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ABSTRACT Endophthalmitis due to infection with Enterococcus spp. progresses rap-
idly and often results in substantial and irreversible vision loss. Given that the frequency
of this condition caused by vancomycin-resistant Enterococcus faecalis has been increas-
ing, the development of novel therapeutics is urgently required. We have demonstrated
the therapeutic potential of bacteriophage ®EF24C-P2 in a mouse model of endoph-
thalmitis caused by vancomycin-sensitive (EF24) or vancomycin-resistant (VRE2)
strains of E. faecalis. Phage ®EF24C-P2 induced rapid and pronounced bacterial lysis
in turbidity reduction assays with EF24, VRE2, and clinical isolates derived from pa-
tients with E. faecalis-related postoperative endophthalmitis. Endophthalmitis was in-
duced in mice by injection of EF24 or VRE2 (1 X 10* cells) into the vitreous. The
number of viable bacteria in the eye increased to >1 X 107 CFU, and neutrophil in-
filtration into the eye was detected as an increase in myeloperoxidase activity at 24
h after infection. A clinical score based on loss of visibility of the fundus as well as
the number of viable bacteria and the level of myeloperoxidase activity in the eye
were all significantly decreased by intravitreous injection of ®EF24C-P2 6 h after in-
jection of EF24 or VRE2. Whereas histopathologic analysis revealed massive infiltra-
tion of inflammatory cells and retinal detachment in vehicle-treated eyes, the num-
ber of these cells was greatly reduced and retinal structural integrity was preserved
in phage-treated eyes. Our results thus suggest that intravitreous phage therapy is a
potential treatment for endophthalmitis caused by vancomycin-sensitive or -resistant
strains of E. faecalis.

KEYWORDS Enterococcus, bacteriophage therapy, endophthalmitis, mouse,
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acterial endophthalmitis can result from trauma or be a complication of ocular

surgery or intravitreal injection, and it often leads to substantial loss of vision or
even blindness. The frequency of postoperative endophthalmitis has increased recently
in association with an increase in the performance of intraocular surgery and injection.
Prompt diagnosis and appropriate treatment of endophthalmitis are necessary in order
to prevent retinal damage and scarring. Most cases of postoperative endophthalmitis
are caused by Gram-positive pathogens, such as Staphylococcus spp., Enterococcus spp.,
and Streptococcus spp. (1). Endophthalmitis caused by Enterococcus spp. has a worse
prognosis in terms of final visual acuity than that caused by other bacteria, such as
coagulase-negative Staphylococcus spp. and Staphylococcus aureus (1-3). Final visual
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acuity was found to be 20/400 or worse in 92.9% of individuals with postoperative
endophthalmitis due to Enterococcus spp. (3).

Enterococcus spp. are resistant to a variety of commonly administered antibiotics,
such as cephalosporins, aminoglycosides, and clindamycin. Enterococcus faecalis strains
isolated from individuals with endophthalmitis from 2002 to 2012 showed higher MICs
for various antibiotics than did those isolated from 1990 to 2001 (2, 4). Furthermore,
cases of endophthalmitis due to vancomycin (VAN)-resistant Enterococcus spp. (VRE)
have been described (5-12). Infection with E. faecalis was found to account for 16% of
postoperative endophthalmitis cases in Japan, 25.4% in South Korea, and 31.1% in
Sweden (13-15). The development of alternatives to antibiotics for the treatment of
drug-resistant E. faecalis infection is therefore urgently needed.

Bacteriophages (phages) are present widely in environments such as soil, water,
food, and the gastrointestinal tract. Bacteria infected with phages produce endolysin
that disrupts the bacterial cell wall and results in cell death. The potential of phage-
based therapy for bacterial infectious disease has thus been investigated, with three
approaches to such therapy, administration of the phage itself, of phage-derived
endolysin, or of phage-derived depolymerases (16, 17). Although the early attention
paid to the potential of phage-based therapy waned after the introduction of antibi-
otics, there has been a resurgence of interest as a result of the growing problem of
antibiotic resistance (18-20). We previously described ®EF24C as a candidate thera-
peutic phage for E. faecalis infection. This phage is virulent and has a broad host range,
being capable of inducing the lysis of many E. faecalis strains, including those resistant
to VAN (21). We also showed that ®EF24C-based therapy was effective in mouse
models of sepsis induced by VRE (22). Moreover, we isolated a mutant strain of this
phage, PEF24C-P2, that has a higher lytic activity against E. faecalis clinical strains than
does the wild-type phage.

