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PURPOSE. To investigate the effects of IL-13 on goblet cell proliferation, differentiation, and
expression of mucin and immunomodulatory genes.

METHODS. Explants were excised from the conjunctiva of young C57BL/6 mice. Cultures
received 200 lL per week of either Keratinocyte media (KSFM) or KSFM supplemented with
10 ng/mL IL-13 and were incubated for 3 (D3), 7 (D7), or 14 (D14) days. Subsequently, cell
proliferation was assessed or cultures were immunostained, collected for dot blot, or for
reverse transcription (RT) and quantitative real-time PCR (qPCR) or for RT-PCR gene array.

RESULTS. The cultured conjunctival epithelium expressed goblet cell associated keratin 7 and
mucins MUC5AC and MUC2 and when stimulated with IL-13 showed increased proliferation
at D3 and D7 (P < 0.05) compared with control. MUC5AC expression was increased in the IL-
13–treated group at D3 and D14 (P < 0.05). IL-13–treated cultures showed increased
chemokine ligand 26 (CCL26), chloride channel calcium activated channel 3 (CLCA3), fas
ligand (FasL), and Relm-b at D7. All conjunctival cultures expressed MUC2, and its expression
was decreased at D3 (P < 0.05) and increased at D14 (P < 0.05) with IL-13 treatment.

CONCLUSIONS. This study demonstrated that conjunctival goblet cells are IL-13 responsive cells
that produce factors known to maintain epithelial barrier, stimulate mucin production, and
modulate immune response in nonocular mucosa when treated with IL-13. The functional
significance of IL-13–stimulated factors remains to be determined.
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The conjunctiva covers two-thirds of the ocular surface and
functions as a support tissue for cornea.1 The conjunctiva is

covered by a stratified columnar epithelium that contains
goblet cells, specialized secretory cells that produce mucins,
large glycoproteins that contain multiple tandem repeats with
O-linked oligosaccharides. These mucins lubricate the ocular
surface, stabilize the tear film and provide a medium for holding
growth and antimicrobial factors produced by the lacrimal
glands on the ocular surface.2,3 Conjunctival goblet cells are
surrounded by lymphocytes and dendritic cells and their
density has been found to change in certain ocular surface
immune/inflammatory conditions.4 Goblet cell density has
been reported to decrease in aqueous tear deficiency, a
condition where T helper 1 (Th1) and Th17 cells infiltrate
the conjunctiva, and increase in atopic keratoconjunctivitis and
vernal keratoconjunctivitis, predominantly Th2-mediated dis-
eases.5–8

The mucus stimulating activity of the Th2 cytokine IL-13 has
been reported to have a defensive role in the intestines by
eliminating helminthic parasites and in the airways by
protecting from particles or allergens.9,10 However, excessive
IL-13 expression is associated with goblet cell hyperplasia and
mucous hypersecretion, both in the gut and in the airways
where it can result in airway obstruction.9,11,12 Interleukin-13

has two receptors, IL-13Ra1 and IL-13Ra2. Interleukin-13Ra1
combined with IL-4Ra forms the heterodimeric signaling
receptor for IL-13.13,14 Interleukin-13Ra2 has higher affinity
for IL-13 than IL-13Ra1, but no signaling function has been
found for this receptor and its biological role is still under
investigation. A soluble form of IL-13Ra2 has been found in
vivo, suggesting that it may function as a decoy receptor that
binds IL-13 and makes it inaccessible to the IL13Ra1, thus
limiting its activity.15,16

Goblet cell density and MUC5AC production have been
reported to decrease in aqueous tear deficiency and the balance
between Th2 and Th1 cytokines in the tears of human dry eye
patients and in the conjunctiva in experimental murine dry eye
has been reported to shift toward Th1, reflected by a decrease
in the Th2/Th1 cytokine ratio.17,18 Interleukin-13 has been
found to have a homeostatic role in maintenance of filled goblet
cells in the mouse conjunctiva and it is possible that loss of
goblet cell produced factors that are modulated by IL-13
disrupts ocular surface homeostasis in dry eye.18 The effects IL-
13 on conjunctival goblet cells have not been thoroughly
investigated.

The purpose of the present study was to investigate whether
the Th2 cytokine IL-13 can modulate proliferation, differenti-
ation, and expression of mucin and immunomodulatory genes
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in cultured conjunctival epithelial cells as has been found in
airway and intestinal epithelium.

