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Abstract
The ability of the ocular surface to mount an immune response is in part attributed to a family of
proteins called toll-like receptors (TLRs). The latter are evolutionary conserved receptors that
recognize and respond to various microbes and endogenous ligands. In addition to their recognition
function, TLR activation triggers a complex signal transduction cascade that induces the production
of inflammatory cytokines and co-stimulatory molecules, thus initiating innate and adaptive
immunity. Toll-like receptor expression at the ocular surface is modulated during infection (e.g.
Herpes simplex, bacterial keratitis and fungal keratitis) as well as during various inflammatory
conditions (allergic conjunctivitis and dry eye syndrome). Here recent findings regarding TLR
expression and their involvement in various ocular surface diseases are discussed.
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1. Introduction
Toll-like receptors (TLRs) are a family of highly conserved glycoprotein pattern recognition
receptors that recognize conserved motifs on pathogen associated molecular patterns (PAMPs)
on bacteria, viruses, fungi and protozoa. TLRs are expressed on a wide variety of cell types
including epithelia, endothelia, antigen presenting cells and lymphocytes. They are type I
transmembrane glycoproteins which have an extracellular leucine-rich domain and a
cytoplasmic domain that is homologous to the signaling domain of the interleukin (IL)-1
receptor hence is referred to as the Toll/IL-1 receptor (TIR) domain. The latter mediates
activation of intracellular signaling pathways, leading to functional changes including
cytokine, chemokine and adhesion molecule expression.

To date, 10 functional human TLRs have been identified; their microbial ligands and signaling
pathways are depicted in figure 1. TLR1, 2, 4, 5, 6, and 10 are typically located at the cell
surface.TLR2 forms heterodimers with TLR1 and with TLR6 and recognizes a variety of
microbial lipoproteins. TLR2/6 and TLR2/1 heterodimers recognize bacterial diacyl and triacyl
lipopeptides respectively (von Aulock et al., 2003;Takeda et al., 2002). TLR4 forms a complex
with MD-2 and CD14 and recognizes lipopolysaccharide (LPS) from Gram-negative bacteria
(Beutler 2000), and TLR5 recognizes flagellin, a component of bacterial flagella (Hayashi et
al., 2001). TLR10 is able to dimerize with TLR1 and TLR2, but the microbial ligand for this
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receptor has yet to be identified (Hasan et al., 2005). TLR 3, 7, 8, and 9 are typically located
intracellularly, on endosomal membranes and recognize nucleic acids. TLR3 recognizes
double stranded RNA, a by-product of viral replication (Alexopoulou et al., 2001) whereas
TLR7 and 8 recognize viral single stranded RNA (Diebold et al., 2004;Heil et al., 2004). TLR9
responds to unmethylated cytosine-phosphate-guanosine dinucleotide (CpG) motifs found in
both bacterial and viral DNA (Hemmi et al., 2000;Tabeta et al., 2004).

Although TLRs were first recognized for their capacity to bind PAMPs recently a number of
endogenous ligands have come to light. Many of these are molecules indicative of tissue
trauma, such as intracellular components of ruptured cells, nucleic acids, heat shock proteins
and extracellular matrix breakdown products such as hyaluronan fragments, fibrinogen and
high-mobility group box 1 proteins (Kluwe et al., 2009). Thus, TLRs may be part of a
surveillance system to monitor tissue injury and progress of re-modeling as well as infection.
On the downside, TLR activation by endogenous ligands is also associated with disease;
activation of TLR9 by endogenous DNA is implicated in the development of autoimmune
disorders such as systemic lupus erythematosus in both humans and murine models of the
disease (Lamphier et al., 2006).

With the exception of aforementioned self-nucleic acid signaling via TLR9, endogenous TLR
ligands trigger TLR2 or TLR4. Owing to similarities among the cytokine effects of these
endogenous ligands and TLR2/4 microbial agonists it has been suggested that contamination
with bacterial LPS or lipoprotein is actually responsible for at least some of the effects attributed
to endogenous ligands (Tsan and Gao 2007). Thus, studies claiming identification of an
endogenous TLR ligand need to be scrutinized to ensure adequate controls were in place to
account for possible bacterial product contamination.

