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Abstract
Human peptidoglycan recognition proteins (PGLYRPs) is a novel family of pattern recognition
receptors, and also act as antibacterial proteins. This study was to explore the toll-like receptor (TLR)-
mediated regulation of PGLYRPs in human corneal epithelial cells (HCECs). Fresh human donor
corneoscleral tissues were used to prepare cryosections. Primary HCECs, established from limbal
explants, were treated with microbial ligands to TLRs 1–9 for 4–48 hours, with or without
pretreatment of TLR antibodies, NFκB inhibitor, or siRNA transfection. The mRNA of PGLYRPs
was evaluated by RT and real time PCR, and their proteins and NF-κB activation were determined
by immunostaining and Western blot. The nuclear IRF3 activity was quantified using an ELISA-
based TransAM kit. PGLYRP-2, -3 and -4 were found to be expressed by human corneal epithelium
while PGLYRP-1 was not detected. In primary HCEC cultures, PGLYRP-3 and -4 were
constitutively expressed while PGLYRP-2 was largely inducible. PGLYRP-2 was induced by
bacterial components, Pam3CSK4, PGN, flagellin and FSL-1, ligands for TLR2/1, 2, 5 and 2/6,
respectively. Interestingly, PGLYRP-2 was strongest stimulated by polyI:C representing viral
dsRNA. TLR3 antibody or NF-κB inhibitor blocked IRF3 and NF-κB p65 activation as well as
polyI:C-stimulated PGLYRP-2. RNA interference indicates that the polyI:C-induced PGLYRP-2
was dramatically blocked in the cells transfected with siRNA-TRIF but neither siRNA-MyD88 nor
the negative control siRNA-F. These findings suggest that human corneal epithelium may response
to viral or bacterial infection by producing PGLYRPs through TLRs, and the induction of PGLYRP-2
by dsRNA was through TLR3-TRIF-IRF3-NFκB signaling pathways.
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INTRODUCTION
In addition to physical barrier function, epithelial cells have been recently recognized to play
a vital role in regulation of immune responses. Innate immunity, the first line of defense against
microorganisms, can detect the pathogen and start a rapid defensive response through pattern
recognition receptors (PRRs), which detect pathogens via the recognition of pathogen-
associated molecular patterns (PAMPs) (Kumar et al., 2004; Unterholzner and Bowie, 2008).
The recognition of pathogens has been largely ascribed toll-like receptors (TLRs), which can
transduce signals in response to microbes, such as bacteria, fungi and viruses (Takeda and
Akira, 2005). Activation of TLRs leads to the activation and recruitment of neutrophils and
macrophages to sites of infection and enhances production of antimicrobial factors.

Peptidoglycan (PGN), a major constituent of the cell wall of Gram positive bacteria, represents
an excellent target for innate immune recognition. In addition to TLR2, peptidoglycan
recognition proteins (PGRPs), a novel family of PRR conserved from insects (Werner et al.,
2000; Yoshida et al., 1996) to mammals (Dziarski, 2004; Kang et al., 1998), recognize bacterial
PGN as an innate immunity molecule. The PGRP family currently includes nearly 100
members, all of which have a homologous PGN-binding domain of ~165 amino acids in length
(Dziarski and Gupta, 2006b). Insects have up to 19 PGRPs, while mammals have only four
PGRPs: PGRP-S (small PGRP, 24 kDa), PGRP-L (Long PGRP, 64 kDa), PGRP-I α
(Intermediate PGRP-α, 38 kDa) and PGRP-I β (Intermediate PGRP-β, 46 kDa) (Liu et al.,
2001). The Human Genome Organization Gene Nomenclature Committee has renamed these
as peptidoglycan recognition proteins (PGLYRPs) 1–4, respectively. Distinct from insects,
mammalian PGLYRPs not only recognize bacterial PGN as an innate immune response, but
also act as anti-bacterial factors with direct bactericidal function (Dziarski and Gupta,
2006a). All four mammalian PGLYRPs are soluble intracellular or secreted molecules, which
kill bacteria in the absence of enzymatic activity. PGLYRP-1 participates in killing
phagocytized bacteria (Dziarski et al., 2003; Liu et al., 2000); PGLYRP-2 is an N-
acetylmuramoyl-L-alanine amidase (Gelius et al., 2003; Wang et al., 2003; Zhang et al.,
2005) that hydrolyzes bacterial peptidoglycan; PGLYRP-3 and PGLYRP-4 are co-expressed
in the same cells and are exclusively secreted as homo- or heterodimers with antibacterial
function (Lu et al., 2006).

