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PURPOSE. The purpose of this study was to investigate the protective mechanisms evoked by
TLR2 and MyD88 signaling in bacterial endophthalmitis in vivo.

METHODS. Endophthalmitis was induced in wild-type (WT), TLR2�/�, MyD88�/�, and Cnlp�/�

mice by intravitreal injections of a laboratory strain (RN6390) and two endophthalmitis
isolates of Staphylococcus aureus. Disease progression was monitored by assessing corneal
and vitreous haze, bacterial burden, and retinal tissue damage. Levels of inflammatory
cytokines/chemokines were determined using quantitative RT-PCR (qRT-PCR) and ELISA.
Flow cytometry was used to assess neutrophil infiltration. Cathelicidin-related antimicrobial
peptide (CRAMP) expression was determined by immunostaining and dot blot.

RESULTS. Eyes infected with either laboratory or clinical isolates exhibited higher levels of
inflammatory mediators at the early stages of infection (�24 hours) in WT mice than in
TLR2�/� or MyD88�/� mice. However, their levels surpassed that of WT mice at the later
stages of infection (>48 hours), coinciding with increased bacterial burden and retinal
damage. Both TLR2�/� and MyD88�/� retinas produced reduced levels of CRAMP, and its
deficiency (Cnlp�/�) rendered the mice susceptible to increased bacterial burden and
retinal tissue damage as early as 1 day post infection. Analyses of inflammatory mediators
and neutrophil levels in WT versus Cnlp�/� mice showed a trend similar to that observed in
TLR2 and MyD88 KO mice. Furthermore, we observed that even a 10-fold lower infective
dose of S. aureus was sufficient to cause endophthalmitis in TLR2�/� and MyD88�/� mice.

CONCLUSIONS. TLR2 and MyD88 signaling plays an important role in protecting the retina from
staphylococcal endophthalmitis by production of the antimicrobial peptide CRAMP.

Keywords: CRAMP, endophthalmitis, inflammation, MyD88, retinal damage, Staphylococcus

aureus, TLR2

Infectious endophthalmitis is a serious and often devastating
infection that occurs when microbial pathogens are

introduced into the vitreous chamber of the eye following
surgical procedures (e.g., cataract surgery) or accidental
ocular trauma.1,2 Most cases of culture-positive endophthalmi-
tis are caused by Gram-positive Staphylococcus and Strepto-

coccus species, resulting in a greatly diminished or even
complete loss of visual acuity, despite therapeutic interven-
tion.3–5 Among the staphylococci, Staphylococcus aureus is
responsible for the most severe cases of endophthalmitis. The
overall incidence of infectious endophthalmitis has a range of
0.056% to 1.3% following cataract surgery in the aged
population.3 However, the increased use of multiple intravit-
real injections for the treatment of age-related macular
degeneration (AMD) and diabetic retinal diseases has been
linked to the increased incidence of endophthalmitis in recent
years.6,7 The current treatment for endophthalmitis is intravit-
real antibiotic therapy,8 which is very effective against most
bacteria but often fails against multi-drug resistant (MDR)
ocular pathogens,9,10 which are prevalent in both the hospital

and the community.11–13 Several recent studies have reported

an increased incidence of methicillin-resistant S. aureus

(MRSA) endophthalmitis after cataract surgery.14 Thus, inves-

tigating the host response to this disease may provide new

alternative therapeutic targets in the prevention and treatment

of bacterial endophthalmitis.

Upon entry into the eye, bacteria proliferate rapidly in the

nutritionally rich vitreous and cause intraocular inflammation

characterized by hypopyon, loss of red reflex, redness of the

conjunctiva, and underlying episclera.1,15 Additionally, infec-

tion induces the infiltration of immune cells and edema within

the retina, and the influx of neutrophils lead to the formation of

abscesses.16 Much of the pathology observed in endophthal-

mitis appears to result from deleterious host responses to the

bacteria.4,17 Consequently, the administration of heat-killed S.

aureus and its cell wall sacculi has been shown to result in

inflammatory responses nearly identical to that seen with live

bacteria.18 Although much is known about the cause of

infectious endophthalmitis, the induction of retinal immunity,
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particularly as it relates to protective responses is not well
understood.

To identify signaling cascades responsible for orchestrating
immune responses in endophthalmitis, over the last 5 years,
we investigated the involvement of Toll-like receptor (TLR)
signaling.3,19–21 Together, our studies revealed that retinal
residential cells, the microglia19 and Müller glia,3,22,23 express a
full repertoire of TLRs and are the first responders to the
pathogen invasion in the vitreous cavity, and elicit innate
responses to S. aureus primarily through TLR2. Furthermore,
we demonstrated that in vitro–activated retinal glial cells
exhibit bactericidal properties, in part due to the production of
antimicrobial peptides (AMPs) including LL-37 (cathelicidin-
related antimicrobial peptide [CRAMP] for mouse).3,23 Similar-
ly, we also showed that intravitreal injection of TLR2 agonist
(Pam3Cys) prior to bacterial challenge induced profound
protection against staphylococcal endophthalmitis.2 However,
these studies did not conclusively prove our hypothesis that
the production of AMPs under in vivo conditions is regulated
by TLRs and their deficiency worsens disease outcome. Thus,
to investigate the protective mechanisms evoked by TLR2 and
MyD88 signaling in vivo, here we comprehensively describe
the clinical course of S. aureus endophthalmitis and provide
confirmatory evidence that induction of TLR2 � MyD88
signaling is critical to protect the retina from staphylococcal
endophthalmitis using knockout (KO) mice.

