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Intracameral Bacteriophage Injection as Postoperative
Prophylaxis for Enterococcus faecalis–Induced
Endophthalmitis After Cataract Surgery in Rabbits
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Purpose: Post–cataract surgery bacterial endophthalmitis is a serious postoperative
complication, and Enterococcus spp.–induced endophthalmitis reportedly has a particularly poor visual prognosis. This study aimed to demonstrate the prophylactic effect
of postoperative intracameral phage administration in Enterococcus faecalis–induced
endophthalmitis after cataract surgery in rabbits.
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Methods: Endophthalmitis was induced in rabbits by injecting E. faecalis into the
anterior chamber just after lensectomy while simultaneously administering either
phage phiEF24C-P2 or vehicle. Retinal function was evaluated using electroretinography. The number of viable bacteria and myeloperoxidase (MPO) activity in the eye and
histopathologic examinations were analyzed 48 hours after infection.
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Results: In the vehicle-treated group, retinal function at 24 hours after infection was
impaired, and the number of viable bacteria and MPO activity in the eye increased
48 hours later. In the phage-administered group, retinal function was maintained; the
number of viable bacteria and MPO activity were significantly suppressed. Histopathologic examinations showed disruption of the retinal layers and the presence of numerous E. faecalis in the lens capsule and vitreous cavity in vehicle-treated eyes. In contrast,
retinal structures were intact, and no E. faecalis staining was observed in phage-treated
eyes. No retinal dysfunction was observed in the group that received phage only without
lensectomy; almost no phage was detected in the eyes after 14 days of treatment.
Conclusions: Phage administration in the anterior chamber did not cause retinal
dysfunction and suppressed postoperative endophthalmitis in rabbits.
Translational Relevance: In vivo results of intracameral phage administration suggest
that phages are a promising prophylactic candidate for postoperative endophthalmitis.

Introduction
Cataracts are one of the most common eye diseases
worldwide. Cataract surgery is reportedly performed
in 1.6 million cases per year in Japan and 400,000
cases per year in the United Kingdom.1 The incidence
rate of postoperative endophthalmitis is approximately

0.025% to 0.136% in cataract surgery cases.2,3 The
incidence of postoperative endophthalmitis is low.
However, once retinal damage occurs, it often results
in permanent vision loss. Antimicrobial agents have
been administered to the anterior chamber or by eye
drops at the end of cataract surgery for the prophylaxis of postoperative endophthalmitis.4 Hemorrhagic
occlusive retinal vasculitis, however, has been reported
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to be a serious side effect of vancomycin injected in the
anterior chamber at the end of surgery. Therefore, an
effective prophylactic measure must be developed.
The most common pathogenic bacteria for endophthalmitis are gram-positive bacteria, such as enterococci, coagulase-negative staphylococci, and staphylococci.5 In Asia, enterococci account for a large proportion of endophthalmitis cases,6,7 and enterococcal
endophthalmitis results in poor visual outcomes due to
retinal destruction.8 All gram-positive isolates, including Enterococcus spp., were susceptible to vancomycin
in the Endophthalmitis Vitrectomy Study in 1996.5
However, the number of clinical reports of endophthalmitis caused by vancomycin-resistant Enterococcus
spp. has been increasing in recent years.9–12 Thus, a
prophylactic agent to prevent antimicrobial-sensitive
and antimicrobial-resistant enterococcal endophthalmitis is needed.
Bacteriophages (phages) are viruses that infect
bacteria, replicate within bacteria, and lyse bacteria with endolysins. Phage therapy is the application
of bacteriolytic activity of phages to treat bacterial
infectious diseases. The advantages of phage therapy
include fast action, effectiveness against antimicrobialresistant bacteria, and no infection of mammalian cells.
We have previously reported the therapeutic effects of
phage therapy in a mouse model of ocular bacterial
infections, including phage eye drops for Pseudomonas
aeruginosa keratitis and phage vitreous injection for
enterococcal endophthalmitis.13–15 However, there have
been no reports investigating phage therapy as a
prophylactic to prevent endophthalmitis.
This study aimed to demonstrate the prophylactic
effect of postoperative intracameral phage administration in Enterococcus faecalis–induced endophthalmitis
after cataract surgery in rabbits.

