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Abstract
The ocular surface is constantly exposed to a wide array of microorganisms. The ability of the cornea
to recognize pathogens as foreign and eliminate them is critical to retain its transparency, hence
preservation of sight. In the eye, as in other parts of the body, the early response against invading
pathogens is provided by innate immunity. Corneal innate immune system uses a series of pattern
recognition receptors to detect the presence of pathogens thus allowing for rapid host defense
responses to invading microbes. A key component of such receptors is the “Toll-like
receptors” (TLRs), which have come to occupy the center stage in innate immunity against invading
pathogens. An increasing number of studies have shown that TLRs are expressed by a variety of
tissues and cells of the eye and play an important role in ocular defense against microbial infection.
Here in this review we summarize the current knowledge about TLR expression in human eye with
main emphasis on the cornea, and discuss the future directions of the field.
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1. INTRODUCTION
The unique structure of the human eye as well as exposure of the eye directly to the environment
renders it vulnerable to a number of uncommon infectious diseases caused by bacteria, viruses,
fungi and parasites [1,2]. Host defenses directed against these microorganisms, once
anatomical barriers are breached, are often insufficient to prevent infection which may lead to
the loss of vision [3]. The cornea constitutes the outermost part of the eye and is in constant
contact with potentially pathogenic microbes [4]. Under normal conditions, the cornea is highly
resistant to microbial invasions. However, once the epithelial integrity is breached, pathogens
may invade the cornea leading to microbial infections of the cornea, commonly termed
infective keratitis, which is the leading cause of loss of vision in both developed and developing
countries. In recent years the incidence of microbial keratitis has been significantly increased
probably due to the increase in extended contact lens wear and LASIK surgery.

The immunity in vertebrates can be broadly classified as adaptive or innate immunity. Adaptive
immunity is mediated by T and B lymphocytes that proliferate clonally in response to a specific
pathogen or an antigen. The generation of adaptive immune responses (humoral and cellular)
requires a number of days but is anamnestic through the generation of memory T and B
lymphocytes. In contrast, the goals of the innate immune system are to provide protection in
the first minutes to hours after an infectious challenge. Innate immunity was once thought to
be a nonspecific response characterized by engulfment and digestion of microorganisms and
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foreign antigens by macrophages. Recently discovered mammalian innate receptors, called
toll-like receptors (TLRs), provide considerable specificity for microbial pathogens and
discrimination between pathogens and the host while providing an immediate response during
pathogen invasion. In recent years the role of TLRs in the innate immune response has been
the subject of intense investigation. Research on TLRs and their role in the innate immune
response is focused on understanding how TLRs recognize pathogens and protect the host, and
on determining the relationship between the innate immune response and the adaptive immune
response.

2. COMPONENTS OF CORNEAL INNATE IMMUNITY
The cornea is a transparent, dome-shaped surface, measuring about 0.9 mm thick in the central
and 1.1 mm in the peripheral region (Fig. 1A) [5]. The cornea serves two specialized functions:
(1) provides a protective barrier between the external environment and the internal milieu and
(2) constitutes the main refractive element of the visual system [6]. The barrier function of the
cornea largely relies on the epithelial layer. The ongoing studies from our laboratory and others
have documented that the outermost layer of the cornea, the epithelium, like other mucosal
epithelial linings in the body, constitutes the first line of defense against microbial pathogens
and possesses the ability to detect their presence [7–12]. The corneal innate immune system
consists of multiple cell types. The first layer of defense is the corneal epithelium that lines the
outermost surface of the cornea. Immediately beneath the layer of epithelial cells, is the stromal
layer consisting of collageneous connective tissue produced by keratocytes (fibroblasts), which
provides transparency, and the structural support to the cornea (Fig. 1B) followed by an inner
most single layer of endothelial cells. In addition, the other two main components which
provides corneal immunity are the Langerhans cells (dendritic cells), which modulate B and
T lymphocyte activity in the cornea, and immunoglobulins (IgG and IgA), which are
concentrated in the corneal stroma [13]. Upon injury or infection, the corneal epithelium
releases chemotactic factors such as IL8 and CAP37 [14,15], that initiate a local immune
response to recruit polymorphonuclear cells (PMN), lymphocytes, and fibroblasts [16]. Thus,
an efficient clearance of invading pathogens relies on the recognition of the pathogen by all
cell types (Table 1), which may contribute to the innate immune response in the cornea.

