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Proposal PR064081 Department of Defense CDMRP
Improved Therapeutic Regimens for Treatment of Post-Traumatic Ocular Infections
Michelle C. Callegan, Ph.D. Principle Investigator
University of Oklahoma Health Sciences Center, Oklahoma City OK

YEAR FOUR ANNUAL PROGRESS REPORT

INTRODUCTION

Greater than 10% of the total number of battlefield injuries occurs to the eyes, resulting in significant morbidity.' The
potential for ocular infection by penetrating injuries is significant, due to the nature of the organisms encountered in
battlefield environments and the delay between the time of injury and adequate therapeutic intervention. This proposal
was designed to analyze the effectiveness of antibiotics, anti-inflammatory drugs, and non-conventional agents that target
bacterial and host virulence factors, with the goal of improving the outcome of infections that typically result in
significant vision loss. The goal is to sterilize the eye, arrest inflammation, and preserve vision following post-traumatic
endophthalmitis.

It should be noted that we requested and received a one-year no-cost extension in order to continue our studies on non-
conventional therapeutics. No additional funds or animals were requested. This report is therefore an annual progress
report, not a final project report.

BODY OF RESEARCH

Statement of Work (Abbreviated). Project tasks (experiments) included 7 experiments outlined in 2 specific aims that
focused on testing conventional and non-conventional therapeutic regimens for experimental post-traumatic B. cereus
endophthalmitis. All experiments were performed using an experimental rabbit model of Bacillus cereus endophthalmitis.
In the model, 100 bacilli/0.1 ml are injected into the mid-vitreous of one eye, while the contralateral eye is injected with
0.1 ml PBS (surgical control) or is left undisturbed (absolute control). At designated time points during infection,
treatment is administered (intravitreal drug and/or surgery, with proper controls). At designated time points, eyes are
electroretinographed (measurement of retinal function) and removed after euthanasia for analysis of myeloperoxidase
activity (from inflammatory cells), drug concentrations, bacterial growth, and histology. The specific experiments in the
Statement of Work are: 1) analysis of the efficacy of antibiotics or antibiotic combinations against experimental Bacillus
endophthalmitis, 2) analysis of the efficacy of antibiotics against B. cereus spores in the eye before and after germination,
3) analysis of the efficacy of vitrectomy in conjunction with the most effective antibiotic for treatment of B. cereus
endophthalmitis, 4) analysis of the efficacy of an anti-inflammatory agent, prednisolone acetate, in conjunction with the
most effective antibiotic for B. cereus endophthalmitis, 5) analysis of the efficacy of anti-TNFa in conjunction with the
most effective antibiotic for B. cereus endophthalmitis, 6) analysis of the efficacy of polyclonal antibody generated
against B. cereus toxins (anti-toxin) in conjunction with the most effective antibiotic for B. cereus endophthalmitis, and 7)
analysis of the efficacy of polyclonal antibody generated against B. cereus flagella (anti-flagella) in conjunction with the
most effective antibiotic for B. cereus endophthalmitis.

All Appendices and Figures can be found at the end of the text.

Experiment 1: Analysis of the efficacy of antibiotics or antibiotic combinations against experimental Bacillus
endophthalmitis.

Summary: In Wiskur et al.?, we published that intravitreal administration of antibiotics at 2 h or 4 h postinfection
successfully preserved vision following experimental B. cereus endophthalmitis. These studies were expanded to analyze
the fate of the eye after our latest analysis point of 8 h postinfection to determine whether delayed treatment prevented
loss of the eye.

Experimental Design Summary: Eyes were intravitreally infected with 100 CFU B. cereus. 0.1 mL of gatifloxacin (0.3%),
vancomycin (1.0%), or a combination of both antibiotics at these concentrations was intravitreally injected at 2, 4, or 6 h
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postinfection. Eyes were analyzed at 12, 24, and 36 or 48 h postinfection by bacterial quantitation, electroretinography,
inflammatory cell quantitation, and histology (N>5 eyes per group).

Progress To Date: These experiments are complete and published. Please refer to Appendix 1.

Data Not Shown: None.

Experiments Remaining: None.

Relevance: These results reiterate that early intravitreal treatment of posterior segment bacterial infections is critical for
salvaging not only vision, but also the architecture of the globe itself. In the battlefield where treatment delays are
expected, intravitreal administration of antibiotics immediately following post-traumatic ocular injury may pre-empt

infection and improve visual outcome.

Experiment 2: Analysis of the efficacy of antibiotics against B. cereus spores in the eye before and after
germination.

Summary: During post-traumatic Bacillus endophthalmitis, spores likely enter the eye and germinate into viable bacteria
that produce toxins and incite an explosive inflammatory response that is usually refractory to treatment. Our preliminary
data demonstrates that spores can remain within the eye for up to 6 h and are not cleared. We propose to analyze the
efficacy of antibiotics against B. cereus spores in the eye before and after germination.

Progress to Date: Dose-response experiments show that an intravitreal injection of 100 B. cereus spores can be cleared,
but injections of 500 or 1000 spores are not cleared, resulting in endophthalmitis (Figures 1 and 2). Eyes injected with
1000 spores result in approximately 30% overall retinal function loss and 10° viable organisms per infected eye at 24 h
postinfection. These results are compared to infection initiated with 100 vegetative B. cereus, where eyes have 10’ CFU
and <20% retinal function at 12 h postinfection.” Therapeutic intervention of these infections with gatifloxacin was
successful, sterilizing eyes infected with 1000 spores within 24 h postinfection and protecting these eyes from retinal
function loss (Figures 3 and 4).

Data Not Shown: None.

Experiments Remaining: Because eyes do not demonstrate noticeable signs of endophthalmitis until after 24 h
postinfection in untreated eyes, the original time points will be shifted. Treatment times will be extended to 9 and 12 h
postinfection, with analysis time points extended to 24 and 48 h postinfection. If time allows, the efficacy of vancomycin
will be tested in experiments identical to those described. These efficacy studies will include bacterial counts, retinal
function analysis, histology sections, and photographs of eyes from each treatment group at all endpoints.

Relevance: Our results demonstrate that spores can germinate in the eye, but a threshold of ~500 spores is needed for
infection. Intravitreal therapy of spore-initiated endophthalmitis can be successfully treated at 6 h postinfection, a time we
reported to be too late to treat endophthalmitis initiated by vegetative B. cereus’. Spores injected into the rabbit eye take
some time to germinate and replicate, potentially representing a window of opportunity during which intravitreal therapy
could be administered following penetrating injury to pre-empt infection.

Experiment 3: Analysis of the efficacy of vitrectomy in conjunction with the most effective antibiotic for treatment
of B. cereus endophthalmitis.

Summary: As noted in Experiment 1, antibiotic treatment at 6 h postinfection resulted in loss of retinal function and a
severe degree of inflammation, but ocular architecture remained intact. In clinical cases of this severity, vitrectomy is used
to remove posterior segment debris in order to potentially salvage vision. This study analyzed the effectiveness of
vitrectomy used in conjunction with antibiotics for treatment of late-stage B. cereus endophthalmitis.
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Experimental Desigh Summary: Rabbits were injected in the mid-vitreous with 100 CFU of vegetative B. cereus.
Vitrectomy and intravitreal administration of vancomycin (1%) was performed at 4 h, 5 h, or 6 h postinfection. Controls
included intravitreal vancomycin-treatment groups and vitrectomy alone in uninfected eyes.

Progress To Date: These experiments are complete and published. Please refer to Appendix 2.

Data Not Shown: None.

Experiments Remaining: None.

Relevance: These results demonstrate that vitrectomy may be of therapeutic benefit in the treatment of B. cereus
endophthalmitis, but only during the early stages of infection. Of future interest are the combinations of other antibiotics

with vitrectomy in endophthalmitis caused by staphylococci.

Experiment 4: Analysis of the efficacy of an anti-inflammatory agent, prednisolone acetate, in conjunction with the
most effective antibiotic for B. cereus endophthalmitis.

Summary: In Wiskur et al.>, we reported that intravitreal administration of dexamethasone (1.0%) with gatifloxacin
(0.3%) or vancomycin (1.0%) did not limit inflammation or improve the outcome of infection compared with treatments
with antibiotics alone. The present studies analyzed the effectiveness of prednisolone acetate in improving the outcome of
experimental B. cereus endophthalmitis.

Experimental Design Summary: Eyes were intravitreally infected with 100 CFU B. cereus. 0.1 mL of vancomycin (1.0%),
gatifloxacin (0.3%), or a combination of these antibiotics with prednisolone acetate (PredForte, Bausch & Lomb, 1.0%)
was intravitreally injected at 2, 4, or 6 h postinfection. Eyes were analyzed at 12, 24, and 36 or 48 h postinfection by
bacterial quantitation, electroretinography, inflammatory cell quantitation, and histology (N >5 eyes per group).

Progress To Date: These experiments are complete and published. Please refer to Appendix 1.

Data Not Shown: None.

Experiments Remaining: None.

Relevance: Loss of retinal function was similar in eyes treated with antibiotics with or without prednisolone. These results
further suggest that the addition of corticosteroids to antibiotics is not beneficial for B. cereus endophthalmitis. Although
gatifloxacin likely sterilizes the eye faster, vancomycin therapy resulted in less inflammation, so its use may be preferable.
Of note is the intact state of globes even after 6 h antibiotic treatment, suggesting that although retinal function is lost,

globe architecture was intact following this therapeutic regimen.

Experiment 5: Analysis of the efficacy of anti-TNFa in conjunction with the most effective antibiotic for B. cereus
endophthalmitis.

Summary: TNFa is one of the pro-inflammatory cytokines synthesized in the eye during B. cereus endophthalmitis."
Using transgenic mice deficient in TNFa, we identified this cytokine as being important in recruitment of inflammatory
cells into the eye during B. cereus endophthalmitis.'' Pilot experiments in mice demonstrated that anti-TNFa. reduced the
inflammatory cell load when administered intravitreally alone at the time of infection, but the reduction was minimal. We
proposed to analyze whether anti-TNFo combined with antibiotics effectively reduced inflammation and sterilized the eye
during the early stages of B. cereus endophthalmitis.

Experimental Design Summary: Eyes were intravitreally infected with 100 CFU B. cereus. 0.1 mL of vancomycin (1.0%),
a combination of vancomycin and anti-TNFa (Remicade, 0.5 ng), or anti-TNFa alone were intravitreally injected at 2, 4,
or 6 h postinfection. Eyes were analyzed at 12 h postinfection by electroretinography and inflammatory cell quantitation
(N=>3 eyes per group).
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Progress To Date: Pilot studies reported in previous progress reports indicated that the combination of anti-TNFa, +
vancomycin did not improve B-wave function loss or extent of infiltrating inflammatory cells compared to vancomycin
alone. As expected, treatment with anti-TNFa (Remicade) alone resulted in near complete retinal function loss and
significant inflammation. In the last progress report, we proposed to change reagents to anti-rabbit TNFa., in case species
specificity was the problem. A repeat study with anti-rabbit TNFa/vancomycin combinations yielded similar results -- no
improvement in therapeutic outcome was noted. Because of the lack of efficacy seen with anti-TNFa in this model, we
will not pursue this line of experimentation further.

Data Not Shown: Pilot studies (reported in previous progress reports).
Experiments Remaining: None.