The sample size was determined to be the minimum
number for which statistically significant differences
could be assessed. All procedures were performed in
accordance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research.

Methods

Electroretinography

Bacteria and Phages
E. faecalis strain EF24 and phage phiEF24C-P2
were isolated and prepared as previously described.16,17
A plaque assay was applied to measure phage concentration and expressed in plaque-forming units (PFUs).

Ethical Treatment of Animals
The study was approved by the Committee for Care
and Use of Laboratory Animals at Kochi University
(permit number O-54). Rabbits were housed in individually ventilated cages with a 14-hour light/10-hour dark
cycle, maintained at 21 ± 1°C, with ad libitum feeding.
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Rabbit Model of E. faecalis Endophthalmitis
after Lensectomy
Lensectomy and inoculation of E. faecalis in rabbits
were performed as previously described.18 Eightweek-old specific pathogen-free female Japanese white
rabbits (Japan SLC, Inc., Hamamatsu, Japan), weighing 1.5 kg, were used for the experiments. Pupil dilation
was induced by topical application of 0.5% tropicamide and 0.5% phenylephrine (Nitten Pharmaceutical, Nagoya, Japan). The rabbits were anesthetized
with an intramuscular injection of an anesthetic
combination of 0.5 mg/kg medetomidine (Domitor;
Nippon Zenyaku Kogyo, Tokyo, Japan), 2.0 mg/kg
midazolam (Sandoz, Yamagata, Japan), and 0.5 mg/kg
butorphanol (Vetorphale; Meiji Seika Pharma, Tokyo,
Japan) and topical anesthesia with 0.4% oxybuprocaine hydrochloride (Nitten Pharmaceutical, Nagoya,
Japan). A corneal incision was created, and the lens
nucleus was emulsified using a phacoemulsification
unit (Infinity Vision System; Alcon, Inc., Fort Worth,
TX, USA). A rabbit model of endophthalmitis was
induced by injecting 2 × 105 E. faecalis EF24 in 25 μL
of physiologic saline into the anterior chamber with
a 30-gauge needle in the right eye. After the bacterial injection, 2 × 109 PFUs of phage phiEF24C-P2 in
25 μL of physiologic saline or 25 μL of physiologic saline alone was administered into the anterior
chamber of the right eye.

The electroretinography (ERG) response was
measured in rabbits under anesthesia, as described
previously.18 The amplitudes of the scotopic a- and
b-waves were recorded in both eyes using a flash ERG.

Measurement of Viable Bacteria and Phage
in the Eye
Eyes were isolated 48 hours postinfection and
rinsed with sterile physiologic saline. The aqueous
humor was collected using a 30-gauge needle. The
cornea was aseptically removed, and the iris and
lens were detached. The vitreous body was then
collected and disrupted with the homogenizer, Precellys
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Evolution
(Bertin
Instruments,
Montigny-leBretonneux, France), at 6000 rpm for 30 seconds,
repeated three times, to release the bacteria and phage.
The aqueous humor and the homogenate of the vitreous body were diluted with saline and plated on EF
agar for culture at 37°C for 48 hours. To evaluate
phage plaque formation, we used brain heart infusion
medium-based agar with a double layer of 1.5% agar
in the lower layer and 0.5% agar in the upper layer.
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Statistical Analysis
Statistical analysis was performed using statistical
software (Statcel 4 software; OMS Publishing, Inc.,
Saitama, Japan). Quantitative data are presented as
the mean ± SEM and were analyzed using the Tukey–
Kramer test or Student’s unpaired t-test. Statistical
significance was set at P < 0.05.