3. TOLL-LIKE RECEPTORs AND THEIR LIGANDs
Currently 13 TLRs have been identified; TLRs 1–9 are common to mouse and human, while
TLR10 is only found in humans and TLRs 11–13 are unique to the mouse [17–19]. The TLRs
have an extracellular domain containing leucine-rich repeats (LRRs) whereas the cytoplasmic
domain shows a striking homology with that of the interleukin-1 receptor (IL-1R) and is
referred to as the Toll/IL-1R (TIR) domain. Many but not all of these TLRs have been assigned
a role in responding to particular ligand, so-called pathogen-associated molecular patterns
(PAMPs). The PAMPs are conserved structural moieties of pathogens that are essential for
their survival, hence make ideal targets for detection by the innate immune system [20]. This
has three major advantages. First, PAMPs are produced only by microbes and not by host cells,
enabling the innate immune system to distinguish between self and non-self. Second, as PAMPs
are essential for microbial survival, mutations in or loss of patterns can be lethal, and therefore
these patterns are not subject to high mutation rates. Third, PAMPs are invariant between
microorganisms of a given class, which implies that only a limited number of germ line-
encoded pattern recognition receptors are needed to detect the presence of a microbial infection
[20]. Table 2 summarizes common PAMPs present on the pathogens frequently associated
with infective keratitis and the TLRs that recognize them. The role of these individual TLRs
in recognization of microbial pathogen associated with infective keratitis is described in the
following sections.
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3.1. TLRs Recognizing Microbial Cell Wall PAMPs
TLRs can be classified either on the basis of their localization (surface or intracellular) or by
the nature of ligands recognized by them. Although there is always an overlap among the
PAMPs recognized by various TLRs, still they can be broadly divided in two categories 1.)
those recognizing the PAMPs mainly present on cell wall and 2.) those recognizing the PAMPs
present on genetic material of the microorganisms (like DNA or RNA)

3.1.1. TLR2 is a Sensor of Diverse PAMPs—TLR2 mainly recognizes its ligands as
heterodimers [21] with either TLR1 [22] or TLR6 [23]. Signaling does not appear to occur
with TLR2 homodimers. The implication of the use of heterodimers of TLR2 with other TLRs
for ligand recognition is significant, as it broadens the family of TLR2 dependent ligands.
TLR1/TLR2 heterodimers recognize a variety of bacterial lipopeptides, including the 19 kDa
mycobacterial lipoprotein [24], meningococcal lipoproteins [22], and the synthetic lipoprotein
structure Pam3Cys [23]. TLR6/TLR2 heterodimers recognize mycoplasma lipoproteins
(MALP) [23] and, potentially, peptidoglycan [25]. One major structural difference between
these two groups of molecules (TLR1/2 specific versus TLR2/6 specific) is that most bacterial
lipoproteins and Pam3Cys are triacylated while MALP and peptidoglycan are diacylated
[26]. Recent reports demonstrated that triacylated lipoproteins are preferentially recognized
by TLR1/TLR2 heterodimers [27].

There are a number of other ligands that appear to be dependent on TLR2 for induction of
immune effects, but do not appear to need the presence of TLR1 or TLR6, implying
heterodimerization with other non-TLR molecules. These include gram-positive cell walls
[28], lipoteichoic acid (also be recognized by TLR4) [29], mycobacterial lipoarabinomannan
[30], zymosan [21], heat shock protein 60 [31]. CD14, a major co-receptor required for LPS
recognition and down-stream effects mediated by TLR4 [32] has also been shown to be required
for signaling induced by TLR2 ligands. CD14 appears to bind a variety of different ligands, in
addition to LPS, and can efficiently transfer these molecules to the appropriate TLRs. In the
case of TLR2, the presence of CD14 enhances the efficiency of recognition by TLR2 to many
specific ligands [32].

Recent studies have shown that human conjunctival [33,34] and corneal epithelial cells
abundantly express TLR2 [12,35,36] and TLR2 has been shown to play an active role in the
chronic ocular inflammatory response to S. aureus in conjunctival epithelial cells [33]. We, on
the other hand, have recently observed that human corneal epithelial cells respond to live S.
aureus and its peptidoglycan (PGN) [12]. Contradicting reports have documented regarding
PGN as TLR2 ligand, Travassos et al. [37] showed that peptidoglycan is not sensed by TLR2,
whereas more recently Dziarski et al. reported TLR2-dependent recognition of S. aureus PGN
[38]. We recently showed that corneal epithelial cells respond to Pam3Cys (a synthetic ligand
for TLR2) in a TLR2-dependent manner [36], suggesting TLR2 is an innate receptor for S.
aureus and functions as a Gram-positive bacterial sensor in the cornea. These data are
consistent with a recent report showing that Pam3Cys stimulates PMN recruitment to the
corneal stroma in a TLR2-dependent manner [10]. However, contradicting results have been
reported regarding expression pattern of TLR2 in corneal epithelial cells. Ueta et al. showed
that TLR2 is expressed intracellularly and that peptidoglycan fails to stimulate cytokine
production above basal levels [35]. The reason for this discrepancy between the two
laboratories in TLR2 cellular localization and function is not clear. Further studies, such as
down-regulation of TLR2 in cells by siRNA silencing or dominant expression, are needed to
clarify the role of TLR2 in the recognization of Gram-positive bacteria by human corneal
epithelial cells.