Although phages are able to lyse specific bacteria in vitro, the effects of phage
therapy in vivo may depend on the type of agent, on the route, dose, and timing of
administration, and on the tissue-specific microenvironment. With regard to the effects
of phages on ocular bacterial infection, we previously showed that a single topical
application of a phage in eyedrops was effective for the treatment of keratitis caused
by Pseudomonas aeruginosa in mice (23). Intravitreal administration of a phage lytic
enzyme was also shown to attenuate the development of S. aureus-induced endoph-
thalmitis in mice (24). We have now examined the effects of intravitreal administration
of the PEF24C-P2 phage on endophthalmitis caused by VAN-sensitive E. faecalis or VRE
in mice.

RESULTS

Effects of phage ®EF24C-P2 and VAN on the growth of E. faecalis strains in
vitro. We first examined the effects of phage ®EF24C-P2 and VAN in vitro on E. faecalis
strains EF24 and VRE2, as well as on clinical isolates derived from patients with
postoperative endophthalmitis due to E. faecalis. In the culture system adopted, all of
the E. faecalis strains showed a spontaneous decrease in turbidity (transition to the
decay phase), to a greater or lesser extent, after incubation for 8 h even in the absence
of phage or VAN (Fig. 1). The addition of ®EF24C-P2 at a multiplicity of infection of 100
induced marked bacteriolysis in both EF24 and VRE2 cultures within 3 h (Fig. 1A and B).
Similarly, ®EF24C-P2 induced rapid bacteriolysis in all three clinical isolates (Fig. 1F to
H). On the other hand, although the presence of VAN at a concentration of 2,000 ng/ml
resulted in a moderate decrease in turbidity for EF24 (Fig. 1A) and the three clinical
isolates (Fig. 1F to H), the drug at concentrations of 4, 64, or 2,000 wg/ml had no such
effect on the turbidity of VRE2 (Fig. 1C to E). In fact, VAN suppressed the transition of
VRE2 to the decay phase at each concentration tested, although the reason for this
effect is unclear. In all strains except GUO1, the pronounced bacteriolysis induced by the
phage was followed by a small increase in turbidity and a subsequent further decrease.
It is not clear whether this pattern reflects an “evolutionary arms race” between the
phage and host bacterium (25), but no substantial regrowth of any of the bacterial
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FIG 1 Effects of phage ®EF24C-P2 and vancomycin (VAN) on the growth of E. faecalis strains in vitro. (A) Effects of ®EF24C-P2 and VAN (2,000 nwg/ml) on the
growth of E. faecalis strain EF24. Bacterial growth was monitored by measurement of optical density at 600 nm (ODy,,). (B) Effect of ®EF24C-P2 on the growth
of VRE2. (C to E) Effects of VAN at 4, 64, or 2,000 ng/ml, respectively, on the growth of VRE2. (F to H) Effects of ®EF24C-P2 and VAN (2,000 ng/ml) on the growth
of E. faecalis strains derived from patients with postoperative endophthalmitis (GUO1, GU02, and GUO03, respectively). All data are means * SEM of triplicates
from a representative experiment.

strains was apparent for up to 24 h after the onset of culture. Together, these results
suggested that ®EF24C-P2 might be effective for the treatment of E. faecalis infection
regardless of the VAN sensitivity of the bacterium.

Effects of intravitreous administration of ®EF24C-P2 on EF24-related endoph-
thalmitis in mice. We next examined the effects of ®EF24C-P2 or the vehicle on
noninfected eyes in mice. Macroscopic analysis and indirect ophthalmoscopy revealed
that intravitreal administration of ®EF24C-P2 or the vehicle alone did not induce a
clinical inflammatory response, as evident from the lack of opacity in the anterior
chamber and vitreous body at 18 and 66 h after injection (n = 6 eyes per condition).
The clinical score based on loss of fundus visibility was thus 0 (on a scale of 0 to 4)
under both conditions. Furthermore, there was no significant (P = 0.29, Student’s
unpaired t test) difference in myeloperoxidase (MPO) activity (a marker of neutrophil
infiltration) between eyes treated with ®EF24C-P2 (0.096 = 0.045 absorbance units) or
the vehicle (0.045 = 0.010 absorbance units) at 18 h after intravitreal administration
(n =6 eyes per condition). We also examined the scotopic electoretinogram (ERG)
response at 66 h, 1 week, and 2 weeks after intravitreal administration of ®EF24C-P2
(n = 6 eyes), with both the a-wave and b-wave (the responses generated from photo-
receptors and the inner retina, respectively) showing no apparent difference compared
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FIG 2 Effects of intravitreous injection of phage ®EF24C-P2 or VAN on the clinical signs of E. faecalis EF24-induced endophthalmitis in mice. (A to C) The right
eye was injected intravitreously with 1 X 10* E. faecalis EF24 cells. Six hours after infection, vehicle (A), PEF24C-P2 (1 X 108 PFU) (B), or VAN (1 ng) (C) was
administered intravitreously to the same eye. Representative photographs of the right eye at 24 h after EF24 injection are shown. (D) Clinical score related to
loss of fundus visibility at 24 h after EF24 injection for the treated mice. Data are means * SEM for 12 eyes in each group. ** P < 0.01 (Tukey-Kramer test) versus
vehicle-treated eyes; 1, P < 0.01 (Tukey-Kramer test) versus phage-treated eyes.

