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Abstract

Purpose: Bacterial keratitis, without effective antimicrobial treatment, leads to poor patient 

prognosis. Even after bacterial clearance, the host inflammatory response can contribute to corneal 

damage. Though Streptococcus pneumoniae (pneumococcus) is a common cause of bacterial 

keratitis, the role of host innate immunity during pneumococcal keratitis is not well characterized. 

This study investigated the role of Toll-like receptors (TLRs) during pneumococcal keratitis.

Materials and Methods: C57BL/6, as well as TLR2−/− and TLR4−/− mice, were infected 

with S. pneumoniae, and infected corneas were examined for 21 days. Quantitative real-time 

reverse-transcriptase polymerase chain reaction was performed using primers for genes involved 

in the inflammatory response and TLR signaling. Bacterial survival and leukocyte invasion were 

examined over a 72-h period.

Results: The corneal expression of TLR2, TLR4, and other inflammatory genes was increased 

at 72 h post-infection (p.i.) compared to uninfected C57BL/6 scratch controls. TLR2−/− mice 

showed a significant increase in bacterial survival at 24 h p.i. likely due to decreased neutrophil 

infiltration; however, after Day 5 p.i. observed clinical scores of TLR2−/− and C57BL/6 mice 

were not significantly different. In contrast, permanent corneal damage was observed for TLR4−/− 

mice over 21 days. Initially, both TLR−/− mouse strains exhibited lower expression levels in many 

immune genes, but returned to similar or elevated levels compared to C57BL/6 mice by 72 h p.i.

Conclusions: TLR2 and TLR4 are involved in the response to pneumococcal keratitis and TLR2 

may aid in bacterial clearance by recruitment of neutrophils to the cornea, whereas TLR4 may be 

necessary to modulate the immune response to limit cellular damage.
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INTRODUCTION

Bacterial keratitis, if left untreated, may cause serious damage to the human cornea 

and permanent vision loss for the patient.1 The gram-positive diplococcus, Streptococcus 
pneumoniae, has been shown to be a major etiologic agent of bacterial keratitis2,3 and 

is often reported as one of the top three causes along with Staphylococcus aureus and 

Pseudomonas aeruginosa.2,4–8 Ocular surgery, contact lens use, and injury have all been 

implicated as predisposing factors for bacterial keratitis.2,9

Our understanding of the ocular immune response to pneumococcal keratitis, particularly 

the innate response, is limited. Molecules such as Toll-like receptors (TLRs) have important 

roles in other models of bacterial keratitis, such as in Pseudomonas infections.10,11 TLRs 

are members of the pattern-recognition receptor (PRR) family of proteins. Their role in the 

innate immune response is to survey the extracellular environment and detect fundamental 

pathogen-associated molecular patterns (PAMPs). Once activated, these TLRs initiate a 

signaling cascade that leads to the rapid production of cytokines which, in turn, stimulate 

the infiltration of neutrophils, phagocytosis of bacteria, presentation of antigen to T and B 

cells, and additional downstream immunological events. TLR surveillance is prevalent in the 

murine eye, with mRNA and proteins of almost all the TLRs found at the various levels of 

the ocular structure including the corneal epithelium, stromal fibroblasts and retinal pigment 

epithelial cells.12

TLR2 has been observed to become activated in the presence of a variety of structurally 

non-related agonists. These include glycosylphosphatidylinositol anchors of Trypanosoma 
cruzi,13 lipoteichoic acid from S. aureus,14 lipoarabinomannan from Mycobacterium 
tuberculosis,15 zymosan from Saccharomyces cerevisiae,16 and viral proteins from herpes 

simplex,17 varicella zoster18 and cytomegalovirus.19 TLR2, unlike other TLRs, does not 

form a signal inducing homodimer but instead heterodimerizes with either TLR1 or TLR6.20

TLR4 has been reported to become activated in the presence of LPS.21 TLR4 forms 

homodimers and has been shown to require the presence and action of accessory molecules 

such as CD14, MD-2 and LPS-binding protein21,22 to fully produce a functional cytokine 

response to LPS. The interaction between TLR4 and the pneumococcal toxin, pneumolysin, 

has been studied. Pneumolysin-induced apoptosis and cytokine production has been 

shown to be TLR4 mediated.23,24 TLR4−/− mice exhibit enhanced bacterial growth in a 

pneumococcal pneumonia model,25 and pneumolysin-induced, TLR4-mediated protection 

was critical for preventing invasive disease in a nasopharyngeal carriage model.23

Currently, nothing has been reported regarding the possible functions of TLRs during 

S. pneumoniae keratitis. Pneumococcal peptidoglycan has been shown to activate TLR2 

in fibroblast cell lines as detected by increased translocation of NFκβ.26 Similarly, 

pneumococcal pneumolysin has been shown to activate TLR4 in nasopharyngeal23 and 
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upper respiratory mouse infection models.24 Based on these studies we sought to determine 

the possible roles of TLR2 and TLR4 during pneumococcal keratitis.