Relevance: To date, no studies have analyzed the value of cytokine blockade in the treatment of endophthalmitis, but
studies do describe the use of anti-TNFa. drugs in treating intraocular inflammation during uveitis.'*'* Our preliminary
results demonstrate that TNFa. blocking after infection may not improve the clinical outcome. This is not surprising
considering our findings of the production of additional chemotactic cytokines in the eye during experimental
endophthalmitis in the mouse.'" Future studies may involve combination anti-cytokine intervention, but those experiments
are beyond the scope of this proposal.

Experiment 6: Analysis of the efficacy of polyclonal antibody generated against B. cereus toxins (anti-toxin) in
conjunction with the most effective antibiotic for B. cereus endophthalmitis.

Summary: Toxin production in the eye during B. cereus endophthalmitis is responsible for the majority of retinal function
loss during infection.>® Others have reported that antisera raised to another ocular pathogen, Staphylococcus aureus, was
effective in abrogating toxic effects during experimental endophthalmitis caused by that organism.”* We proposed a
similar approach for treating B. cereus — combining anti-B. cereus toxin antisera with antibiotics during treatment at the
early stages of infection when toxins are produced. The key is to kill the organism and arrest toxin activity in order to
prevent toxin-induced retinal function loss.

Progress to date: We now have on hand neutralizing polyclonal antibody to B. cereus toxins. This anti-toxin antibody
neutralizes hemoglobin release caused by the many cytolytic toxins synthesized by B. cereus (Figure 5). Preliminary in
Vivo toxicity studies demonstrate no inflammation following injection of 50 pL neat anti-toxin into rabbit eyes.
Preliminary drug combination studies with gatifloxacin showed no precipitation when each are mixed in solution at 37°C.

Data Not Shown: None.

Experiments Remaining: Experiments in the B. cereus endophthalmitis model involve the following groups: 1) anti-toxin
+ gatifloxacin at 4 h postinfection, 2) anti-toxin alone at 4 h postinfection, 3) gatifloxacin alone at 4 h postinfection, 4)
pre-immune serum + gatifloxacin at 4 h postinfection, 5) pre-immune serum alone at 4 h postinfection. These experiments
will determine whether anti-toxin and antibiotics are more beneficial than antibiotics alone against B. cereus
endophthalmitis. If these experiments should be successful, we will test the same groups at 6 h postinfection, a time when
antibiotics alone are therapeutically ineffective.

Relevance: Antibiotic and anti-inflammatory drugs may abrogate the effects of endophthalmitis when administered early,
but these drugs do not affect the toxin activity that has been shown to negatively affect retinal function during intraocular
infection.

Experiment 7: Analysis of the efficacy of polyclonal antibody generated against B. cereus flagella (anti-flagella) in
conjunction with the most effective antibiotic for B. cereus endophthalmitis.

Summary: We reported that B. cereus migration throughout the eye was important to the virulence of the organism.*’ In
an approach similar to that in Experiment 6, we proposed to combine anti-B. cereus flagella antisera with antibiotics
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during treatment at the early stages of infection when bacteria are moving within the posterior segment of the eye. The
key is to prevent migration of the organism into niches where they may circumvent antibiotic action, while also killing the
organisms.

Progress To Date: We have purified B. cereus flagella and have sent our preparations to Rockland Inc. for generation of
anti-flagellar polyclonal antibody. This antibody will be administered with antibiotics during experimental B. cereus
endophthalmitis following the same therapeutic strategy as in Experiment 6. In vivo testing has not yet begun.

KEY RESEARCH ACCOMPLISHMENTS

Early and aggressive (i.e. intravitreal) antibiotic treatment of intraocular infection is critical in salvaging vision.

e Delayed treatment (i.e. at 6 h postinfection) does not prevent significant vision loss but does arrest deterioriation of
the globe itself.

e Addition of prednisolone acetate to vancomycin or gatifloxacin in the treatment of B. cereus endophthalmitis does not
offer a therapeutic benefit over that of antibiotics used alone.

e Vitrectomy offers a therapeutic benefit, but only during the early stages of infection. Vitrectomy may also offer a
cosmetic, but not therapeutic benefit when employed during the later stages of B. cereus endophthalmitis.

e Adjunct use of anti-TNFa does not alter the outcome of infection, likely due to other important proinflammatory
cytokine activity in the absence of TNFa.

e Neutralizing antibody to B. cereus toxins has been generated and will be tested in the experimental endophthalmitis
model.

REPORTABLE OUTCOMES

Experiments 1 and 4 were presented in part at the Military Health Research Forum (September 2009). Experiment 3 was
completed and presented (along with some of the data from Experiments 1 and 4) at the International Society for Ocular
Pharmacology and Therapeutics meeting (ISOPT December 2009). Experiment 1 and 4 data were published in the
Proceedings for ISOPT 2009 (Appendix 1). Portions of these studies were also included in a review published in Expert
Opinions in Ophthalmology (2010, Appendix 3). Experiment 3 data is in press in the journal Retina (2011, Appendix 2).
Experiment 2 was presented during an invited presentation at the American Society for Ophthalmology and Therapeutics
(February 2011, Fort Worth TX).

CONCLUSIONS

Early intravitreal administration of antibiotics is key to preventing significant vision loss and loss of the eye itself
following penetrating injury and potential intraocular infection. The importance of these studies lies in identifying the
timing in which an eye can be salvaged, even though sight may be lost. On the battlefield, as well as during accidental
trauma off the battlefield, the timing from injury to treatment is critical, as is the type of treatment administered.
Numerous studies have demonstrated that for posterior segment infections, systemic and/or topical antibiotic treatment is
relatively useless (reviewed in reference 15). Intravitreal administration of antibiotics (with or without anti-inflammatory
drugs) salvages vision if given early and can rescue the globe if treatment is delayed. Although our work analyzes
treatment of B. cereus endophthalmitis — the most devastating form of bacterial endophthalmitis — the results of these
studies can be extrapolated toward treatment of infections with other vicious pathogens such as Staphylococcus aureus or
Streptococcus pneumoniae, where courses of infection are slower but infection outcomes are just as devastating. The use
of anti-inflammatory agents to alter inflammation remains controversial, and our results of prednisolone
acetate/vancomycin or anti-TNFa/vancomycin administration do not help to clarify the issue. Future work targeted at
virulence factor inhibition may aid in alleviating the issue of early retinal function loss despite antibiotic treatment.
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FIGURES (UNPUBLISHED DATA)

Figure 1. Retinal function analysis following injection of B.
cereus spores into rabbit eyes. Following injection of 100, 500, or
1000 B. cereus spores, eyes were analyzed by electroretinography
at 6, 12, and 24 h postinfection. Values represent the mean £ SEM
of N>3 eyes per group.

Figure 3. Sterilization of eyes infected with B. cereus spores. Eyes
were injected with 1000 spores of B. cereus. One group was treated
with intravitreal gatifloxacin (100 uL of 0.3% ophthalmic solution)
while the other group was left untreated. Eyes treated with
gatifloxacin were sterile by 24 h postinfection. Values represent the
mean = SEM of N>3 eyes per group.

Figure 2. Germination of B. cereus spores in rabbit eyes.
Following intravitreal injection with 100 or 1000 B. cereus
spores, eyes were removed and vitreous was harvested for
bacterial counts. Increasing numbers indicated germination of
spores in the eye. Values represent the mean £ SEM of N>3
eyes per group.

Figure 4. Retinal function of eyes infected with B. cereus
spores treated with gatifloxacin. Eyes were injected with 1000
spores of B. cereus. One group was treated with intravitreal
gatifloxacin (100 uL of 0.3% ophthalmic solution) while the
other group was left untreated. The retinal function in
gatifloxacin-treated eyes was significantly greater than that of
untreated eyes at 24 h postinfection. Values represent the mean
+ SEM of N2>3 eyes per group.



Figure 5. Polyclonal antibody to B. cereus toxins neutralizes toxin
activity. Antisera was raised to purified B. cereus toxins in rabbits.
This assay shows the titer of neutralizing antibody sufficient to
block hemolytic activity (1:8). In the initial in vivo infection
experiments, the anti-toxin will not be diluted.

Preimmune
A

Immune
A

CDMRP PR064081 Annual Report -- 11

- Preimmune only  Immune only

PBS only BC41 sup. only



CDMRP PR064081 Annual Report -- 12
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Appendix 1. Wiskur BD, Woods DC, Wheatley NR, Callegan MC. Update on Improvements for Therapy of Severe
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Appendix 2. Callegan MC, Woods D, Guess S, Wheatley N, Leonard R. Efficacy of Vitrectomy and Intravitreal
Vancomycin for the Treatment of Bacillus cereus Endophthalmitis. Retina. In press.

Appendix 3. Novosad B, Callegan MC. Severe Bacterial Endophthalmitis: Towards Improving Clinical Outcomes. Exp
Rev Ophthalmol 5(5):689-698, 2010.



Update on Improvements for Therapy of Severe
Bacterial Endophthalmitis

Wiskur B. J., Ph.D.**, Woods D. C., B.S.!8, Wheatley N. R.2,
Callegan M. C., Ph.D.1¢2,

Oklahoma Center for Neuroscience®, College of Medicine®, Department of Microbiology
and Immunology®, University of Oklahoma Health Sciences Center, Oklahoma City, OK?;
Ophthalmology, Dean A. McGee Eye Institute, Oklahoma City, OK2

Funding Disclosure: This study was funded entirely by the Department of Defense
Congressionally Directed Medical Research Program (W81 XWH-07-1-0280 to MCC).
Our research is also supported in part by NIH Grants P30EY 12191 (NIH CORE grant
to Robert E. Anderson, OUHSC), Research Resources Grant P20RR17703 (NCRR
COBRE grant to Robert E. Anderson, OUHSC), and an unrestricted grant to the Dean
A. McGee Eye Institute from Research to Prevent Blindness.

Summary

Bacillus cereus causes severe endophthalmitis resulting in significant vision loss
despite prompt and aggressive treatment. We analyzed the efficacy of combinations of
prednisolone, vancomycin, and gatifloxacin in the treatment of experimental B. cereus
endophthalmitis. Rabbit eyes were intravitreally injected with 100 CFU B. cereus, then
intravitreally injected at 2, 4, or 6 h with combinations of prednisolone, vancomycin,
and gatifloxacin, with proper controls. Retinal function, bacterial growth, inflammation,
and antibiotic penetration were measured. All antibiotic treatments sterilized infected
eyes within 12 h. Infection severities after prednisolone/antibiotic treatment were
similar to that of antibiotics alone. Eyes treated at 2 h with antibiotics maintained
greater retinal function than eyes treated at 4 or 6 h. The addition of prednisolone
to antibiotics did not offer a clear therapeutic benefit, and vancomycin-treated eyes
fared better clincally than those treated with gatifloxacin. Further testing is needed to
identify therapies that rapidly sterilize, abrogate inflammation, neutralize toxic effects,
and prevent blindness during B. cereus endophthalmitis.

Introduction
Bacterial endophthalmitis can occur following surgery, a penetrating injury, or

©2009 by MEDIMOND s.r.l. LZ03R9032 25



26  8th International Symposium on Ocular Pharmacology and Therapeutics — ISOPT

from metastatic spread of infection into the eye from the bloodstream.? Secondary
infections following penetrating eye injuries range from 3-17%.%* Bacillus cereus
causes the most virulent form of post-traumatic bacterial endophthalmitis, with ra-
pid vision loss within 1- 2 days, and often, loss of the eye itself.! Nearly half of
B. cereus endophthalmitis patients require enucleation or evisceration, necessitating
further cosmetic and prosthetic intervention.>” Despite the susceptibility of B. cereus
to commonly-used antibiotics®, this invariably poor outcome indicates that effective
treatment regimens for B. cereus endophthalmitis have not been established.

