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A B S T R A C T

The human ocular surface epithelium expresses TLR3, which recognizes double-stranded (ds) RNA mimicking
polyinosine-polycytidylic acid (polyI:C). Its stimulation induces the secretion of the inflammatory cytokines such
as interleukin (IL)-6, IL-8, and type I interferon. The cytoplasmic helicase proteins RIG-I and MDA5 are also
expressed on the ocular surface. We investigated the function of TLR3 in the cornea of CD11c− YFP+ and TLR3
KO CD11c− YFP+ mice. We also examined the function of IPS-1, an adaptor molecule common to RIG-I and/or
MDA5, in IPS-1 KO CD11c− YFP+ mice. In the central corneal epithelium of CD11c− YFP+ mice, the infiltration
of CD11c− YFP+ cells was significantly upregulated 48 h after polyI:C stimulation; it was significantly down-
regulated in the stromal layer of their central and peripheral cornea. On the other hand, in the corneal epi-
thelium of TLR3 KO CD11c− YFP+- and wild-type mice, the movement of CD11c− YFP+ cells was different from
CD11c− YFP+ mice. This suggests that TLR3 knock-out (KO) interferes with their movement from the periph-
eral- to the central cornea or lymph nodes and that it may be similar in IPS-1 KO CD11c−YFP+ - and wild-type
mice. Under normal conditions, the number of CD11c− YFP+ cells in the central and peripheral corneal epi-
thelium, but not in the stromal layer, is significantly greater in TLR3 KO CD11c- YFP+- than CD11c− YFP+ mice.
In IPS-1 KO CD11c− YFP+ mice, their number in the stromal layer, but not in the epithelium of the central and
peripheral cornea, was significantly greater than in CD11c− YFP+ mice. Our findings suggest that CD11c+

dendritic cell (DC) migration in the corneal epithelium is regulated by TLR3, whereas CD11c+ DC migration in
the stromal layer of the cornea is regulated by IPS-1. These observations, together with our earlier findings,
imply that TLR3 and IPS-1 contribute distinctly to the regulation of innate immune responses and tissue in-
flammation elicited by CD11c+ DCs to maintain homeostasis in corneal tissues.

1. Introduction

Innate immunity, the first-line host defense against microbes, has
primarily been studied in immune-competent cells such as macrophages
(Mps) and natural killer cells. Their ability to recognize pathogen-as-
sociated molecular patterns (PAMPs) depends on the expression of a
family of Toll-like receptors (TLRs), the retinoic acid-inducible gene-I
(RIG-I)-like receptors (RLRs), and the nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs) [1]. Although TLRs detect
PAMPs, e.g. endosomes or lysosomes on the cell surface or the lumen of
intracellular vesicles, RLRs and NLRs are cytosolic detection-systems for
intracellular PAMPs. RLRs belong to the RNA helicase family that
specifically detects RNA species derived from viruses in the cytoplasm;
they coordinate anti-viral programs via the induction of type I

interferon (IFN) [1].
We previously reported that the human ocular surface epithelium

(corneal and conjunctival) expresses TLR3, which recognizes double-
stranded (ds) RNA mimicking polyinosine-polycytidylic acid (poly I:C),
a synthetic dsRNA, and that poly I:C stimulation induces the secretion
of inflammatory cytokines such as interleukin (IL)-6, IL-8, and type I
IFN [2,3]. Our gene expression analysis of primary human conjunctival
epithelial cells using microarrays revealed that CXCL11, RIG-I, IL28 A,
CXCL10, CCL5, CCL4, MDA5, IL7R, TSLP, CCL20, and ICAM-1 were
upregulated more than 10-fold by poly I:C stimulation [4], suggesting
that it not only induces anti-viral innate immune responses, but that it
could also regulate allergic reactions [4,5]. We also found that TLR3
positively regulated ocular surface inflammation in a murine allergic
conjunctivitis model [6] and skin inflammation in contact- [7] and
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atopic dermatitis models [8].
The cytoplasmic helicase proteins retinoic-acid-inducible protein I

(RIG-I, also known as Ddx58) and melanoma-differentiation-associated
gene 5 (MDA5, also known as Ifih1) have been implicated in the re-
cognition of viral dsRNA. We reported that they were also expressed in
the ocular surface epithelium [5,9].

In CD11c− YFP+ mice, CD11c+ dendritic cells (DCs) are labeled by
yellow fluorescent protein (YFP); YFP+ CD11c+ DCs could be detected
under fluorescence- and confocal microscopes [10].