METHODS

Bacterial Growth Conditions

Clinical keratitis isolate K1263 was kindly provided by Regis Kowalski (Charles T. 

Campbell Eye Microbiology Laboratory, Pittsburgh, PA). K1263 was grown overnight in 

Todd-Hewitt broth enriched with 0.5% yeast extract (THY) at 37 °C supplemented with 5% 

CO2. The overnight culture was sub-cultured into 10 mL THY using a 1:100 dilution. This 

culture was grown to a concentration of 109 colony-forming units (CFU)/mL as determined 

by optical density. From this culture, 1 mL aliquots were centrifuged and re-suspended in 

100 μL of THY. To ensure the correct CFU/mL concentration was achieved, the inoculum 

was quantified by culturing aliquots of dilutions on blood agar.

Mouse Strains and Corneal Infection Model

C57BL/6 mice as well as the isogenic TLR2 knockout B6.129-TLR2tm1Kir/J and TLR4 

knockout B6.B10ScN-Tlr4lps-del/JthJ were obtained from The Jackson Laboratory (Bar 

Harbor, ME) and animal studies adhered to the tenets of the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 

Vision Research. A homozygote × homozygote breeding colony for both knockout systems 

was established according to the guidelines and regulations of the Institutional Animal Care 

and Use Committee (IACUC) of the University of Mississippi Medical Center (UMMC). 

The corneal infection model was performed on 6-week-old mice of either sex as follows: 

each mouse was anesthetized by a subcutaneous injection of a ketamine hydrochloride and 

xylazine solution, which was determined to not cause any noticeable changes in ocular 

clarity or integrity in mice. The corneas of each mouse were scarified with a 31-gauge 

needle in a cross-hatch pattern and 10 μL of the bacterial inoculum (corresponding to 108 

total CFU) was topically applied to the surface of each cornea. Each anesthetized mouse was 

allowed to rest for a minimum of 10 min in the prone position to ensure proper inoculation 

of the bacteria.

Determination of Bacterial Viability

To determine the effect of TLR signaling on bacterial viability during a pneumococcal 

keratitis infection, a bacterial viability assay was performed as previously described by 

Girgis et al.27 Briefly whole mouse eyes were removed and homogenized at 24 and 72 h 

post-infection (p.i). Each eye was suspended and homogenized in 1 mL of sterile phosphate-

buffered saline (PBS). This homogenate was serially diluted and cultured in triplicate on 

blood agar. Following a 24-h incubation at 37 °C with 5% CO2 colonies were counted and 

averaged. These averages were then analyzed for statistical significance using a Student’s 

t-test.

Determination of Gross Ocular Damage

At the appropriate 24-h time point, from Day 1 to Day 21 p.i., each mouse cornea was 

examined and scored according to a clinical score rubric described previously.28 Briefly, 
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each mouse was anesthetized and its corneas were examined under 25 × magnification using 

a TOPCON slit-lamp biomicroscope (Tokyo, Japan). Each cornea was given a score from 

0 to 4 based on cellular infiltrate, opacity, presence of corneal erosion, hemorrhage and 

corneal edema. A score of 0 was used to describe a clear cornea while a score of 4 was 

used to denote the maximum opacity, corneal hemorrhage or the presence of corneal erosion. 

These scores were averaged together for each infection group and analyzed for statistical 

significance using the Student’s t-test.

Determination of Immune Response Modulation due to Loss of TLR Signaling

To determine the effect of TLR signaling on immune response during pneumococcal 

keratitis, mRNA concentrations of key innate immune response molecules were examined 

via quantitative real-time reverse-transcriptase polymerase chain reaction (qRT-PCR). To 

examine the downstream genes of the TLR signal cascade as well as related cytokines and 

immune regulators, TLR signaling RT2 PCR arrays from SABiosciences (Valencia, CA) 

were used according to the manufacturer’s instructions. These arrays examine 84 genes 

involved in TLR signaling and immune regulation.

At 24 and 72 h p.i. mice were anesthetized, sacrificed and their corneas were extracted. Each 

qRT-PCR sample was created by pooling four mouse corneas in order to obtain sufficient 

quantities of mRNA, as single corneas did not provide sufficient template for qRT-PCR. 

These corneas were suspended in 100 μL of RNA STAT-60 (Tel-Test, Inc., Friendswood, 

TX) to stabilize their mRNA. Extracted corneas were immediately placed in liquid nitrogen 

for transport. Each pool of four corneas was homogenized and the mRNA was isolated 

using a protocol developed by Huang et al.11 Briefly, an acidified chloroform RNA isolation 

was performed and the resulting mRNA was re-suspended in nuclease free H2O. Following 

isolation, the mRNA samples were treated with DNase according to the manufacturer’s 

instructions (Sigma-Aldrich, St. Louis, MO) to eliminate the possibility of mouse genomic 

DNA (gDNA) contamination.