Kumar and Yu Page 3

Curr Mol Med. Author manuscript; available in PMC 2009 April 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.1.2. TLR4: a Sensor for Gram-Negative Bacteria—One of the first mammalian toll-
like receptors to be identified was TLR4 and its main role has been implicated in recognization
of LPS which is the major component of Gram-negative bacterial cell wall [39,40]. TLR4 is
expressed in a variety of cell types, mostly in the cells of the immune system, including
macrophages and dendritic cells (DCs). Recognition of LPS by TLR4 is complex and requires
several co-receptors [41]. TLR4, MD2, and CD14 form a molecular complex that binds LPS
and dramatically augments LPS responses [42,43]. In DCs and macrophages, which enjoy the
relatively sterile environment of the peripheral lymphoid tissues where they are situated, TLR4
is expressed at the cell surface and when the cells encounter LPS, transmits a signal rapidly
for activation and initiation of immune responses, [44] [28] thereby allowing the cells to sense
PAMPs readily when encountering them. Corneal epithelial cells, however, like some other
epithelial cells, are in a unique position; they are in constant contact with microbes (pathogenic
and commensal), and their products, [45] and yet to mount an inflammatory response to them
on each encounter, would be detrimental to the host. Thus it would be beneficial for epithelia
to be unresponsiveness to LPS. Several mechanisms have been reported for different epithelial
cells to avoid unnecessary pro-inflammatory reactions to LPS exposure. These include
expressing extremely low levels of TLR4 and no MD-2, a critical co-receptor of TLR4, in
intestinal epithelial cells [46,47] and intracellular localization of TLR4 in human pulmonary
[48], intestinal [49,50], and corneal epithelial cells [35].

TLR4 and its co-receptor CD14 have been found to be expressed by a variety of ocular tissues
(Table 1) and cells including corneal epithelial cells [51], corneal stromal fibroblasts [52], in
human ciliary body, human iris endothelial cells (TLR4 only) [53], resident antigen presenting
cells (APCs) in the normal human uvea [54] and retinal pigment epithelial cells [55,56]. In a
murine model of river blindness due to endosymbiotic Wolbachia bacteria, the induced
inflammatory response in the cornea was dependent on expression of a functional TLR4
receptor on host cells [57]. A more recent study by Blais et al. showed that in the corneal
epithelium, LPS binding protein (LBP) was mainly expressed by superficial and basal epithelial
cells, whereas CD14, TLR4, and MD-2 expression were limited to the wing and basal epithelial
cells. Moreover this study demonstrated that tear CD14 and LBP complemented the LPS
receptor complex expressed by the corneal epithelia to trigger an immune response in the
presence of LPS [58].

3.1.3. TLR5 Recognizes Flagellin—Flagellin is the major protein constituent of bacterial
flagella, complex surface appendages that are involved in bacterial locomotion. More than 50
genes are known to be involved in the regulated expression and function of the flagellum,
implying that motility and chemotaxis are critically important for bacterial survival [59,60].
Flagellin possesses immunostimulatory properties [61]. Andersen et al. demonstrated that
flagellated, but not non-flagellated bacteria activated TLR5, indicating that flagellin is a
specific ligand for TLR5 [62,63]. A stop codon polymorphism in the flagellin-binding domain
of TLR5 is associated with susceptibility to legionnaires’ disease [64] and systemic lupus
erythamatous [65], highlighting the importance of TLR5 in microbial recognition, particularly
at a mucosal surface. Our laboratory and several others have shown that TLR5 is a major sensor
of epithelial cells to detect Gram negative bacteria and to activate key signaling pathways
leading to NF-κB and pro-inflammatory gene activation in tissues such as the cornea, the
intestine, and airway/lung [66–68]. Furthermore, we showed that TLR5 is expressed on the
cell surface of basal and wing corneal epithelial layers, but not superficial epithelial cells
[11] as such, bacteria or bacterial products are separated from TLR5 by the apical layer. Thus,
when barrier function is compromised, resulting in the exposure of the internal epithelial layers
to pathogens, the innate response is initiated in corneal epithelial cells by pattern recognizing
receptors such as TLR5. We believe this is a unique and key mechanism for epithelia to
discriminate between pathogenic and non- pathogenic bacteria in vivo.
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3.2. TLRs Recognizing Nucleotide PAMPs
Among the mammalian TLRs, four (3, 7, 8, and 9) recognize nucleic acids and are generally
believed to be expressed on endosomal membranes, rather than the plasma membrane of cells;
hence ligand-binding by the PRR motifs of these TLRs occurs in the lumen of the intracellular
vesicles [69]. It has been suggested that nucleic acids from bacteria or viruses [70], multiplying
within a cell, can be captured in membranous vesicles and brought to the TLRs in the
endosomes. Alternatively, extracellular nucleic acids released from damaged tissues or cells,
infected or uninfected, are endocytosed and presented to the internal TLRs [71].