We investigated the function of TLR3 in the cornea of CD11c−

YFP+- and TLR3KO CD11c− YFP+ mice and studied the function of
IPS-1, an adaptor molecule common to RIG-I and/or MDA5, in the
cornea of IPS-1 KO CD11c−YFP+ mice because not only TLR3, but also
RIG-I and MDA5 detect viral dsRNA.

2. Materials and methods

2.1. Mice and reagents

Balb/c background CD11c− YFP+ mice were a gift from Professor
Ishii; C57BL/6 background IPS-1-/- mice [9] and Balb/c background
TLR3-/- mice [6] were gifted by Professor Akira. Balb/c background IPS-
1-/- mice were produced by back-crossing C57BL/6 background IPS-1-/-

mice with Balb/c mice for more than 6 generations.
All mice were used at 8–12 weeks of age; they were maintained on a

12-hr light/dark cycle under specific pathogen-free conditions. All ex-
perimental procedures were approved by the Committee on Animal
Research of Kyoto Prefectural University of Medicine and all studies
were in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

PolyI:C was purchased from Invivogen (San Diego, CA). To prepare
the eyedrops, we made a 1000 μg/ml poly I:C solution in phosphate-
buffered saline; eyedrops (10 μl) were administered only once.

2.2. Confocal microscopy

Before- and 24-, 48-, and 72 h after delivering the eyedrops, the
cornea, including the limbus, was resected. Radial cuts were observed
under a confocal microscope (hardware: FV1200, software: FV10-
ASW4.2, Olympus, Japan). To examine the distribution of CD11c−

YFP+ in the cornea, we created tiled scans of the specimens by using
motorized stages that move the sample; full-thickness Z stacks were
used (Fig. 1A). To show the vertical distribution of CD11c− YFP+ in the
corneal layer, we also used full-thickness Y stacks (Fig. 1B).

2.3. Counting of CD11c− YFP+ cells in the cornea under a fluorescence
microscope

Because CD11c− YFP+ cell infiltration into the corneal center was
most remarkable 48 h after delivering the eyedrops, we manually
counted their number at 0- and 48 h under a fluorescence microscope
(DP72, Olympus, Japan). The cornea, including the limbus, was re-
sected and radial cuts were made. Then the central cornea was punched
out with a 2-mm trephine and CD11c− YFP+ cells in the epithelium and
the stromal layer of the central- and peripheral cornea (including the
limbus) were counted manually (Supplementary Fig. 1). We also com-
pared their number in the corneal epithelium and stroma of CD11c−

YFP+ mice against their number in the cornea of TLR3 KO CD11c−

YFP+- and IPS1KOCD11c− YFP+ mice (CD11c− YFP+ mice: 0 h,
n=12; 48 h, n=14. TLR3KOCD11c− YFP+ mice: 0 h, n=10; 48 h,
n=8. IPS1KOCD11c− YFP+ mice: 0 h, n= 7; 48 h, n=10).

3. Results

Confocal microscopy showed that a single eyedrop (10 μl poly I:C,
1mg/ml) elicited the infiltration of CD11c−YFP+ cells into the central

cornea in a time-dependent manner until 48 h post-administration
(Fig. 1A); it tended to decrease at 72 h (data not shown). These cells
were observed in both the epithelium and stroma of the murine cornea
(Fig. 1B).

Next we compared the infiltration of CD11c− YFP+ cells in
CD11c−YFP+-, TLR3 KO CD11c− YFP+-, and IPS-1 KO CD11c− YFP+

mice that had, or had not been treated with eyedrops 48 h earlier
(Table 1). Because the number of CD11c- YFP+ cells that had infiltrated
the central corneal epithelium and stroma of CD11c− YFP+ mice was
most pronounced at 48 h after eyedrop administration, we recorded
infiltration at 48 h (Fig. 1).

In the central corneal epithelium of treated CD11c− YFP+ mice, the
infiltration of CD11c− YFP+ cells was significantly upregulated; it was
significantly downregulated in the stromal layer of their central and
peripheral cornea. In the epithelium of their peripheral cornea, their
number tended to be lower (Fig. 2A). On the other hand, in the central
corneal epithelium of TLR3 KO CD11c− YFP+ mice, the infiltration of
CD11c− YFP+ cells tended to be downregulated at 48 h; it tended to be
upregulated in the peripheral corneal epithelium (Fig. 2B). Thus, the
movement of CD11c− YFP+ cells in the corneal epithelium appears to
be different in wild-type- and TLR3 KO mice, suggesting that TLR3 KO
impedes their movement from the peripheral to the central cornea or
lymph nodes. In IPS-1 KO CD11c− YFP+ mice, the infiltration by
CD11c− YFP+ cells of the stromal layer of the central and peripheral
cornea and of the peripheral corneal epithelium was significantly
downregulated (Fig. 2C), suggesting that the movement of CD11c−