The gDNA-free mRNA was converted to cDNA using the SABiosciences (Valencia, CA) 

RT2 first-strand cDNA Synthesis Kit per manufacturer instructions. Due to the relatively low 

concentration of mRNA isolated, each gDNA-free mRNA sample was normalized to 135.2 

ng/μL before cDNA synthesis was performed.

Following cDNA synthesis the samples were loaded into the 96 wells of the qRT-PCR 

array. Each plate contained 84 TLR signaling genes and 12 controls including gDNA 

contamination, RT efficiency and mouse housekeeping controls. Real-time PCR of these 

arrays was performed with a Bio-Rad iCycler Machine (Hercules, CA) with a PCR protocol 

provided by SABiosciences (Valencia, CA). At least three plates from three separate 

infections and isolations were performed. Each gene’s average Ct value was normalized 

by subtraction from the mean of the housekeeping gene GAPDH. Results were displayed as 

gene fold up or down regulation compared to controls. Fold change was calculated using the 

ΔΔCt method. All Ct values >30 were amended as 30 for ΔΔCt calculations. The controls 

used for infected C57BL/6 mouse corneas were uninfected, scratched corneas. Infected 

C57BL/6 corneas served as the controls for the TLR2−/− and TLR4−/− infected corneas.
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Values of the normalized gene expression levels were analyzed using a mixed model in the 

analysis of variance.29 In this model, the genetic strain of animal was considered a random 

effect and the time after infection (0, 24 and 72 h) was treated as a fixed effect. Estimation 

of model parameters was via restricted maximum likelihood.30 Pairwise comparisons of 

mouse strain by time after infection interaction means were conducted using protected t-tests 

with alpha level adjustment done using a simulation method.31 These mixed models were 

conducted separately on each gene. All data manipulation and analysis were carried out 

using procedures and programs in the Statistical Analysis System, (SAS Institute, Cary, 

NC).

Determination of Gross Clinical Damage, Immune Cell Recruitment and TLR Expression

At each time point, and for each variable, representative corneas were extracted for 

histologic sectioning, which was done by Excalibur Pathology (Moore, OK). Each sample 

was stained with rabbit polyclonal antibodies to TLR2 (ab24192; Abcam, Cambridge, MA) 

and TLR4 (M-300; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) to determine TLR 

expression in the tissues of the cornea. Hematoxylin–eosin (H/E) stain was used to quantify 

neutrophils by limbus-to-limbus counts. These neutrophil populations were then verified 

using an anti-neutrophil elastase rabbit polyclonal antibody (ab21595; Abcam, Cambridge, 

MA). Optimization of histologic staining was performed by Excalibur Pathology (Moore, 

OK). The dilutions of the primary antibodies were as follows: anti-TLR2 1:200, anti-TLR4 

1:400, anti-neutrophil elastase 1:100 and rabbit IgG 1:100. All rabbit polyclonal antibodies 

used in this study were cross-reactive with mouse proteins. Isotype controls were done to 

ensure the absence of non-specific background staining using polyclonal antibody to rabbit 

IgG (ab-105-c; Abcam, Cambridge, MA). Neutrophils were counted limbus to limbus from 

three histology cross sections, averaged and analyzed by the Student’s t-test.

Cytometric Bead Array Analysis of Cytokine Concentrations

A cytometric bead array (CBA) was performed utilizing a kit available from BD 

Biosciences (San Jose, CA) according to manufacturer’s instructions. Following topical 

scratch inoculation, C57BL/6 corneas were harvested at 24 and 72 h p.i. and homogenized 

in 1 mL PBS. Fifty microliters of this homogenate was incubated with beads conjugated 

with IFN-γ, IL-2, IL-6, and IL-10 and phycoerythrin-conjugated secondary antibodies 

provided by BD Biosciences (San Jose, CA). Protein concentrations were determined using 

a Gallios™ Flow Cytometer (Beckman Coulter, Inc., Brea, CA) according to manufaturer’s 

instructions. A positive protein curve of phycoerythrin fluorescence using 10 dilutions 

ranging from 2500 to 10 pg/mL was compared to samples and protein concentrations were 

calculated and analyzed for significance by the Student’s t-test.

RESULTS

TLR2 and TLR4 Expression in C57BL/6 Mice

The presence of TLR2 and TLR4 in infected C57BL/6 corneas was determined by histology. 

Infected and scratched C57BL/6 corneas harvested at 24 and 72 h p.i. were stained with 

anti-TLR2 (Figure 1A and C) and anti-TLR4 (Figure 1B and D) antibodies. Both TLR2 and 

TLR4 were detected at the 24 (Figure 1A and B) and 72-h (Figure 1C and D) time points. 
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TLR expression appeared to be increased in infected corneal sections compared to scratch 

controls, indicating an increase in expression following infection.