To date, no studies have analyzed the potential anti-inflammatory efficacy of
prednisolone for endophthalmitis. Prednisolone (in either the acetate or phosphate
formulations) is topically and/or systemically administered as an effective anti-
inflammatory drug following cataract surgery. Topical administration of prednisolone
acetate has been shown to cause a decrease in inflammation during experimental
bacterial keratitis'>*3, but its clinical effectiveness when administered for bacterial
ocular infections is less clear.'?® We hypothesized that prednisolone, by virtue of its
anti-inflammatory activity, may prevent or reduce host inflammation, resulting in an
improved therapeutic outcome for B. cereus endophthalmitis.

For experimental B. cereus endophthalmitis, vancomycin and gatifloxacin each
sterilized infected eyes when intravitreally administered as late as 6 h postinfection.
However, significant vision was lost if either antibiotic was administered after 4 h
postinfection in this model, indicating that early treatment was critical for salvaging
vision. Previous studies analyzing vancomycin'"® or ciprofloxacini®% suggested that
these antibiotics can be effective against experimental B. cereus endophthalmitis, but
time courses of these infections may not have been clinically similar to that seen in
rapid human infections.

We analyzed the therapeutic effectiveness of combinations of prednisolone, gati-
floxacin, and vancomycin, or those drugs used alone in a well-established B. cereus
endophthalmitis rabbit model.* 2--2* Infections were analyzed up to 48 h postinfection
to better determine prolonged therapeutic effectiveness.

Methods
Animals

The New Zealand White rabbits (body weight, 2-4 kg) used in this study were
maintained in accordance with institutional guidelines and the Association for Rese-
arch in Vision and Ophthalmology Statement on the Use of Laboratory Animals in
Ophthalmic Research. Rabbits were anesthetized with an intramuscular injection of
ketamine (KetaVed™; Phoenix Scientific Inc., St. Joseph, MO; 35 mg/kg of body
weight) and xylaxine (Rompun™; Bayer Corp., Shawnee Mission, KS; 5mg/kg of
body weight). Proparacaine HCI (Ophthetic™; Allergan; 0.5%) was used to topically
anesthetize the eyes prior to paracentesis and intravitreal injection.

Bacteria and Drugs

Rabbit eyes were intravitreally injected with 100 CFU B. cereus strain ATCC
14579 as previously described.* The following drugs were used: prednisolone sodium
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phosphate (PredForte® 1.0%, Bausch & Lomb, Tampa, FL), gatifloxacin (Zymar®
0.3%, Allergan, Irvine, CA), and vancomycin (1.0% final concentration in PBS, Ho-
spira, Lake Forest, IL).

Experimental Design

100 CFU/0.1 ml B. cereus were injected into the mid-vitreous of one eye of each
rabbit and the contralateral eye served as a control, as previously described.'?-2* Rab-
bits were anesthetized, underwent paracentesis, and were intravitreally injected at 2 h,
4 h, or 6 h postinfection with 0.1 ml of each antibiotic alone, 0.15 ml of combined
drugs at their appropriate final concentrations, or were left untreated. Rabbits were
randomly divided into treatment groups as follows: vancomycin (1.0%) and predni-
solone (1.0%), gatifloxacin (0.3%) and prednisolone, vancomycin and gatifloxacin,
vancomycin alone, gatifloxacin alone, or prednisolone alone. At 12, 24, and 36 h (for
eyes treated at 6 h) or 12, 24, and 48 h (for eyes treated at 2 h or 4 h) postinfection,
eyes were analyzed as described below.

Analysis of Therapeutic Efficacy

Retinal function was measured and recorded (UTAS3000; LKC Technologies, Inc.,
Gaithersburg, MD) by scotopic electroretinography (ERG) as previously described (N=5
eyes/group).t2-2¢ Immediately following ERG, an operating biomicroscope (Zeiss S7;
Zeiss Inc, Thornwood, NY) was used to visualize and photograph rabbit eyes (N>2
representative eyes/group). Changes in anterior and posterior segment inflammation
and retinal architecture were scored in a masked independent fashion based on a scale
from 0 (no change) to 4+ (significant inflammation and retinal architecture damage)
(N=5 eyes/group).® Eyes used for histology were enucleated and prepared as previously
described (N>2 representative eyes/group).t* At 12, 24, and 36 or 48 h postinfection,
viable bacteria in aspirated vitreous were quantified, as previously described (N=5
eyes/group).t?+-2* Antibiotic concentrations were quantified in the vitreous and aqueous
humor, as previously described (N>4 eyes/group).?® Myeloperoxidase (MPO) activity
estimated the extent of infiltrating polymorphonuclear leukocytes (PMN), as previously
described (N>3 eyes/group).2’® All values represent the mean + standard error of the
mean (SEM), as indicated. Two-tailed, two-sample t-tests were used to statistically
compare groups. A P-value of < 0.05 was considered significant.

Results

All eyes treated with antibiotics were sterile at 12 h. Eyes in the untreated and
2-h prednisolone treatment groups had approximately 7.3 log,, CFU/ml and 7.4 log,
CFU/ml, respectively, when analyzed at 12 h, values that were similar to that of
PBS-injected vehicle and untreated infected controls.-?-24

Retinal function analysis of eyes infected with B. cereus is summarized in Figure
1. Eyes that were untreated or treated with prednisolone alone at 2 h retained <5%
A- and B-wave function at 12 h. Uninfected eyes treated with prednisolone alone
maintained a range of 99%-128% A-wave and 97%-126% B-wave function throughout
48 h of analysis (data not shown). Eyes treated with vancomycin alone or gatifloxacin
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Figure 1. Retinal function analysis following antibiotic and/or prednisolone treatment of experimental B.
cereus endophthalmitis.

alone at 2 h retained significant and similar levels of A-wave (P=0.45) and B-wave
(P=0.27) function at 48 h. The 2-h prednisolone/vancomycin combination resulted
in 91% A-wave function (P=0.86 vs. 2-h vancomycin alone) but only 72% B-wave
function (P=0.01 vs. 2-h vancomycin alone) at 48 h. The 2-h prednisolone/gatifloxacin
treatment resulted in 68% A-wave function (P=0.57 vs. 2-h gatifloxacin alone) and
72% B-wave function (P=0.20 vs. 2-h gatifloxacin alone). When vancomycin/gatiflo-
xacin were administered at 2 h, eyes maintained less A-wave and B-wave function
compared to either antibiotic used alone, but the differences were not significant
(P>0.06, except for vancomycin/gatifloxacin vs. vancomycin alone B-wave, P=0.03).
Eyes treated with vancomycin alone at 4 h had decreased function compared to tre-
atment at 2 h. The prednisolone/vancomycin 4-h treatment resulted in 44% A-wave
function (P=0.18 vs. 4-h vancomycin alone) and 60% B-wave function (P=0.56 vs.
4-h vancomycin alone) at 48 h. Eyes treated with gatifloxacin alone at 4 h retained
64% A-wave function and 81% B-wave function at 48 h. The prednisolone/gatiflo-
xacin 4-h treatment resulted in 40% A-wave function (P=0.19 vs. 4-h gatifloxacin
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Figure 2. Clinical scoring of pathology following treatment of experimental B. cereus endophthalmitis.

alone) and 26% B-wave function (P=0.004 vs. 4-h gatifloxacin alone). Eyes treated
with vancomycin alone or gatifloxacin alone at 4 h retained similar levels of A-wave
(P=0.53) and B-wave (P=0.27) function at 48 h. When vancomycin/gatifloxacin were
administered at 4 h, eyes maintained less A-wave and B-wave function compared to
either antibiotic used alone, but the differences were not significant (P>0.05, except
for vancomycin/gatifloxacin vs. gatifloxacin alone B-wave, P=0.01). Eyes that received
antibiotic treatment with or without prednisolone at 6 h had significant A-wave and
B-wave loss, with the vancomycin-alone group maintaining higher A-wave (P<0.01)
and B-wave (P<0.05) function at 12 h compared with the other treatment groups. After
12 h, retinal function was retained to <20% in eyes of all 6-h treatment groups.
Scoring and photographs of infected eyes are summarized in Figures 2 and 3A,
respectively. Biomicroscopic analysis of infected eyes treated at 2 h with gatifloxacin
alone, vancomycin alone, or either antibiotic with prednisolone presented with minor
iritis, no reduction in red reflex, no posterior chamber haze, and no reduction in
retinal clarity at 48 h. Eyes treated at 2 h with prednisolone alone had minor iritis,
a slight reduction in red reflex, slight posterior segment haze, and no reduction in
retinal clarity at 12 h. Cumulative clinical scores of eyes treated with prednisolone
alone were greater than that of all other treated infection groups (P<0.01). In con-
trast, untreated eyes at 12 h had significant accumulation of inflammatory cells in the
anterior chamber and severe iritis, no red reflex or clarity, and a dense vitreal haze,
findings similar to previous reports of untreated infection at 12 h in this model.t* 22
Cumulative clinical scores of untreated infected eyes were greater than that of all other
groups (P<0.0001). Infected eyes treated at 4h with vancomycin alone, gatifloxacin
alone, or antibiotic/prednisolone combinations had minor iritis and aqueous flare, a
slight reduction in red reflex, a slight vitreal haze, and no reduction in retinal clarity
at 48 h. All eyes in these groups had moderate conjunctival injection and edema.
The cumulative clinical scores of vancomycin alone vs prednisolone/vancomycin
(P=0.66) and gatifloxacin alone vs. prednisolone/gatifloxacin (P=0.25) were similar.
Eyes treated at 6 h with prednisolone/vancomycin had moderate flare and significant
iritis, a reduction in red reflex and retinal clarity, and a mild posterior segment haze
at 36 h. Eyes treated at 6 h with vancomycin alone had significant anterior cham-
ber flare and iritis, a moderate reduction of red reflex, a mild vitreal haze, and a
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Figure 3. Biomicroscopy and histology following treatment of experimental B. cereus endophthalmitis.

moderate reduction in retinal clarity at 36 h. Eyes treated at 6 h with gatifloxacin
alone, gatifloxacin/vancomycin, or prednisolone/gatifloxacin had intense flare and
severe iritis, a moderate to complete loss of red reflex, a dense vitreal haze, and a
significant reduction in retinal clarity at 36 h. Eyes treated at 6 h with prednisolone/
antibiotic combinations had less conjunctival edema and injection at 36 h compared
to eyes treated with antibiotics alone. The cumulative clinical scores of vancomycin
alone vs prednisolone/vancomycin (P=0.41) and gatifloxacin alone vs. prednisolone/
gatifloxacin (P=0.13) were similar.

Representative histology sections are provided in Figure 3B. Histologic analysis
of treated infected eyes reflected the clinical observations summarized in Figures
2 and 3A. Eyes treated with antibiotics with or without prednisolone at 2 h or 4 h
were less inflamed than those treated at 6 h. Retinas of eyes treated at 6 h exhibited
retinal folding with inflammatory cells visible beneath the retina and retinal detach-
ments. The gatifloxacin alone and prednisolone/gatifloxacin 6-h treatment groups had
significant numbers of posterior segment inflammatory cells and fibrin accumulation.
Adding prednisolone to vancomycin or gatifloxacin treatment at 6 h appeared to reduce
corneal inflammation, but resulted in reduced anterior chamber fibrin accumulation
when administered with vancomycin only. Eyes treated at 6 h with the vancomycin/
gatifloxacin combination had significant fibrin accumulation and inflammatory cells
in the posterior chamber and significant corneal inflammation.