MATERIALS AND METHODS

All experiments were conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Conjunctival Cultures

Explants were excised from the forniceal conjunctiva of young
adult, (6–8 week) female C57BL/6 mice and left for 15 minutes
at 378C in Keratinocyte SFM (10724-011; Gibco, Grand Island,
NY, USA) supplemented with 3% fetal bovine serum defined
(KSFM), 1.25 lg/mL amphotericin B (15290-018; Gibco), 0.5
lL/mL gentamicin (15750-060; Gibco), and 5 lg/mL dispase II
(04942078001; Roche, Indianapolis, IN, USA). The explants
were then plated one explant per well in 48-well plates and
received 200 lL per week of either KSFM with 80 ng/mL
mouse epidermal growth factor (EGF; 354001; BD, Franklin
Lakes, NJ, USA) or KSFM supplemented with 10 ng/mL
recombinant murine IL-13 (210-13; Peprotech, Rocky Hill, NJ,
USA). Cultures were incubated for 3, 7, or 14 days.
Subsequently cell proliferation/viability was assessed by WST-
1 assay (11644807001; Roche), cultures were fixed in
methanol or 4% paraformaldehyde and immunostained or
collected for dot blot or for RNA extraction and transcription
for reverse transcription (RT) and quantitative real-time PCR
(qPCR) or for RT-PCR gene array.

WST-1 Assay

After 3, 7, or 14 days media and explants were removed and
new media supplemented with cell proliferation reagent WST-1
(Roche), at a final concentration (1:10) was added and culture
plates were placed in the incubator at 378C. After 24 hours
absorbance, delta was measured at wavelengths 440 and 690
with a plate reader (infinite M200; Techan, Durham, NC, USA).

Immunofluorescent Staining

The media was aspirated, explants removed and the cultures
were fixed in cold methanol or 4% paraformaldehyde.
Subsequently, the cultures were washed in PBS followed by
0.1% Triton X treatment for 10 minutes. After blocking with
20% goat serum, wheat germ agglutinin (WGA)-alexa fluor 488
lectin (W11261; Life Technologies, Grand Island, NY, USA) or
the primary antibodies to MUC5AC (SC-20118/Abmart, 14906-
1-4/C580_130917; Santa Cruz Biotechnology, San Diego, CA,
USA), keratin 7 (K7; 9021; Abcam, Cambridge, MA, USA), K14
(130102; Abcam), Ki-67 (NB-600-1252; Novus, Littleton, CO,
USA), chemokine ligand 26 (CCL26; bs-15513R; Bioss, Woburn,
MA, USA), chloride channel calcium activated channel 3
(CLCA3; 46512; Abcam), fas ligand (FASL; SC-834; Santa Cruz
Biotechnology), IL-33 (SC-98659; Santa Cruz Biotechnology),
trefoil factor 3 (TFF3; PA5-21081; Fisher, Waltham, MA, USA),
restin-like molecule b (Relm-b; NB-200-204; Novus), or MUC2
(SC-15334, Santa Cruz Biotechnology) were applied for 1 hour
or overnight. The cultures were rinsed with PBS and the
fluorescent secondary antibodies were applied to antibody
treated wells. The cultures were then counter stained with
Hoechst (33342 DNA dye; Life Technologies), 1 drop of gel
mount was applied and finally the cultures were cover slipped
with #1.5 (8-mm diameter) round cover glass (72296-08;
Electron Microscopy Sciences, Hatfield, PA, USA).

Dot Blot

A bicinchoninic acid (BCA) assay was initially performed to
determine total protein concentration per sample. Based on
the results, the volume that was equal to 1.5 lg protein per
sample was used for the dot-blot assay.

The samples were either left as is (WGA), or were treated
with 2.5 milliunits (mU; 0.2 lL) of neuraminidase (480716;
Calbiochem, Billerica, MA, USA) and incubated at 378 for 2
hours (MUC5AC). RIPA buffer (R0278; Sigma-Aldrich Corp., St.
Louis, MO, USA) was added to bring the total volume of each
sample to 50 lL before proceeding to dot blot. Briefly, the
membranes were prewet with PBS þ 0.05% Tween 20 (TPBS)
and applied to the dot-blot apparatus. Next, the samples were
loaded and left to incubate on the apparatus for 1 hour, and
subsequently washed for 30 minutes in Carbo-Free Blocking
Solution (Cat. No. SP-5040; Vector Labs, Burlingame, CA, USA).
The membranes were then incubated overnight with 10 lg/mL
biotinylated lectin (biotinylated wheat germ agglutinin, Cat.
No. B-1025; Vector Labs), anti-MUC5AC (SC-20118; Santa Cruz
Biotechnology), or anti-MUC2 (SC-15334; Santa Cruz Biotech-
nology) at 48, washed with TPBS and incubated for 30 minutes
with a VECTASTAIN ABC (peroxidase, Cat. No. PK-6100;
Vector Labs) reagent for the lectin according to the kit
instructions or secondary HRP-goat-anti-rabbit (656120; Invi-
trogen, Grand Island, NY, USA) for antibody-treated blots, then
washed again with TPBS, and finally, developed and photo-
graphed. The mean intensity of the blots from the different
samples was measured with NIS Elements (Nikon, Garden City,
NY, USA).