Pneumococcal Keratitis Pathogenesis in C57BL/6 Mice

Clinical Severity—C57BL/6 mice were monitored for corneal damage over the course of 

21 days (Figure 2). Moderate levels of damage were detected at 24 h p.i. (mean slit lamp 

examination [SLE] = 1.82, n = 63 corneas) which steadily increased to the maximum score 

observed at Day 4 p.i. (mean SLE = 2.63, n = 32 corneas) and then decreased over the 

course of 3 weeks (Day 7: mean SLE = 1.54, n = 32 corneas; Day 14 SLE = 1.32, n = 17 

corneas). After 21 days corneal damage and scarring was still present (Day 21: mean SLE = 

1.26, n = 17 corneas).

CFU Recovery—Viable bacteria were observed at 24 h p.i. in the whole eye homogenates 

of C57BL/6 mice [1.28 ± 0.65 log10CFU/mL ± standard error of mean (SEM), n = 8 eyes]. 

Viable bacteria were not detected at 72 h p.i. (n = 8 eyes).

Neutrophil Recruitment—Neutrophil invasion of the C57BL/6 corneas was quantified at 

24 and 72 h p.i. (Figure 3). Neutrophils were quantified by counting observed neutrophils 

from limbus to limbus of histologic sections using H/E (not shown) and an anti-neutrophil 

elastase antibody (see representative pictures in Figure 4A). Significantly higher amounts of 

neutrophils were detected in infected C57BL/6 corneas (mean = 14.5 ± 1.0, n = 3 cornea 

sections) compared to scratch control C57BL/6 corneas at 24 (mean = 2.33 ± 0.88, n = 3 

cornea sections, p < 0.001) and 72 h p.i. (mean = 0.667 ± 0.33, n = 3 cornea sections, p < 

0.001).

C57BL/6 Immune and TLR Signaling Gene Expression—Immune signaling genes 

were upregulated in infected C57BL/6 corneas compared to C57BL/6 scratch control 

corneas at both 24 and 72 h p.i. (Figure 5). At 24 h p.i., granulocyte maturation cytokines 

CSF2 and CSF3 were higher (≥6.54-fold) in infected C57BL/6 mice compared to scratch 

controls (Figure 5). The chemokine CXCL10 was also upregulated (88.05-fold) as well 

as cytokines IL-2 and IL-6 (6.11- and 8.52-fold, respectively). TLR signaling pathway 

genes were also upregulated (myeloid differentiation primary response gene 88 [MyD88] 

= 20.36-fold, Toll-interleukin 1 receptor-domain-containing adapter-inducing interferon-beta 

[TRIF] = 4.08-fold, TRIF-related adapter molecule [TRAM] = 4.34-fold).

The same upregulation trend continued at the 72-h time point (Figure 5). CXCL10 

expression remained high at 83.68-fold, as did MyD88 which dropped at the 24-h time 

point to 16.12-fold. While there was no measurable increase in either TLR2 or TLR4 at the 

24-h time point, at 72 h p.i., expression of both increased >2-fold (TLR2 = +8.26-fold) and 

(TLR4 = +3.50-fold). While these genes exhibited an upregulation trend at both 24 and 72 h 

p.i., they were not found to be statistically significant compared to the scratch controls.

Pneumococcal Keratitis Pathogenesis in TLR2−/− BL6 Mice

Clinical Severity—The mean clinical scores of infected TLR2−/− mouse corneas over the 

course of 21 days were not significantly different than those of the C57BL/6 control corneas 
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(p >0.05, n ≥ 8 corneas per time point; Figure 2). However, the clinical scores for five points 

(Days 2, 6, 17, 18 and 21 p.i.) were significantly higher in TLR2−/− mouse corneas (p ≤ 

0.003, n ≥ 8 corneas per time point; Figure 2). Despite these time points (Days 2, 6, 17, 18 

and 21), the progression of keratitis in the TLR2−/− mice was similar to the C57BL/6 mice.

CFU Recovery—At 24 h p.i. significantly higher numbers of CFUs were recovered from 

the corneas of TLR2−/− mice (3.78 ± 0.38 log10CFU/mL) as compared to C57BL/6 mice 

(1.28 ± 0.65 mean log10 CFU/mL ± SEM, p = 0.005; n = 8 eyes per group). As previously 

determined for the C57BL/6 whole eye homogenates, the homogenates of TLR2−/− mice 

were sterile at 72 h p.i.