3.2.1. TLR3 Induces Antiviral Response—TLR3 recognizes double-stranded (ds) RNA,
which are found specifically in many viruses and thus are considered a viral PAMP. Previously,
the interferon (IFN)-inducible RNA-dependent protein kinase R (PKR) was considered to be
central in the interaction with dsRNA [72]. However, cells from PKR-deficient mice still
respond to polyinosinic-polycytidylic acid poly(I:C), a synthetic dsRNA analog Alexopoulou
et al. [73] showed that TLR3 mediates responses to poly(I:C), including activation of NF-κB
and the production of type I IFNs. They further showed that TLR3 knockout mice were highly
resistant to poly(I:C)-induced shock compared to wild-type mice [73]. These studies and
several others suggest that TLR3 mediates cellular responses to poly(I:C), which has been
extensively used to mimic viral infection. Recently Tabeta et al. [19] using Tlr3 −/− mice,
documented that TLR3 contributes to murine CMV-induced type I IFN production, and to
overall protection against the virus.

TLR3 localization varies according to the cell type, being expressed in the cell surface of
fibroblasts and intracellularly in DCs [74,75]. An intracellular location is consistent with a role
in responding to viral nucleic acid. Interestingly, Ueta et al. recently reported that TLR3 is
expressed on the surface of human corneal epithelial cells (HCECs) and its expression is
amplified by poly(I:C) [76]. Consistent with what Ueta et al. reported, we also showed that
stimulation of cultured human corneal epithelial cells with poly(I:C) elicited the elevated
production of IL-6, IL-8 and IFN-beta.[76,77] Furthermore, we documented that upon
stimulation of TLR3, NF-κB was activated; IL-6, IL-8, and IP10 were secreted, and IFN-β,
IP10, myxovirus resistance gene A, and 2, 5′-oligoadenylate synthetase mRNA were induced,
indicating that activation of TLR leads to the induction of antiviral response in epithelial cells.
Interestingly, our results suggest that [77] TLR 3 in HCEC is expressed intracellularly and poly
(I:C) induced HCEC activation is sensitive to chloroquine, an endosomal acidification inhibitor
that block poly(I:C) internalization and/or delivery to endosome where TLR3 is located, but
not to TLR3 neutralizing antibody [78,79]. To date, the role of TLR3 in mediating a host
response to viral infection remains to be determined [80].

3.2.2. HSV-1 Infection Induced TLR7 Expression in HCECs—TLR7 and TLR8 are
the most recent members of TLR family and their role has been implicated in responding to
viral PAMPs [81]. Unlike other TLRs such as TLR3, 4 and 9, TLR7 expression is restricted
to the interferon-producing plasmacytoid DC subset in humans and is induced in macrophages
upon viral infection, suggesting the implication of TLR7 expression in antiviral responses.
Originally, two imidazoquinoline compounds, imiquimod and resiquimod (or R-848) known
to have potent anti-viral properties, were shown to activate murine macrophages through
MyD88 and TLR7 [82]. Recently, Heil et al. [83] and Diebold et al. [84] demonstrated that
TLR7 and TLR8 recognize the single-stranded RNAs (ssRNAs) found in many viruses, leading
to IFN-α production in virus-infected macrophages and DCs. Furthermore, TLR7 recognizes
the ssRNA viruses in vivo and mice deficient in TLR7 have reduced responses to in vivo
infection with vesicular stomatitis virus (VSV) [85]. Diebold et al. [84] also showed that the
production of large amounts of IFNα by pDCs in response to wild-type influenza virus required
endosomal recognition of influenza genomic RNA and signaling via murine TLR7 and MyD88.
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Consistent with these studies, Lund et al. [86] has shown that TLR7 was required for pDC and
B cell responses to another ssRNA virus, vesicular stomatitis virus (VSV). More recently
Triantafilou et al. showed that human cardiac inflammatory responses triggered by Coxsackie
B viruses are mainly TLR 8-dependent [87].

We investigated the response of cultured primary human corneal epithelial cells and HUCL
cells to HSV-1 infection in vitro and demonstrated that HSV-1 infection activates the NF-κB,
p38, and JNK signaling pathways in HCECs and induces expression and secretion of the
proinflammatory cytokines IL-6, IL-8 and TNF-α. Moreover, the mRNAs levels of the type I
IFNs (IFN-α, IFN-β) were also upregulated in HCECs in response to HSV-1 infection. HSV-1
infection also induced expression of TLR7 mRNA and protein in infected corneal epithelial
cells [88]. Our results suggest that corneal epithelial cells possess the ability to recognize
HSV-1 infection and TLR7 might be playing a role in corneal innate immune responses in
herpetic keratitis.