MATERIALS AND METHODS

Mice and Ethics Statement

C57BL/6 (wild-type [WT]), TLR2�/�, and MyD88�/� (both in B6
background) mice were purchased from the Jackson Labora-
tory (Bar Harbor, ME, USA), and the KO mice were bred in-
house. CRAMP-deficient (Cnlp�/�) mice were obtained from
Richard Gallo, MD, PhD (University of California, San Diego,
CA), and were also bred in-house. Animals were housed in a
restricted access DLAR facility at the Kresge Eye Institute,
maintained in a 12:12 light/dark cycle, and fed LabDiet rodent
chow (Labdiet; Pico Laboratory, St. Louis, MO, USA) and water
ad libitum. Both male and female mice, 8 to 12 weeks of age,
were used in all experiments. Polymerase chain reaction (PCR)
was performed for genotyping to confirm the homozygosity of
the littermates. Mice were treated in compliance with the
Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research and all procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Wayne State
University under protocol A 08-02-13.

Induction of Endophthalmitis

Endophthalmitis was induced in WT and KO mice by
intravitreal (left eye) inoculation of a laboratory strain
(RN6390)2 and two S. aureus endophthalmitis isolates (E311
and E333),24 kindly provided by Regis P. Kowolski, MS,
M(ASCP) (Department of Ophthalmology, University of Pitts-
burgh, PA, USA). Uninfected right eyes or eyes injected with
sterile PBS served as controls. Clinical examinations were
performed using slit lamp and fundus microscopic examina-
tion. The ocular disease was graded, and clinical scores ranging
from 0 to 4 were assigned using criteria described previous-
ly.4,25 At the desired time points post infection, enucleated
eyes were subjected to bacterial growth determination,
inflammatory cytokine/chemokine assays, polymorphonuclear
neutrophil (PMN) infiltration, and histology, as described in the
following sections.

Bacterial Burden Estimation

Bacterial burdens in infected eyes of WT, TLR2�/�, MyD88�/�,
and Cnlp�/�mice were determined using the standard bacterial
plate count method. At the indicated time points, the eyes
were enucleated and homogenized in sterile PBS by beating
against stainless steel beads in a Tissue lyser (Qiagen, Valencia,
CA, USA). The homogenate was serially diluted in sterile PBS
and plated on tryptic soy agar (TSA) plates. Results were
expressed as mean 6 SD number of colony-forming units
(CFU)/eye.

Cytokine/Chemokine ELISA

Levels of the inflammatory cytokines and chemokines were
determined using commercially available ELISA kits. Briefly, 15
lg retinal lysate was used for detection of mouse IL-6, IL-1b,
and TNFa (BD Biosciences, San Jose, CA, USA), MIP2, and KC
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instruction. Data are mean 6 SD pg/mg of
retinal tissue lysate.

RNA Extraction and Real-Time PCR Analysis

Total RNA was extracted from the retinal tissue using TRIzol
reagent following the manufacturer’s instruction (Invitrogen,
Carlsbad, CA, USA). Complementary DNA was synthesized using
1.0 lg total RNA using a Maxima first strand cDNA synthesis kit,
according to the manufacturer’s instructions (ThermoFisher
Scientific, Rockford, IL, USA). Quantitative RT-PCR was conduct-
ed in a StepOnePlus instrument (Applied Biosystems, Grand
Island, NY, USA) using cDNA for proinflammatory (TNF-a, IL-1b,
IL6, MIP2, and KC) and anti-inflammatory (IL-10) genes. TaqMan
primers and probes (mini-qPCR assay; Prime Time) were
purchased from Integrated DNA Technologies (Coralville, IA,
USA). Quantification of gene expression was determined by the
comparative DDCT method. Expression levels in the test samples
were normalized to the those of endogenous reference GAPDH
levels. All assays were performed in triplicate and repeated at
least twice.

Dot Blot Analysis

Dot blot analysis for the expression of CRAMP was performed
as described previously.23 Briefly, 10 lg total retinal lysates
were loaded onto a 0.2 lm Nitrocellulose membrane using a
BIO-DOT apparatus (Bio-Rad, Hercules, CA, USA). The mem-
brane was fixed (10% formaldehyde in Tris-buffered saline
[TBS]), blocked (5% skim milk made in TBST [TBS containing
0.05% Tween 20]), and incubated with rabbit anti-mouse
CRAMP antibody (Ab) overnight at 48C. On the following day,
the blot was washed and incubated with goat anti-rabbit
horseradish-peroxidase (HRP) conjugate and developed using
SuperSignal West Femto maximum Sensitivity Substrate (Ther-
moFisher Scientific) by chemiluminescence, using Kodak
image station 4000R Pro molecular imaging system (Care-
stream Health, Inc., Rochester, NY, USA). Dot intensity was
quantified by using ImageJ analysis software (http://imagej.nih.
gov/ij/; provided in the public domain by the National
Institutes of Health, Bethesda, MD, USA).