Interestingly, we have recently found that the PGLYRPs were stimulated in human corneal
epithelial cells (HCECs) not only in response to PGN extracted from Staphylococcus aureus,
but also to polyinosine-polycytidylic acid (polyI:C), a synthetic analog of double-stranded
RNA (dsRNA) that is a molecular pattern associated with viral infection. These findings
prompted us to explore the potential interactions between TLRs and PGLYRPs, an important
regulation of innate immune response that has not been elucidated. Since human corneal
epithelial cells have been shown to express functional TLRs 1–9, except for TLR8 (Kumar and
Yu, 2006), we hypothesize that these cells can be utilized as an in vitro model to investigate
the innate epithelial response. The purpose of this study was to explore the expression,
regulation and signaling pathways utilized by human corneal epithelium to produce PGLYRPs
in response to a variety of TLR ligands.

METHODS
Materials and reagents

The TLR ligands Pam3csk4, PGN from staphylococcus aureus (PGN-SA), flagellin from S.
typhimurium, synthetic diacylated lipoprotein (FSL-1), imiquimod (R837), single-stranded
GU-rich oligonuleotide complexed with LyoVec (ssRNA40/LyoVec), and Type C CpG
oligonucleotide (ODN) were purchased from InvivoGen (San Diego, CA). Polyinosine-
polycytidylic acid (polyI:C), LPS from Escherichia coli were from Sigma-Aldrich (St. Louis,

Ma et al. Page 2

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MO). Affinity-purified goat polyclonal antibody (Ab) against PGLYRP-2, rabbit polyclonal
Abs against TLR3 (M-300) and p65 were from Santa Cruz Biotechnology (Santa Cruz, CA);
mouse antibodies against PGLYRP-3 and -4 from Imgenex (San Diego, CA). RNeasy® Mini
kit and HiperFect transfection reagent from Qiagen (Valencia, CA). TaqMan® Gene
Expression Assay, real-time PCR Master Mix, and Silencer Select® pre-designed siRNAs were
from Applied Biosystems (Foster City, CA).

Human corneal tissue and primary HCEC cultures for PGLYRPs induction
Fresh human corneoscleral tissues (<72 hours after death) not suitable for clinical use, from
donors aged 21 to 68 years, were obtained from the Lions Eye Bank of Texas (Houston, TX).
The tissues were cut, frozen and sectioned for immunostaining. The corneal epithelium was
scraped and lysed for mRNA analysis. HCECs were established from limbal explants in a
supplemented hormonal epidermal medium containing 5%FBS (SHEM) using our previous
methods (Kim et al., 2004; Li et al., 2001; Solomon et al., 2000). Corneal epithelial cell growth
was carefully monitored, and only the epithelial cultures without visible fibroblast
contamination were used for this study. Confluent corneal epithelial cultures were switched to
serum-free SHEM and treated for different time periods (4, 8, 16, 24, or 48 hours) with a series
of microbial components with multiple concentrations. Each experiment was repeated at least
three times.

TLRs and NFκB signaling pathway assay
HCECs were pre-incubated with specific TLR3 antibody (10µg/ml) or NFκB activation
inhibitor quinazoline (NFκB-I, 10µM) for 1 hour before adding polyI:C for 4–48 hours
respectively. The cells in 6-well plates treated with 4 hours were lysed for extraction of
cytoplasmic and nuclear proteins, and stored at −80 °C for Western blot analysis or IRF3
activation assay. The cells treated with 16 hours in 12-well plates were lysed for real time PCR
analysis. The cells treated with 4 or 48 hours in 8-chamber slides were fixed for p65 or
PGLYRPs immunofluorescent staining, respectively.