3.3.3. TLR9: a Sensor for Bacterial and Viral CpG DNA—TLR9 recognizes DNA
containing unmethylated CpG motifs common to both bacterial and viral genomes [89]. The
CpG motifs in bacterial DNA are unmethylated and occur more frequently [90]. Mammalian
DNA, on the other hand, has a low frequency of CpG dinucleotides, and these are mostly
methylated; therefore, mammalian DNA does not have immunostimulatory activity [89]. CpG-
DNA induces a strong T-helper-1 (Th1) inflammatory response. Moreover, TLR9 shows a
restricted cellular and sub-cellular pattern of expression. In contrast to other TLR agonists,
CpG-DNA is superior in activation of DCs and induction of co-stimulatory molecules (e.g.,
CD80, CD86) and cytokines such as interleukin (IL)-12 and IL-18. This qualifies CpG-DNA
as a Th1-promoting adjuvant. During infection, recognition of CpG-DNA of intracellular
pathogens skews and fine-tunes the ongoing immune response and induces a long-lasting Th1
milieu. In the eye of B6 mice, the end result of such a Th1 mediated response to P.
aeruginosa infection is devastating and results in corneal perforation, while a T helper 2 (Th2)
predominant response, as in BALB/c mice, results in healing [91,92]. An important role for
TLR9 in P. aeruginosa keratitis has been shown in B6 mice and the efficacy of silencing TLR9
using siRNA technology to modulate disease correlated with reduced pro-inflammatory
cytokine production, but increased bacterial load in the cornea [92].

Unmethylated CpG dinucleotide motifs are also found in abundance in some viral genomes,
such as herpes simplex virus (HSV). Recently, both HSV-1 and HSV-2 have been shown to
activate pDCs to produce type I IFNs through TLR9 [93,94]. In addition, purified HSV-2 DNA
was capable of inducing IFNα from pDCs [94]. In Tlr9 −/− mice injected with HSV-2, no
IFNα was detected, although mice lacking either TLR9 or MyD88 were capable of controlling
HSV-1 replication after local infection, suggesting that TLR9- and MyD88-independent
pathways in cells other than pDCs can effectively compensate for defective responses to HSV-1
[93,94]. Recognition of HSV-2 by pDCs did not require virus replication and was through an
endocytic pathway that was inhibited by chloroquine or bafilomycin A. This is consistent with
the fact that TLR9 is located in, and signals from intracellular endosomal compartments.
Recognition of MCMV by DC occurs through TLR9 causing cytokine secretion and viral
clearance by natural killer (NK) cells [93]. Induction of IFN-α in DCs and other cells by HSV-1
is mediated by both TLR9 dependent and independent pathways [95].

4. TLR SIGNALING PATHWAYS
In recent years, several studies have been conducted to determine how the activation of different
TLRs upon ligation with their specific PAMPs lead to different patterns of gene expression
[96,97]. Initially, all TLRs were thought to signal only through the common adaptor molecule
myeloid differentiation primary-response protein 88 (MyD88). Recently, three new adaptor
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proteins have been identified which include: TIR-domain-containing adaptor protein (TIRAP),
also known as MyD88-adaptor-like protein (MAL); TIR-domain-containing adaptor inducing
interferon b or TRIF, also known as TIR-domain-containing adaptor molecule 1 (TICAM-1);
and TRIF-related adaptor molecule (TRAM), also known as TIR-domain-containing adaptor
molecule 2 (TICAM-2) [98]. With the identification of these new adaptor molecules, the TLR
down-streaming signaling pathways can be divided into either MyD88-dependent or MyD88-
independent pathways. Fig. (2) summarizes the down-stream signaling pathways, and their
role in mediating innate response in corneal epithelial cells. In case of MyD88-dependent
signaling, TIRAP (MAL) is essential for signaling through TLR2 and TLR4 and leads to
activation of nuclear factor kappaB (NF-kB) [99,100]. On the other hand, TRIF functions in
the MyD88-independent pathway downstream of TLR3 and TLR4 to induce IFN-β TLR4
[101] and TRAM is involved in the activation of the MyD88-independent/TRIF-dependent
signaling pathway through TLR4 and leads to the expression of IFN-inducible genes [102].

TLRs utilize some non TLR receptors such as CD14 (for TLR2 and TLR4) and MD2 (for
TLR4) for proper ligation of their PAMPs. Following ligand binding, TLRs dimerize and
undergo the conformational changes required for the recruitment of downstream signaling
molecules. In case of MyD88-dependent pathways TLRs recruit the adapter molecule MyD88
through homotypic interactions with a TIR domain present in C-terminus of MyD88 [96,
103]. MyD88, in turn, recruits IL-1R-associated kinase (IRAK) and IRAK-4 to the TLR
complex via death-domain interaction. The binding of MyD88 to IRAK4 and IRAK results in
their phosphorylation and activation. Phosphorylated IRAK then dissociates from MyD88, and
becomes associated with tumor necrosis factor receptor-associated factor 6 (TRAF6) [104].
TGF-β-activated protein kinase (TAK-1), constitutively associated with TAK-1-binding
proteins, TAB-1 and TAB-2, then associates with the TRAF6-IRAK complex, whereby
TRAF6 in a ubiquitination-dependent manner triggers the phosphorylation and activation of
TAK1 [104]. Activated TAK1 phosphorylates the inhibitor of the NF-kB (IkB)-kinase (IKK)
complex, which consists of IKKa, IKKb and NF-kB essential modulator (NEMO)/IKKg, and
thereby induces activation of the NF-kB-dependent transcription. In addition, TAK1 activates
mitogen-activated protein (MAP) and stress-associated protein (SAP) kinases, such as
extracellular signal-related kinase (ERK), p38 and Jun N-terminal kinase (JNK). Activation of
NF-kB leads to the production of proinflammatory molecules such as TNF-α, IL-6, IL-8, IL-18,
MIP-1.