Intraocular inflammation was estimated using the myeloperoxidase (MPO) assay,
as summarized in Figure 4. Eyes treated at 2 h or 4 h with antibiotics had less MPO
activity than those treated at 6 h (P<0.001), with the exception of eyes treated at 4
h or 6 h with the vancomycin/gatifloxacin combination (P=0.21). Excluding the 2-h
prednisolone alone and untreated groups, all eyes treated prior to 6 h postinfection
had < 50 MPO units/eye, indicating minimal inflammation. The 2-h prednisolone
alone treatment resulted in inflammation similar to that of untreated eyes (P=0.32).
Eyes treated at 6 h with vancomycin alone had reductions in MPO compared to all
other 6-h treatment groups (P<0.03). Eyes treated at 6 h with gatifloxacin alone or
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Figure 4. Myeloperoxidase (MPO) activity in eyes following treatment of B. cereus endophthalmitis.

prednisolone/gatifloxacin had greater MPO activity than any other treatment regimen
(P<0.01). The addition of prednisolone to vancomycin increased the MPO in those
eyes compared to vancomycin alone (P=0.0002), but had no effect when added to
gatifloxacin (P=0.34) at 6 h.

Concentrations of vancomycin and gatifloxacin in the aqueous or vitreous of in-
fected eyes are summarized in Figure 5. Vitreous gatifloxacin levels were below the
MIC for B. cereus at 24 and 36 or 48 h, while aqueous gatifloxacin concentrations
were below the MIC for B. cereus at 12, 24, and 36 or 48 h regardless of the time
of treatment or whether prednisolone was included. Vancomycin treatment at 2 h
resulted in higher vitreous drug levels at all time points tested and higher aqueous
levels at 12 h compared to that of 4-h or 6-h treatment groups at those same time
points (P<0.001). In general, the addition of prednisolone to vancomycin resulted
in greater vancomycin concentrations in the aqeuous and vitreous (P<0.001), an
effect that was most pronounced following treatment at 2 h. Vitreous vancomycin
concentrations remained well above the MIC for B. cereus throughout 36 or 48 h
in groups treated with vancomycin alone. Similar results were seen in eyes treated
with vancomycin and prednisolone, except in the 6-h treatment group assayed at 36
h. Aqueous concentrations following vancomycin alone were above the MIC for B.
cereus regardless of the treatment time at 12 h only. When combined with predniso-
lone, aqueous vancomycin concentrations were well above the MIC for B. cereus at
all time points assayed following 2 h treatment, but fell below the MIC for B. cereus
at 48 h following treatment at 4 h or 6 h.

Conclusions

B. cereus endophthalmitis can result in explosive intraocular inflammation and
rapid vision loss. Even when vision is lost, retaining an intact globe is of primary
anatomic and cosmetic importance. It is therefore critical that effective treatment
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Figure 5. Intraocular antibiotic penetration following treatment of experimental B. cereus endophthalmitis.

regimens be initiated as early after injury as possible. We previously demonstrated
that early treatment with gatifloxacin or vancomycin effectively killed intraocular B.
cereus, but at later treatment times, significant vision loss occurred.! In that study,
treatment with antibiotic/dexamethasone combinations did not improve the overall
clinical outcome of infection.’* Therefore, analysis of an alternate anti-inflammatory
agent was of value in identifying a companion drug for clinical improvement of this
highly inflammatory infection.

Prednisolone ophthalmic solutions are commonly used to control inflammation
following surgery. Intramuscular and systemic methylprednisolone have been benefi-
cial in models of Staphylococcus aureus endophthalmitis.?*%° A postoperative clincial
study evaluating the efficacy of intramuscular prednisolone following vitrectomy re-
ported improved visual acuity.®® To our knowledge, ours is the first study to analyze
the efficacy of prednisolone via intravitreal administration as an adjunctive therapy
for endophthalmits. Eyes treated at 2 or 4 h with all antibiotic regimens maintained
significant retinal function throughout 48 h. Together, the results from this and our
previous study** suggest that when antibiotic treatment is administered at 4 h or earlier,
retinal function may decline but remains significant for at least 2 days. These early
regimens also preserved ocular architecture. However, the addition of prednisolone
to either antibiotic did not affect the retention of retinal function, even at these early
treatment times.

When treatment was delayed to 6 h, significant retinal function was lost regardless
of the treatment regimen, as expected. Treatment with gatifloxacin alone or combined
with vancomycin or prednisolone at 6 h resulted in greater MPO activity, a higher
clinical score, and more severe inflammation when compared to vancomycin alone
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at 36 h. Histologically, eyes treated with vancomycin at 6 h had less inflammation
than those treated with gatifloxacin at 6 h. Together these results suggested that van-
comycin treatment resulted in a better clinical outcome. These results also suggest
that with use of either antibiotic, later treatment may not salvage useful vision, but
can preserve ocular architecture up to 36 h.

All antibiotic treatments sterilized all infected eyes by 12 h. In our previous study,
eyes subjected to 6-h vancomycin treatment retained 2.5 log,, CFU of B. cereus at 8
h.1* Together these results suggest that vancomycin killing in the eye was slower than
that of gatifloxacin, since all eyes treated with gatifloxacin were sterile at 8 h.** In
vitro time-kill studies clearly demonstrate the relative speed at which the 4"-generation
fluoroquinolones Kill pathogens.®22 However, Harper et al.*® reported that vancomycin
was more effective than gatifloxacin in terms of pharmacokinetic indices in vitro. To
our knowledge, no studies have compared relative kill rates of vancomycin with that
of gatifloxacin. Studies in in vitro pharmacodynamic models®=® and our own data
suggest that the kill rate of vancomycin is slower than that of gatifloxacin.

Of note was the lack of substantial inflammation and better intraocular clarity
in vancomycin-treated eyes, suggesting some beneficial level of anti-inflammatory
activity. Vancomycin does not have anti-inflammatory activity per se, but can affect
PMN phagocytic and chemotactic function“®#! and inhibit proinflammatory cytokine
responses in vitro*>4, If PMN recruitment or chemotaxis in the eye are affected by
vancomycin, inflammation may be arrested during infection. Immunomodulatory ef-
fects of some fluoroquinolones have been reported.*** Given this potential activity,
infections treated with these antibiotics should be of greater severity if immune sup-
pression occurred. We reported that delay of ocular inflammation in a TNFa knockout
mouse resulted in a more severe infection.*® Of course, the mechanisms of potential
immune suppression are likely different. Nevertheless, the present data do not support
the idea of immune suppression following gatifloxacin treatment. Although the data
would support the idea of immunosuppression in the vancomycin-treated groups, less
inflammation in these eyes could be attributed to more efficient bacterial killing.

Because of vitreous and aqueous turnover one would expect lower antibiotic
concentrations in an eye from 2-12 h than from 6-12 h. To the contrary, greater
antibiotic concentrations were retained in eyes treated at 2 h than in eyes treated
at 4 or 6 h. We recently reported the extent of blood ocular barrier permeability in
response to untreated B. cereus endophthalmitis*, so it follows that higher levels of
antibiotics would be retained in eyes with less inflammation because of early treatment.
Vancomycin diffusion from the eye may have also been limited by the presence of
prednisolone. Prednisolone’s mechanism of action includes potent anti-inflammatory
effects and prevention of blood-ocular barrier breakdown. If this were the case, one
would expect less inflammation in eyes treated with the vancomycin/prednisolone
combination if the presence of prednisolone affected barrier permeability. The extent
of blood retinal barrier permeability following these treatment regimens should be
determined to identify whether prednisolone itself affected permeability.

In our ongoing efforts to determine the mechanism of vision loss in B. cereus
endophthalmitis, we hypothesized that toxins were involved in the rapid loss of reti-
nal function observed in this disease.?*? One can postulate that early treatments kill
bacteria before significant levels of toxins are present, limiting retinal function loss.
However, B. cereus endophthalmitis also results in explosive inflammation within
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12 ht2%5 and bystander products of inflammation could negatively impact retinal
function. Loss of retinal function directly correlated with an increase in bacterial
replication and influx of PMN into the posterior segment.? In the present study, 4-h
antibiotic treatment regimens resulted in some loss of retinal function without signi-
ficant inflammation. For eyes treated with vancomycin at 6 h, retinal function rapidly
declined, but again, inflammation was limited. We were therefore unable to correlate
retinal function decline with posterior segment inflammation. These results suggest
that inflammation may not contribute to the rapid vision loss observed at early times
during B. cereus endophthalmitis, leaving toxins or other secreted bacterial products
as the likely culprits responsible for rapid retinal function loss.

In summary, the addition of prednisolone to antibiotics in this model did not offer
a clear therapeutic benefit, suggesting that corticosteroids as a whole may not be a
viable option for reducing inflammation during severe endophthalmitis. Vancomycin
killed B. cereus slower than did gatifloxacin, but eyes treated with vancomycin were
less inflamed, a clinical advantage. Although antibiotic treatments were not as effective
in protecting vision when used later in infection, these regimens did preserve globe
architecture, an anatomic and cosmetic benefit. It is clear from these and previous
studies that further testing of different antibiotic/anti-inflammatory and surgical regi-
mens is needed in order to identify therapies that will kill bacteria rapidly, abrogate
inflammation, neutralize toxic effects, and prevent blindness during fulminant B.
cereus endophthalmitis.
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EFFICACY OF VITRECTOMY IN
IMPROVING THE OUTCOME OF
BACILLUS CEREUS ENDOPHTHALMITIS

MICHELLE C. CALLEGAN, PuD,*1i SCOTT GUESS, MD,* NANETTE R. WHEATLEY,*
DUSTIN C. WOODS, BS,§ GABE GRIFFIN, BS,§ BRANDT J. WISKUR, PuD, ROBERT LEONARD, MD*i:§

Purpose: To evaluate the efficacy of vitrectomy with vancomycin for the treatment of
experimental Bacillus cereus endophthalmitis.

Methods: Endophthalmitis was initiated in rabbits via intravitreal injection of 100 colony-
forming unit B. cereus. Treatment groups included 25-gauge transconjunctival sutureless
vitrectomy with intravitreal vancomycin (1 mg) or vancomycin alone. Groups were treated at
4, 5, or 6 hours after infection. At 48 hours (for 4-hour and 5-hour groups) or 36 hours (for the
6-hour group) after infection, eyes were analyzed by electroretinography, histology, and
inflammatory cell counts.

Results: Treatment with vitrectomy/vancomycin at 4 hours resulted in significantly
greater retinal function compared with that of vancomycin alone. Intraocular inflammation
after treatment at 4 hours was minimal for both the treatment groups. Treatment with
vitrectomy/vancomycin or vancomycin alone at 5 hours or 6 hours after infection resulted in
similar levels of retinal function loss (i.e., >90%) and significant intraocular inflammation.

Conclusion: These results demonstrate that vitrectomy may be of therapeutic benefit in
the treatment of B. cereus endophthalmitis but only during the early stages of infection.