All TLRs, except TLR3, signal via the adaptor molecule myeloid differentiation protein 88
(MyD88) which associates with the TLR cytoplasmic domain via a homophilic interaction
between the TIR domains (fig. 1). IL-1R-associated kinase (IRAK)-4 and IRAK-1 are
recruited, activated IRAK-4 phosphorylates IRAK-1 which ultimately leads to the activation
of transcription factors activating protein (AP)-1, nuclear factor κB (NFκB) and interferon
regulatory factor (IRF)-5. This stimulates the expression of multiple genes such as cytokines,
chemokines and adhesion molecules. TLR3 signals via a MyD88 independent pathway that is
mediated via the adaptor protein TIR domain-containing adaptor protein-inducing interferon
(IFN)-β (TRIF), thus leading to the activation of transcription factors IRF-3 and IRF-7 that
induce expression of IFN-α/ β and IFN inducible genes such as RANTES and interferon-
inducible protein (IP)-10. Figure 1 shows a general overview of TLR signaling, for
comprehensive details of the pathways the reader is referred to a review article by Albiger et
al. (2007).

2. Expression of TLRs at the Ocular Surface
A summary of findings regarding cornea and conjunctival TLR expression from several
different published sources cited below is presented in figure 2. The first report of the
localization of TLRs to the ocular surface came in 2001 when Song et al. showed that freshly
isolated and telomerase immortalized human corneal epithelial cells (HCEC) express TLR4.
Subsequently the expression of mRNA for TLRs 1-10 has been detected in the corneal
epithelium from subjects undergoing various ocular surgeries and from cadaver corneas,
although not all subjects expressed all TLRs and the relative expression between subjects was
variable, with TLR7 and 8 tending to be lower (Jin et al., 2007; Redfern RL et al., IOVS 2006;
47: ARVO E-Abstract 4372; Ueta et al., 2005;Wu et al., 2007). Similar results have been
observed with primary cultured HCEC and cell lines (Kumar et al., 2004; Redfern RL et al.,
IOVS 2006; 47: ARVO E-Abstract 4372; Wu et al., 2007). Expression at the protein level has
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been confirmed for TLR2, 3, 4, 5 and 7 (Hozono et al., 2006;Kumar et al., 2006a; Li et al.,
2005; Song et al., 2001; Ueta et al., 2004,2005;Wu et al., 2007;Zhang et al., 2003).

Studies of the distribution and functionality of some TLRs at the ocular surface has produced
contrasting results in a number of instances. Ueta et al. (2004,2005) observed intracellular
TLR2 expression in HCEC that was unresponsive to peptidoglycan. However, Kumar et al.
(2004,2006b) found cell surface TLR2 expression, stimulation of which activated NFκB and
upregulated cytokine and antimicrobial peptide (human β-defensin-2, hBD-2) expression.
Similarly, Kumar et al. (2006a) observed functional (as determined by NFκB activation and
IL-6 and IL-8 secretion) intracellular expression of TLR3 by HCEC. However Ueta et al.
(2005) reported that TLR3, while functional, was expressed at the cell surface. TLR3 is
commonly found intracellularly on endosomal membranes, although surface expression has
been documented for other cell types including fibroblasts (Matsumoto et al., 2003) and
cytokine exposed keratinocytes (Begon et al., 2007). Several studies support expression of
functional TLR4 by HCEC (McNamara et al., 1999;Song et al., 2001;Wu et al., 2007).
However, others report intracellular expression of TLR4 that was unresponsive to LPS, leading
to the suggestion that this would contribute to an “immunosilent environment” to prevent
unnecessary responses to commensal flora (Kumar et al., 2006b;Ueta et al., 2004).

As these aforementioned studies have been carried out primarily with cultured cells, the
variability in the resulting data may relate to donor variation (for primary cultures), culture
conditions and differences in how cell lines were derived. Notably Blais et al. (2005) observed
that while LPS alone had little effect on IL-6 and IL-8 secretion, addition of CD14 or LPS
binding protein increased their secretion, suggesting that culture conditions can have a
significant influence on the responsiveness of cells to LPS. Furthermore, lack of MD-2 is
responsible for the inability of some HCEC to respond to LPS (Zhang et al., 2009).

Blais et al. (2005) found TLR4 and MD-2 expression in the basal and wing but not the
superficial epithelial cells of human corneal tissue sections. Zhang et al. (2003) reported a
similar distribution of TLR5, a finding confirmed by Hozono et al. (2006) and by our lab (fig.
2). This suggests that TLR4 and 5 will only be activated when there is a breach in the epithelium
thus preventing inappropriate inflammatory responses when the epithelium is intact (Zhang et
al., 2003). Interestingly, Hozono et al. (2006) showed that flagellin from ocular pathogenic
bacteria, but not that from ocular non-pathogens or intestinal pathogens, activated gene
transcription and cytokine production in HCEC; however the mechanism underlying this is not
understood.