Immunofluorescence Staining

Retinal cryosections were fixed in 4% formaldehyde in PBS for
15 minutes at room temperature (RT) and washed three times
with PBS. The cryosections were then permeabilized by
dipping the slides in a gradient of ethanol for 5 minutes each
and blocked for 1 hour in blocking buffer (1% [w/v] bovine
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serum albumin [BSA], 0.05% [v/v] Tween 20 in PBS) at RT. The
slides were then incubated overnight with anti-CRAMP Ab at
48C followed by three washes with PBST. The slides were then
incubated for 1h with fluorescent-conjugated secondary Ab

(FITC) at RT. After 5 washes in PBS, the slides were mounted in
Vectashield anti-fade mounting medium (Vector Laboratories,
Burlingame, CA, USA) and observed under an Eclipse 90i
fluorescence microscope (Nikon, Melville, NY, USA).

FIGURE 1. TLR2 and MyD88 deficiency rendered eyes susceptible to increased retinal damage following S. aureus infection. (A) Eyes (n¼ 6) of WT
(C57BL/6), TLR2�/�, and MyD88�/�mice (both on B6 background) were infected with S. aureus (5000 CFU/eye of strain RN6390) and after 1, 2, and 3
days post infection (DPI), individual eyes were assigned clinical scores (range, 0–4), and data are presented as mean clinical scores (bar with SD). (B) Slit
lamp microscopy examination was performed, and photomicrographs were taken of representative eyes. (C) For histological analysis, eyes were
enucleated at the indicated time points and subjected to H&E staining. To detect retinal cell death, the eyes were embedded in OCT at 1 DPI and
cryosections were subjected to TUNEL staining (blue, DAPI nuclear stain; green, TUNELþve cells) (D), and brightfield imaging (E). Student’s t-test was
used for statistical analysis, and comparisons were made between WT versus TLR�/� (*) and WT versus MyD88�/� (#); (*#P< 0.05; **##P< 0.005; ###P<
0.0005). Magnification: 320.
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Histological and TUNEL Assays

The embedding, sectioning and hematoxylin and eosin (H&E)
staining was performed by Excalibur Pathology, Inc. (Oklaho-
ma City, OK, USA). For TUNEL staining, the eyes were fixed in
Tissue-Tek OCT (Sakura, Torrance, CA, USA) and five-micro-
meter-thick sagittal sections were collected from each eye and
mounted onto microscope slides. TUNEL staining was per-
formed on retinal cryosections using ApopTag fluorescein in
situ apoptosis detection kit according to the manufacturer’s
instruction (Millipore, Billerica, MA, USA).

Flow Cytometry Analysis

Flow cytometry was used to determine the infiltration of PMNs
in infected retinas as described previously.23,26,27 Briefly,
following euthanasia, the retinas were isolated from the eyes
and digested with Accumax (Millipore) for 10 minutes at 378C.
Retinas from two eyes were pooled together to obtain a
sufficient number of cells. Following digestion, the retinal

tissue was passed through a 23-gauge needle and syringe and

filtered through a 40-lm cell strainer (BD Falcon, San Jose, CA,

USA). The cells were incubated with Fc Block (BD Biosciences)

for 30 minutes, followed by a washing step with PBS

containing 0.5% bovine serum albumin (BSA). Cells were then

incubated with phycoerythrin (PE)-Cy5-conjugated CD45, and

Ly6G-FITC antibodies (BD Biosciences) for 30 minutes in the

dark. After subsequent washing steps, the cells were acquired

on an LSR II flow cytometer (BD Biosciences), at the

Microscopy, Imaging, and Cytometry Resources Core at Wayne

State University (Detroit, MI, USA). Data were analyzed using

Flowjo software (Treestar, Ashland, OR, USA).

Statistical Analysis

All data are means 6 SD unless indicated otherwise. Prism

version 6.2 software (GraphPad Software, La Jolla, CA, USA)

was used for statistical analysis. An unpaired, Student’s t-test

FIGURE 2. TLR2�/� and MyD88�/� eyes had higher bacterial burdens and increased proinflammatory cytokines at the later stages of infection. Eyes
(n¼6) of WT (C57BL/6), TLR2�/�, and MyD88�/�mice (both on B6 background) were infected with S. aureus (5000 CFU/eye of strain RN6390). At
1, 2, and 3 days post infection (DPI), the eyes were enucleated and homogenized, and the bacterial burden was estimated by serial dilution plating
(A). ELISA was performed to measure the level of inflammatory cytokines, by using tissue lysates (B). Student’s t-test was used for statistical analysis,
and comparisons were made between WT versus TLR2�/� (*) and WT versus MyD88�/� (#), (*#P < 0.05; **##P < 0.005; ***###P < 0.0005). One-way
ANOVA was used for group comparisons (†P < 0.05; ††P < 0.005; †††P < 0.0005; ns, not significant).
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was used to determine statistical significance between groups.
One-way ANOVA was used for group comparisons.