RETINA X:1-7, 2011

Bacterial endophthalmitis is an infection that can
result from contamination of the posterior seg-
ment after eye surgery, a penetrating eye injury, or
septic spread of infection into the eye from the
bloodstream.'? The incidence of posttraumatic en-
dophthalmitis varies from 3% to 17% after a penetrat-
ing injury.>* Bacillus cereus is a common bacterial
cause of posttraumatic bacterial endophthalmitis.
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Patients with B. cereus endophthalmitis often present
with severe ocular pain, periorbital swelling, proptosis
of the globe, polymorphonuclear leukocytosis, and
fever.”” Only 9% of patients with B. cereus
endophthalmitis retain 20/70 vision or better, and
nearly half require enucleation or evisceration of the
infected eye.® Bacillus cereus is susceptible to
commonly used antibiotics, such as aminoglycosides,
fluoroquinolones, and vancomycin.*'® However, the
regularity of treatment failures necessitates improve-
ments in therapy of this blinding infection.
Vitrectomy is widely used to remove intravitreal
contents after ocular injuries, inflammation, and other
diseases. Microincision vitrectomy, such as 23-gauge
and 25-gauge vitrectomy, is often described as being
minimally invasive.'"'> The main concept of suture-
less vitrectomy is to decrease postoperative inflam-
mation, potentially resulting in an early recovery and
an improvement in patient comfort. In rabbits,
inflammation induced by 25-gauge vitrectomy was
less than that induced by 20-gauge or 23-gauge
vitrectomy.'* Vancomycin is a commonly adminis-
tered intravitreal antibiotic for treating intraocular
infections, with reported 100% effectiveness against
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the most common gram-positive ocular pathogens,
including B. cereus.*'° In an experimental B. cereus
endophthalmitis model, vancomycin sterilized in-
fected eyes when intravitreally administered as late
as 6 hours after infection.'*'> However, significant
vision was lost if vancomycin was administered after
4-hOUR postinfection in this model, indicating that
early treatment was critical for salvaging vision.
Recently, we reported the potential vancomycin-based
anti-inflammatory activity in this model.'® Vitrectomy
and injection of intravitreal vancomycin sterilized the
vitreous cavity after an experimental staphylococcal
endophthalmitis, resulting in minimal inflammation.'®
Previous efficacy studies'”'® suggested that vanco-
mycin can be effective against experimental B. cereus
endophthalmitis, but time courses of these infections
may not have been clinically similar to that seen in
rapid human infections.

The majority of recent studies analyzing the
potential benefits of vitrectomy for the treatment of
endophthalmitis have used experimental fungal in-
fection models.'”*' For bacterial or fungal endoph-
thalmitis, vitrectomy can be used as an effective
strategy to remove not only dead organisms and
cellular debris but also damaging toxins and other
inflammogenic factors that may exacerbate infec-
tion.”” Therefore, we hypothesized that additional
surgical measures to remove offending toxic contents
in the vitreous may improve the visual outcome of
infection, which is important if treatment is delayed.
To this end, we analyzed the therapeutic effectiveness
of vitrectomy and intravitreal vancomycin with that of
vancomycin alone in a well-established B. cereus
endophthalmitis rabbit model'*"” to determine
whether vitrectomy and antibiotics offered an im-
proved therapeutic benefit over that of antibiotics
alone.

Subjects and Methods

Subjects and Drugs

Specific pathogen—free New Zealand white rabbits
(male, 2—4 kg; Myrtle’s Rabbitry, Thompson’s Station,
TN) were used in this study and were maintained in
accordance with institutional guidelines and the
Association for Research in Vision and Ophthalmol-
ogy Statement on the Use of Laboratory Animals in
Ophthalmic Research (online). Before intravitreal
injection and retinal function analysis (electroretinog-
raphy), rabbits were anesthetized with an intramus-
cular injection of ketamine (35 mg/kg of body weight;
Ketamine HCI injection; Bioniche Pharma, Lake
Forest, IL) and xylaxine (5 mg/kg of body weight;

Rompun; Bayer, Corp, Shawnee Mission, KS. Prop-
aracaine HCI (0.5%; Ophthetic; Allergan, Hormi-
gueros, PR) was used to topically anesthetize the eyes
before paracentesis and intravitreal injection. Vanco-
mycin (1 mg final concentration in 100 uL of
phosphate-buffered saline, Hospira, Lake Forest, IL)
was administered by intravitreal injection or immedi-
ately after vitrectomy. Vancomycin (1 mg) was
previously demonstrated to be effective against
B. cereus and nontoxic in this model.'*"

Experimental Endophthalmitis

Rabbit eyes were intravitreally infected with
B. cereus as previously described.'*'>*** Briefly, an
overnight culture of B. cereus strain ATCC 14579
(American Type Tissue Culture, Manassas, VA) was
subcultured into brain heart infusion media (Difco
Laboratories, Detroit, MI) and serially diluted to 100
colony-forming unit/0.1 ml for intravitreal injections.
Contralateral eyes served as a noninfection control
eyes. The minimum inhibitory concentration of
B. cereus ATCC 14579 for vancomycin was 1.95
wg/mL, as reported previously.'*

Vitrectomy/Vancomycin Therapy

The treatment regimens chosen for this study sought
to mimic an elapsed time when a patient experiencing
a penetrating injury may reasonably expect to receive
treatment. Previous studies'*'> have demonstrated that
at and before 4 hours, intravitreal administration of
vancomycin can reduce inflammation and salvage
significant vision. We sought to determine whether
vitrectomy further reduced the inflammation and
vision loss associated with delayed treatment.

A total of 44 New Zealand white rabbits were
randomized to 7 treatment groups. At 4-, 5-, or 6-hour
postinfection, one eye of each rabbit underwent either
25-gauge transconjunctival sutureless vitrectomy
(TSV-25 Millennium System; Bausch & Lomb, Inc,
Rochester, NY) with intravitreal instillation of
vancomycin or intravitreal instillation of vancomycin
alone. A noninfected vitrectomy/vancomycin group
was included as a control.

Vitrectomy was performed as follows. After general
and topical anesthesia, a standard 3-ports pars plana
vitrectomy was performed with removal of all visible
vitreous gel and inflammatory debris. One-step trans-
conjunctival cannula insertion was achieved using
a beveled trochar at 2.0 mm from the corneoscleral
limbus. Three incisions were made, and the infusion
cannula was inserted into the inferotemporal cannula.
Core vitrectomies removed vitreous using the Millen-
nium 25-gauge high-speed vitrector for 10 minutes by
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a combination of cutting (1,500 cuts/minute) and
suction (400 mmHg), while continually supplying
balanced salt solution irrigating solution at an ocular
fluid pressure of 30 mmHg. On completion of the
surgical procedure, the vitreous was infused through
the cannula with 0.1 mL of 1.0% vancomycin. The
surgical time required from opening to closure was an
average of 20 minutes. The surgical procedure was
completed by the removal of the entry site cannulas
without scleral suturing. An experienced vitreoretinal
surgeon performed all vitrectomies and was masked to
the identity of the groups. There were no complica-
tions during the surgical procedure.

At 12, 24, and 48 hours (for eyes treated at 4 hours
or 5 hours) or 12, 24, and 36 hours (for eyes treated at
6 hours) after infection, eyes were analyzed as
described below.

Analysis of Therapeutic Efficacy

Retinal Function Analysis. Retinal function was
measured and recorded (UTAS3000; LKC Technolo-
gies, Inc, Gaithersburg, MD) for both eyes of each
rabbit by scotopic electroretinography as previously
described.'***2° Before electroretinography, eyes
were dilated with phenylephrine HCl (AK-Dilate;
Akorn, Inc, Buffalo Grove, IL) and dark adapted for
10 minutes. a-wave amplitudes were measured from
the prestimulus baseline to the a-wave trough, while
b-wave amplitudes were measured from the trough of
the a wave to the peak of the b wave. The following
equations were used to calculate the percentage of
retinal function retained, where experimental denotes
infected and absolute control denotes uninfected eyes:

100 — {[1 — (experimental a-wave amplitude/
absolute control a-wave amplitude)] X 100} or
100 — {[l — (experimental b-wave amplitude/

absolute control b-wave amplitude)] X 100}.'**72¢

Biomicroscopy and Histology. An operating biomicro-
scope (Zeiss S7; Zeiss, Inc, Thornwood, NY) was used
to visualize and photograph rabbit eyes. Changes in
the anterior and posterior segment inflammation and
retinal architecture were scored in a masked in-
dependent fashion based on a scale from 0 (no change)
to 4+ (significant inflammation and retinal architecture
damage).”” Eyes used for histology were enucleated,
fixed in 10% formalin for 24 hours, placed in 70%
alcohol for 48 hours, paraffin sectioned, and stained
with hematoxylin and eosin by standard procedures.

Bacterial Quantitation. Viable bacteria in aspirated
vitreous were quantified, as described previously.'**
Briefly, eyes were harvested after euthanasia, vitreal
contents were aspirated and homogenized, aspirates

were serially diluted in phosphate-buffered saline, and
aliquots were plated out in triplicate on brain heart
infusion media agar for quantitation.

PMN Quantitation. Quantitation of infiltrating PMN
into the aqueous humor is a direct measure of the
progression of intraocular inflammation throughout the
eye.” 2 Before harvest, eyes underwent paracentesis,
aqueous samples were loaded onto a hemocytometer, and
PMN were manually counted after trypan blue staining.

Antibiotic Penetration into the Eye. Antibiotic
diffusion assays were used to quantify the concentra-
tion of antibiotics in the vitreous and aqueous humor,
as previously described."* Indicator strains (10°
colony-forming unit/mL of Staphylococcus aureus
or Klebsiella pneumoniae) were inoculated onto brain
heart infusion media agar for vancomycin or gati-
floxacin bioassays, respectively. Sterile filter disks
loaded with 10 uL of aqueous humor, vitreous, or
antibiotic standards were placed onto the inoculated
agar. Standards and samples were prepared and
analyzed in triplicate. Assays were incubated at
37°C for 24 hours, and zones of inhibition were
measured to the nearest 0.1 mm. A standard curve of
zone of inhibition size versus log;, concentration was
plotted and used to determine antibiotic concentra-
tions, the slope of which was determined from a best-
fit curve by least square means method.

Statistics. For the PMN quantitation and antibiotic
penetration assays, all values represent the mean *
standard error of the mean for = 4 replicate samples
per time point. All other reported values represent the
mean * standard error of the mean for = 5 eyes per
time point. Two-tailed, two-sample Student’s z-tests
were used to statistically compare groups. A P value
of = 0.05 was considered significant.

Results

Bacterial Killing

All eyes treated with vancomycin, with or without
vitrectomy, were sterile at 12-hour postinfection.
These results are consistent with previous reports'*!>
of vancomycin treatment in this infection model.

Retinal Function

Retinal function retained after each treatment is
summarized in Figure 1. In uninfected eyes, vitrec-
tomy with vancomycin resulted in an approximate
40% decrease in a-wave amplitude and 35% decrease
in b-wave amplitude at 48 hours after the surgical
procedure.
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Fig. 1. Retinal function analysis after treatment of experimental B.
cereus endophthalmitis with vitrectomy and vancomycin. Eyes were
infected with B. cereus and treated with vancomycin (1%) and vit-
rectomy or vancomycin alone at various times postinfection. The
control group included uninfected eyes treated with vitrectomy and
vancomycin. Eyes were analyzed by electroretinography at 36-hour or
48-hour postinfection. Values represent the mean * standard error of
the mean of n = 5 eyes per group.

Treatment at 4-hour postinfection with vitrectomy
and vancomycin resulted in a 45% reduction in a-wave
amplitude and a 50% reduction in b-wave amplitude at
48 hours. These values are less than but similar to
those of the uninfected vitrectomy/vancomycin—
treated group (a wave, P = 0.07; b wave, P = 0.13).
These values are significantly greater than that of the
vancomycin alone group, which resulted in 70% and
85% reductions in a-wave and b-wave amplitudes,
respectively (a wave, P = 0.02; b wave, P = 0.004).
Treatment for 5 hours or 6 hours resulted in significant
loss of vision (i.e., >95% loss) regardless of whether
vitrectomy was part of the vancomycin treatment
regimen. These results demonstrate that vitrectomy
can reduce the vision loss associated with experimen-
tal B. cereus endophthalmitis, but only if treatment is
begun no later than 4-hour postinfection in this model.