with untreated eyes (data not shown), suggesting that retinal function was not affected
by phage administration. Together, these results thus suggested that the administra-
tion of ®EF24C-P2 did not induce an inflammatory response in the eye or manifest
retinal toxicity.

We then constructed a mouse model of E. faecalis endophthalmitis. Injection of
1 X 10% E. faecalis strain EF24 cells into the vitreous body resulted in the development
of severe endophthalmitis at 24 h, with hemorrhage being apparent in the anterior
chamber of most eyes (Fig. 2A). Macroscopic examination revealed that the ocular
fundus was not visible as a result of hemorrhage and fibrin precipitation in the anterior
chamber of vehicle-treated infected eyes. We examined the potential therapeutic effect
of ®EF24C-P2 compared with that of VAN. Intravitreous injection of ®EF24C-P2
(1 X 108 plaque forming units [PFU]) or VAN (1 ng) at 6 h after EF24 injection resulted
in a marked attenuation of clinical signs apparent at 24 h, with hemorrhage and fibrin
not being detected in the anterior chamber and with the ocular fundus being visible
(Fig. 2A to Q). The clinical score of mice treated with ®EF24C-P2 or VAN was thus
significantly lower than that of control infected mice injected with the vehicle (Fig. 2D),
with the clinical score of mice treated with VAN also being significantly lower than that
of those treated with ®EF24C-P2.

Eyeballs were subjected to histopathologic examination at 24 h after intravitreal
injection of EF24. The eyes of vehicle-treated infected mice manifested corneal edema
with cellular infiltrates, massive fibrinous exudate, and hemorrhage with inflammatory
cells in the anterior chamber, as well as cellular infiltrates in the vitreous body and
retina, retinal edema, and total retinal detachment (Fig. 3A). In contrast, inflammatory
cell infiltration was attenuated in both ®EF24C-P2-treated and VAN-treated eyes (Fig.
3B and Q). The histopathologic score (scale of 0 to 12) was thus significantly decreased
by injection of either ®EF24C-P2 or VAN (Fig. 4A). Both the live bacterial load (Fig. 4B)

FIG 3 Histopathology of E. faecalis EF24-induced endophthalmitis in eyes treated with ®PEF24C-P2 or
VAN. Eyes were excised at 24 h after infection with E. faecalis EF24 and subsequent intravitreal injection
of vehicle (A), ®EF24C-P2 (B), or VAN (C). The tissue was fixed, embedded in paraffin, sectioned at a
thickness of 2 um, and stained with hematoxylin-eosin.
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FIG 4 Histopathologic score, live bacterial load, and MPO activity for eyes with E. faecalis EF24-induced endoph-
thalmitis treated with ®EF24C-P2 or VAN. The histopathologic score for ocular inflammation (A), viable bacterial
load (B), and MPO activity (C) were determined for eyes excised 24 h after infection with E. faecalis EF24 and
subsequent intravitreal injection of vehicle, PEF24C-P2, or VAN. All data are means = SEM for four eyes in each

group. **, P < 0.01 (Tukey-Kramer test) versus vehicle-treated eyes.

and MPO activity (Fig. 4C) in eyes injected with ®EF24C-P2 or VAN were also signifi-
cantly reduced compared with those of eyes injected with the vehicle. The latter
observation thus suggested that infiltration of neutrophils into the eye was suppressed
by intravitreal injection of ®EF24C-P2 or VAN. There was no significant difference in the
histopathologic score, bacterial load, or MPO activity between the eyes treated with
PDEF24C-P2 and those treated with VAN.

We also examined the effects of phage therapy administered at a later time point
(12 h) after infection. Intravitreous administration of ®EF24C-P2 at this time also
resulted in a significant improvement in the clinical score (3.30 = 0.15 versus
3.80 = 0.13; P < 0.05, Student’s unpaired t test) and reduced both the number of viable
bacteria (1.3 X 10° versus 1.8 X 108, P < 0.05) and MPO activity (1.063 = 0.058 versus
1.630 = 0.195, P < 0.05) in the eye at 24 h after infection compared with administration
of the vehicle (n = 6 eyes per condition).