Results
Measurement of Phage in the Blood
Exactly 10 μL of heparin sodium injection
(Mochida Pharmaceutical, Tokyo, Japan) was
aspirated into a 2.5-mL syringe with a 26-gauge
needle, applied to the inner wall of the syringe, and
500 μL of blood was drawn from a rabbit ear vein.
Evaluation of phage plaque formation was the same
as that for the eye.

Assay of Myeloperoxidase Activity

Safety of Intracameral Phage Administration
and Time of Phage Clearance From Eyes
We first evaluated the retinal safety of intracameral
phage administration in rabbits using ERG. There was
no difference in the a-wave and b-wave responses of the
scotopic ERG at 2, 7, and 14 days after administration
between the phage-injected eyes and vehicle-injected
eyes, suggesting no retinal toxicity of phage (Fig. 1).
Phage pharmacokinetics in the eyes were examined at

The number of infiltrated neutrophils in the eye was
estimated by measuring the myeloperoxidase (MPO)
activity, as described previously.14

Histologic Examination
Eyes isolated at 48 hours after infection were
fixed with Super Fix (Kurabo, Osaka, Japan) for
2 days. The eyes were embedded in paraffin, cut
into 2-μm sections, and stained with hematoxylin and
eosin. The sections were photographed using a fluorescence microscope (Biorevo BZ-X800; Keyence, Osaka,
Japan).

Immunofluorescence Staining of E. faecalis
Deparaffinized sections were heat treated in citrate
buffer (pH 6.0) for 20 minutes and washed three
times with phosphate-buffered saline (PBS). Sections
were incubated for 1 hour at room temperature with
1% bovine serum albumin/PBS to block nonspecific binding. The sections were then rewashed three
times with PBS, incubated overnight with fluorescein isothiocyanate–labeled Enterococcus antibody
(Thermo Fisher Scientific, Waltham, MA, USA),
washed with PBS, mounted in mounting medium
containing 4 6-diamidino-2-phenylindole (Vector
Laboratories, Inc., Burlingame, CA, USA), and
analyzed with a fluorescence microscope (Biorevo
BZ-X800; Keyence).
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Figure 1. Retinal function after injection of phage into the anterior
chamber. Representative ERG responses for untreated eyes (A) and
eyes at 48 hours after injection of phages into the anterior chamber
(B). The amplitude of the a-wave and b-wave (C) are expressed as a
percentage of control and are means ± SEMs for three eyes in each
group (n = 3).
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Figure 2. Time of phage clearance in the eye. The persistence of
phages in the eye was examined at 2, 7, and 14 days after administration of phiEF24C-P2 into the anterior chamber. The number of
phages in the anterior chamber (closed circles) and in the vitreous
body (open circles) at the indicated times is shown (n = 3 or 4, respectively). Bars represent the mean of three or four eyes.

2, 7, and 14 days after the administration of phages
into the anterior chamber. The number of phages in
the anterior chamber decreased in a time-dependent
manner, and phages were scarcely detected on day 7.
Phages were detected in the anterior chamber and the
vitreous body; they were more abundant in the vitreous
body than in the anterior chamber at all time points
examined. Phages in the vitreous body also gradually
decreased and were almost undetectable 14 days after
injection (Fig. 2). No phages were detected in the blood
on any day (data not shown). MPO activity in the eyes
injected with phage was almost undetectable (data not
shown). Thus, phage alone did not cause retinal toxicity
or intraocular inflammation.