Biomicroscopy and Histology. Representative biomi-
croscopy and histology data are presented in Figure 2.
Before vitrectomy, infected eyes at 4-, 5-, and 6-hour
postinfection demonstrated mild iritis and mild to
moderate vitritis (scores of 1+ to 2+). Conversely,
findings from the uninfected eyes were normal.

Immediately after the surgical procedure, these
observations were unchanged, except for minimal
conjunctival injection caused by speculum placement.
Uninfected eyes treated with vitrectomy and
vancomycin demonstrated mild iritis and vitritis
(scores of 1+) at 48-hour postinfection. The histology
data corroborate this observation, with fibrin and
cellular infiltrate seen in the posterior segment and
intact retinas. Infected eyes treated with vitrectomy
and vancomycin appeared similar to that of the
uninfected treated eyes at 4 h, with mild iritis and mild
to moderate vitritis (scores of 1+ to 2+). The histology
data demonstrated significant infiltrate into the
anterior and posterior segments, but retinas remained
relatively intact. Vitrectomy/vancomycin treatment at
6 hours resulted in eyes with moderate cell and flare
and vitritis (scores of 3+), with the occasional
hypopyon. The histology results of the vitrectomy/
vancomycin 6-hour treatment directly corroborate
these findings. Biomicroscopy and histology of
vancomycin-treated eyes at 4-hour and 6-hour post-
infection have been reported elsewhere,'*'> with
similarities in biomicroscopy scores and histology
findings between the 2 treatment groups at each time
point. As with the 6-hour treatment groups, eyes
treated with vitrectomy/vancomycin or vancomycin
alone at 5-hour postinfection were similar in both the
rate of evolution and severity of endophthalmitis signs.
These findings were corroborated by histology data.

Inflammation. Intraocular inflammation was estimated
by counting PMN in harvested aqueous. The results
are summarized in Figure 3. Vitrectomy/vancomycin
treatment of uninfected eyes resulted in infiltration of
PMN detected at 48-hour postsurgery. The numbers of
PMN in this group were similar to that in infected eyes
treated with vitrectomy/vancomycin at 4-hour post-
infection (P = 0.22). The numbers of PMN in infected
eyes treated with vitrectomy/vancomycin were sig-
nificantly less than that in infected eyes treated with
vancomycin alone at 4-hour postinfection (P = 0.02).
The numbers of PMN recovered from infected eyes
treated at S5-hour or 6-hour postinfection with
vitrectomy/vancomycin or vancomycin alone were
similar (P = 0.08). Recall that eyes treated at 5 hours
were recovered at 48-hour postinfection, while eyes
treated at 6 hours were recovered at 36-hour post-
infection. These results further corroborate that either
type of treatment after 4-hour postinfection leads to
significant inflammation in this model.

Intraocular Antibiotic Levels

Significant bactericidal levels must be achieved in
an infected eye after antibiotic treatment to prevent the
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Fig. 2. Photography and histology of eyes after
treatment of experimental B. cereus endoph-
thalmitis with vitrectomy and vancomycin (1%) at
various times postinfection. The control group
included uninfected eyes treated with vitrectomy
and vancomycin. Eyes were photographed and
then harvested for histology and hematoxylin and
eosin staining. Figures are representative of n = 3
eyes per group. Vanc, vancomycin; Vit, vitrectomy.
Magnification of retina sections, 100X.

infection from progressing. In vitrectomy-treated
infected eyes, intraocular contents were removed
and replaced with balanced salt solution containing
vancomycin, and vancomycin levels were later
quantified (Figure 4). No vancomycin was detected
in the aqueous humor at 48-hour postinfection
regardless of the time of treatment or whether
vitrectomy was involved in the regimen. Vancomycin
was detected in the vitreous of infected eyes treated at
4-hour or 5-hour postinfection but not in the vitreous
of infected eyes treated at 6-hour postinfection.
Although there was a trend toward decreased
vancomycin levels in eyes treated at 5-hour post-
infection, these values were not significantly different
from those after treatment at 4-hour postinfection
(P = 0.08). Vancomycin levels were also similar at
these time points regardless of whether vitrectomy
was involved in the regimen (P = 0.3). When
vancomycin was detected, these concentrations were
well above the minimum inhibitory concentration for
this particular B. cereus strain.

Discussion

Vitrectomy is designed to remove potentially
harmful contents and pathogens from the inside of

the eye in an effort to minimize inflammation and
salvage vision during many types of ocular infections.
This study demonstrates the efficacy of vitrectomy and
vancomycin over that of vancomycin alone for the
salvaging vision and limiting inflammation in exper-
imental B. cereus endophthalmitis. However, vitrec-
tomy and vancomycin were more effective than
vancomycin alone only when treatment was initiated
before 4-hour postinfection. After that time, all
treatments were relatively ineffective, resulting in
a significant inflammation and vision loss.

In this model, 4-hour postinfection is the critical
time within which intravitreal treatment must be
initiated to salvage useful vision. Bacillus cereus
endophthalmitis is unique in its rapid course and
invariably devastating outcome. The experimental
rabbit model used herein reproducibly mimics that
course. Bacillus cereus synthesizes multiple toxins in
the eye during experimental infection,” and we have
demonstrated that toxins are involved in vision loss in
this disease.”>** Which toxins are involved, the
kinetics of their synthesis, and the specific activities
on the retina are all open questions. However,
considering the in vitro and in vivo findings of the
importance of quorum sensing to B. cereus toxin
production and virulence,****3! one can envision
a scenario in which B. cereus reaches a threshold
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Fig. 3. PMN infiltration into the anterior segment after treatment of
experimental B. cereus endophthalmitis with vitrectomy and vanco-
mycin. PMN were quantified from aqueous humor samples at 48-hour
postinfection for eyes treated and 4 hours and 5 hours or at 36-hour
postinfection for eyes treated at 6-hour postinfection. The values rep-
resent the mean * standard error of the mean of n = 3 eyes per group.

quorum in the eye between 2-hour and 4-hour
postinfection, begins to synthesize toxins, affects the
retina, and vision loss occurs. Once treatment is
begun, the eye is sterilized, toxins are no longer
produced, and the retinal damage and vision loss are
limited to that already done.

In uninfected control eyes, vitrectomy with vanco-
mycin caused inflammation and retinal function loss.
Vitrectomy has been associated with blood-retinal barrier
breakdown and other physiologic changes.”>>* Recently,
Inoue et al'® reported that vitreal protein concentrations
decreased from 1 day to 7 days after 20-, 23-, or 25-
gauge vitrectomy, indicating that surgically induced
inflammation began to resolve within a week in this

Fig. 4. Ocular vancomycin concentrations after treatment of experi-
mental B. cereus endophthalmitis with vitrectomy and vancomycin.
Aqueous and vitreous were harvested at 48-hour postinfection for eyes
treated and 4 hours and 5 hours or at 36-hour postinfection for eyes
treated at 6-hour postinfection. Vancomycin concentrations were
quantified using a standard bioassay. The values represent the mean =
standard error of the mean of n = 3 eyes per group. Vancomycin was
not detected in any aqueous samples, so only vitreous results are shown.

model. Wallentén et al*> demonstrated significant
reductions in retinal function that were detected up to
28 days after vitrectomy. In that study, upregulation of
retinal GFAP, an indicator of vitrectomy-related retinal
trauma, was also detected in vitrectomy-treated rabbit
eyes. The majority of recent studies®®® on retinal
function after vitrectomy have been short-term toxicity
or clearance experiments. Intravitreal injection of
phosphate-buffered saline, bacterial media, or vancomy-
cin alone can cause a transient posterior segment
inflammation that, in the rabbit eye, resolves within 4
hours (data not shown). Therefore, any changes observed
in the uninfected eyes treated with vitrectomy and
vancomycin are likely attributed to vitrectomy alone.

In comparing our results in this study with that of our
previous therapeutic studies, we noted that retinal function
loss was greater, eyes appeared to be clinically worse, and
antibiotic concentrations were less in comparable
treatment groups. The difference between this study
and the previous two therapeutic studies'*'"> was the
animal model. All three studies used New Zealand white
rabbits of similar age. Nevertheless, the present study used
specific pathogen—free rabbits, while the previous studies
used rabbits raised in conventional conditions. Therefore,
it is possible that the difference in the pathogenicity and
clinical outcome seen in this study lie in the overall
immune status of the rabbit. An animal raised in
a pathogen-free environment may be more susceptible
to infections with organisms that have not previously been
encountered and may not be able to quickly mount the
degree of immune response needed to fight the in-
fection.”® This may account for the elevated severity of
infection at an earlier time point in the present study
compared with our previous studies. Although our results
draw clear comparisons among efficacies of the treatment
regimens tested, careful interpretation of potential model-
to-model variations must be considered when comparing
the effectiveness of a particular experimental regimen.
Nevertheless, these results reinforces the critical necessity
for early antibiotic treatment of B. cereus endophthalmitis
and indicates that timely vitrectomy in addition to
antibiotics may result in a better therapeutic outcome than
the use of antibiotics alone.

Key words: Bacillus, infection, eye, vancomycin,
vitrectomy.
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Endophthalmitis: epidemiology & incidence
Endophthalmitis is an infection that occurs as a result of seeding
of organisms into the interior of the eye following surgery (post-
operative), trauma (post-traumatic) or an infection elsewhere in
the body (endogenous). While the general rate of endophthalmitis
has remained somewhat constant over the past several years, the
increased use of intravitreal injections for the treatment of vari-
ous degenerative and inflammatory ocular diseases, as well as the
growing number of invasive ocular surgeries, may create a clinical
environment in which organisms have a greater opportunity to
infect the eye. Endophthalmitis cases can be treated successfully
if properly managed, and useful vision can be retained. However,
in severe cases of bacterial endophthalmitis, significant vision loss
can occur rapidly, despite prompt and proper treatment.

During the last two decades, postoperative endophthalmitis rates
have risen. The rates of infection after cataract surgery in the 1990s
were 0.1% or 1 in 1000, but increased to 0.2% or 1 in 500 surger-
ies in the early 2000s [1]. Cataract surgery results in more cases of
postoperative endophthalmitis than any other type of ocular sur-
gery [1]. The vast majority of postoperative endophthalmitis cases
(48—70%) are caused by coagulase-negative staphylococci. Many
other Gram-positive bacteria have also been isolated from postoper-
ative endophthalmitis cases, including streptococci, enterococci and
Staphylococcus aureus. Rates of endophthalmitis following traumatic
injury are more common, occurring in 3—17% of ocular traumatic
events [2-5]. For post-traumatic endophthalmitis, staphylococci
other than coagulase-negative staphylococci are the most common
cause, followed by Bacillus cereus. B. cereus is ten-times more likely
to be isolated from cases of post-traumatic endophthalmitis than
from cases of endophthalmitis following surgery (¢]. Endogenous
endophthalmitis (also known as metastatic endophthalmitis) results
from spread of the organism into the eye from an infection elsewhere

in the body. Compared with endophthalmitis following trauma or
surgery, endogenous endophthalmitis is relatively rare, accounting
for only 2—-8% of all reported endophthalmitis cases [7-11]. However,
endogenous endophthalmitis carries with it the danger of bilat-
eral infection in 15-25% of cases [7]. Fungal organisms account
for at least 50% of all endogenous cases, with Candida albicans
(75-80% of fungal cases) being the leading causative agent [8.9].
Gram-negative organisms cause 32—37% of all endogenous endo-
phthalmitis cases and typically have poor visual outcomes because
these infections are difficult to treat [7].