Few studies have specifically addressed TLR expression in corneal layers other than the
epithelium. Ebihara et al. (2007) detected TLR2 and 4, but not 3 or 9 in keratocytes from human
cadaver corneas whereas we observed expression of all TLR mRNAs except 8 (Redfern RL et
al., IOVS 2006;47: ARVO E-Abstract 4372) in stromal cells, but we did not differentiate
between keratocytes and resident immune cells (Hamrah & Dana, 2007). We also found that
cultured corneal fibroblasts express TLR1, 3, 4, 6, 7, and 9 and functional studies have shown
that TLR3 (Liu et al., 2008) and TLR4 (Kumagai et al., 2005) activation in corneal fibroblast
results in cytokine secretion. Such stromal TLR expression is expected to provide immediate
surveillance against microbial infection following a breach in the ocular surface that penetrates
the entire epithelial barrier.

In regards to the conjunctiva, immunohistochemistry revealed the expression of TLR2, 4, and
9 in both the epithelium and stroma, with staining being more intense in the stroma (Bonini et
al., 2005). These findings were confirmed by Li et al. (2007) who additionally observed staining
for TLR1, 3 and 5. Studies with samples collected by impression cytology and in cultured cells
show that conjunctival epithelial cells typically express TLR1-6 and 9, have variable
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expression of TLR7 and do not express TLR 8 or 10 (Cook et al., 2005; Redfern RL et al.,
IOVS 2006;47: ARVO E-Abstract 4372). Similar results were also observed for limbal
epithelial cells (Li et al., 2007). Activation of TLR1/2, 3, 4 and 5 has been shown to trigger
primary conjunctival epithelial cell cytokine secretion (Li et al., 2007; Chung et al., 2009).
However, Talreja et al. (2005) found that in a conjunctival epithelial cell line TLR4 agonists,
LPS was unable to stimulate cytokine secretion due to lack of expression of MD-2.

In summary, despite contrasting data from some laboratories, the current literature indicates
the expression of multiple TLRs by corneal and conjunctival cells. They are capable of
responding to invading pathogens providing a valuable defense mechanism to reduce microbial
infection, however, TLR activation has the potential to do more harm than good, as it can lead
to a robust inflammatory response which may contribute to disease processes as discussed
below and summarized in table 1.

4. TLRs in Ocular Surface Disease
4.1 Infection

Given that the major function of TLRs is pathogen recognition, it follows that these receptors
play an important role in the ocular surface immune response to infectious agents. TLR
activation by pathogens on the ocular surface would be expected to result in production of
cytokines and chemokines important for stimulating immune and inflammatory cell infiltration
into the area to alleviate the microbial load and resolve the infection. Whereas TLR activation
may facilitate activation of the acquired immune response by enhancing MHCII and co-
stimulatory molecule expression on antigen presenting cells resident in the cornea and
conjunctiva (Hamrah & Dana 2007; Yamagami et al., 2007) which may lead to activation of
the acquired immune response. These two arms of the immune response may protect the ocular
surface from microbial infection however the sequelae from the inflammatory response may
result in damage to the ocular surface over and above that from the initial infection.
Involvement of TLRs in various ocular infections is discussed here.

4.1.1 Herpes Simplex Keratitis—Herpes simplex virus (HSV)-1 is a frequent cause of
corneal blindness that commonly necessitates a corneal transplant and is one of the leading
cause of unilateral infectious corneal blindness worldwide (Liesegang, 2001). In the US and
France, the incidence of HSV-1 new cases of ocular infection is estimated to be 8.4–13.2 per
100,000 person annually with an overall incidence, including recurrences, of 20.7–31.5
episodes per 100,000 persons (Labetoulle et al., 2005; Liesegang et al.,1989). Infection of the
corneal epithelium and stroma leads to a robust inflammatory response which may produce
sight-threatening keratitis. Although this response helps reduce viral load it also contributes to
ocular surface damage, resulting in corneal scarring and vision loss. Notably, the absence of
TLR2 or TLR4 and to a lesser extent TLR9 resulted in significantly diminished vision
impairing HSV corneal lesions compared to wild-type (WT) mice (Sarangi et al., 2007).
Furthermore, mice lacking the adapter molecule MyD88, which is required for signaling of all
TLRs (except TLR3) were resistant to lesion development, but they were unable to control the
HSV infection and most succumbed to lethal encephalitis (Sarangi et al., 2007). These findings
suggest that TLR participation in particular, contributes to reducing the viral load but also
promotes sight-threatening inflammation in HSV infection.

Jin et al. (2007) showed that almost all TLRs were expressed in human corneas with active
HSV infection, but in particular TLR4, 7, 8 and 9 mRNA expression and TLR2 and TLR9
protein were upregulated relative to healthy corneas. Also, corneas with prior HSV infection
showed an upregulation of TLR7 and downregulation of TLRs 2-10. Unfortunately as the
authors did not correlate TLR expression with particular cell types it is difficult to fully interpret
these observations.

