginosa showed
significantly reduced virulence in the rabbit eye and was
not virulent in mice eyes, although genetic complementa-
tion with staphylolysin did not restore virulence in either
model of infection. Hobden [19] claimed that alkaline
protease, Pseudomonas elastase (LasB) and staphylolysin
are not essential for either initiating or maintaining corneal
infection. Using a mice model, Preston et al. [21]
investigated the damage cause to scarified corneas by
topical application of purified staphylolysin. A low dose
of 0.5 pg of staphylolysin did not cause ocular damage,
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while a high dose of 5 pg of staphylolysin produced a toxic
reaction leading to eye damage without eliciting cellular
inflammation. In the present study, a dose of 45 ug of
staphylolysin applied to each eye produced no clinical or
histopathological damage. The larger area of the rabbit
cornea, as compared to that of the mouse, as well as the
difference in sensitivity to staphylolysin between corneas of
the two species can partially explain these different results.
The minimal toxicity of staphylolysin to scraped corneas
found in our study indicates the relative safety of the
treatment.

In conclusion, the results of the present study indicate
that staphylolysin may serve as a new potential therapeutic
tool, eradicating a number of different MRSA strains in a
keratitis model in rabbits, with little or no toxic side-effects.
These findings give a boost to our previous results [13],
demonstrating the strong anti-bacterial activity of staph-
ylolysin in vivo and bringing to light its potency even in a
relatively short-term therapeutic regimen. The beneficial
effect is attributed to the high capability of staphylolysin as
a bacteriolytic enzyme and its immediate action on the
bacteria.
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