Effect of Intracameral Phage on E. faecalis–
induced Postoperative Endophthalmitis in
Rabbits
We then examined the effects of intracameral
administration of phage in a rabbit model of post–
cataract surgery endophthalmitis. E. faecalis (105 cells)
was inoculated into the anterior chamber immediately after cataract surgery in an aphakic rabbit.
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Then, the phage (109 PFUs) or vehicle was injected
into the anterior chamber after the administration of
E. faecalis. ERG was performed in rabbits 1 day after
surgery. The amplitude of both a- and b-waves was
significantly decreased in rabbits with the administration of E. faecalis compared with rabbits that received
cataract surgery alone (Fig. 3). The amplitudes of the
a-wave and b-wave in the phage-treated group did not
decrease and were similar to those in the group that
received cataract surgery alone.
Histopathologic examinations of infected eyes at
2 days after infection with vehicle treatment showed
massive infiltration of inflammatory cells in the lens
capsule and vitreous cavity, as well as disruption of
retinal layers (Figs. 4A–D). Immunostaining with an
anti–E. faecalis antibody showed positive staining in
the lens capsule and vitreous cavity (Figs. 4E, 4F).
In contrast, few inflammatory cells were observed
in the lens capsule and vitreous cavity in infected
eyes following phage administration (Figs. 4G–I).
Retinal structures were also apparently intact (Fig. 4J),
and no positive staining was observed for anti–E.
faecalis antibody in phage-treated eyes (Figs. 4K, 4L).
The number of viable bacteria and MPO activity in
the eyes were determined 2 days after surgery. The
number of viable bacteria (Fig. 5A) and MPO activity (Fig. 5B) were significantly increased in the vehicletreated group. In contrast, the bacterial load and
MPO activity were significantly decreased in the phagetreated group. Therefore, the administration of the
phage into the anterior chamber at the end of cataract
surgery suppressed the development of endophthalmitis and retinal dysfunction.

Discussion
We demonstrated in this study that intracameral
administration of phages suppressed the development
of E. faecalis–induced postoperative endophthalmitis in rabbits. To prevent post–cataract surgery bacterial endophthalmitis, eye drops or intracameral administration of antimicrobial agents is universally used.
Although the application of perioperative antimicrobial eye drops is widely employed in many countries,
its efficacy in the prophylaxis of endophthalmitis
remains unclear.19,20 Some studies have shown no
difference in the frequency of post–cataract surgery
endophthalmitis with or without topical antibiotics.
Intracameral antibiotics have been shown to reduce
the rate of postoperative endophthalmitis.4 However,
regardless of the administration method, frequent use
of antibiotics can increase the risk of developing
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Figure 3. Retinal function in eyes with E. faecalis–induced postcataract endophthalmitis with or without intracameral phiEF24C-P2. Representative ERG responses for eyes that received cataract surgery alone (A), eyes that underwent cataract surgery and administration of E.
faecalis (B), and eyes that received cataract surgery and administration of E. faecalis treated with phiEF24C-P2 (C). The amplitude of the
a-wave (D) and b-wave (E) from ERG recordings is shown as mean ± SEM for three eyes in each group (n = 3). *P < 0.05, **P < 0.01 (Tukey–
Kramer test) versus cataract surgery alone.