RNA interference
RNA interference experiments were performed as our previous method (Chen et al., 2006)
with modification. In brief, primary HCECs were transfected with annealed double-stranded
siRNA (20 nM) specific for TRIF (TIR-domain-containing adapter-inducing interferon-β), or
MyD88 (myeloid differentiation factor 88) with a non-coding sequence siRNA-fluorescein
(siRNA-F) as a negative control (also serve as visible monitor for transfection efficiency) using
HiperFect reagent for 16 hours. After incubation for additional 48 hours, the cells were treated
with polyI:C 25 µg/ml for 4–48 hours. The sequences of target TRIF or MyD88 mRNAs used
in this study are 5'- GAAUCAUCAUCGGAACAGA-3' or 5'-
GAUGAUUACCUGCAGAGCA-3' respectively. The cell viability after transfection for 4days
was more than 90%, as assessed by a 0.2% trypan blue exclusion test and morphological
observation.

Total RNA extraction, reverse transcription (RT) and quantitative real-time PCR
Total RNA was extracted from corneal tissues or HCECs using a Qiagen RNeasy® Mini kit
according to manufacturer’s protocol, quantified by NanoDrop® ND-1000
Spectrophotometer, and stored at −80 °C. The first strand cDNA was synthesized by RT from
1 µg of total RNA using Ready-To-Go You-Prime First-Strand Beads as previously described
(Luo et al., 2004; Yoon et al., 2007). The real-time PCR was performed in Mx3005P™ system
(Stratagene) with 20µl reaction volume containing 5µl of cDNA that was generated from 50ng/
ml of total RNA, 1µl of TaqMan® Gene Expression Assay primers and probe for PGLYRP-1
(Hs00175475_m1), PGLYRP-2 (Hs00277228_m1), PGLYRP-3 (Hs00364657_m1),
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PGLYRP-4 (Hs00220648_m1) or GAPDH (Hs99999905_m1), and 10µl TaqMan® Gene
Expression Master Mix. The thermocycler parameters were 50°C for 2 min, 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. A non-template control was
included to evaluate DNA contamination. The results were analyzed by the comparative Ct
method and normalized by GAPDH, and presented as relative fold change in the expression
levels by the treated groups versus untreated controls (de Paiva et al., 2006; Yoon et al.,
2007).

Immunoflluoresent staining
The human corneal frozen sections or corneal epithelial cells on 8-chamber slides were fixed
in acetone at −30°C for 5 minutes. Cell cultures were permeabilized with 0.2% Triton X-100
in PBS at room temperature (RT), for 10 min. Indirect immunofluorescent staining was
performed with our previous methods (Chen et al., 2004; Li and Tseng, 1995). using primary
rabbit antibodies against human PGLYRP-2(1:50, 4µg/ml), -3 or -4 (1:100, 5µg/ml). Alexa-
Fluor 488 conjugated secondary antibodies was applied, and propidium iodide (PI) was used
for nuclear counterstaining. Secondary antibody alone without primary antibodies applied, or
isotype IgG were used as negative controls. The staining will be photographed with Zeiss laser
scanning confocal microscope (LSCM510META, Thornwood, NY) (Yu et al., 2007).

Western Blot Analysis
Western blot analysis was performed using a previous method (Luo et al., 2004). In brief, the
cytoplasm and nuclear protein samples (30 µg per lane), prepared with Nuclear Extract Kit
(Active Motif, Carlsbad CA) and measured by a BCA protein assay kit (Pierce, Rockford, IL),
were mixed with 6× SDS reducing sample buffer and boiled for 5 min before loading. Proteins
were separated by SDS PAGE gel and transferred electronically to PVDF membranes. The
membranes were blocked with 5% non-fat milk in TTBS (50 mM Tris [pH 7.5], 0.9% NaCl,
and 0.1% Tween-20) for 1 hour at RT, incubated with primary antibodies against NFκB p65
or PGLYRP-2 overnight at 4°C, and then with horseradish peroxidase-conjugated secondary
antibody for I hour at RT. The signals were detected with an ECL chemiluminescence reagent
(GE Healthcare) and the images were acquired by a Kodak image station 2000R (Eastman
Kodak).

Nuclear IRF3 activation assay
The nuclear interferon regulatory factor 3 (IRF3) activity was quantified using an ELISA-based
TransAM IRF3 kit (Active Motif) according to manufacturer’s protocol. In brief, the nuclear
protein extracts (10 µg per well) were added to a 96-well plate that was immobilized with
oligonucleotide containing IRF3 element. IRF3 contained in nuclear extracts binds specifically
to this oligonucleotide during ncubation for two hours at room temperature. IRF-3 antibody
(100 µl, at 1:1000 dilution) was then added to each well for 1.5 hours followed by 100 µl of
horseradish peroxidase (HRP)-conjugated antibody (1:1000 dilution) for 1 hour. After adding
100 µl of Developing Solution for up to 15 minutes and colorimetric reaction was stopped, the
IRF3 activity was determined by reading absorbance on a spectrophotometer at 450 nm with
a reference wavelength of 655 nm.