Redfern and McDermott Page 4

Exp Eye Res. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Infection of corneal epithelial cells with HSV-1 (KOS strain) caused two peaks of activation
of NFκB and MAPK (Li DQ et al., 2006). The first (1-4hrs post-infection) was associated with
increased expression of IL-6, IL-8, TNFα and IFNβ. While the second phase (8hrs post-
infection), was associated with enhanced expression of TLR7 but downregulation of TLR3,
results in keeping with Jin et al. (2007). These observations suggest that TLRs may function
sequentially; with TLR3 being activated first and TLR7 then being upregulated as a
consequence of the infection (Li et al., 2006). Cook et al. (2004) have suggested that persistent
TLR activation by HSV antigens and DNA may lead to prolonged expression of cytokines/
chemokines and contribute to pathology after the active infection has subsided.

Together these data suggest that TLRs 3, 4, 7 and 9 participate in the epithelial response to
HSV infection and activation of specific TLRs leads to the production of antiviral molecules
that can directly participate in protecting the ocular surface. That TLR activation is important
for resolution of viral infection is demonstrated by the success of Imiquimod, a TLR7 agonist,
FDA approved for treating human papilloma viral infections which notably also has had some
success in treating HSV infections in clinical studies (Miller et al., 2008). However, while
activation of some TLRs is clearly beneficial, excessive inflammation at the ocular surface can
also occur which may result in sight-threatening inflammation in attempts to control the viral
infection.

4.1.2 Bacterial Keratitis—Pseudomonas aeruginosa (PA) and Staphylococcus aureus (SA)
are two of the most common isolates from patients with microbial keratitis (Pachigolla et al.,
2007), with PA being the most common cause of bacterial keratitis in extended-wear contact
lens users (Green et al., 2007). Several studies have found that contact lens wear is the highest
risk factor for developing serious bacterial keratitis (Kerautret et al., 2006). In the US, the
overall annual rate of microbial keratitis with visual acuity loss in silicone hydrogel contact
lens wearers is 3.6 per 10,000 (Schein et al., 2005). Notably, the number of ocular isolates of
methicillin-resistant Staphylococcus aureus (MRSA) has increased from 4.1% in 1998 to 1999
to 16.7% in 2005 to 2006 (Freidlin et al., 2007). If not treated promptly microbial keratitis can
lead to epithelial defects, stromal ulceration, scarring and vision impairment. Cultured corneal
and conjunctival epithelial cells respond to ocular surface pathogens, their extracts and known
PAMPs by the production of cytokines and chemokines characteristic of TLR activation which
in vivo, is expected to recruit immune and inflammatory cells to destroy the invading pathogen.
Furthermore the activation of ocular surface epithelial cells by pathogens and TLR agonists
also leads to the production of antimicrobial peptides such as hBD-2 and the cathelicidin LL-37
(Kumar et al., 2006b, 2007; McNamara et al., 1999; Redfern RL et al., IOVS 2006; 47: ARVO
E-Abstract 4372). These peptides can kill pathogens by causing membrane disruption through
an electrostatic interaction of the positively charged peptide and the negatively charged
microbial membrane (Radek & Gallo 2007). Thus, in addition to facilitating effector cell
recruitment, TLR activation at the ocular surface is expected to lead to local production of
antimicrobial peptides that can assist in eliminating pathogens.

Several studies have found that SA can cause severe keratitis in infected individuals and in
animal models as characterized by bacterial invasion of the underlying stroma and intense
neutrophil infiltration which results in corneal opacification and potentially loss of vision
(Hume et al., 2001; Girgis et al., 2003; Hume et al., 2005; Bourcier et al. 2003, Sloop et al.,
1999). In an experimental mouse model of SA keratitis, exposure of corneal epithelium to SA
increased neutrophil recruitment to the corneal stroma, corneal thickness and corneal haze in
normal C57Bl/6 mice, mice deficient TLR4 or TLR9, but not in mice deficient in TLR2 or
MyD88, suggesting that S. aureus-induced corneal inflammation is mediated by TLR2 and
MyD88 (Sun et al., 2006). The same group also reported that UV killed SA and Pam3Cys
(TLR2 synthetic ligand) stimulated the phosphorylation of MAP kinases, JNK, p38 MAPK
and ERK, and the blockade of JNK, but not that of p38 or ERK phosphorylation, had an
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inhibitory effect on IkB alpha degradation and CXC chemokine production (Adhikary et al.,
2008). Furthermore they also found that corneal inflammation was significantly impaired in
mice deficient in JNK1 mice compared with control mice, suggesting that JNK has an essential
role in TLR2-induced corneal inflammation.