drug-resistant bacterial infections. Endophthalmitis
caused by drug-resistant bacteria has been increasing
in recent years.9–12 The advantages of using phages
for prophylaxis of postoperative endophthalmitis are
that they are effective for antibiotic-resistant bacteria and remain longer in the eye than antimicrobial agents. One of the characteristics of phages is
their ability to infect specific bacterial strains. Thus,
identifying a causative bacterial pathogen is important for the successful treatment or prevention of
endophthalmitis. However, endophthalmitis progresses
rapidly, resulting in irreversible retinal damage within
a few days, and the pathogen is often not identified in cultures from the aqueous humor and vitreous body.5 In most cases of postoperative endophthalmitis caused by gram-positive bacteria, a cocktail
of several phages against various gram-positive bacteria, rather than only enterococci, may be effective
when used as prophylaxis against endophthalmitis.
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Mixing different phages as a cocktail broadens the
antimicrobial spectrum and prevents the development
of phage-resistant bacteria.21,22 Phages that are also
effective against drug-resistant bacteria may be a last
resort against postoperative endophthalmitis caused by
drug-resistant bacteria, which has been increasing in
recent years. They may also be effective in postoperative prophylaxis for vancomycin-resistant E. faecalis–
induced endophthalmitis.
Since the aqueous humor is replaced in approximately 100 minutes, the half-life of antimicrobial
agents administered into the anterior chamber may
be calculated at 50 minutes.23 The half-life of intravitreally injected vancomycin in rabbits was 8.9 hours
in aphakic eyes.24 Effective vancomycin concentration
in patients with postoperative endophthalmitis treated
with intravitreally administered vancomycin reportedly lasts for 3 days.25 In this study, phages were
still detected in the aqueous humor on the second
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Figure 4. Histopathology of Enterococcus faecalis EF24-induced postcataract endophthalmitis in eyes in the absence or presence of intracameral phiEF24C-P2. Eyes were excised at 48 hours after infection with E. faecalis EF24 and subsequent intracameral administration of
vehicle (A–F) and phiEF24C-P2 (G–L) for histologic analysis. Paraffin sections were stained with hematoxylin and eosin (A–D, G–J) or anti–E.
faecalis antibody (green fluorescein) in vehicle-treated eyes (E, F) and phage-treated eyes (K, L). Blue fluorescein shows the cell nucleus. Scale
bars: 1 mm (A) and 200 μm (B–F).

day after administration into the anterior chamber.
They were almost undetectable on the seventh day,
but many phages that migrated into the vitreous body
were detected until the seventh day. Most postoperative endophthalmitis cases occur within 3 days after
cataract surgery.26 The phages remain in the eye for
several days after injection in the anterior chamber;
thus, it is considered more effective in preventing
the development of endophthalmitis than prophylactic treatment with antimicrobial agents. In this study,
phages were not detected in the blood after the intravitreal administration of phages. Systemic administration
of a phage by intravenous or oral administration may
induce the migration of the phage to various organs
throughout the body.27 For endophthalmitis treatment,
topical injection of the phage into the anterior chamber
or vitreous cavity is preferable to minimize systemic
migration of the phage, as in this study. It remains
unclear where the phage administered in the anterior
chamber is discharged to outside the eye, except that it
is transferred to the vitreous body.
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Endolysin produced by phages can be used as an
antimicrobial agent, and its prophylactic and therapeutic capacities may be worth investigating.28–30 In
the future, it will be necessary to compare and clarify
the antimicrobial effect and duration in the eye when
the phage itself or endolysin is administered into the
anterior chamber and whether problems occur such
as antibody production and resistance to the phage.
The combined use of bacteriophages and antimicrobial agents reportedly has a synergistic or additive effect
on bacteriolysis, and the concentration of each can be
reduced.31,32 As a prophylactic or therapeutic agent
for endophthalmitis, the combined use of phages and
antibacterial agents may provide stronger antibacterial
effects, and further studies are needed.
Limitations of this study include the lack of an
examination of the efficacy of prophylaxis with a
different phage and the lack of evaluation of the
minimum effective concentration of phage for anterior
chamber administration. Furthermore, future studies
need to investigate the efficacy of prophylactic phage
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4.

5.
Figure 5. Viable bacterial load and MPO activity for eyes with
E. faecalis EF24-induced postcataract endophthalmitis with or
without intracameral phiEF24C-P2. Viable bacterial load (A) and MPO
activity (B) were measured in eyes excised 48 hours after infection
with E. faecalis EF24 in the absence or presence of intracameral
phiEF24C-P2. All data are presented as the mean ± SEM for three
eyes in each group (n = 3). *P < 0.05, Student’s unpaired t-test versus
vehicle-treated eyes.

administration against endophthalmitis caused by
drug-resistant bacteria.
In conclusion, we demonstrated the prophylactic
effect of postoperative intracameral administration of
phages in E. faecalis–induced endophthalmitis after
cataract surgery in rabbits. Thus, the intracameral
administration of phages may be a promising prophylactic candidate for postoperative endophthalmitis.
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