Statistical analysis
Student’s t-test was used to compare difference between two groups. One-way ANOVA test
was used to make comparisons among three groups, and the Dunnett’s test was further used to
compare each treated group with the control group. Statistical significance was retained for
P values <0.05.
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RESULTS
Three members of PGLYRPs were detected in human corneal epithelial tissues and primary
cultured HCECs

The mRNA expression of PGLYRPs in human corneal epithelial tissues and primary cultured
HCECs was evaluated by real-time PCR. As shown in Figure 1A, GAPDH, an internal control,
was detected at threshold cycles (Ct) 22.03±0.45 in human corneal epithelial tissues and at Ct
19.02±0.55 in HCECs, while PGLYRP-1 mRNA was not detected in 45 cycles. PGLYRP-2
expression was detected at low level at Ct 38.28±1.11 or 36.58±0.7 in corneal tissue or cultures,
respectively. More abundantly expressed than PGLYRP-2, PGLYRP-3 and PGLYRP-4 have
similar Ct levels of 30.23±0.66 or 31.64±0.1.42, respectively in corneal tissues and Ct 27.47
±0.71 or Ct 28.07±0.85, respectively in HCECs.

Immunofluorescent staining was performed to localize three members of PGLYRPs in human
corneal tissues and primary cultured HCECs. As shown in the Figure 1B, PGLYRP-2 was
immuno-localized mainly in suprabasal epithelial layers while PGLYRP-3 and -4 were
localized throughout all epithelial layers of the human cornea. No PGLYRPs were detected in
corneal stroma. In primary cultured HCECs, these three PGLYRPs were found in most cells
and mainly localized to the cell membrane and cytoplasm. The immunoreactivity to
PGLYRP-2 was lower than PGLYRP-3 and -4, which was consistent with their mRNA levels.

Differential induction of PGLYRPs was observed in HCECs exposed to microbial ligands
The primary cultured HCECs were challenged by nine extracted or synthetic microbial
components, representing the TLR ligands respective to TLRs 1–9, in different concentrations
for different time periods (4–48h). Induction of three PGLYRPs was evaluated by real time
PCR and immunofluorescent staining. Interestingly, PGLYRP-2 was largely induced by
several microbial components, although it was weakly expressed by normal HCECs. As shown
in Figure 2A, PGLYRP-2 mRNA level was markedly stimulated in the HCECs challenged by
certain bacterial or viral components including Pam3CSK4, PGN, polyI:C, flagellin and FSL-1,
the ligands respective to TLRs 1, 2, 3, 5 and 6. PGLYRP-2 induction was not observed in
HCECs exposed to LPS (1–10 µg/ml), Imiquimod (R837) (1–50 µg/ml), ssRNA40 (0.1–10
µg/ml) or unmethylated DNA CpG motifs (ODN, 1–50 µg/ml), the ligands respective to TLRs
4, 7, 8 and 9. The induction of PGLYRP-2 mRNA reached to the peak levels at 16 hours (Figure
2B) and was stimulated in a concentration-dependent fashion in HCECs challenged by these
major microbial ligands (Figure 2C). The PGLYRP-2 mRNA was stimulated to the highest
level (up to 187 fold) by TLR3 ligand polyI:C representing viral double stranded RNA
(dsRNA). It was also dramatically stimulated by several bacterial components, including
TLR2/1 ligand Pam3CSK4 (up to 12 fold), TLR2 ligand PGN (up to 8 fold), TLR5 ligand
flagellin (up to 41 fold) and TLR2/6 ligand FSL-1 (up to 32 fold). In contrast, PGLYRP-3 and
-4 appeared to be much less inducible in HCECs in response to microbial components, although
they were constitutively expressed by normal HCECs at more abundant levels than PGLYRP-2.
Their mRNA expression was only induced by polyI:C and flagellin, and the stimulated levels
of PGLYRP-3 and -4 (up to 12 or 3 fold, respectively by polyI:C, and up to 8 or 3 fold,
respectively by flagellin) were much less than PGLYRP-2 in HCECs (Figure 2A). The
induction of these three PGLYRPs by polyI:C and flagellin was confirmed at protein level by
the immunofluorescent staining (Figure 2D).