Extensive study of the underlying mechanism of the pathogenesis of PA keratitis in
experimental models has revealed that mice can be divided in two groups based upon their
immune response to the pathogen (Hazlett, 2004). BALB/c mice are resistant to PA infection
as they mount a Th2 based response that facilitates recovery and corneal healing. While C57BL/
6 mice are susceptible to PA infection as they mount a Th1 based immune response leading to
corneal perforation. Comparison among these mouse strains provides a unique opportunity to
understand the immune response to PA and involvement of TLRs. In 2005 Huang et al.,
reported that silencing TLR9 by siRNA in C57BL/6 mice resulted in less severe inflammation,
reduced PMN infiltration but consequently increased bacterial load. These data suggested that
TLR9 activation is required to adequately eliminate bacteria but that it also contributes to
corneal destruction. Subsequently, the same group also reported that corneal TLR4 expression
is increased in PA infection and deficiency of this receptor in BALB/c mice resulted in a
susceptible rather than resistant phenotype (Huang et al., 2006a). These observations suggest
that TLR4 is critical for resistance to PA keratitis.

Additional animal studies have shown that single Ig IL-1R-related molecule (SIGIRR) and
ST2 are also required for resistance to PA infection (Huang et al., 2006b,2007). SIGIRR and
ST2 are negative regulators of TLR signaling which act by sequestering MyD88 and IRAK.
Blocking SIGIRR or ST2 activity was associated with more serious clinical disease, indicating
that while TLR signaling is required for resistance to PA keratitis, if its activity cannot be
adequately regulated by SIGIRR/ST2 then ocular surface damage ensues. Thus, TLR
participation in PA keratitis is essential for eliminating the organism, but is problematic as it
contributes to corneal destruction. Such duality makes it difficult to envision modulating TLR
activity as a means to control corneal damage.

In an interesting in vitro study, Maltseva et al., (2007) reported that a MyD88 dependent
increase in corneal epithelial hBD-2 expression caused by exposure to PA supernatant was
abrogated by the presence of a contact lens, thus giving new insight into the mechanism by
which contact lens wear predisposes to PA keratitis. Additional in vivo studies have shown
that defensins and LL-37 play an important role in protecting the ocular surface from PA
infections. In particular, mice deficient in cathelicidin-related antimicrobial peptide (CRAMP),
the murine homologue of LL-37are more susceptible to PA keratitis, had significantly delayed
bacterial clearance and an increased number of infiltrating neutrophils in the cornea (Huang
LC et al., 2007). A similar finding was reported in BALB/c mice following knock down of
mBD-2 or mBD-3, but not of mBD-1 or mBD-4, by siRNA (Wu et al., 2009a, 2009b).
Furthermore Wu et al. also found that silencing mBD2, mBD3 or both defensins resulted in a
significant upregulation of TLR2, TLR4 and MyD88 but not TLR5 or TLR9 (Wu et al.,
2009b). A recent study by Kumar et al. (2008) also has revealed an interesting therapeutic
possibility. They observed that pre-treatment with the TLR5 agonist flagellin markedly reduced
the severity of subsequent PA infection in C57BL/6 mice. This was in part due to induction of
corneal expression of the antimicrobial molecules, nitric oxide and cathelin-related
antimicrobial peptide (the murine homologue of LL-37). They also observed similar results in
vitro, as flagellin pre-treatment enhanced PA induced expression of hBD-2 and LL-37 in HCEC
(Kumar et al., 2007). These observations raise the possibility of utilizing TLR activation as a
prophylactic means of preventing an overwhelming inflammatory response and corneal
destruction in PA keratitis.
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4.1.3 Fungal Keratitis—Fungal keratitis is characterized by a severe inflammatory response
initiated by virulence factors which is then exacerbated by the host response potentially leading
to destruction of the cornea and poor visual outcome. Fungal keratitis typically occurs in
tropical or subtropical climates such as in southern Florida, and Fusarium is the most common
isolate (41%) followed by Candida (14%) and Apergillus (12%) (Iyer et al., 2006). In fact,
fungal keratitis can account for up to 52% of microbial keratitis cases in CL wearers (Tuli et
al., 2007) in Florida. A study from the Massachusettes Eye and Ear Infirmary in the Boston
area, found that the number cases of fungal infections has doubled from 1999-2002 to
2004-2007 with approximately 1.0 case per month (Jurkunas et al., 2009). In early 2006,
multiple reports of Fusarium keratitis among CL wearers were submitted to the Centers for
Disease Control and Prevention which were later found to be associated with Bausch & Lomb
ReNu (Rochester, NY) brand contact lens solution (Chang et al., 2006). Since the recall of this
solution, the number of cases has dropped (Chang et. al., 2006) but in some cities fungal
keratitis is the leading cause of microbial infections. In a three year retrospective study of
patients with microbial keratitis in Brazil, Fusarium was the most common isolate from patients
with microbial keratitis but ocular trauma was found to be the major risk factor (Furlantto et
al., 2010) in these cases.