RESULTS

S. aureus Causes Increased Retinal Tissue Damage
in TLR2�/� and MyD88�/� mice

To determine the in vivo roles of TLR2 and MyD88 signaling in the
pathogenesis of bacterial endophthalmitis, the eyes of WT
(C57BL/6), TLR2�/�, and MyD88�/� mice were challenged by
inoculation of S. aureus as described previously.2,17,28 Disease
severity, as measured by clinical score, showed a time-dependent
progression. The average clinical score of TLR2�/�mice did not
differ significantly from that of WT mice, whereas MyD88�/�mice
had higher clinical scores at 1 day post infection (DPI). At 2 DPI,
both TLR2�/� and MyD88�/�mice had higher clinical scores than
WT mice. This trend continued to 3 DPI, with MyD88�/� having
the highest mean clinical scores, followed by TLR2�/� and WT
(Fig. 1A). Microscopic examination of the infected eyes coincided
with the clinical scores, as shown by increased corneal opacity,
hyopyon, and signs of severe inflammation in TLR2�/� and
MyD88�/� mice (Fig. 1B). To further confirm disease severity,
histological analysis was performed on infected eyes and showed
that at 1 DPI, all WT, TLR2�/�, and MyD88�/� mouse eyes

exhibited increased cellular infiltration compared to their
uninfected (PBS-injected) controls. However, retinal folding was
more prominent in TLR2�/� and MyD88�/� eyes. These differ-
ences were more drastic at 2 and 3 DPI, where both TLR2�/� and
MyD88�/� eyes exhibited heavy cellular infiltration, retinal
folding, and disorganization of the retinal architecture compared
to WT (Fig. 1C). To determine whether increased inflammatory
milieu induces retinal cell death, we performed TUNEL staining of
infected retinal cryosections. To this end, our data showed an
increased number of TUNEL positive (þve) cells in MyD88�/� and
TLR2�/� retinas compared to WTretinas (Fig. 1D). Together, these
results indicate that TLR2�/� and MyD88�/� mice are more
susceptible to S. aureus endophthalmitis.

TLR2�/� and MyD88�/� Mouse Eyes Had Increased
Bacterial Burden and Inflammatory Mediators

To discover whether TLR2 and MyD88 deficiency influences
intraocular bacterial growth, we determined bacterial burden in
the infected eyes. To this end, our data indicate a time dependent
increase in the bacterial burden in the infected TLR2�/� and
MyD88�/� mice, compared to WT mice (Fig. 2A). At 1 DPI, the
bacterial burden was lowest in WT eyes, followed by TLR2�/�

eyes, whereas S. aureus grew rapidly in the eyes of MyD88�/�

mice. This trend continued to 2 DPI. However, at 3 DPI, the

FIGURE 3. TLR2- and MyD88-deficient eyes had reduced inflammatory cytokine levels at the early stages of infection. Eyes (n¼4) of WT (C57BL/6),
TLR2�/�, and MyD88�/� mice (both on B6 background) were infected with S. aureus (5000 CFU/eye of strain RN6390), and retinal tissues were
harvested at 3, 6, and 12 hours post infection. Following RNA isolation and cDNA synthesis, inflammatory mediators were measured using qRT-PCR.
Data are fold changes in comparison with uninfected controls. Student’s t-test was used for statistical analysis, and comparisons were made between
WT versus TLR�/� (*) and WT versus MyD88�/� (#); (*#P < 0.05; **##P < 0.005; ***###P < 0.0005). One-way ANOVA was used for group
comparisons (†P < 0.05; ††P < 0.005; †††P < 0.0005; ns, not significant).
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bacterial load in WT eyes was decreased compared to 2 DPI but
still higher than at 1 DPI. In contrast, bacteria continued to grow
in the eyes of TLR2�/� and MyD88�/� eyes, and their levels were
significantly higher than that in WT eyes at 3 DPI. Analysis of the
inflammatory mediators in the same tissue lysates (used for
bacterial count) revealed that WTeyes had higher levels of pro-IL-
1b, pro-IL-6, pro-TNF-a, pro-MIP-2, and pro-KC and anti-inflam-
matory (IL-10) mediators at 1 DPI and that their levels gradually
declined by 3 DPI. In contrast, the levels of inflammatory
mediators in TLR2�/� and MyD88�/�eyes were lower at 1 DPI but
gradually increased and remained either higher (IL-6, TNF-a, KC,
and IL-1b) or similar to (IL-10) that of WT eyes (Fig. 2B).

TLR2 and MyD88 Deficiency Delayed Early Innate
Responses

The reduced protein levels of inflammatory mediators at 1 DPI
(24 hours) in TLR2�/� and MyD88�/� mice suggest a delay in
evoked retinal innate responses in the absence of TLR2/MyD88
signaling. To investigate whether the delay was initiated earlier
than 24 hours, we performed qRT-PCR of pro-and anti-
inflammatory cytokines/chemokines at 3, 6, and 12 hours of
S. aureus infection (Fig. 3). mRNA analysis of both proin-
flammatory (IL-1b, IL-6, MIP-2, TNF-a, and KC) and anti-
inflammatory (IL-10) mediators in WT eyes showed time-