YFP+ cells is similar in the wild- and the IPS-1 KO state.
We also compared the infiltration of CD11c− YFP+ cells in CD11c−

YFP+-, TLR3 KO CD11c− YFP+-, and IPS-1 KO CD11c− YFP+ mice.
Comparison of untreated wild-type- and TLR3 KO mice showed that the
number of CD11c− YFP+ cells was significantly greater in both the
central and peripheral corneal epithelium of TLR3 KO CD11c− YFP-
than of CD11c− YFP+ mice. There was no significant difference be-
tween CD11c− YFP+- and TLR3 KO CD11c− YFP+ mice in the number
of CD11c− YFP+ cells observed in the stromal layer of the cornea. At
48 h after polyI:C stimulation, only in the peripheral corneal epithelium
was the number of CD11c− YFP+ cells significantly greater in TLR3KO
CD11c−YFP+- than CD11c−YFP+ mice (Fig. 3A). These findings sug-
gest that TLR3 regulates CD11c− YFP+ cells in the corneal epithelium.

When we compared untreated wild-type- and IPS-1 KO mice we
found that the number of CD11c− YFP+ cells in the stromal layer of the
central and peripheral cornea was significantly higher in IPS-1 KO
CD11c− YFP−- than CD11c−YFP+ mice. As shown in Fig. 3B, there was
no significant difference in the number of these cells in the corneal
epithelium of CD11c− YFP+- and IPS-1 KO CD11c− YFP+ mice; at 48 h
after eyedrop administration, the number of CD11c−YFP+ cells in the
stromal layer of only the peripheral cornea was significantly greater in
IPS-1 KO CD11c−YFP+- than CD11c− YFP+ mice. These observations
suggest that IPS-1 regulates CD11c− YFP+ cells in the stromal layer of
the cornea.

4. Discussion

Because the cornea, one of the typical mucosal surfaces, is con-
stantly exposed to diverse environmental stimuli, it is the portal of
entry for pathogens and allergens. Corneal tissue homeostasis is main-
tained by networks of resident DCs and Mps, i.e. by the innate immune
responses [11,12]. As only few earlier investigations examined the
distinct roles in tissues played by TLR3 and MDA5/RIG-1, whose ligand
is the same, we first identified the distinctly regulated localization of
DCs by examining the roles of TLR3 and IPS1 on the murine ocular
surface.

DCs are diverse and specialized hematopoietic cells; they serve as an
essential bridge between innate and adaptive immune systems [13,14].
In the cornea, Mps occupy only the posterior stroma; DCs, on the other
hand, are present in both the stroma and the epithelium and they
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exhibit phenotypically distinct subtypes [15–18].
The number of CD11+ cells in the corneal epithelium is higher in

TLR3 KO-than wild-type mice. This implies that under physiological
conditions, TLR3 on the ocular surface regulates the mobilization of
DCs in the corneal epithelium and that the regulation of DC dynamics
by TLR3 signaling is more polarized in the corneal epithelium.

After poly I:C stimulation of TLR3 KO mice, the movement of
CD11c+ DCs in the cornea, especially its epithelium, was different from
their movement observed in wild-type mice. In TLR3 KO mice, the in-
filtration of the central corneal epithelium by CD11c−YFP+ cells
tended to be downregulated while infiltration into the peripheral cor-
neal epithelium tended to be upregulated. In wild-type mice, on the
other hand, their infiltration into the central corneal epithelium was
significantly upregulated while it tended to be downregulated in the
peripheral corneal epithelium. These findings might suggest that in the
corneal epithelium of TLR3 KO mice, the migration of CD11c− YFP+

cells from the peripheral- to the central cornea or lymph nodes is

disturbed. In A. fumigatus-infected corneas, DCs gradually migrated not
only from the basement membrane to the corneal epithelium, but also
from the corneal limbus to the central cornea [19]. More DCs are pre-
sent in the basal layer of the peripheral- than the central corneal epi-
thelium and some DCs in the central cornea insert processes between
epithelial cells; these processes are similar to those observed in verti-
cally-oriented sensory nerve endings [20,21].