Little is known of the precise role of TLRs in fungal keratitis but they have been implicated in
fungal recognition and subsequent cytokine production. Known fungal TLR ligands include
zymosan which activates TLR2/TLR6 heterodimers, whereas mannan activates TLR4 (Roeder
et al., 2004). Interestingly while TLR4 activation induces chemokine release and leukocyte
recruitment, TLR2 activation results in the production of anti-inflammatory IL-10 and T-
regulatory cell proliferation which may represent an attempt to circumvent host defense
mechanisms (Netea et al., 2006).

As noted above, members of the genus Fusarium are the most frequently isolated organisms
in patients with fungal keratitis (Iyer et al., 2006). Inactivated hyphae of Fusarium solani
upregulate the expression of TLR2, 3, 4, and 6 mRNA, TLR2 and 4 protein and increase
secretion of IL-6 and IL-8 in HCEC (Jin et al., 2008). Further, a recent in vivo study of contact
lens associated Fusarium keratitis has shown that mice deficient in TLR4 but not TLR2 have
impaired responses to Fusarium indicating that TLR4 plays a role in controlling growth and
replication of the pathogen (Sun et al., 2009).

Aspergillus fumigatus is another fairly common culprit in fungal keratitis. Guo and Wu
(2009) found that exposure of HCEC to Aspergillus fumigatus antigens upregulated TLR2 and
TLR4 and stimulated the release of IL-1β and IL-6. Furthermore, they recently reported that
exposure of HCEC to Aspergillus fumigatus antigens resulted in the release of IL-10 which
was inhibited by treatment with TLR2, and TLR4 antibodies (Zhao et al., 2009). Together,
these results suggest that TLR2 and TLR4 are involved in the ocular surface response to fungal
pathogens but much remains to be understood of their specific roles.

In summary, TLRs play a critical role in recognizing and responding to various microbes on
the ocular surface. The absence of specific TLRs can result in uncontrolled microbial infection
which can be fatal in some animal models whereas excessive TLR activation can stimulate
sight-threatening inflammation. Further understanding of the involvement of specific TLRs
would shed light on how a balance between microbial clearance and an appropriate
inflammatory response can be achieved, allowing for the development of potential therapeutic
paradigms to optimize anti-microbial effects while minimizing damaging inflammatory
responses.
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4.2 Ocular Surface Inflammation
As activation of TLRs leads to the production of inflammatory cytokines it is reasonable to
hypothesize that these receptors may play a role in mediating some of the events in
inflammatory ocular surface disorders. In such a scenario it is envisaged that TLR activation
would, most likely, be via various endogenous ligands and/or normal flora bacteria rather than
pathogens. For example, a sudden excess of endogenous ligand may lead to TLR over-
activation, or a breach of the superficial epithelial layers may provide access to TLRs normally
hidden from ocular surface commensals. The involvement of TLRs in two ocular surface
disorders characterized by inflammation, allergic conjunctivitis and dry eye, are discussed here.

4.2.1 Allergic Conjunctivitis—Allergic conjunctivitis (AC) refers to hypersensitivity
disease affecting the eye lids, conjunctiva and sometimes the cornea. The term covers various
clinical forms including seasonal allergic conjunctivitis, vernal keratoconjunctivitis (VKC) and
atopic keratoconjunctivitis (AKC). A number of studies have linked TLRs with systemic
allergic disease (Bauer et al., 2007) thus it is reasonable to suggest that these versatile receptors
may have a role in ocular allergy too. Bonini et al. (2005) evaluated TLR2, 4, 9 expression in
conjunctival biopsy specimens from 10 patients with a normal ocular surface undergoing
cataract surgery and 9 patients with VKC. All three TLRs were detected by immunostaining
in the conjunctival epithelium and stroma of both normal and VKC patients, with staining being
more intense in the stroma. Comparing the two groups, TLR4 expression was increased, TLR9
was decreased and there was no significant change in TLR2 expression in VKC versus normal
conjunctiva. In VKC stroma some TLR4 staining was localized to CD4+ve T-cells, eosinophils
and mast cells; also some TLR9 staining co-localized to CD4+ve T-cells and eosinophils but
not mast cells. Positive staining was also found on cells with fibroblast-like morphology. It
remains to be determined if these changes in TLR expression are the “cause or effect”.
Signaling through TLR4 has been shown to induce a Th2 mediated allergic response in a mouse
model (Eisenbarth et al., 2002) while increased expression of TLR4 may be accounted for by
cells infiltrating the conjunctiva in response to VKC and it is possible that enhanced TLR4
expression and activation may lead to overproduction of pro-inflammatory cytokines and
chemokines which exacerbate the ongoing inflammatory response.