The MyD88-independent signaling as in case of TLR3 or TLR4 leads to the phosphorylation
of the transcription factor IFN regulatory factor 3 (IRF3). Phosphorylated IRF3 translocates
to the nucleus and activates the production of type I IFN-β, which subsequently induces the
expression of IRF7 and further production of IFN-α and IFN-β. A more detailed description
of the molecular mechanisms that mediate TLR signaling can be found in the reviews by Akira
&Takeda, and Beutler [96,97].

We, along with others, have recently shown that corneal epithelial cells constitutively or
inducibly express several functional TLRs in vitro and in vivo, including TLR2 (ligands e.g.:
lipopeptide) [10,36], TLR3 (dsRNA) [76,77], TLR4 (LPS) [51,58]), TLR5 (flagellin) [11],
TLR7 (ssRNA, HSV-1) [88] and TLR9 (CpG DNA) [10,92]. These studies have documented
the production of proinflammatory cytokines/chemokines such as IL-6, IL-8, and TNF-α, via
stimulation by specific TLR ligands as indicated, suggesting that TLRs play a critical role in
providing innate immunity in the cornea.
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5. ROLE OF TLRs IN SECRETION OF ANTI-MICROBIAL PEPTIDES
(DEFENSINS)IN THE CORNEA

Defensins are small cationic peptides containing sulfide bonds that exert their effect by
damaging the bacterial cell membrane [105]. Besides demonstrating broad anti-microbial
properties, defensins have chemotactic properties as well [106]. While α-defensins are
expressed in neutrophils and the Paneth cells of the intestine, β-defensins are produced by
various epithelial cells such as those in the skin, respiratory tract, and gastrointestinal tract
[107,108]. Human β-defensin-1 is constitutively expressed while β-defensin-2 and -3 are
induced by bacterial infection LPS TNF-α and IL-1.

In addition to recognizing pathogens and producing proinflammatory cytokines and
chemokines, the corneal epithelium is also known to function in the innate immune response
through the secretion of antimicrobial peptides [109–116]. Although most β-defensins are
typically constitutively expressed, human β-defensin-2 (hBD-2) is remarkable in that it is
inducible in a variety of epithelial cell types including those of the cornea [115,116]. These
studies suggest that TLRs might be implicated in the expression of β-defensins in the cornea.

Recently we demonstrated that TLR2-dependent pathways can stimulate β-defensin-2
expression by corneal epithelial cells [36]. These data suggest that, like other epithelial cells,
HCECs respond to PAMPs by secreting antimicrobial peptides. Thus, secretion of various anti-
microbial peptides by corneal epithelial cells is likely to be regulated by TLR-mediated
recognition of PAMPs. Since many TLRs including TLR2, 4, and 5 share the same signaling
pathways leading to NF-κB and MAPK activation, it is likely other pathogens/TLRs may also
induce hBD2 expression in HCECs. Indeed, induced hBD2 expression was also reported in
HCECs in response to P. aeruginosa infection [117]. McDermott et al. showed that the
expression of hBD2 in HCECs, unlikely hBD1 and hBD3, is stimulated by proinflammatory
cytokines such as IL-1beta, acting through mitogen-activated protein (MAP) kinase and
nuclear factor (NF)-kappaB pathways [116]. Thus, NF-κB is required for hBD2 expression
and other TLR-mediated signaling pathways contributing to pathogen-induced hBD2
expression in HCECs.

6. NEGATIVE REGULATORS OF TLR SIGNALING PATHWAYS
The inflammatory cytokines produced as a result of TLR signaling initiate innate response to
rid the cornea of invaders. However, if the production of proinflammatory cytokines is left
unchecked, excessive cytokines can lead to severe inflammatory disease and scar formation in
the cornea. Little is known about how TLR pathways are negatively regulated. Molecules
suggested to be negative regulators of TLR signaling pathways include MyD88 short [118],
SIGIRR (single immunoglobulin IL-1R-related molecule)[119], Tollip (suppressing IRAK)
[120], and ST2 which sequestrates the adaptors MyD88 and Mal [121]. Tollip, a Toll/IL-1R
(TIR) domain-containing inhibitory protein that is bound to IRAK [120] has shown to be
abundantly expressed in intestinal epithelial cells, which are poorly responsive to LPS [122].
Furthermore, Tollip expression increases in LPS- or LTA-treated intestinal epithelial cells and
is associated with hyporesponsiveness to these PAMPs [47,123].