Effects of intravitreous administration of ®EF24C-P2 on VRE2-induced endo-
phthalmitis in mice. We next examined the effects of phage therapy on endophthal-
mitis induced by the VAN-resistant E. faecalis strain VRE2, which we confirmed was able
to proliferate in the presence of vancomycin at 2,000 ng/ml in vitro (Fig. 1E). Injection
of VRE2 into the vitreous induced endophthalmitis that completely obscured the
fundus at 24 h as a result of fibrin precipitation in the anterior chamber or vitreous
opacity (Fig. 5A). The disease severity appeared less than that evident with EF24-
infected eyes, however. The clinical signs (Fig. 5A to C) and clinical score (Fig. 5D) for
VRE2-infected eyes were attenuated markedly by intravitreal injection of ®EF24C-P2
and to a lesser extent by injection of VAN at 6 h after infection compared with those
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FIG 5 Effects of intravitreous injection of phage ®EF24C-P2 or VAN on the clinical signs of VRE2-induced endophthalmitis in mice. (A to C) The right eye was
injected intravitreously with 1 X 10* E. faecalis strain VRE2 cells. Six hours after infection, vehicle (A), ®EF24C-P2 (1 X 108 PFU) (B), or VAN (1 ug) (C) was
administered intravitreously to the same eye. Representative photographs of the right eye at 24 h after VRE2 injection are shown. (D) Clinical score at 24 h after
VRE2 injection for the treated mice. Data are means = SEM for 14 eyes in each group. * P < 0.05; ** P < 0.01 (Tukey-Kramer test) versus vehicle-treated eyes.
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FIG 6 Histopathology of VRE2-induced endophthalmitis in eyes treated with ®EF24C-P2 or VAN. Eyes
were excised at 24 h after infection with E. faecalis strain VRE2 and subsequent intravitreal injection of
vehicle (A), ®EF24C-P2 (B), or VAN (C). The tissue was fixed, embedded in paraffin, sectioned at a
thickness of 2 um, and stained with hematoxylin-eosin.

apparent in vehicle-treated eyes. Histopathologic examination revealed inflammatory
cell infiltration and retinal detachment in vehicle-treated eyes with VRE2-induced
endophthalmitis, whereas cell infiltration was attenuated and retinal structure main-
tained in eyes treated with ®EF24C-P2 or VAN (Fig. 6). The histopathologic score was
thus significantly reduced by treatment with ®EF24C-P2 and, to a lesser extent, by
treatment with VAN (Fig. 7A). The number of viable bacteria (Fig. 7B) and MPO activity
(Fig. 7C) in the eye were also significantly decreased by injection of ®EF24C-P2 and,
again, to a lesser extent by injection of VAN. There was no significant difference,
however, in the histopathologic score, bacterial load, or MPO activity between the eyes
treated with ®EF24C-P2 and those treated with VAN.

We also examined the scotopic ERG response in VRE2-infected eyes in order to
evaluate retinal function. Eyes infected with VRE2 and treated with the vehicle showed
a significant decrease in the amplitude of both the a-wave and b-wave at 24 h
compared with uninfected control eyes (Fig. 8). In contrast, treatment with ®EF24C-P2
at 6 h after VRE2 infection prevented the reduction in a-wave and b-wave amplitude,
indicating that phage therapy preserved retinal function in VRE2-infected eyes.

Persistence of ®EF24C-P2 in the eye. We finally examined the number of viable
phages in the eye at 18 and 66 h after intravitreal administration of ®EF24C-P2 (1 X 108
PFU) with or without prior injection of E. faecalis EF24. The phage number did not differ
significantly at either time point between eyes infected or not infected with bacteria
(Fig. 9). Although the phage number declined in a time-dependent manner, between
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FIG 7 Histopathologic score, live bacterial load, and MPO activity in eyes with VRE2-induced endophthalmitis
treated with ®EF24C-P2 or VAN. The histopathologic score for ocular inflammation (A), viable bacterial load (B), and
MPO activity (C) were determined for eyes excised 24 h after infection with E. faecalis strain VRE2 and subsequent
intravitreal injection of vehicle, ®EF24C-P2, or VAN. All data are means *= SEM for four eyes in each group.

* P <0.05; **, P<0.01 (Tukey-Kramer test) versus vehicle-treated eyes.
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FIG 8 Retinal function in eyes with VRE2-induced endophthalmitis treated with ®EF24C-P2. (A to C) Representative ERG
responses for control (uninfected, untreated) eyes (A) and eyes at 24 h after infection with VRE2 and subsequent
intravitreal injection of vehicle (B) or ®EF24C-P2 (C). (D) Amplitude of the a-wave and b-wave determined from ERG
recordings. Data are means = SEM for 5 to 16 eyes in each group. *, P < 0.05; **, P<0.01 (Tukey-Kramer test) versus
control; T, P<0.05; 1, P<0.01 (Tukey-Kramer test) versus VRE2-infected eyes treated with vehicle.