TLR and NFκB signal pathways mediated the induction of PGLYRP-2 by dsRNA in HCECs
Since PGLYRP-2 was the most inducible in response to different microbial components, and
synthetic dsRNA polyI:C was the strongest stimulator, we used this model to further investigate
the signaling pathways that mediated the polyI:C-induced production of PGLYRP-2. When
HCECs were pre-incubated with a rabbit TLR3 antibody (10µg/ml) or NFκB activation
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inhibitor quinazoline (NFκB-I, 10µM) one hour before challenged by TLR3 ligand polyI:C
(50µg/ml) for 16 or 48 hours, the polyI:C stimulated induction of PGLYRP-2 transcript (Figure
3A) and protein (Figure 3 B and C) was dramatically blocked, as evaluated by real-time PCR,
immunostaining and Western blot, respectively. When the cells were pre-transfected with
siRNA-TRIF or siRNA-MyD88, using non-coding sequence siRNA-F as a negative control
for 48 hours before challenged by polyI:C for 16 hours, the transcripts of TRIF or MyD88 were
significantly decreased (up to 70% or more knocked down, Figure 3D) in the cells successfully
transfected with the respective siRNA at a transfection rate reaching more than 80% for each
siRNA (data not shown). In addition, the polyI:C stimulated levels of PGLYRP-2 transcripts
were dramatically blocked in the cells transfected with siRNA-TRIF but neither siRNA-
MyD88 nor the negative control siRNA-F (Figure 3E). Evaluated by an ELISA-based nuclear
transcription factor activity assay using the Cos-7 cell nuclear extract (supplied in kit) as a
positive control, the nuclear IRF3 activity, specific for TRIF pathway activation, was
significantly stimulated in the HCECs exposed to polyI:C for 4 hours; and this stimulated
nuclear IRF3 activity was markedly blocked by pre-incubation with TLR3 antibody or NFκB-
I, respectively (Figure 3F). As evaluated by immunostaining and Western blot analysis (Figure
3 G and H), the NF-κB pathway activation was confirmed by p65 protein translocation from
cytoplasm to nucleus in the cells treated with poly I:C for 4 hours. This p65 nuclear
translocation was largely blocked by pre-incubation with TLR3 antibody or NFκB-I.

DISCUSSION
Epithelial cells have been recently recognized to detect and respond to various pathogens
through the innate immune pathway with PRRs that recognize PAMPs (Ishihara et al., 2006;
Kumar et al., 2004; Uehara et al., 2005). PGN is known to be recognized by PGRPs, TLR2,
and nucleotide-binding oligomerization domain-containing proteins (NODs) that detect some
soluble PGN motifs termed muropeptides (Franchi et al., 2006; Uehara et al., 2005). All three
PRR families recognize PGN, but the interactions between TLRs and PGRPs have not been
elucidated.

The discovery of the TLRs, the most important family among the PRRs, is a breakthrough in
the understanding of the ability of the innate immune system to rapidly recognize pathogens.
At least 10 human TLRs have been identified to date. Each TLR has unique ligand specificity.
TLRs are expressed on the immune cells that are most likely to first encounter microbes, such
as neutrophils, monocytes, macrophages, and dendritic cells (Takeda et al., 2003). In addition
to innate immune cells, an array of TLRs is expressed by epithelial cells. HCECs have been
shown to express functional TLRs 1–9, except for TLR8 (Kumar and Yu, 2006), and to be
capable of recognizing a variety of microbial ligands from bacteria, fungi and viruses.

Although TLR2 has been shown to be able to detect PGN, the PGRPs, especially the human
PGLYRPs, are more novel, which not only recognize bacterial PGN as an innate immune
response, but also have directly bactericidal function (Dziarski and Gupta, 2006a). Using fresh
human corneoscleral tissue and primary cultured corneal epithelial cells, we have revealed that
PGLYRP-2, -3 and -4 were constitutively expressed and differentially regulated in HCECs in
response to a variety of microbial ligands through TLR and NFκB signaling pathways.