FIGURE 4. Early neutrophil influx was delayed in TLR2�/� and MyD88�/� eyes. Eyes (n¼ 10) of WT (C57BL/6), TLR2�/�, and MyD88�/�mice (both
on B6 background) were infected with S. aureus (5000 CFU/eye of strain RN6390), and the vitreous and retina were isolated at the indicated time
points. Vitreous and retina from two eyes was pooled to make single-cell suspensions, and cells were stained with anti-CD45 and anti-Ly6G
monoclonal antibodies. Post acquisition, cells were size-gated to differentiate them from debris. The percentage of dually positive PMNs was
determined by using a CD45-versus-Ly6G dot plot (upper-right quadrant) (A). Bar graph shows cumulative quantitative data from three
independent experiments (B). Student’s t-test was used for statistical analysis, and comparisons were made between WT versus TLR�/� (*) and WT
versus MyD88�/� (#); (#P < 0.05; **##P < 0.005; ###P < 0.0005).
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dependent increases, with the highest levels at 12 hours. In
contrast, TLR2�/� and MyD88�/� eyes exhibited lower levels at
any given time point, except for of IL-6, KC, and IL-10, whose
levels were slightly higher in MyD88�/� eyes than in WT eyes at
3 and 6 hours (for IL-6 only). However, at 12 hours, the levels
of investigated inflammatory mediators were significantly
lower in both of the KO mice than in WT mice.

In addition to the production of inflammatory mediators,
another early innate response is the influx of neutrophils, the first
innate immune cells recruited to the retina in endophthalmitis.26

Therefore, we sought to determine whether TLR2 and MyD88
deficiency had an impact on neutrophil infiltration. Time course
analyses revealed significantly higher levels of PMNs in WT
(~75%) than in TLR2�/� (~38%) and MyD88�/� (~26%) eyes at 24
hours post infection (Fig. 4). Overall, MyD88�/� eyes exhibited
the lowest PMN infiltration at all time points. These results
suggest that TLR2 signaling by MyD88 is essential for the early
innate responses in staphylococcal endophthalmitis.

S. aureus-Induced CRAMP Levels Were Lower in
TLR2�/� and MyD88�/� Mice

We previously showed that S. aureus induces the expression of
CRAMP in mouse retina,2 retinal microglia,2,19 and Müller
glia.3,23 Moreover, this innate response is mediated in part by
TLR2 signaling.19 To examine whether TLR2 deficiency alters
CRAMP expression, we determined CRAMP levels in infected
WT, TLR2�/�, and MyD88�/� eyes (Fig. 5). As expected,
immunohistochemical analysis revealed that S. aureus induced
CRAMP expression in WT retinas and, to a less extent, in TLR2�/�

and MyD88�/�retinas. These findings were further confirmed by
qRT-PCR (Fig. 5B) and dot-blot analyses (Fig. 5C). Collectively,

these data suggest that TLR2 and MyD88 signaling contribute to
retinal CRAMP expression in response to S. aureus infection.

CRAMP-Deficient Mice Are More Susceptible to S.

aureus Endophthalmitis

Because CRAMP is a potent AMP with direct bactericidal
activity, we hypothesized that the increased bacterial burden
seen in TLR2�/� and MyD88�/� eyes (Fig. 2) could be due to
reduced CRAMP production. To test this, we induced
endophthalmitis in CRAMP-deficient (Cnlp�/�) mice and
observed that these KO mice developed severe endophthalmi-
tis, as shown by higher clinical scores compared to WT mice at
1, 2, and 3 DPI (Fig. 6A). Similarly, Cnlp�/� eyes had significantly
higher bacterial burden (Fig. 6B). Histological analysis of the
eyes showed time-dependent increases in retinal damage and
heavy cellular and fibrin infiltrates (Fig. 6C), similar to those
observed in TLR2�/� and MyD88�/� mouse eyes (Fig. 1C).

Analysis of the inflammatory mediators showed differential
kinetics in Cnlp�/� versus WT mice eyes (Fig. 7). Quantitative
RT-PCR analysis revealed the increased mRNA expression of IL-
1b, IL-6, TNF-a, MIP-2, KC, and IL-10 in Cnlp�/� compared to
WT eyes at 3 and 6 hours post S. aureus infection; however,
their levels were reduced at 12 hours in all cases (Fig. 7A). The
quantification of these cytokines at the protein level showed
reduced levels of IL-1b, TNF-a, MIP-2, KC, and IL-10 at 1 DPI,
and the trend continued to 2 DPI, with the exception of TNF-a,
whose levels were slightly increased. At 3 DPI, the levels of IL-
1b, IL-6, TNF-a, and KC were higher in Cnlp�/� eyes, whereas
the levels of MIP-2 and IL-10 were similar to those of WT eyes
(Fig. 7B). Flow cytometry analysis revealed slightly reduced but
not statistically significant PMN infiltration at 8 and 12 hours
post S. aureus infection in Cnlp�/�mouse eyes. However, PMN
levels were significantly lower at 24 hours (Fig. 8).