1 X 10%and 1 X 106 PFU of ®EF24C-P2 were still present in the eye at 66 h after phage
administration.

DISCUSSION

We show here a therapeutic effect of intravitreous administration of a bacteriophage
on E. faecalis-induced endophthalmitis in mice. Intravitreous injection of phage
OEF24C-P2 thus resulted in a reduction in the load of bacteria, including the strains
EF24 and VRE2, and improved disease outcome, with preservation of the structural
integrity of the retina and suppression of neutrophil infiltration. Prompt elimination of
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FIG 9 Persistence of PEF24C-P2 in the eyes of mice with or without endophthalmitis. Eyes were injected
with ®EF24C-P2 (1 X 108 PFU) at 6 h after injection of E. faecalis EF24 cells (1 X 10%) or vehicle. The
number of viable phages in the eye was determined at 18 and 66 h after intravitreal injection of
DEF24C-P2. Data are means = SEM for six eyes in each group.
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bacteria before the induction of retinal damage and scarring is required to prevent
blindness in endophthalmitis, and we also showed that this phage induced bacterial
lysis in vitro faster than did VAN. Intravitreous administration is an efficient means of
delivery of phages or other therapeutic agents to the site of infection in patients with
endophthalmitis. Our results therefore suggest that intravitreous phage therapy is a
potential option for the treatment of intraocular bacterial infection.

In the clinical setting, treatment of endophthalmitis with antibiotics is usually
initiated before identification and susceptibility testing of the bacterial pathogen, given
the rapid progression of the disease. With regard to the potential clinical application of
phage therapy for endophthalmitis, phages would also need to be administered at the
time of diagnosis in order to prevent irreversible retinal damage. Given that ®EF24C-P2
is highly specific for E. faecalis, treatment with this phage may be effective only in cases
of endophthalmitis caused by this bacterial species. Preparation of a phage cocktail to
target relevant pathogens, including not only Enterococcus spp. but also Staphylococcus
spp. and Streptococcus spp. (1), would thus be necessary for the clinical implementation
of this therapeutic approach. This cocktail should also include phages such as
DEF24C-P2 that are able to lyse antibiotic-resistant bacteria of each species. The
intravitreal administration of such a phage cocktail may thus prove to be effective for
the treatment of endophthalmitis even in cases refractory to antibiotic therapy.

In the present study, some bacteria remained in the eye after ®EF24C-P2 treatment
in mice, despite the rapid and extensive lysis of E. faecalis induced in vitro. In such in
vitro experiments, phages are able to act directly on bacteria without impediment and
thus show maximum lytic activity. However, endophthalmitis is established not only by
bacteria directly but also as a result of complex interactions between the bacteria and
endogenous components of the host, including the vitreous, infiltrated inflammatory
cells, and products derived from inflammation, such as fibrin and tissue debris. It is thus
possible that factors in the inflamed eye inhibit direct contact between phages and
bacteria or interfere with phage lytic activity in vivo. The clinical application of phage
therapy for endophthalmitis may require the development of agents or approaches
that increase the bactericidal activity of the administered phages in vivo.

Active and passive phage therapies have been proposed, with the former being
dependent on replication of the phage in the pathogen in vivo and the latter on just
the initial phage dose (26). We previously developed an active phage therapy for
lung-derived septicemia caused by S. aureus in mice (27). In the present study, the
number of viable phages in the eye was similar for mice that had or had not received
a prior injection of EF24, suggesting that ®EF24C-P2 phage therapy for endophthal-
mitis is passive. Injection into the eyeball, which constitutes a closed space, delivers the
phage directly and efficiently to the site of infection. Passive phage therapy is thought
to have several advantages over the active mode (28). The high concentration of phage
administered in passive phage therapy thus has the potential to suppress the emer-
gence of drug-resistant bacteria (28) and possibly also that of phage-resistant bacteria.
In addition, passive therapy is free of concerns regarding the production of progeny
phage by the target bacteria in the patient (28).