Neutrophil Recruitment—At 24 and 72 h p.i. limbus-to-limbus counts of corneal 

neutrophils of S. pneumoniae infected TLR2−/− mice were compared to infected C57BL/6 

controls (counts, Figure 3; anti-neutrophil elastase stained, Figure 4B). Significantly lower 

counts of neutrophils were observed in TLR2−/− corneas (p < 0.05, mean = 18, n = 3 cornea 

sections) compared to C57BL/6 corneas at 24 h p.i. (mean = 43, n = 3 cornea sections). This 

trend was also observed at 72 h p.i. (TLR2−/−: mean = 1.66, n = 3 cornea sections; C57BL/6: 

mean = 14.5, n = 3 cornea sections; p < 0.05).

TLR2−/− Immune and TLR Signaling Gene Expression—A decrease in 

inflammatory cytokines was observed in TLR2−/− corneas as compared to C57BL/6 controls 

at 24 h p.i. (Figure 6). IL-2 was shown to be significantly decreased in TLR2−/− infected 

mice at 24 h compared to C57BL/6 mice (p < 0.0075). TLR signaling genes were also 

downregulated (MyD88 = −16.19-fold, TRIF = −18.42, TRAM = −20.73) though this 

difference was not significant. At 72 h p.i., TLR signaling genes such as MyD88 and TRAM 

became upregulated at least 2-fold (Figure 6) though not significantly.

Pneumococcal Keratitis Pathogenesis in TLR4−/− BL6 Mice

Clinical Severity—Over the course of 21 days TLR4−/− mice were monitored for corneal 

damage (Figure 2). At 24 h p.i., a significantly lower SLE score was observed in TLR4−/− 

corneas compared to C57BL/6 corneas (TLR4−/−: mean SLE = 1.02 ± 0.26, n = 22 corneas 

versus C57BL/6: mean SLE = 1.82 ± 0.17, n = 63 corneas; p = 0.02). However, by 48 h, 

the amount of corneal damage significantly increased to a level higher than the observed 

maximum score of C57BL/6 mice (48 h p.i. TLR4−/−: mean SLE = 3.71 ± 0.15, n = 14 

corneas versus C57BL/6: mean SLE = 2.17 ± 0.23, n = 43; p = 0.003). Over 21 days, a 

significantly higher SLE score was observed in TLR4−/− corneas compared to C57BL/6 

controls at all time points except Day 4 (p < 0.04; n = 12 per time point; Figure 2). From 

Day 2 to Day 21 p.i., the SLE scores observed in TLR4−/− mice exceeded the maximum 

SLE score determined for C57BL/6 corneas.

CFU Recovery—In contrast to TLR2−/− whole eye homogenates, no significant difference 

in bacterial load was recovered from the whole eyes of TLR4−/− mice compared to wild-type 

mice at 24 h p.i. (1.45 0.71 log10CFU/mL±SEM; n = 8 eyes per group). As with the 

TLR2−/− and C57BL/6 mice, all TLR4−/− homogenates were sterile at 72 h p.i.
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Neutrophil Recruitment—The limbus-to-limbus neutrophil counts observed in S. 
pneumoniae infected TLR4−/− mouse corneas at 24 h p.i. were significantly higher than 

counts observed in C57BL/6 corneas (counts, Figure 3; anti-neutrophil elastase stained, 

Figure 4C), with TLR4−/− doubling C57BL/6 counts (TLR4−/−: mean = 86, n = 3 cornea 

sections, p = 0.001). At 72 h p.i., the neutrophil counts in TLR4−/− corneas dropped to 

a level significantly lower than C57BL/6 corneas (TLR4−/−: mean = 4.66, n = 3 cornea 

sections, p = 0.002). However, these counts were significantly higher than counts observed 

in uninfected C57BL/6 scratch controls at 72 h p.i. (data not shown, p = 0.013).

TLR4−/− Immune and TLR Signaling Gene Expression—A decrease in expression 

of cytokines and immune signaling genes was observed in TLR4−/− corneas at 24 h p.i. 

(Figure 7). IFN-γ was significantly decreased in TLR4−/− mice at 24 h p.i. compared to 

C57BL/6 mice (p < 0.0394) while cytokines IFN-β1, IL-2, CSF2, CSF3 and CXCL10 were 

also downregulated. The expression of TLR signaling molecules including MyD88, TRIF 

and TRAM were similarly decreased (MyD88 = −8.49-fold, TRIF = −8.96-fold, TRAM = 

−8.44-fold). At 72 h, the TLR4−/− corneas were similar to C57BL/6 controls except in the 

case of CSF3 (+15.43-fold change) and TIRAP (+2.80-fold change) (Figure 7), though these 

differences were not found to be statistically significant.

CBA Analysis of Protein Concentrations—To determine the protein levels of the 

significantly downregulated cytokine genes (IFN-γ and IL-2) and compare the Th1 and 

Th2 response, a CBA was performed. IFN-γ and IL-2, representing the Th1 response, were 

detected in K1263 infected C57BL/6 corneas at 24 and 72 h p.i. (Figure 8A and B) though 

their concentration was low (<5 pg/mL). In contrast, Th2 response associated genes, IL-6 

and IL-10, were detected at higher concentrations, especially IL-10 at both time points. 