FIGURE 5. TLR2- and MyD88-deficient eyes exhibit reduced CRAMP
levels. Eyes (n ¼ 4) of WT (C57BL/6), TLR2�/�, and MyD88�/� mice
(both on B6 background) were infected with S. aureus (5000 CFU/eye
of strain RN6390). CRAMP expression in the retina (24 hours post
infection) was detected by immunostaining (blue, DAPI nuclear stain;
green, CRAMPþve cells) (A) and dot-blot (C). For quantitative analysis,
qRT-PCR was performed at the indicated time points to assess mRNA
levels of CRAMP (B). Dots were quantitated by densitometric analysis
and are presented as fold increases in comparison to uninfected
controls. Student’s t-test was used for statistical analysis, and
comparisons were made between WT versus TLR2�/� (*) and WT
versus MyD88�/� (#); (*#P < 0.05; **##P < 0.005). Magnification: 320.

FIGURE 6. Cnlp�/�mice show increased susceptibility to staphylococ-
cal endophthalmitis. Eyes (n¼4–6) of WT (C57BL/6) and Cnlp�/�mice
(B6 background) were infected with S. aureus (5000 CFU/eye of strain
RN6390). At 1, 2, and 3 days post infection (DPI) individual eyes were
assigned clinical scores (range, 0–4), and data are mean clinical scores
(bar with SD) (A). Bacterial burden was estimated in the eye lysates by
serial dilution plating (B). Histological analysis was performed
following H&E staining (C). Student’s t-test was used for statistical
analysis, and comparisons were made between WT versus Cnlp�/� (§);
(§P < 0.05; §§P < 0.005). Magnification: 320.
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A Lower Dose of S. aureus Causes Endophthalmitis

in TLR2�/� and MyD88�/� Mice

Previous studies have shown that intravitreal injection of 500

CFU of S. aureus causes transient inflammation in WT mice;

however, the bacteria are cleared by 3 DPI, and inflammation is

resolved.4,17,28 Having shown the increased susceptibility of

TLR2�/� and MyD88�/�mice by using a dose of 5000 CFU/eye,

we sought to determine whether 500 CFU/eye, a 10-fold lower

dose could cause endophthalmitis in these KO mice. To this

FIGURE 7. Cnlp�/� eyes exhibit persistently higher inflammatory mediators. Eyes (n¼ 4) of WT (C57BL/6) and Cnlp�/�mice (B6 background) were
infected with S. aureus (5000 CFU/eye of strain RN6390). The level of inflammation was monitored in infected eyes at the transcript level by qRT-
PCR (A) and at the protein level by ELISA (B). Student’s t-test was used for statistical analysis, and comparisons were made between WT versus Cnlp�/�

(§); (§P < 0.05; §§P < 0.005; §§§P < 0.0005). One-way ANOVA was used for group comparisons (†P < 0.05; ††P < 0.005; †††P < 0.0005; ns, not
significant).
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end, our data showed that, similar to the response to the 5000
CFU dose (Fig. 2A), intravitreal injection of 500 CFU of S.

aureus resulted in an increased bacterial burden in both
TLR2�/� and MyD88�/� mouse eyes at 1 and 3 DPI, whereas
their viable counts were significantly reduced at 3 DPI in WT
mice (Fig. 9A). Analysis of inflammatory mediators (e.g., TNF-
a) showed decreased levels at 1 DPI in KO mice but
significantly elevated levels at 3 DPI (Fig. 9B). Histological
analysis showed no significant damage in WT retinas at 3 DPI.
In contrast, increased retinal damage with heavy cellular
infiltration was evident in TLR2�/� and MyD88�/� eyes at 3 DPI
(Fig. 9C).

TLR2, MyD88, and CRAMP Deficiency Impairs
Retinal Innate Responses To S. aureus
Endophthalmitis Isolates

Having shown the impact of loss of TLR2 and MyD88 signaling
in initiation of retinal innate responses by using the S. aureus

laboratory strain RN6390, we next sought to compare innate
responses to human S. aureus endophthalmitis isolates.24 To
this end, our results indicated that overall, the KO mice
exhibited similar disease progression with minor difference (in
terms of levels) following infection with clinical isolates, as
observed with RN6390 (Fig. 10). Briefly, the bacterial burdens

FIGURE 8. Cnlp�/� mice exhibit reduced PMN infiltration at the early stages of infection. Eyes (n ¼ 8) of WT (C57BL/6) and Cnlp�/� mice (B6
background) were infected with S. aureus (5000 CFU/eye of strain RN6390). Polymorphonuclear neutrophil infiltration was determined using flow
cytometry (A), as described in the legend to Figure 4. Bar graph shows cumulative quantitative data from three independent experiments (B).
Student’s t-test was used for statistical analysis, and comparisons were made between WT versus Cnlp�/� (§); (§P < 0.05; §§P < 0.005).
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in all KO eyes infected with the E311 strain (Fig. 10A) or the
E333 strain (Fig. 10B) were higher than in WT mice at both 24
hours and 72 hours post infection. Interestingly, the clinical
isolates (E333 being slightly more) induced higher levels of
inflammatory mediators than RN6390 in both WT and KO mice
(compare Fig. 2B and Figs. 10C, 10D). The comparison of
individual clinical isolates in WT versus KO mice revealed a
similar trend, that is, reduced levels of TNFa and MIP2 at 24
hours and significantly higher levels at 72 hours for both E311-
and E333-infected eyes (Fig. 10C and D). However, IL-10 levels
remained lower at both 24 hours and 72 hours post infection.