In any type of endophthalmitis, bacteria are introduced into the
intraocular environment, encountering a site of immunological
inactivity. The intraocular environment is termed an ‘immune-
privileged site’, devoid of inflammatory mediators and cells present
that would otherwise fight infection [12,13]. In this environment,
initial immune responses that would typically handle infection
are delayed or absent, providing an optimal growth medium for
organisms that reach the area. Eventually, bacteria are recognized
and inflammation initiates in an effort to handle the infection.
The extent of inflammation in the eye during endophthalmitis has
been shown to be organism dependent, with relatively avirulent
organisms (e.g., Staphylococcus epidermidis) causing mild and treat-
able inflammation, and virulent toxin-producing pathogens (e.g.,
B. cereus, S. aureus or streptococci) causing severe and intractable
inflammation [14-16].

Clinical presentation affects outcome

The course of endophthalmitis, treatment effectiveness and visual
outcome can be unpredictable. Clinical presentation of the dis-
ease depends, in part, on the relative virulence of the infecting
pathogen, the mechanism of introduction into the eye and how
quickly treatment is initiated. Other factors that affect the outcome
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of infection include the patient’s age, how vulnerable the infecting
agent is to antibiotic therapy, and the anatomic condition of the
eye during infection. Clinical studies have reported that increased
time between infection and treatment is associated with a worse
visual outcome [7,17-19], but this is not always the case [20]. At pre-
sentation, the infecting agent is not typically known, and because
treatment must begin immediately, broad-spectrum antibiotics are
generally used. Currently, broad-spectrum antibiotic coverage for
endophthalmitis includes a two-drug regimen: vancomycin to cover
Gram-positive organisms and a third-generation cephalosporin (cef-
tazidime) to cover Gram-negative organisms. Fluoroquinolones are
also considered broad spectrum and readily penetrate the eye, but
are at present not considered mainstays for the treatment of endo-
phthalmitis. In addition, the rapid development of fluoroquinolone
resistance in ocular isolates may preclude their routine use [21-25].
Regardless of the antibiotic chosen, studies suggest that these
drugs must be injected directly into the vitreous for the most
direct and effective treatment [24,26,27] because antibiotics may
not reach the posterior segment at concentrations great enough or
fast enough to be effective when these drugs are administered by
systemic, oral or topical routes. The blood—ocular barriers provide
a necessary and important obstruction to the penetration of poten-
tially harmful cells, drugs and other toxic substances into the eye,
but prevent systemic or topical antibiotics and other useful drugs
from reaching the intraocular infection site. Bactericidal antibiotic
levels achieved at the site of infection as soon after infection as pos-
sible are critical to sterilizing the eye and minimizing intraocular
damage and inflammation during severe cases of endophthalmitis.

Therapeutic limitations: the blood-ocular barrier

& drug toxicity

The blood—ocular barrier facilitates maintenance of a sterile envi-
ronment in the interior of the eye, creating an immune-privileged
site [12,13,28-30]. Narrow intercellular tight junctions between endo-
thelial cells and the basement membrane impair paracellular trans-
port of hydrophilic compounds, requiring transport via intracel-
lular routes. Tight junctions of the blood—ocular barrier protect the
intraocular space from a myriad of compounds but, as stated earlier,
also limit the entrance of potentially helpful systemic antimicrobial
and anti-inflammatory drugs. This restrictive environment leaves
clinicians with few treatment options, the best being circumvention
of the blood—ocular barrier by injection of the drugs directly into
the intraocular space. However, intraocular injections carry their
own risk of vitreous or subretinal hemorrhaging, retinal toxicity,
corneal abrasions, central artery occlusion, uveitis or lens opacifi-
cation [31-35]. The critical factor for clinicians to assess is whether
the potential for significant vision loss from infection outweighs
the minimal risk of complications from intravitreal injection of
antibiotics that would otherwise quickly sterilize the eye.

Very helpful drugs can sometimes be toxic and damaging to
the sensitive structures of the retina [36,37]. The sensitive nature
of photoreceptor cells and other retinal cells limits the drugs and
concentrations that can be used for treatment [36-38]. Amikacin
or low-dose gentamicin at doses of 0.4 mg have been reported to
cause macular infarction [36,38]. Owing to the potential toxicity of

aminoglycosides, ceftazidime has been a preferred choice for Gram-
negative cases of endophthalmitis due to its lack of toxicity [7.36]. The
unique challenges presented by the blood—ocular barrier and the
potential for intraocular drug toxicity requires careful consideration
in determining the most effective treatment regimens for salvaging
vision while reducing treatment risks during endophthalmitis.

The danger of systemic infections

As stated earlier, endogenous endophthalmitis is relatively rare,
comprising only a small percentage of all types of endophthalmi-
tis [9.11]. In the West, the majority of endogenous endophthalmitis
cases are fungal in origin, with Candida being the primary infect-
ing agent, while S. aureus is the most common bacterial cause
among several different types of bacteria [8,11,39.40).

Underlying risk factors associated with an immunocompromised
state are highly associated with cases of endogenous endophthal-
mitis, with only a limited number of the cases reported in other-
wise healthy individuals [11.41,42]. The risk factors themselves are
broad and range from underlying diabetes mellitus to infection
with HIV [8,11,39.40,43]. Jackson ez al. reported that 56% of patients
with endogenous bacterial endophthalmitis also had an underlying
immunocompromise [7]. Of those immunocompromised patients,
many were diabetic. Type 2 diabetes is the most common underlying
condition in endogenous endophthalmitis patients, especially those
with secondary Klebsiella pneumoniae liver abscesses [7). Prolonged
intravenous drug use and immunosuppressive treatment have also
been associated with endogenous endophthalmitis cases (7).

Patients with systemic fungemia, specifically candidemia, have
a reported mortality rate of 77%, suggesting that the progression
of infection into the eye may be a mortality indicator in systemi-
cally ill patients with endogenous Candida endophthalmitis [44].
Noting the potential for endogenous endophthlamitis in those
patients with bacteremia or fungemia is critical in preventing ocu-
lar sequelae of systemic infection. In patients with endogenous
endophthalmitis, initial ocular changes may not be addressed until
a complaint of ocular pain or vision loss, because the systemic
infection is the main priority [11,40]. Shankar ez #/. concluded that
endogenous endophthalmitis in healthy individuals leads to a
poor visual outcome [44]. Okada ez /. demonstrated that 78% of
patients with endogenous endophthalmitis had a final visual acuity
0f20/400 or worse [8]. Schiedler ez al. reported the number of final
visual acuities of 20/400 or worse at 50% [11], while Jackson ez al.
reported the number of patients with 20/20 vision after endogenous
endophthalmitis at only 5% (7). Despite improvements in the drugs
used for treating such infections, the visual outcome of endogenous
endophthalmitis has not improved over the past 55 years [745).

Current treatment regimens for endophthalmitis
Antibiotics

As stated earlier, current treatment regimens for bacterial endo-
phthalmitis include direct intravitreal injections of vancomycin
(1.0 mg/0.1 ml) and ceftazidime (2.2 mg/0.1 ml) for broad-spec-
trum coverage of Gram-positive and Gram-negative organisms,
respectively. Systemic antibiotics are administered for cases of
endogenous endophthalmitis. At present, vancomycin has 99%
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susceptibility against all Gram-positive organisms causing endo-
phthalmitis [19.25.46]. Recent reports have emerged regarding endo-
phthalmitis cases caused by vancomycin-resistant Enterococcus [4748).
The potential effectiveness of commonly used antibiotics can be
variable owing to the development of resistance. Sensitivities of
Gram-negative ocular isolates to ceftazidime, a third-generation
cephalosporin, were reported to be 100% [25]. However, Han ez a/.
reported a series of Gram-negative endophthalmitis cases in which
89% of patients were successfully treated, but the remaining 11%
were infected with Gram-negative bacteria resistant to both ami-
kacin and ceftazidime [49]. Structural improvements made to the
cephalosporin drug class have improved the efficacy of these drugs
against Gram-negative organisms. Second-generation (cefoxitin,
cefamandole, cefotetan) and third-generation (ceftriaxone, ceftazi-
dime, moxolactam) cephalosporins have superior activity against
Gram-negative bacteria, but decreased activity against Gram-
positive bacteria [50]. Intravitreal ceftazidime has been reported to
be safer than aminoglycosides, with toxicity observed only when
ceftazidime was administered at high dosages [3851]. A recent
clinical report demonstrated that the risk of endophthalmitis was
reduced by 93% when the second-generation cephalosporine cefu-
roxime was used as an intracameral prophylactic injected prior to
surgery [s2]. Synergy between antibiotic combinations is important
to consider, especially for a rapidly blinding infection such as endo-
phthalmitis. Vancomycin/amikacin and vancomycin/ceftazidime
are synergistic in combination. However, Roth and Flynn suggested
that synergy in antibiotic combinations may not be as important
for endophthalmitis due to the high levels of the individual drugs
injected at the site of infection [s3].

The fluoroquinolone class of antibiotics shows good potential
for the treatment of bacterial endophthalmitis. Third-generation
(levofloxacin) and fourth-generation (gatifloxacin, moxifloxacin)
fluoroquinolones have enhanced and broad-spectrum activity
against most ocular pathogens, especially Gram-positive bacte-
ria. Compared with second- and third-generation fluoroquino-
lones, the fourth-generation fluorquinolones have demonstrated
high efficacy in killing Gram-positive and -negative organisms
[54-56]. Although these drugs exhibit superior killing against com-
mon ocular pathogens [57:58], resistance to these antibiotics is on
the rise [21-25]. The increased emergence of multidrug-resistant
staphylococci or other resistant organisms may eventually increase
the frequency of treatment failures.

Fluoroquinolones have been shown to penetrate readily into
the eye, making these antibiotics candidates for the treatment
of intraocular infections. However, topical prophylactic use of
fluoroquinolones for surgery and for potential use in treatment of
postoperative endophthalmitis are controversial. Data from clinical
and experimental studies on the penetrative ability of the various
fluoroquinolones varies widely, owing primarily to differences in
dosing schedules. This variation makes drawing solid conclusions
difficult. Results vary on the topical dosing regimens necessary
to achieve concentrations greater than the MIC for most ocular
pathogens [59-61]. Of the fourth-generation fluorquinolones, moxi-
floxacin was shown to readily penetrate into the eye after topical
administration, resulting in concentrations greater than that of

gatifloxacin [¢1]. Studies have shown that topical moxifloxacin
effectively treated or prevented experimental staphylococcal endo-
phthalmitis (62-64], suggesting that topical moxifloxacin may have
reached the interior of the eye at sufficient levels to be effective in
these models. As stated earlier, when administered systematically,
most antibiotics do not reach clinically acceptable levels in the vit-
reous because of blood—ocular barrier impermeability. Results also
differ as to the efficacy of orally administered fourth-generation
fluoroquinolones in delivering adequate bactericidal concentrations
to the vitreous [65-67]. Gatifloxacin for systemic use is no longer
available due to potential associations with dysglycemia (¢s].