Though higher concentrations of IL-6 and IL-10 were detected in the infected corneas these 

differences were not significant.

DISCUSSION

The current treatment for bacterial keratitis is typically limited to topical antibiotics. 

However, this study showed that pneumococcal pathogenesis during keratitis involves more 

than the bacterial load. The bacterial load decreased to ~1 log10CFU per cornea from an 

initial inoculum of 8 log10 CFU by 24 h in wild-type mice. Though corneas were sterile at 

72 h p.i., corneal damage and opacity persisted until the mice were euthanized at 21 days p.i.

The importance of TLR surveillance has been documented in several ocular surface 

diseases,32 including viral,33 fungal34 and bacterial keratitis.10,11 Despite these and other 

studies, the specifics of TLR surface expression in corneal epithelial cells is unclear. Song et 

al.35 first detected surface expressed TLR2 and TLR4 in primary and immortalized human 

corneal epithelial cells (HCECs). Ueta et al.36 followed this study with evidence that TLR2 

and TLR4 were not surface associated in HCECs but instead were found intracellularly and 

inactive. Indeed our own preliminary work with an immortalized HCEC line found it to 

express TLR2 but not TLR4 (unpublished data). These studies highlight the need for caution 

when working with immortalized cell lines. In light of these studies, we elected to detect 

TLR expression in the murine cornea with immunohistochemistry. TLR2 and TLR4 were 
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both detected in infected and uninfected scratched C57BL/6 corneas (Figure 1). This present 

study follows a study by Huang et al.11 which demonstrated that loss of TLR4 signaling 

in BALB/c mice increased polymorphonuclear cells (PMN) infiltration and decreased pro-

inflammatory cytokines during Pseudomonas keratitis. Although the TLR4 ligands for P. 
aeruginosa and S. pneumoniae are different (LPS versus pneumolysin), deletion of the 

TLR4-mediated response appears to result in similar consequences for these two species.

In the current study, S. pneumoniae causes an upregulation of TLR2 and TLR4 expression 

in the cornea after 72 h p.i., and both of these TLRs play important but different roles 

in the host innate immune response.11,21,37–40 Loss of TLR2 resulted in significantly 

higher bacterial recovery but did not affect overall clinical severity as measured by SLE 

score, compared to wild-type mice. In contrast, loss of TLR4 resulted in no change in 

bacterial recovery but significantly increased clinical scores. TLR signaling also impacted 

neutrophil invasion as evidenced by the loss of TLR2 causing significantly less neutrophil 

involvement, whereas the absence of TLR4 caused an increase in initial neutrophil levels 

during pneumococcal infection.

Despite an initial elevated population of neutrophils in the corneas of infected TLR4−/− 

mice (at 24 h), lower neutrophil counts were observed at 72 h p.i., the time at which the 

clinical scores peaked. These data could indicate two possibilities. The first is that the 

initial surge of neutrophils in TLR4−/− corneas leads to the increased damage in these 

corneas at a later time point (72 h), and that damage is not repaired despite the clearing 

of neutrophils. This scenario suggests a role for TLR4 in controlling neutrophil recruitment 

during pneumococcal keratitis. The finding that bacterial recovery in TLR4−/− corneas was 

not different from that of wild-type corneas also suggests that bacterial load may not always 

necessarily be a factor in neutrophil recruitment. The second possibility is that neutrophil 

presence may not be related to the damage in the TLR4−/− corneas, indicating a possible 

role for other as-yet-unidentified factors that are influenced by TLR4 signaling. Since few 

neutrophils were quantified in TLR4−/− corneas at 72 h p.i., perhaps the TLR4 signaling 

cascade has an effect on corneal integrity that does not involve leukocytes.

The role of TLR2 in pneumococcal keratitis appears to involve bacterial clearance mediated 

by neutrophils. Significantly higher bacterial loads, and significantly lower numbers of 

neutrophils, were quantified in the corneas of TLR2−/− mice at 24 h. These findings indicate 

that TLR2 could be necessary for neutrophil recruitment and phagocytosis of the bacteria.