The number of CD11+ cells in the stromal layer of both the central
and peripheral cornea was higher in IPS-1 KO- than wild-type mice.
This implies that the regulation of DC dynamics by IPS-1 signaling is
mainly directed at the stromal layer while TLR3 regulates these dy-
namics in the epithelium. As in wild-type mice, poly I:C-triggering re-
duced the number of CD11c+ cells in the stromal layer of both the
central and peripheral cornea of IPS-1 KO mice. Consequently, IPS-1
may not be involved in the mobilization of DCs in the stromal layer of
corneal tissues. Our findings suggest that TLR3 might regulate epithelial
CD11c+ cells and IPS-1 might regulate stromal CD11c+ cells.

Fig. 1. Distribution of CD11c- YFP+ cells in the cornea. (A) Time-dependent increase of infiltrated CD11c− YFP+ cells in the central cornea. Confocal microscope.
The number of infiltrated CD11c− YFP+ cells in the central cornea increased time-dependently. It was highest 48 h after eyedrop administration. Green: CD11c−

YFP+ cells, blue: DAPI (nuclear staining). Tiled scans of the specimens (about 1/8 cornea) and full-thickness Z stacks were used. Bar: 500 μm. (B) Vertical distribution
of CD11c− YFP+ cells in the corneal layer CD11c− YFP+ cells are observed in both the epithelium and the basal stromal layer of the cornea. Full-thickness Y stacks
were used. Green: CD11c− YFP+ cells, blue: DAPI (nuclear staining) under a confocal microscope Bar: 50 μm (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

Table 1
Average number of CD 11c YFP positive cells.

　 Central Cornea Peripheral Cornea

　 Epithelial Stromal Epithelial Stromal

　 0hr 48hr p-value up or down 0hr 48hr p-value up or down 0hr 48hr p-value up or down 0hr 48hr p-value up or down
wild 46 85 0.009 up** 29 15 0.042 down* 526 479 0.347 downX 224 120 0.003 down***

TLR3KO 87 71 0.425 downX 40 43 0.831 no change 645 772 0.068 upX 292 245 0.456 downX

IPS1KO 67 69 0.905 no change 92 16 p < 0.001 down**** 569 393 0.008 down** 520 173 p < 0.001 down****

X no significant.
* p < 0.05.
** p < 0.01.
*** p < 0.005.
**** p < 0.001.
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According to Kumar et al. [22], poly I:C incorporated by DCs is
accessible to both TLR3 and MDA5 and results in the activation of
specific signaling pathways for the robust induction of cytokines. Our
preliminary study on the expression of CD11b in the cornea indicated
that some corneal stromal CD11c-YFP+ cells also expressed CD11b
protein (Supplementary Fig. 2), suggesting that epithelial- and stromal
CD11c+ cells might not be of quite the same phenotype. To identify the
causal variants related to the regulation of alternative splicing, further
investigations and analyses are needed.

Elsewhere [9] we reported that some genes were dominantly
and solely regulated by TLR3, that other genes were regulated by
TLR3 and IPS-1 (RIG-I or/and MDA5), and that yet others were
significantly down-regulated in the conjunctival epithelium of TLR3
KO-, but not of wild-type mice. Together, the findings we reported
here and elsewhere support the suggestion that ??in our mice,??
TLR3 and IPS-1contributed distinctly to innate immune responses
and to tissue inflammation elicited by CD11c+ DCs.
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Fig. 2. Comparison of the time-dependent change in the number of infiltrated CD11c- YFP+ cells. Comparison of infiltrated CD11c− YFP+ cells in CD11c− YFP+-
(A), TLR3 KO CD11c−YFP+- (B), and IPS-1 KO CD11c− YFP+ mice (C) not treated, or treated 48 h earlier with a polyI:C eyedrop. 'Central'= a 2-mm diameter part of
the central cornea 'Peripheral' = part of the cornea outside the 2-mm punched-out portion of the cornea. The limbus is included. CD11c− YFP mice: 0 h, n=12; 48 h,
n= 14. TLR3KOCD11c− YFP mice: 0 h, n=10; 48 h, n= 8. IPS1KOCD11c− YFP mice: 0 h, n= 7; 48 h, n= 10.

Fig. 3. Comparison of infiltrated CD11c- YFP+ cells at 0 h and 48 after eyedrop administration. (A) CD11c− YFP+- vs TLR3 KO CD11c− YFP+ mice. (B) CD11c−

YFP+- vs IPS-1 KO CD11c− YFP+ mice. The data are derived from Fig. 2 and presented in a different way.
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