Human PGLYRPs are selectively expressed in different organs. PGLYRP-1 is found in high
level in granulocyte granules (Dziarski et al., 2003; Liu et al., 2000; Tydell et al., 2006).
PGLYRP-2 is constitutively produced in the liver (Liu et al., 2001; Wang et al., 2003) and
inducible in epithelial cells (Uehara et al., 2005). PGLYRP-3 and -4 are expressed in the skin,
eyes, salivary glands, throat, tongue, esophagus, stomach and intestine. In the present study,
we revealed that three PGLYRPs 2–4 were expressed in human corneal epithelium at mRNA
and protein levels, while PGLYRP-1 was not detected. PGLYRP-2 was expressed at very low
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levels while PGLYRP-3 and -4 were abundantly produced by human corneal epithelium. This
diversity suggests that different PGLYRPs may induce distinct biological effects.

A previous study reported that chemically synthesized PAMPs increase the expression of
PGLYRPs via TLRs 2 and 4 in human oral epithelial cells (Uehara et al., 2005). In the present
study, HCECs were challenged by nine extracted or synthetic microbial components, ligands
to TLRs 1–9, respectively. We observed that PGLYRP-3 and -4 were much less inducible,
although they were expressed at abundantly constitutive levels in normal conditions. Among
the 9 microbial ligands challenged, only TLR5 ligand flagellin, a major component from
bacterial flagellar filament, and TLR3 ligand polyI:C, a synthetic viral double stranded RNA
(dsRNA) could stimulated the mRNA of PGLYRP-3 and PGLYRP-4 up to 2–3 fold or 11–13
fold, respectively. Consistent with and expanded from the previous results (Uehara et al.,
2005), we explored that the expression of PGLYRP-2 was largely induced by a variety of
bacteria components, including Pam3CSK4, PGN, flagellin and FSL-1, the ligands for TLR2/1,
2, 5 and 2/6 respectively. Interestingly, we further revealed that PGLYRP-2 was stimulated to
the greatest degree (up to 187 fold) by TLR3 ligand polyI:C, representing viral dsRNA. PolyI:C
has been shown to induce the expression of key proinflammatory cytokines, chemokines and
antiviral genes that help in the defense of the cornea against viral infection (Kumar et al.,
2006). Very recently, we reported that polyI:C induced production of the pro-allergic cytokine,
thymic stromal lymphopoietin (TSLP) in HCECs (Ma et al., 2009). There are various
mechanisms in epithelial cells to sense viral components and initiate intracellular signal
transduction for responding rapidly to viral infections. Our findings suggested that corneal
epithelial cells are important sentinels of the innate immune system against viral infection.
Further investigations, including in vivo cornea infection studies, are necessary to clarify
whether PGLYRPs may have a potential anti-viral role in addition to known anti-bacterial
efficacy.

TLR3 is constitutively present on endosomal membranes inside cells (Kumar and Yu, 2006)
or on cell surface (Ueta et al., 2005) to recognize virus nucleic acids. Stimulation of TLR3 by
viral dsRNA has been reported to be able to transduce signals to activate transcription factors
via MyD88-independent signalling pathways (Ueta et al., 2005). In the present study, we
showed that synthetic dsRNA polyI:C induced PGLYRP-2 through a TLR3 signaling cascade
that activated NF-κB and IRF3. TLR3 antibody or NF-κB inhibitor markedly blocked the
activation of NF-κB and IRF3, and also inhibited the polyI:C-stimulated induction of
PGLYRP-2 in HCECs. The gene silencing experiments using siRNA further confirmed the
TLR3-TRIF-IRF3 signaling pathways activated by dsRNA in HCECs. When siRNA-TRIF
knocked down the expression of TRIF mRNA, the polyI:C induced stimulation of PGLYRP-2
expression and production was also significantly blocked in HCECs. In contrast, polyI:C-
induced PGLYRP-2 expression was not inhibited in MyD88-silenced cells. These results
indicated that PGLYRP-2 induction by polyI:C was via TLR3 and NFκB signaling pathways
in HCECs. TLR3 may function as a sensor for detection of viral infection and for initiation of
the antiviral response in the cornea.