DISCUSSION

Previous studies from our laboratory and others have shown
that the host innate immune responses generated by TLRs are
critical in defending the eye from ocular pathogens, including
S. aureus.29–33 We postulated that, in an immune-privileged
tissue such as the retina, the lack of this innate system gives an
advantage to pathogens by allowing them to grow inside the
eye, which leads to retinal damage and permanent vision loss.
Here, we demonstrated that TLR2/MyD88-dependent signals
are responsible for both the production of proinflammatory
cytokines/chemokines and the infiltration of PMNs at the early
stages of staphylococcal endophthalmitis. The lack of these
innate responses impedes bacterial clearance and contributes
to the increased inflammation and retinal tissue damage seen in
TLR2 and MyD88 KO mice at the later stages of infection. Most
importantly, even a lower infectious dose of S. aureus was able
induce endophthalmitis in these KO mice. Furthermore, our
data revealed that in vivo TLR2/MyD88 signaling regulates S.

aureus-induced production of CRAMP in the retina and that
the deficiency of this signaling renders eyes more susceptible
to staphylococcal endophthalmitis. Collectively, these findings
indicate that the activation of TLR2 � MyD88 signaling evokes
protective innate responses in staphylococcal endophthalmitis
and that targeting this signaling cascade may lead to novel
therapeutic agents for the prevention or treatment of bacterial
endophthalmitis.

Our laboratory has focused on understanding the host
innate response to bacterial endophthalmitis and on identify-
ing pathways that lead to intraocular inflammation and cellular
infiltration in the vitreous cavity and the loss of retinal
function. We demonstrated that S. aureus virulence factors
activate TLR2 on retinal microglia19 and Müller glia,3,20 which
produce CXC chemokines, which then facilitate neutrophil
recruitment to the retina to limit bacterial growth.34 Moreover,
the activation of TLR2 prior to S. aureus challenge was shown
to attenuate the development of endophthalmitis in WT mice,
suggesting its protective role.2 In the current study, we
demonstrated that TLR2 deficiency resulted in worse disease
outcome, further confirming the protective role of TLR2 in
staphylococcal endophthalmitis. Time course studies revealed
delayed production of proinflammatory cytokines/chemokines
at the early stages of infection in TLR2�/� KO mice. As these
inflammatory mediators are required for the trafficking of
innate immune cells,35 TLR2�/� eyes exhibited reduced PMN
infiltration. The crucial role of PMNs in host immune responses
against various bacterial infections, including endophthalmitis,
has been demonstrated in multiple in vivo mod-
els.17,25,26,29,33,36 Although the mechanisms regulating PMN
infiltration in bacterial endophthalmitis are not well under-
stood, recent studies have demonstrated that the lack of TLR
signaling influences PMN recruitment to the retina in
experimental Klebsiella pneumoniae33 and Bacillus cere-

us29,30 endophthalmitis. Here, we demonstrate that TLR2 plays
an important role in initiating PMN infiltration in S. aureus

endophthalmitis and that its deficiency delayed this response.
Earlier studies have shown that TLR2-deficient mice have

increased mortality compared to WT mice in systemic S.

aureus infection, which was attributed to a higher bacterial
burden and dysregulated inflammatory responses.37,38 In
addition to systemic infections, staphylococci are the leading
cause of bacterial endophthalmitis and the mechanisms of in
vivo TLR2 signaling, which have not been investigated in the
setting of staphylococcal endophthalmitis. However, in a
recent study by Novosad et al.,29 TLR2 deficiency did not
seem to affect the intraocular growth of bacteria in a B. cereus

endophthalmitis model but significantly reduced the levels of
PMNs and proinflammatory cytokines/chemokines at 4, 8, and
12 hours post infection. These findings are consistent with our
data at the early stages, that is, 12 to 24 hours of S. aureus

infection. However, it should be noted that, in contrast to S.

aureus, endophthalmitis caused by B. cereus progresses faster
with massive destruction of the retina within 20 hours.25 The
differences observed between the pathogenicity of S. aureus

and that of B. cereus could be due to the expression of
different virulence factors such as flagella, which can increase
the motility39 as well as engage TLR5 activation30 to amplify
intraocular inflammation and retinal damage in bacillus
endophthalmitis. To determine whether the retinal innate
responses observed in this study are specific to the laboratory
strain (RN6390), we tested two S. aureus endophthalmitis
isolates (Fig. 10) and observed no significant differences in
innate responses to laboratory versus to clinical isolates,
despite the fact that clinical isolates were multidrug resistant
(MDR).24 Together, these findings suggest that activating TLR2/
MyD88 signaling could provide protection against endophthal-
mitis in humans caused by staphylococci regardless of their

FIGURE 9. TLR2�/� and MyD88�/� mice developed endophthalmitis
with lower infectious doses of S. aureus. Eyes (n¼4) of WT (C57BL/6),
TLR2�/�, and MyD88�/� mice (both on B6 background) were infected
with S. aureus (500 CFU/eye of strain RN6390). At the indicated time
points, infected eyes were subjected to bacterial load estimation by
serial dilution plating (A), ELISA for proinflammatory cytokine TNF-a
(B), and histological analysis (C), as described in legends to figures.
Student’s t-test was used for statistical analysis, and comparisons were
made between WT versus TLR�/� (*) and WT versus MyD88�/� (#); (#P