Recently, another TIR-containing inhibitory molecule called SIGIRR or Tir8 has been
identified and its expression has also been documented in the intestinal epithelial cells [119].
Animals that are deficient in TIR8/SIGIRR are more susceptible to colitis induced by dextran
sodium sulfate (DSS) [124,125]. Nothing is known about the functions of SIGIRR in bacterial
keratitis, although preliminary evidence (Xi, H. et al., 2006 ARVO abstract 1906) suggest that
if the levels of SIGIRR are reduced by antibody neutralization, P. aeruginosa induced keratitis
is worsened in normally resistant BALB/c mice and corneal perforation is significantly
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enhanced. The trend of these preliminary studies suggest that expression and activity of
inhibitors of TLR signaling might be an important mechanism to limit corneal inflammation
and that reduced expression of these inhibitors might contribute to severe corneal damage.

7. ROLE OF TLRs IN THE REGULATION OF THE ADAPTIVE IMMUNE
RESPONSE

Although innate immunity is efficient at either preventing infection or greatly reducing the
pathogen load, complete elimination of invading microbial agents or control of an infection is
achieved only when adaptive immunity is induced. However, because of the need for expansion
of antigen-specific T- and B-lymphocyte populations with clonally distributed receptors, an
efficient adaptive response is induced in several days after a primary infection. Innate immunity
and adaptive immunity are not simply sequential and complementary mechanisms of resistance
to microorganism they regulate each other, through cellular contacts and soluble mediators
[126].

The recognition of PAMPs through TLRs initiates an inflammatory response characterized by
the recruitment of cells to the sites of infection to augment the killing of invading pathogens
and to prevent their spread [127]. Acute inflammatory cellular infiltrate consists of innate
immune cells such as monocytes, neutrophils, basophils, eosinophils and NK cells. Both PMNs
and NK cells are critical effector cells that protect the host by killing pathogenic microbes and
infected cells, respectively. To provide maximal surveillance for infectious agents, in addition
to the inflammation-induced cell recruitment, most tissues of the body, particularly at the
mucosal surfaces that represent portals of pathogen entry, are interlaced with resident innate
leukocytes such as DCs, macrophages and mast cells. The generation of adaptive immunity
begins with DCs capturing microbial antigens in the peripheral tissues. Subsequently, DCs
migrate to the draining lymph nodes to present the processed peptides to naive T lymphocytes
in the context of MHC molecules. The stimulation of immature DCs with TLR ligands results
in CCR6 down regulation and CCR7 upregulation [128], which enhances the ability of DCs
to migrate from the peripheral tissues to the draining lymph node [129,130]. In transit, DCs
also undergo a maturation program that endows the cells with the ability to stimulate naive T
lymphocytes. It is only after encountering microbial pathogens that DCs begin the process of
maturation [131,132]. Increasing number of studies have documented expression of TLRs on
DCs and their role in the activation of adaptive immunity [132]. Studies of DC subsets isolated
from humans and mice have shown that TLRs have distinct expression patterns. In murine
species, all splenic DC subsets express TLRs 1, 2, 4, 6, 8, and 9, [132] but some DC subsets
(plasmacytoid DC) lack TLR3. A given DC population will respond only to the pathogens for
which they have appropriate TLRs.

The cornea also has resident Langerhans cells (Fig. 1) which behave like DCs. The Langerhans
cells which participate in Ag presentation to the B and T cells (both CD4 and CD8) constitute
the adaptive mucosal immune system in the cornea. These cells are concentrated in the
epithelium of the peripheral cornea and conjunctiva but sparse in the central cornea [16]. Like
macrophages, they possess receptors for immunoglobulins, complement, and antigen. The
Langerhans cells recognize, phagocytize, and process certain antigens for presentation via the
epithelial surface and stroma [13]. Langerhans cells also stimulate helper T and B cells that
collaborate with other lymphocytes (killer, suppressor T cells) to enlist a strong cellular
immune response [3]. During inflammation Langerhans cells migrate toward the center of the
cornea and may participate in the secretion or release of inflammatory mediator substances
[133]. Expression of TLRs in Langerhans cells of the cornea has not been evaluated so far.
Studies are warranted to explore the link between TLR expression and adaptive immune
response in the cornea.