The ability of fluoroquinolones to cross the blood—ocular barrier
without direct intravitreal injection makes these drugs invaluable in
the appropriate situations. Fluoroquinolones are most commonly
administered as topical drops for ocular surface infections, so their
use for endophthalmitis would be considered ‘off-label’. Experimental
studies have documented their safety and efficacy in killing intra-
ocular organisms following intravitreal injection [69-74]. Considering
these results collectively, intravitreal administration of these and
other antibiotics appears to be a very effective choice of treatment
for intraocular infections, especially when adequate bactericidal
concentrations are needed immediately at the site of infection.

Anti-inflammatory drugs

Inflammation, typically necessary to clear infections, may cause
damage to the retina. Intravitreal administration of bacterial wall
components induces significant intraocular inflammation, but
only a mild and recoverable loss in retinal function [75-78]. Because
the intraocular inflammatory response has the potential to cause
collateral intraocular damage, arresting the immune response
with intravitreal steroids may serve as an adjunct to antibiotic
therapy. Clinical and experimental studies on the value of intra-
vitreal corticosteroids have been controversial and generally con-
flict on the benefit of these drugs for use in endophthalmitis.
Most clinical and experimental reports agree that the corticoste-
roid dexamethasone is not toxic to the retina when intravitreally
injected [72,79-82]. However, clinical reports conflict on whether
intravitreal dexamethasone is helpful (82,83 or of little use [84.85]
as an adjunct to antibiotic therapy for bacterial endophthal-
mitis. Experimental results on the effectiveness of intravitreal
steroids during bacterial endophthalmitis also vary. Intravitreal
dexamethasone/antibiotic combinations have been shown to be
effective [86,87) or ineffective [72.88,89] in reducing inflammation
during experimental bacterial endophthalmitis. Intravitreal pred-
nisolone/antibiotic combinations were also ineffective in reduc-
ing inflammation during experimental Bacillus endophthalmitis
compared with that of intravitreal antibiotics alone [73]. Although
there is a lack of definitive evidence for either position, cortico-
steroids (i.e., dexamethasone at 0.4 mg) are commonly used in
conjunction with antibiotics for the treatment of endophthalmitis.

Vitrectomy

In severe cases of endophthalmitis, vitrectomy is often used to
remove dead bacteria, damaged tissue, the inflammatory milieu
and other toxic substances from the interior of the eye. Clearing
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the posterior segment facilitates recovery and maintenance of
transparency and vitreal diffusion, leading to faster recovery
of vision. Microincision vitrectomy surgery, including 23- and
25-gauge vitrectomy, is often described as being minimally inva-
sive. However, since vitrectomy remains a complicated intraocular
surgery despite technical improvements, the procedure is not
without some risk [90,91].

Vitrectomies became a more acceptable adjunct to endophthal-
mitis treatment following the Endophthalmitis Vitrectomy Study
report demonstrating that endophthalmitis patients with visual
light perception experienced a threefold increase in 20/40 vision
when vitrectomies were performed [92]. Varying theories exist for
the success of vitrectomies in endophthalmitis cases with light
perception vision. Results from clinical pars plana vitrectomy
studies suggest that this type of surgery may induce blood—ocular
barrier breakdown, allowing systemically administered antibiotics
to enter more easily [93,94].

Intravitreal antibiotics with immediate vitrectomy have been rec-
ommended for post-traumatic endophthalmitis cases with retained
intraocular foreign bodies (IOFBs) [1995]. Early administration of
vancomycin and ceftazidime, and prompt vitrectomy to remove
the contaminating IOFB, resulted in a 53.5% improvement in
vision, while 40% of patients experienced a decrease in vision with
the same treatment [1995]. Prompt vitrectomy has been shown to
improve the visual outcome of endophthalmitis following non-
cataract ocular surgery and the visual outcome of endophthalmitis
following cataract surgery where infections were initially refractory
to treatment [96]. For endogenous endophthalmitis, vitrectomy also
contributed to improvements in visual outcome, but only when
vitrectomy surgery was performed early during infection [97). The
majority of clinical reports agree that vitrectomy performed in
conjunction with the proper intravitreal antibiotics should be ini-
tiated immediately in severe cases of endophthalmitis. This degree
of aggressive therapy is critical to a successful visual outcome,
especially in those endophthalmitis cases involving IOFBs.

The majority of recent experimental studies on the benefit of vit-
rectomy for endophthalmitis have tested the efficacy of vitrectomy
in experimental fungal infection models [98.99]. For bacterial endo-
phthalmitis, vitrectomy can be an efficient technique to remove dead
organisms, tissue and cellular debris, and damaging toxins and other
substances that are not affected by antibiotic or anti-inflammatory
drug activity. Newer office-based sutureless vitrectomy systems may
prove to be useful, but are not yet indicated for the treatment of
endophthalmitis. To date, few experimental studies have analyzed
the effectiveness of vitrectomy for the treatment of bacterial endo-
phthalmitis. However, given the need for clarity of the posterior
segment in facilitating healing following infection, further studies
assessing the benefits of this surgical procedure are warranted.

Prevention

The most effective therapy for endophthalmitis is prevention.
Sterile technique during all phases of surgery is paramount. Care
must be taken in preventing contamination at each preparation
step during any type of ocular surgery, including preparation of
outpatient intravitreal injections. Povidone—iodine preparation of

the eye and the use of proper prophylactic antibiotics and antisep-
tics is important. New therapies are being investigated for both
prophylaxis and treatment. Biodegradable scleral plugs impreg-
nated with antibiotic, antiviral and anti-inflammatory drugs have
been tested for extent of sustained drug release in vitro [100,101).
The safety and cost—effectiveness of intracameral antibiotics have
also been reported, but their penetration into the posterior seg-
ment remains an open question [102,103]. The use of antibiotics
in the irrigation and infusion fluid is also an option. Careful
attention to instituting preventative measures prior to surgery is
important in reducing the potential for infection.

Summary

Endophthalmitis can be a rapidly blinding complication of ocular
surgery, trauma to the eye or systemic infection. In reviewing and
comparing results from various clinical and experimental reports
regarding the efficacies of different endophthalmitis therapeutic
regimens, it is clear that no single universal therapy exists that is
highly effective for all cases of bacterial endophthalmitis. Variables
involved in the nature of the pathogen itself, routes of entry into
the eye and underlying medical conditions greatly confound the
situation, resulting in severe cases of bacterial endophthalmitis
that are difficult to manage and refractory to treatment. Variables
in dosing regimens in humans and different animal models also
prevent solid conclusions from being drawn regarding the best
treatment regimens for this disease. However, rapid diagnosis and
treatment is critical, even though identification by culture may not
be immediately available. Identification of the more virulent organ-
isms is preferable to identify pathogens capable of rapidly destroy-
ing the eye. Intravitreal antimicrobial therapy is a preferred route in
terms of delivering high levels of the appropriate drugs directly to
the site of infection. The use of anti-inflammatory agents remains
controversial. Vitrectomy, implemented as an adjunct in moderate
or severe cases, effectively clears the vitreous of toxic and inflam-
mogenic substances. Intravitreal injections and vitrectomy are not
without risk, however, and their use must be carefully considered
in light of the potential for significant vision loss if these regimens
are not used. The key to successful therapy for endophthalmitis is
rapid sterilization of the posterior segment and arrest of potentially
harmful inflammation, while concurrently limiting risks associated
with penetration of the eye by injections or surgery. Future design
of better and/or novel therapeutic regimens that achieve these goals
is critical to successfully combating this blinding disease.

Expert commentary

A review of the current state of endophthalmitis therapy and man-
agement indicates that, while most cases of endophthalmitis are
successfully treated, those cases that are refractory typically result
in significant vision loss. The difficulty in devising a successful
universal therapeutic strategy for endophthalmitis lies in the varia-
tions in conditions during which these infections occur. Translating
the results of experimental studies to improving therapeutic regi-
mens in the clinical setting is also difficult owing to the absence
of variations that may not always be included in experimental
models. In the context of bacterial endophthalmitis, intravitreal
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administration of antibiotics can sterilize the eye. The effective-
ness of anti-inflammatory drugs in arresting inflammation during
endophthalmitis remains an open question. Neither of these types
of drugs target toxic factors synthesized by the organism; factors
that can irreversibly damage fragile retinal tissue. Vitrectomy is the
only current therapy to approach the elimination of toxic factors,
theoretically removing all vitreal contents in order to clear the infec-
tion and begin the healing process. It is clear from experimental
and clinical studies that instillation of potent antibiotics into the
eye as soon after infection as possible is the best strategy, but this
must be evaluated by clinicians in terms of the risks involved with
intravitreal injections.

Five-year view

Although potent broad-spectrum antibiotics are available for the
treatment of ocular surface infections, the use of these antibiot-
ics is more critical for endophthalmitis because of the potential
for rapid and irreversible vision loss once these infections com-
mence. Improvements in therapeutic outcome of endophthalmitis
will depend upon faster identification of the infection itself and
rapid and aggressive intervention. Diligence in proper training
and prevention of contamination in the ocular surgery setting
will decrease the number of postoperative cases, as will the use
of intravitreal antibiotics upon presentation of post-traumatic
injuries that may include contamination of the posterior segment.

Key issues

Bacterial endophthalmitis is an infection and inflammation of the posterior segment of the eye that can rapidly evolve into a

sight-threatening situation.

During endophthalmitis, bacteria enter the posterior segment following trauma, surgery or from spread into the eye through the
bloodstream from a distant focus of infection.

Most topical and systemic antibiotics cannot penetrate into the eye fast enough or in high enough concentrations to be effective

during endophthalmitis.

Intravitreal administration of antibiotics ensures delivery of high concentrations directly at the site of infection.
Experimental and clinical studies disagree on the effectiveness of anti-inflammatory drugs in affecting inflammation

during endophthalmitis.

Vitrectomy removes vitreal contents which, during endophthalmitis, may include bacteria, bacterial products, inflammatory cells and

other toxic factors that may damage the retina.

Improvements in the clinical outcome of endophthalmitis depend largely upon faster identification of the infection, and rapid and

aggressive intervention.

Prevention of contamination in the surgical setting will decrease the number of postoperative cases of endophthalmitis.
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1. The activity supported the learning objectives.

2. The material was organized clearly for learning
to occur.

3. The content learned from this activity will
impact my practice.

4. The activity was presented objectively and
free of commercial bias.

1. A 72-year-old, black woman developed bacterial endophthalmitis following cataract surgery. Which of the
following statements about her condition is most likely correct?

[ A Bacterial endophthalmitis is an infection of the anterior segment of the eye
[0 B Bacterial endophthalmitis almost never causes irreversible vision loss

[1 C Eyesurgery is not a known risk factor for bacterial endophthalmitis

0D

Prevention of contamination in the surgical setting should help reduce the number of postoperative cases of endophthalmitis

2. Which of the following statements about the role of topical and systemic antibiotics and anti-inflammatory drugs
is most likely to apply to the management of the above-described patient?

O A
OB
O c
0D

Topical or systemic antibiotics are usually effective
Anti-inflammatory drugs are definitely indicated

Fluoroquinolones are the mainstay of treatment

In most cases of endophthalmitis, useful vision can be retained if proper treatment is started quickly

3. Which of the following statements about the use of intravitreal antibiotics and vitrectomy is most likely to apply

to the management of the patient?
A
1B

Intravitreal injection of antibiotics ensures delivery of high concentrations directly at the site of infection

Experimental studies have suggested that immediate vitrectomy is the best approach

[0 € Removing vitreal contents may impede healing of bacterial endophthalmitis

0D

Intravitreal injection and vitrectomy have no known risks
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