An increase was observed in the mRNA expression of at least 12 cytokines and TLR 

signaling genes in C57BL/6 mice at 24 h p.i. These genes included neutrophil growth and 

maturation genes CSF2 and CSF3, intracellular pathogen response genes IFN-β1, IFN-γ and 

lymphotoxin A (LTA) and TLR signaling genes MyD88, TRIF and TRAM. The increase 

in interferons and LTA suggest the possibility that S. pneumoniae may be invading corneal 

epithelial cells. These data suggest a possible role for TLR related genes and cytokines 

during pneumococcal keratitis. Whereas TLR2 and TLR4 genes were not upregulated at 24 

h p.i., they were upregulated at 72 h p.i. during the height of clinical damage. This delay is 

similar to data from Jin et al.41 who detected a delayed rise of innate genes in patients with 

Pseudomonas keratitis 12.5 days p.i.
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Reduced mRNA concentrations of several innate immunity genes were observed for both 

TLR2−/− and TLR4−/− mice early (24 h) in pneumococcal keratitis, though this reduction 

was more severe in TLR2−/− corneas than TLR4−/− corneas. An interesting observation to 

note is the overall “recovery” of gene expression in both TLR2−/− and TLR4−/− corneas 

from the 24-h time point to the 72-h time point compared to wild-type corneas (Figures 

6 and 7). This return to expression levels that more closely resemble or surpass wild-type 

levels indicates that a redundancy of function may be present in the host corneal immune 

surveillance system, that is, other unidentified immune factors may be compensating for 

the loss of TLR2 or TLR4. Nucleotide-binding oligomerization domain (Nod) receptors, 

also known as Nod-like receptors (NLRs), are a class of intracellular PRRs. NLRs Nod1 

and Nod2 detect bacterial cell wall components such as meso-diaminopimelic acid42 and 

muramyl dipeptide,43 respectively. Activation of Nod1/2 induces chemokine production 

and neutrophil invasion in a mouse model.44 Interestingly some PAMPs, such as flagellin, 

can be recognized by both NLRs and TLRs.45,46 Of particular interest, Nod1/2 have been 

documented in the cornea47 and have been implicated in pneumococcal disease and bacterial 

keratitis. NOD1−/− mice were shown to be more susceptible to S. pneumoniae sepsis.48 

Additionally, a recent study demonstrated that S. aureus-derived cell wall component 

muramyl dipeptide activated Nod1 in limbal fibroblasts which induced vascular endothelial 

growth factor-A expression.49 The relationship of S. pneumoniae and other PRRs such as 

NLRs in the cornea has not been examined and may be acting as compensating factors in the 

absence of TLR2 or TLR4.

Also of interest is the increased expression of intracellular pathogen immune response 

genes. IFN-γ, IFNβ−1 and LTA mRNA levels were higher with infection than scratch 

controls in the C57BL/6 mice at 24 h p.i. and downregulated in both TLR deficient mutants. 

This trend could indicate invasion of corneal epithelial cells during pneumococcal keratitis.

To verify the qRT-PCR data, we attempted to correlate the mRNA expression levels of IFN-

γ, IL-2, IL-6 and IL-10 with their protein concentrations. IFN-γ mRNA was significantly 

downregulated in TLR4−/− mice while IL-2 was significantly downregulated in the TLR2−/− 

infected mice compared to C57BL/6 mice (Figures 6 and 7). IFN-γ, IL-6 and IL-10 protein 

concentrations were all higher in infected C57BL/6 mice compared to scratch controls at 

24 h p.i. (Figure 8) though this increase was not significant. The difficulty in correlating 

mRNA levels with protein concentrations has been well documented.50 Recent large scale 

studies examining bacterial proteomes have also verified the difficulty.51,52 While the 

mRNA expression levels presented in this study cannot be definitively linked to increased 

protein concentrations, the genes implicated by the qRT-PCR data offer new leads for 

the elucidation of TLR mediated innate response to S. pneumoniae keratitis. The trends 

(>2-fold) observed in gene expression in infected C57BL/6 corneas (Figure 5) prompted an 

analysis of the roles of TLR2 and TLR4 in vivo. Increases in expression of other TLRs 

were also detected (not shown), but we chose to focus on TLR2 and TLR4 for this study 

based on previous findings documenting the importance of these TLRs in bacterial and 

fungal keratitis53–56 and invasive pneumococcal diseases.37,38,40 The regulation trends in 

infected wild-type corneas were verified by the downregulation of the same genes in the 

TLR-negative mice at 24 h p.i., which accompanied lower clinical scores in these knockout 

mice at 24 h.
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The overall findings of this study clarify the role of the host innate immune system 

in pneumococcal keratitis. To date, the only knowledge regarding host inflammation in 

pneumococcal ocular disease was that neutrophils contributed to the damage and opacity 

in the cornea.57–59 The current study identified TLR-related genes that were upregulated 

during pneumococcal keratitis and a possible redundancy of function among the TLRs. 