< 0.05; **##P < 0.005; ###P < 0.0005). Magnification: 320.
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antibiotic resistance. In contrast, our recent study demonstrat-
ed that MDR ocular isolates of Acinetobacter baumannii40

caused aggressive endophthalmitis in the mouse model,26

supporting the notion that bacterial virulence factors deter-
mine the outcome of endophthalmitis in a pathogen-specific
manner.18

TLR2 has been implicated in the recognition of a variety of
microbial products primarily from Gram-positive bacteria
including S. aureus.21,41,42 The wide range of TLR2 ligand
specificity may be attributed to its ability to form heterodimers
with TLR-1 and TLR-6.43 However, regardless of ligand
specificity, TLR2 mediates its signaling primarily through the
common adaptor molecule MyD88. Here, we showed that
MyD88 deficiency worsens disease outcome in staphylococcal
endophthalmitis. In comparison with TLR2�/� eyes, MyD88�/�

eyes had higher bacterial burdens, increased tissue damage,
and higher inflammation specifically at the later stages of
infection (Figs. 1–5). These data suggest that MyD88 is
essential for TLR2 and potentially other TLRs to function in
eliciting early innate defense against S. aureus infection in an

endophthalmitis setting. The relatively higher susceptibility of
MyD88�/� to S. aureus endophthalmitis could be due to
impairment of IL-1R signaling, as MyD88 is a key mediator of IL-
1 and IL-18 responses.43–45 Future studies will determine
whether secondary signaling through IL-1R/MyD88 is benefi-
cial or detrimental in staphylococcal endophthalmitis.

The downstream effects of TLR signaling involve the
production of inflammatory mediators and AMPs.21 Cathelici-
dins are an important group of AMPs in exerting protective
effects in various bacterial infection models, including the
eye.46,47 Our previous in vitro studies have demonstrated that
S. aureus infection induces the expression of CRAMP in retinal
microglia and Müller glia and that their conditioned medium
possess antistaphylococcal activities.3,19,23 In order to investi-
gate the signaling mechanisms for in vivo production of
CRAMP in staphylococcal endophthalmitis, we assessed the
expression of CRAMP in WT, TLR2�/�, and MyD88�/�mice and
observed reduced CRAMP production in both of the KO mice.
Moreover, we demonstrated that the induced production of
CRAMP contributes to bacterial clearance in endophthalmitis,

FIGURE 10. TLR2�/�, MyD88�/�, and Cnlp�/� eyes exhibit increased bacterial burdens and inflammatory mediators following challenge with
endophthalmitis-inducing S. aureus isolates. Eyes (n¼ 6) of WT (C57BL/6), TLR2�/�, MyD88�/�, and Cnlp�/�mice were infected with clinical grade
endophthalmitis S. aureus strains E311 (A, C) and E333 (B, D). At 24 and 72 hours post infection, eyes were enucleated and homogenized, and the
bacterial burden was estimated by serial dilution plating (A, B). ELISA was performed to measure the level of inflammatory cytokines by using tissue
lysates (C, D). Student’s t-test was used for statistical analysis, and comparisons were made between WT versus TLR2�/� (*), WT versus MyD88�/�

(#), and WT versus Cnlp�/� (§);(*#§P < 0.05; **##§§P < 0.005; ***###§§§P < 0.0005).
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as shown by an increased S. aureus burden in Cnlp�/� eyes. At
early stages of infection, Cnlp�/� mice have similar levels of
PMN infiltration in the retina, whereas at later stages of
infection, Cnlp�/� mice have fewer PMNs than WT mice. It is
well known that in addition to antimicrobial actions, LL37/
CRAMP possess immunomodulatory properties.48 For exam-
ple, CRAMP has been shown to have a direct effect on the
migration of immune cells, including neutrophils, which in
turn produce CRAMP in an autocrine manner.49,50,51 An earlier
study showed that LL-37 induces the generation of reactive
oxygen species from human neutrophils, which enhances their
antimicrobial properties.52 However, PMNs from CRAMP-
deficient mice exhibited increased TNF-a production and
decreased antimicrobial activity in response to bacterial
challenge.51 Our data also showed higher levels of production
of TNF-a and IL-6 at 3 DPI in Cnlp�/� mice. Based on our
observations, we postulate that the lack of CRAMP produced
by infiltrating neutrophils at the site of infection may have
distorted the feedback loop, resulting in increased inflamma-
tion and poor prognosis of endophthalmitis in Cnlp�/� mice.
Together, these data suggest an important role for cathelicidins
in retinal innate defense, by modulating the response of
neutrophils and the release of inflammatory mediators.

In summary, these results indicate that signals emanating
from TLR2 by MyD88 are involved in orchestrating several
aspects of the retinal immune response to S. aureus

endophthalmitis, including the production of early inflamma-
tory mediators, bacterial containment, and the production of
AMPs (Fig. 11). In the absence of TLR2 and MyD88, these
responses become dysregulated, leading to increased bacterial
burdens and persistent inflammation.
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