The intravenous and percutaneous administration of personalized therapeutic
phage cocktails was shown to rescue a patient from a life-threatening multidrug-
resistant Acinetobacter baumannii infection (29). With regard to the application of
phage therapy to ocular disease, a case of keratitis caused by VAN-resistant S. aureus
was effectively treated by phage administration in eyedrops, a nasal spray, and intra-
venously (30). However, as far as we are aware, phage administration into the vitreous
has not yet been described. We have now administered a phage intravitreally in mice
and found it to have an antibacterial effect. We also found that the phage remained in
the vitreous body for at least 66 h. Intracameral antibiotics were recently shown to
reduce the risk of postoperative endophthalmitis (31), although hemorrhagic occlusive
retinal vasculitis, a potentially blinding complication, has been associated with intra-
cameral injection of VAN during cataract surgery (32-34). Given that phages may
survive in the eye for several days, their administration into the eye at the end of
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surgery for prophylaxis of endophthalmitis might also be effective in the clinical setting.
Again, however, such a prophylactic approach would likely require the development of
a phage cocktail that targets the major relevant pathogens, including Enterococcus spp.,
Staphylococcus spp., and Streptococcus spp.

Endolysin is a peptidoglycan hydrolase produced by phages and has also been used
for phage therapy. Intravitreous administration of endolysin in a mouse model of S.
aureus-induced endophthalmitis was shown to be effective for sterilization and retinal
protection (24). Although eyedrop administration can be performed frequently, intra-
vitreal administration cannot. Endolysin is a protein and is susceptible to biological
degradation, and it remains unknown how long endolysin is able to exert its effects in
the eye.

Intravitreous administration of the antibiotics VAN and ceftazidime is a standard
treatment for bacterial endophthalmitis and should be implemented promptly in
patients diagnosed with or suspected of having this condition (35, 36). In the present
study, there were no significant differences in the effects of ®EF24C-P2 and VAN in vivo,
with the exception of that on the clinical score in EF24-infected eyes, suggesting that
the therapeutic efficacies of the phage and VAN are similar for experimental endoph-
thalmitis. VAN treatment was associated with a reduction in the clinical and histopatho-
logic scores and MPO activity in mice infected with VRE2, despite the lack of antibac-
terial activity in vitro and only a low level of such activity in vivo. The antimicrobial effect
of VAN in vitro may depend on various experimental conditions, including the number
of bacteria and the type of culture medium. In the present study, whereas VAN at a
concentration of 2,000 ug/ml did not reduce the turbidity of VRE2 in a turbidity
reduction assay, the MIC of VAN for VRE2 determined by antibiotic susceptibility testing
according to the CLSI manual was 256 ug/ml. A high concentration of VAN in the
vitreous might therefore have only a small antibacterial effect in vivo. In addition, some
antibiotics have been found to inhibit not only bacterial viability but also toxin release
as well as to have direct immunomodulatory properties. For example, VAN at thera-
peutic concentrations inhibits the production of tumor necrosis factor-a from human
peripheral blood mononuclear cells stimulated by bacterial lipopolysaccharide (37, 38).
It is thus possible that such an immunomodulatory action of VAN ameliorated the
inflammatory response in VRE2-infected eyes.

Combinations of phages and antibiotics have recently been found to have syner-
gistic effects (39). For example, combined therapy with phages and antibiotics was
effective as a rescue treatment for severe septic peritonitis due to VRE in a mouse
model (40). The growth of A. baumannii in vitro was also inhibited to a markedly greater
extent by the combination of an antibiotic and a phage than by either agent alone (29).
Such combinations also warrant investigation for their potential to treat ocular infec-
tious disease.

Limitations of the present study include the lack of an examination of the effects of
different phage doses and the lack of an extensive evaluation of the effects of the
timing of phage administration. The development of phage therapy for clinical appli-
cation will require further studies to determine the minimum effective concentration of
phage for vitreous administration. Furthermore, the effectiveness of prophylactic ad-
ministration of phage for the prevention of endophthalmitis also warrants investigation
in future studies.

MATERIALS AND METHODS

Ethical treatment of animals. This study was approved by the Committee for Care and Use of
Laboratory Animals at Kochi University (permit number J-00061) and was performed in accordance both
with the Association for Research in Vision and Ophthalmology (ARVO) Statement on the Use of Animals
in Ophthalmic and Vision Research and with institutional guidelines for animal research.