Cook et al. (2005) noted increased immunostaining for TLR2 in conjunctival impression
cytology samples from patients with AKC. Their accompanying in vitro investigation revealed
that SA and IFNγ upregulated TLR2 expression in cultured conjunctival epithelial cells and
that SA and TLR2 agonists stimulated IL-8 and TNFα production. As SA colonization is
common in AKC, they suggested that SA maybe responsible for TLR2 upregulation and
activation, and that TLR2 mediated cytokine production may contribute to the ongoing
inflammatory response. The upregulation of TLR2 in patients with AKC raises an interesting
possibility that TLR2 can also be activated by endogenous ligands. For example, HSP70, an
endogenous ligand for TLR2 is expressed in the conjunctival epithelium in patients with AKC
(Berra et al., 1994) and conceivably could contribute to inflammation by activating over-
expressed TLR2.

In seeking to understand the mechanisms underlying ocular allergy Fukushima et al. (2006)
treated mice with TLR2 agonist, Pam3CSK4 to determine if it could affect the development
of experimental immune-mediated blepharoconjunctivitis induced by short ragweed pollen.
Interestingly, treatment during the efferent phase significantly suppressed eosinophil
infiltration and this was attributed to apoptosis of CD4+ T-cells. Previously, in a similar mouse
model, it had been observed that oligonucleotides with unmethylated CpG motifs (TLR9
agonist) administered after ragweed sensitization inhibited the immediate hypersensitivity
response and later infiltration of inflammatory cells and also induced a ragweed specific Th1
response (Magone et al., 2000; Miyazaki et al., 2000). These observations suggest that the

Redfern and McDermott Page 8

Exp Eye Res. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



development of AC may be modulated by TLR agonists. Indeed a large body of evidence has
accumulated indicating that TLR9 ligands are effective in the prevention and treatment of
animal models of a variety of allergic disorders and a number of TLR9 agonists are in clinical
trials for allergic rhinitis and asthma (Hayashi & Raz, 2006; Kanzler et al., 2007).

4.2.2 Dry eye—Dry eye is a common multi-factorial disorder in which inflammation plays
a major role. The core mechanisms are driven by tear hyperosmolarity (Gilbard et al., 1978;
Farris 1994; Bron et al., 2002) and tear film instability which stimulates an increase in
proinflammatory cytokines (Afonso et al., 1999; Pflugfelder et al., 1999; Solomon et al.,
2001) at the ocular surface. The resulting inflammation exacerbates tear film instability and
hyperosmolarity creating a vicious cycle (2007 Report of the Dry Eye Workshop). At its most
severe (dry eye associated with the autoimmune disorder Sjögren’s syndrome (SS)) dry eye
carries an increased risk of corneal ulceration (Vivino et al., 2001) and infection (Derk and
Vivino 2004) which may result in vision loss. In SS, the activity of self-reactive lymphocytes
leads to damage and destruction of the salivary and lacrimal glands leading to severe dry mouth
and dry eye. Kawakami et al. (2007) studied TLR expression by immunohistochemistry in
labial salivary glands and observed increased expression of TLR2, 3 and 4 and also the adaptor
molecule MyD88 in samples from patients with SS. Staining was localized to acinar cells,
ductal epithelial cells and infiltrating mononuclear cells. They also observed that TLR agonists
stimulated production of IL-6 and expression of CD54 (ICAM-1) and thus concluded that TLR
activation may contribute to the inflammatory microenvironment in SS. Spachidou et al.,
(2007) also reported TLR1-4 expression and upregulation of CD54, CD40 and MHC I in
response to TLR activation in epithelial cells from labial salivary gland biopsies. Furthermore,
expression of TLR1, 2 and 4 was significantly greater in cells from SS patients, suggesting the
active participation of TLRs in the pathophysiology of SS. A gene array study also revealed
upregulation of TLR8 and 9 in labial salivary glands from SS patients (Gottenberg et al.,
2006). In a mouse model of SS, Killedar et al., (2006) observed that TLR3 and 7 and several
of their downstream effectors were upregulated in the submandibular glands early in the disease
course. Together these observations point to a role for TLRs in salivary gland inflammation in
SS and considering similarities between the two secretory systems similar findings are expected
in the lacrimal glands. In keeping with this, TLR4 mRNA expression was increased in the
lacrimal glands and cornea in the MRL/lpr mouse model of (Christopherson PL, et al. IOVS
2005; 46: ARVO E-Abstract 4462)