In summary, we have demonstrated that human corneal epithelium expresses three PGLYRPs,
among which PGLYRP-3 and -4 were constitutively expressed, while PGLYRP-2 was most
inducible by a variety of bacterial and viral ligands. Interestingly, dsRNA was the strongest
stimulator for PGLYRPs in HCECs, and the induction of PGLYRP-2 by dsRNA was through
TLRs-TRIF-IRF3-NFκB signaling pathways. These findings suggest that PGLYRPs may
participate in antimicrobial defense through innate immune response in human corneal
epithelium.
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Figure 1.
Presence of PGLYRPs in human corneal tissue sections and primary cultured human corneal
epithelial cells (HCECs). A. The levels of cycle threshold (Ct), evaluated by RT and real-time
PCR, represent the mRNA levels of PGLYRPs expressed in total RNAs extracted from fresh
human corneal epithelial tissues and HCECs, respectively; ND: not detectable. The Ct data
shown are mean ± SD of three independent experiments, *, p < 0.01; **, p < 0.005 compared
with GAPDH. B. Representative images showing immunofluorescent staining of PGLYRPs
2–4 (green color) with isotype IgG as negative control on frozen sections of human corneal
tissues and HCECs. Propidium iodide (PI) was used as nuclear counterstaining (red color, data
not shown). Magnification: ×400 (bar = 50 µm).
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Figure 2.
Differential induction of PGLYRPs by microbial ligands in HCECs. A. The confluent primary
HCECs were incubated with 50µg/ml polyI:C or 10µg/ml of Pam3CSK4, PGN, LPS, flagellin,
FSL-1, R-837, ssRNA40 or C-CpG-ODN for 16 hours for evaluating PGLYRP-2, -3 and -4
mRNA expression by RT and real-time PCR; B. The time course of PGLYRP-2 mRNA
induction by RT and real-time PCR in HCECs exposed to 50 µg/ml of polyI:C, or 10 µg/ml
of Pam3CSK4, PGN, flagellin or FSL-1 for 4–24 hours; C. Concentration-dependent induction
of PGLYRP-2 in HCECs by microbial ligands, 1–100 µg/ml Pam3CSK4, 1–50 µg/ml PGN,
5–50 µg/ml polyI:C, or 0.1–10 µg/ml of flagellin or FSL-1 for 16 hours; D. The induced protein
production of PGLYRPs 2–4 by polyI:C and flagellin in HCECs was shown by immuoflurecent
staining. The mRNA data shown are mean ± SD of three independent experiments, *, p < 0.05;
representative images from three independent experiments are shown.
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Figure 3.
TLR3 and NFκB signaling pathways involved in PGLYRP-2 induction by polyI:C in HCECs.
A. PGLYRP-2 mRNA levels in cells treated with polyI:C for 16 hours and pre-incubated in
the absence or presence of 10 µg/ml TLR3 mAb or 10µM NFκB activation inhibitor
quinazoline (NFκB-I) for 1 hour; B. Whole protein of cells treated for 48 hours were extracted
with RIPA buffer for western blot of PGLYRP-2 production; C. PGLYRP-2
immunofluorescent staining of cells on 8-chamber microscope slides treated with polyI:C for
48 hours and pre-incubated in the presence or absence of 10 µg/ml TLR3 mAb or 10µM
NFκB-I for 1 hour; D. RNA interference results showing up to 70% of TRIF or MyD88 mRNA
knocked down by respective siRNA for TRIF or MyD88; E. PolyI:C stimulated PGLYRP-2
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mRNA levels were blocked by siRNA-TRIF, but not by siRNA-MyD88 nor siRNA-F; F. The
nuclear transcription factor IRF3 activity in the cells treated with polyI:C for 4 hours and pre-
incubated in the absence or presence of 10 µg/ml TLR3 mAb or 10µM NFκB-I for 1 hour;
G. Western blot analysis showing NFκB p65 translocation from cytoplasm to nuclei in cells
treated with polyI:C for 4 hours pre-incubated in the absence or presence of 10 µg/ml TLR3
mAb or 10µM NFκB-I for 1 hour. C-p65: cytoplasmic p65; N-p65: nuclear p65; H. NFκB p65
immunofluorescent staining in cells of 8-chamber slides treated with polyI:C for 4 hours and
pre-incubated in the presence or absence of 10 µg/ml TLR3 mAb or 10µM quinazoline
(NFκB-I) for 1 hour; I. The rate of NFκB p65 positive staining in cytoplasm of human corneal
epithelial cells in experiments H was quantified. The mRNA data shown are mean ± SD of
three independent experiments, *, p < 0.05; representative images from three independent
experiments are shown.
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