Kumar and Yu Page 9

Curr Mol Med. Author manuscript; available in PMC 2009 April 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. CONCLUSION AND FUTURE PERSPECTIVES
In the past few decades, most immunologic research has been focused on adaptive immune
responses. Interest in innate immunity followed the discovery of Toll receptors in the fruit fly,
Drosophila, and their counterparts in humans, TLRs, which have provided exciting insights
into host-pathogen interactions. Research into the molecular bases of infective keratitis and
treatments for these diseases has turned in an exciting new direction. Until very recently, most
of the evidence favoring a link between innate immunity and keratitis has been indirect, but
now we have data from experimental animal models [10,92] that directly implicate the role
TLR signaling pathways play in infective keratitis. Before we can begin to develop effective
therapies, it will be necessary to expand our understanding of what are the relevant ligands,
signaling pathways, and cell types involved? Where can we effectively intervene? How to
manipulate the TLR system to minimize hyper-inflammation during minor infection, yet is
highly sensitive to detect potentially dangerous pathogens that would be advantageous for the
cornea. Answering these questions will provide a better understanding of these basic molecular
bases of infective keratitis which can potentially be translated in many exciting ways, including
using small molecules to inhibit TLR signaling or employing selective TLR ligands as adjuvant
to generate tolerance.
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Fig. (1). Components of corneal innate response
(A) The cornea is a transparent, avascular, dome surface in front of the eye, in the cross section
(B) it consists of an outer epithelial, middle stromal and inner endothelial layers. The epithelial
cells being the outermost layer are in constant contact with microbes and their products. These
cells recognize the pathogens possibly through various TLRs and secrete proinflammatory
cytokines/chemokines such as IL-1β, IL-6, IL-8 and TNF-α. These cytokines either directly or
indirectly recruit immune cells such as PMNs or dendritic cells (DCs) to the site of infection.
The stromal fibroblast cells also express TLRs and might respond to the pathogen, when they
reach the stromal layer after breaking epithelial integrity. Langerhans cells (LC) are abundantly
present in peripheral cornea and less in the central cornea. These cells like DCs are powerful
antigen presenting cells (APC) and present Ag to T and B cells, therefore they form the adaptive
branch of immunity in the cornea. TLR expression patterns for various cell types are presented
in Table 1.
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Fig. (2). TLR signaling pathways in corneal epithelium
TLRs such as TLR2, 4, and 5 at the cell surface of HCEC recognize PAMPs such as
lipoproteins, LPS, and flagellin, respectively. Similarly nucleic acids released from damaged
infected tissues or cells or captured from multiplying bacteria or viruses are recognized by
TLRs such (TLR3, 7, 8, and 9) expressed in endosomes. The recognition of PAMPs by specific
TLRs leads to the activation of cascade of intracellular signaling pathways in a MyD88
dependent or MyD88-independent manner. The MyD88-dependent pathway (all TLRs except
TLR3) utilizes MyD88 which transduces signal through IRAK and TRAF6, leading to the
activation of NF-κB pathways and production of proinflammatory cytokines and anti-microbial
peptides. On the other hand, The MyD88-independent pathways, uses TRIF as an adaptor and
transduces signal through TBK1 and IRF3/7, leading to the expression of IFNs and the IFN-
induced genes. TLR2 and TLR4 also utilize non-TLR receptors such as CD14 and MD2 for
initial binding of their ligands.

Kumar and Yu Page 16

Curr Mol Med. Author manuscript; available in PMC 2009 April 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kumar and Yu Page 17

Table 1
TLR Expression in Various Cell Types Present in Human Eye

PRRs Corneal epithelial cells Conjunctival epithelial cells Stromal fibroblast cells†
Retinal pigment
epithelial cells

TLR1 + RNA[12,76] NA + RNA + RNA[55]

TLR2 + RNA[76], protein *
[12,36]

+ RNA, protein*[33,34] + RNA, protein* + RNA[55], protein*

TLR3 + RNA, protein*[76,77] NA + RNA, protein* + RNA, protein*[55]

TLR4 + RNA[76], protein[51] + RNA, protein[34] + RNA, protein + RNA[55], protein[56]

TLR5 + RNA[76], protein*[11] NA + RNA, protein* + RNA[55],

TLR6 + RNA[12,76] NA + RNA + RNA[55]

TLR7 + RNA[76], protein NA + RNA, protein + RNA[55], protein

TLR8 Not expressed[76] NA + RNA Not expressed

TLR9 + RNA[12,76], protein + RNA, protein[34] + RNA, protein + RNA[55], protein

TLR10 + RNA[76] NA + RNA + RNA
+

indicates whether expression is positive at the RNA, protein level, or both

*
denotes that protein and RNA are expressed, and the receptor has been shown to be functional in response to the appropriate ligand.

†
Expression pattern in stromal fibroblast cells is unpublished data (Kumar and Yu et al) NA; not analyzed
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Table 2
Common Pathogens Causing Infective Keratitis and their PAMPs

Pathogen PAMP PRR

Pseudumonas aeruginosa Flagellin
Lipoprotein

LPS

TLR5
TLR2
TLR4

Staphylococcus aureus Lipopeptide
Peptidoglycan

LTA

TLR2
TLR2
TLR2

HSV-1 dsRNA
ssRNA

Glycoprotein

TLR9
TLR7
TLR2

Candida albicans Zymosan
Phospholipomannan

TLR2
TLR2
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