Bacterial strains, reagents, and culture media. £. faecalis strains EF24 and VRE2 were as described
previously (21, 22, 41). The E. faecalis strains GUO1, GU02, and GUO3 were isolated from three patients
with postoperative endophthalmitis related to cataract surgery. EF24 was used as a host indicator strain
for phage ®EF24C-P2, and both EF24 and VRE2 were used for animal experiments. The MICs for VAN
determined by antibiotic dilution susceptibility testing according to Clinical and Laboratory Standards
Institute (CLSI) manual with E. faecalis EF24, GU01, GU02, and GUO3 were 1.0, 1.0, 1.0, and 4.0 ug/ml,
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respectively. VRE2 manifested a high level of resistance to VAN, with a MIC of 256 ug/ml. All chemicals
and reagents were obtained from Nacalai Tesque (Kyoto, Japan), Wako Chemicals (Osaka, Japan), or
Sigma-Aldrich (St. Louis, MO), unless otherwise stated. Brain heart infusion (BHI) agar (Becton, Dickinson,
and Company, Franklin Lakes, NJ) was used for bacterial and phage culture. EF agar base (Nissui
Pharmaceutical, Tokyo, Japan) was used for counting CFUs of EF24 and VRE2. Double-layered agar based
on BHI medium, with 1.5% and 0.5% agar as the lower and the upper layers, respectively, was used for
evaluation of phage plaque formation.

Large-scale culture and purification of phage ®EF24C-P2. Phage ®EF24C-P2 was described
previously (41) and was amplified with E. faecalis strain EF24 in 200 to 250 ml of BHI broth. After complete
bacterial lysis, the phage-containing fraction was collected by centrifugation, and polyethylene glycol
6000 and NaCl were added to final concentrations of 10% and 0.5 M, respectively. The suspension was
stored at 4°C overnight, and a phage pellet was then obtained by centrifugation (10,000 X g, 20 min,
4°C), suspended in TM buffer (10 mM Tris-HCl [pH 7.2] and 5 mM MgCl,) containing DNase | (100 pg/ml)
and RNase A (100 png/ml), and incubated at 37°C for 30 min. The crude phage suspension was layered on
top of a discontinuous gradient of 40%, 35%, and 30% iodixanol (Opti-Prep; Alere Technologies, Oslo,
Norway) in physiological saline and was subjected to ultracentrifugation (50,000 X g, 2 h, 4°C). The phage
band was collected and stored at 4°C until use. The phage concentration in PFU was measured with a
plaque assay.

Turbidity reduction assay. The lytic activity of ®EF24C-P2 or VAN was assessed with a turbidity
reduction assay performed as described previously (42). E. faecalis strains EF24, VRE2, GUO1, GU02, and
GUO03 were grown in BHI broth at 37°C to an optical density at 600 nm (ODg,) of 0.8. Each culture was
centrifuged at 10,000 X g for 5min at 4°C, and the cells were suspended in BHI broth to a final
concentration of 2 X 10° cells/ml. The turbidity reduction assay was initiated by addition of an equal
volume of ®EF24C-P2 (final concentration of 2 X 10" PFU/ml), VAN (final concentration of 2,000, 64, or
4 ng/ml), or the vehicle to the bacterial suspension in the wells of a 96-well plate, and the OD,, of each
well was then monitored automatically every 30 min for 24 h with a microplate reader (HITS-S2; Scinics,
Tokyo, Japan). All incubations were performed in triplicate.

Mouse model of endophthalmitis. Specific pathogen-free female C57BL/6J mice at 7 weeks of age
were obtained from Charles River Laboratories (Kanagawa, Japan) and housed under specific pathogen-
free conditions at the animal facility of Kochi Medical School. E. faecalis strains EF24 and VRE2 were
grown in 10 ml of BHI broth at 37°C to the logarithmic phase (~100 Klett units, as measured with a
Klett-Summerson colorimeter with filter no. 54) and were then isolated by centrifugation at 10,000 X g
for 5 min at 4°C. The cell pellet was suspended in 10 ml of physiological saline, and the suspension was
centrifuged again under the same conditions. The cells were then suspended in ~1 ml of saline, and after
appropriate dilution, turbidity (in Klett units) was measured to determine the bacterial cell number. One
Klett unit was assumed to be equivalent to 7.9 X 106 E. faecalis cells/ml on the basis of standardization
with bacterial cell numbers counted directly with a Petroff-Hausser counting chamber (Hausser Scientific,
Horsham, PA).

The mouse model of endophthalmitis was constructed as previously described (43). In brief, endo-
phthalmitis of the right eye was induced by injection of 0.5 ul of physiological saline containing 1 X 104
E. faecalis EF24 or VRE2 cells into the vitreous with a 36-gauge needle. The left eye of each mouse was
left untreated. At 6 h after bacterial injection, 1 X 108 PFU of phage ®EF24C-P2 or 1 ug of VAN in 0.5 ul
of physiological saline, or 0.5 ul of saline alone was administered into the vitreous of the right eye. We
selected the concentration of VAN for in vivo administration on the basis of the dose administered in the
clinical setting for the treatment of patients with endophthalmitis (36).