Moreover, these results indicate that other factors in addition to neutrophils are involved in 

the host response to this disease as evidenced by the irreversible damage in TLR4−/− corneas 

later in the time course despite lack of neutrophils. Analysis of both unique functions of 

each TLR as well as their redundant functions in the absence of a fully intact immune 

system will help identify possible targets for immune modulation during this disease.
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FIGURE 1. 
TLR expression in infected C57BL/6 corneas. Infected and scratched C57BL/6 corneas 

were harvested at 24 h p.i. (A and B) and 72 h p.i. (C and D). Harvested corneas were 

stained with anti-TLR2 (A and C) or anti-TLR4 (B and D) antibodies. Representative 

corneal sections (left panel) and individual epithelial cells (right panel) for infected and 

scratched corneas stained with either anti-TLR2 or anti-TLR4 are provided. Expression of 

both TLRs was detected at both 24 and 72 h p.i. The anti-TLR antibodies stained more 

strongly in infected corneas than in scratched corneas at both time points (compare top 

panel pair to bottom panel pair in each group). The antibody isotype control corneal section 

and individual epithelial cells shows diffuse, non-specific staining (E). Scale bar for corneal 

sections represents 10 μm and for individual epithelial cells represents 5 μm.
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FIGURE 2. 
Mean clinical scores. C57BL/6, TLR2−/− and TLR4−/− mice were inoculated with 108 total 

CFU of pneumococci and gross corneal damage was measured using the clinical score rubric 

from Day 1 to Day 21 p.i. TLR2-deficient mutants showed decreased damage at 24 h and 

increased damage at 48, 72 and 96 h p.i. compared to C57BL/6 mice. Damage observed in 

TLR2-deficient mice was similar to C57BL/6 mice over the 21-day period. TLR4-deficient 

mutants showed increased damage compared to C57BL/6 mice over the 21-day period. Error 

bars represent SEM at each time point. Stars indicate significance (p < 0.05).
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FIGURE 3. 
Mean neutrophil counts of corneal histology sections. Limbus-to-limbus counts were 

obtained from three sections each for each mouse strain and time point. “Scratch” represents 

C57BL/6 corneal scratch controls. Asterisks denote statistical significance compared to 

C57BL/6 corneas (p < 0.05). Error bars represent SEM at each time point.
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FIGURE 4. 
Histology of C57BL/6, TLR2−/− and TLR4−/− mouse corneas. Corneas were stained 

with anti-neutrophil elastase antibody. Representative histology slides showing neutrophils 

stained with anti-neutrophil elastase as well as isotype controls and whole cornea sections at 

24 h p.i. H/E-stained corneas for each group are also shown. Panel A: C57BL/6 corneas at 

24 h p.i. Panel B: TLR2−/− corneas at 24 h p.i. Panel C: TLR4−/− corneas at 24 h p.i. Neg: 

isotype control antibody for each group. Pos: anti-elastase antibody stained corneas for each 

group. Corneal cross-section scale bar represents 10 μm. Individual neutrophil panel scale 

bar represents 5 μm.
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FIGURE 5. 
Immune gene expression in infected C57BL/6 corneas. C57BL/6 corneas were harvested at 

24 and 72 h p.i. and qRT-PCR performed on 84 immune genes with error bars representing 

SEM for each gene. Granulocyte maturation genes and chemokines (CSF2, CSF3 and 

CXCL10) were upregulated as well as cytokines (IL-10, IL-2 and IL-6) and TLR signaling 

genes (MyD88, TRIF and TRAM). Upregulation decreased but was still >2-fold at 72 h.
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FIGURE 6. 
Immune gene expression in TLR2−/− corneas. TLR2−/− corneas were harvested at 24 and 

72 h p.i. and qRT-PCR performed using primers for 84 immune genes with error bars 

representing SEM for each gene. Granulocyte maturation genes and chemokines (CSF2, 

CSF3 and CXCL10) were all downregulated as well as cytokines (IL-10, IL-2 and IL-6) and 

TLR signaling genes (MyD88, TRIF, TRAM and TIRAP). Upregulated expression levels 

were observed at 72 h p.i.
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FIGURE 7. 
Immune gene expression in TLR4−/− corneas. TLR4−/− corneas were harvested at 24 and 

72 h p.i. and qRT-PCR performed using primers for 84 immune genes with error bars 

representing SEM for each gene. Granulocyte maturation genes and chemokines (CSF2, 

CSF3 and CXCL10) were all downregulated as well as cytokines (IL-10, IL-2 and IL-6) and 

TLR signaling genes (MyD88, TRIF and TRAM) except for TIRAP. Slightly downregulated 

expression of these genes was observed at 72 h p.i. with the exception of CSF3 and TIRAP.
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FIGURE 8. 
Detection of Th1 and Th2-associated cytokines. C57BL/6 mice were infected with 108 total 

CFU and their corneas were harvested at 24 and 72 h p.i. Cytokine protein concentrations 

were determined using a CBA. Low concentrations (<5 pg/mL) of the Th1-associated IFN-y 

and IL-2 were detected for infected, scratched and uninfected C57BL/6 corneas at 24 (A) 

and 72 h p.i. (B). Higher concentrations of the Th2-associated IL-6 and IL-10 were detected 

at both time points though not significantly higher than scratch or uninfected controls. Error 

bars represent SEM for each cytokine.
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