Although SS causes severe dry eye, non-SS dry eye is more prevalent. In a pilot study,
(Barabino S, et al.IOVS 2006; 47: ARVO E- Abstract 5594) TLR2 but not TLR4 mRNA was
upregulated in conjunctival cells in patients with dry eye. However they did not observe a
concomitant increase in TLR2 protein expression. In our own preliminary studies we have
observed that while dry-eye related cytokines (IL-1α and β, TNFα and TGFβ) had no effect
on ocular surface epithelial cell TLR expression, hyperosmotic culture media increased the
expression of TLR4, decreased that of TLR9 but had no effect on TLR5 whereas a desiccating
environment upregulated HCEC expression of TLR4 and 5 but downregulated TLR9 (Redfern
R.L., Optom. Vis. Sci. 2007: 83: E-Abstract 065127). These preliminary data indicate that dry
eye conditions differentially modulate TLR expression and are suggestive of TLR participation
in the pathophysiology of non-SS as well as SS dry eye.

As noted earlier, it is unknown if altered ocular surface TLR expression in inflammatory
conditions is cause or effect. However, regardless of the etiology a change in expression pattern
may have both beneficial and detrimental effects. Upregulated expression may confer an
enhanced ability for pathogen recognition, whereas reduced expression may lead to an
inadequate response and therefore increased risk of infection. However, the latter may be
compensated for by the fact that many pathogens are recognized in more than one way, by
interactions with multiple TLRs and interaction with other PRRs. For example, mice deficient
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in TLR4 still respond to PA (Huang et al., 2006a), presumably in part through the activation
of TLR5 by PA flagellin. Enhanced TLR expression may lead to inappropriate and exacerbated
inflammatory responses thus contributing to disease processes such as allergy and dry eye,
whereas reduced expression would be expected to be anti-inflammatory. In general, activation
of the various TLRs leads to a similar response by ocular surface epithelial cells i.e. cytokine/
chemokine and antimicrobial peptide production. Therefore it is possible that downregulation
of the expression of some TLRs is a compensatory response for the upregulation of other TLRs,
to try to minimize hyper-responsiveness. Much is yet to be learned about the contribution of
TLRs to ocular allergy and dry eye. In particular, studies investigating endogenous TLR ligands
(e.g. heat and stress shock proteins, high mobility group box 1 protein etc) are currently lacking
but will be very important in furthering our understanding of the role of TLRs in the
pathophysiology of ocular surface inflammation.

Summary

As discussed here current evidence indicates that TLRs are important molecules expressed
at the ocular surface. They have a primary role in detecting the presence of various pathogens
leading to activation of innate immune responses such as production of antimicrobial
peptides and recruitment of immune and inflammatory cells by chemokine and cytokine
production. Unfortunately, TLR action may be a double edge-sword as the consequence of
their activation may contribute to ocular surface destruction during infection and the
exacerbation of various ocular surface inflammatory conditions such as allergy and dry eye.
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Figure 1.
Simplified Overview of TLR Signaling. Cell surface TLR2, 4 and 5 recognize bacterial PAMPs
lipoproteins, LPS and flagellin respectively, whereas intracellular TLR3, 7/8, and 9 recognize
microbial dsRNA, ssRNA and unmethlylated CpG motifs respectively from either replicating
or infecting viruses or bacteria in the endosome of the cell. The activation of TLRs initiates a
MyD88-dependent (all TLRs except TLR3) or TRIF-dependent (TLR3 and TLR4) pathway.
The MyD88-dependent pathway utilizes adapter molecule TIRAP (except TLR7, 8 and 9)
leading to IRAK-4 and IRAK-1 recruitment, activated IRAK-4 phosphorylates IRAK-1 which
ultimately leads to the activation of transcription factors AP-1, NFκB and IRF-5. TLR3 and
TLR4 signal via a MyD88-independent pathway that is mediated via the adaptor protein, TRIF,
which leads to the activation of transcription factors IRF-3 and IRF-7 that induce the expression
of type I IFN genes.
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Figure 2.
Expression of TLRs at the Ocular Surface. (A) This summary is based on published data from
multiple sources discussed in the text for human tissue sections and primary cultured cells.
AC: anterior chamber, neg: negligible expression. (B) TLR 5 expression. TLR5 (green) is
localized to basal and wing epithelial cells in normal human corneas (top image).The isotype
control antibody revealed no background staining (bottom image). DAPI was used to stain
nuclei (blue).
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Table 1

Association of TLRs with Ocular Surface Diseases

Disease TLR

Herpes Simplex keratitis TLR2,3,4,7,9

Pseudomonas keratitis TLR4,5,9

Fungal keratitis TLR2,4

Vernal keratoconjunctivitis TLR4,9

Atopic
Keratoconjunctivitis

TLR2

Sjögren’s syndrome TLR1,2,3,4

Non- Sjögren’s syndrome TLR2,4,5,9
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