Macroscopic observation and indirect ophthalmoscopy. At 24 h after bacterial injection, the
infected eye was subjected to macroscopic analysis and to indirect ophthalmoscopy (Britescope BS-IlI
LED; Neitz Instruments, Tokyo, Japan) for determination of a semiquantitative clinical score according to
an established scale of 0 to 4 based on loss of fundus visibility (44), with slight modification, as follows:
0, a clear anterior chamber, clear vitreous, and clear view of the retina; 1, mild aqueous flare, mild vitreous
haze, and slightly obscured view of the retina; 2, moderate aqueous flare, dense vitreal haze, poor pupil
dilation, and moderately obscured view of the retina; 3, intense aqueous flare, opaque vitreous, and
completely obscured view of the retina; and 4, bleeding in the anterior chamber.

Histopathologic analysis. Mice were killed for eye isolation at 24 h after infection. The isolated eyes
were fixed in Super Fix (Kurabo, Osaka, Japan), embedded in paraffin, sectioned at a thickness of 2 um,
and stained with hematoxylin-eosin. The sections were examined with a light microscope (Biorevo;
Keyence, Osaka, Japan) and photographed. The severity of endophthalmitis was graded histopatholog-
ically on a scale of 0 to 12 as previously described (45).

Measurement of viable bacteria in the eye. Eyes isolated at 24 h after infection were disrupted to
release bacteria in 1.0 ml of ice-cold physiological saline with the use of a tissue homogenizer (mixer mill
MM300; Qiagen, Venlo, the Netherlands) for 5 min at maximum speed. Portions of each homogenate
were diluted with saline and plated on EF agar base for culture at 37°C for 48 h.

Assay of MPO activity. The number of neutrophils in the eye was estimated by measurement of
MPO activity as described previously (23), with slight modification. In brief, eyes isolated 24 h postin-
fection were homogenized in 1.0 ml of phosphate-buffered saline, the homogenate was centrifuged
(10,000 X g, 15 min, 4°C), the resulting pellet was suspended in 0.03 ml of 50 mM potassium phosphate
buffer (pH 6.0) containing 50 mM hexadecyltrimethylammonium bromide, and 0.07 ml of 50 mM potas-
sium phosphate (pH 6.0) was then added to the suspension. Each sample was subjected to three
freeze-thaw cycles and then centrifuged at 10,000 X g for 10 min at 4°C, after which 0.02 ml of the
resulting supernatant was added to 0.05 ml of substrate reagent (R&D Systems, Minneapolis, MN), and
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the mixture was incubated for 20 min at room temperature. The reaction was terminated by the addition
of 25 ul of 2 N H,SO,, and the absorbance at 450 nm was measured.

Analysis of retinal function. The scotopic ERG response was determined as a measure of retinal

function in mice with endophthalmitis. ERG readings were recorded with an acquisition system (PuREC;
Mayo, Aichi, Japan) and light-emitting diode stimulator (LS-100; Mayo) at 24 h after infection as described
previously (46), with slight modification. In brief, mice were dark-adapted overnight before ERG record-
ing. Under dim red light, they were then anesthetized by intraperitoneal injection of a combination of
medetomidine (Domitor; Nippon Zenyaku Kogyo, Tokyo, Japan) at 0.3 mg/kg, midazolam (Sandoz,
Yamagata, Japan) at 4.0 mg/kg, and butorphanol (Vetorphale; Meiji Seika Pharma, Tokyo, Japan) at
5.0 mg/kg. Bilateral mydriasis was induced by topical application of 0.5% tropicamide and 0.5% phen-
ylephrine (Santen Pharmaceutical, Osaka, Japan). A golden-ring electrode (Mayo) was placed on each
cornea after topical anesthesia with 0.4% oxybuprocaine hydrochloride (Santen Pharmaceutical). A
reference electrode (Mayo) was placed in the mouth, and a neutral electrode (Mayo) was attached to the
tail. Scotopic a-wave and b-wave amplitude was recorded for both eyes with the use of flash ERG.
The amplitude of the a-wave was measured from the baseline to the first negative peak, and that of the
b-wave was measured from the a-wave peak to the first positive peak.
Measurement of viable phage in the eye. At 6 h after injection of 0.5 ul of physiological saline with
or without 1 X 10* E. faecalis EF24 into the vitreous, 1 X 108 PFU of phage ®EF24C-P2 in 0.5 ul of
physiological saline was administered into the vitreous. Eyes were isolated for determination of the

concentration of phage at 18 or 66 h after intravitreal injection of ®EF24C-P2.
Statistical analysis. Quantitative data are presented as means * standard error of the mean (SEM)

and were analyzed with Student’s unpaired t test or the Tukey-Kramer test. A P value of <0.05 was
considered statistically significant.
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