Western Blot

Samples included mouse conjunctiva and colon that were
prepared by dissection and placed in 150 lL RIPA buffer
(R0278; Sigma-Aldrich Corp.). A BCA assay was performed to
measure total protein concentration of each sample. Samples
(25 lL, equal to a protein concentration 50–100 lg) were
diluted with 1 part 23 sample buffer (23 Laemmli Sample
Buffer, 161-0737; Bio-Rad Laboratories, Inc., Hercules, CA,
USA), boiled for 5 minutes, and loaded on to the polyacryl-
amide gel. The gel (mini-PROTEAN TGX stain free Precast Gel
7.5%, 456-8024; Bio-Rad laboratories, Inc.) was run at constant
current at 100V for approximately 90 minutes at room
temperature before the proteins were transferred onto a PVDF
membrane (Immobilion Transfer membranes, IVPH07850;
Millipore, Billerica, MA, USA) at 20V over night at 48C. Next,
the membranes were incubated in 100 mM Tris-HCL, 0.9%
NaCl, 0.1% Tween 20 (TTBS) with 5% fat-free milk for 60
minutes, followed by incubation in primary antibody MUC5AC
or MUC2 for 3 hours at room temperature. Subsequently, the
membranes were washed in TTBS and incubated in secondary
HRP-goat-anti-rabbit (656120; Invitrogen), then washed again
with TPBS, and finally, developed and photographed.

RT-PCR and RT-PCR Gene Array

For RT-PCR, total RNA from approximately 10 cultures per
sample was extracted with an RNeasy Micro Kit (Qiagen,
Valencia, CA, USA), cDNA synthesized by Ready-To-Go You-
Prime First-Strand Beads according to manufacturer’s instruc-
tions (27-9264-01; GE Healthcare, Pittsburgh, PA, USA).
Reverse transcription–PCR was then either performed on a
Step One Plus system (Applied Biosystems, Grand Island, NY,
USA) or the cDNA (400 lg per sample) was loaded in duplicate
on Custom TaqMan Gene Array 384-well Card Format 96b (Cat.
No. 4342261; Life Technologies) and run by the Genomic and
RNA Profiling Core (GARP) at Baylor College of Medicine on
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the ViiA 7 real-time PCR system (Applied Biosystems). A list of
the genes included in the array is provided in Supplementary
Table S1. The RT-PCR was run three independent times with at
least five samples per group and time point and the RT-PCR
gene array was run on two sets of samples. The results were
analyzed by the comparative threshold cycle method and
normalized by beta 2 microglobulin (B2M) as the control.

Statistical Analysis

Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA)
was used for statistical analysis. An unpaired t-test was used to
compare control versus IL-13 treated cultures at days 3 (D3), 7
(D7), and 14 (D14). The statistical significance was set to P less
than or equal to 0.05 and data are presented as mean 6 SEM.

RESULTS

Conjunctival Goblet Cell Culture

Growth kinetics were initially evaluated with different EGF
concentrations ranging from 20 to 120 ng/mL to determine the
optimal EGF concentration to obtain epithelial outgrowth from
at least 90% of the explants. An EGF concentration of 80 ng/mL
was found to give optimal growth and this concentration was
used for the reminder of the experiments (data not shown).

All cells (100%) growing from the explants stained
positively for K7 and K14, confirming they are epithelium
(Fig. 1). All cells also expressed the goblet cell–specific mucin
MUC5AC as well as wheat germ agglutinin (WGA) lectin
positive glycoproteins that are found in goblet cells. These
criteria have been used to define goblet cells in previous
published studies.19,20

To determine if the cultured epithelium would be
responsive to IL-13, expression of the IL-13 signaling receptor
(IL-13Ra1) was evaluated by PT-PCR and immunostaining.

Interleukin-13Ra1 was expressed by control and IL-13 treated
cultures (Figs. 2A, 2B).

IL-13 Stimulates Conjunctival Epithelial
Proliferation

First, viability of our cultures treated with IL-13 was
investigated. Interleukin-13 concentrations between 10 and
100 ng/mL were used; viability was measured with a WST-1
assay and morphology of the cells was examined. No toxicity of
IL-13 was noted and all concentrations of IL-13 increased
proliferation of the cultured cells compared with control and
this reached statistical significance at a concentration of 10 ng/
mL (data not shown).

Cultures stimulated with IL-13 illustrated a statistically
significant increase in proliferation at D3 and D7 compared
with control (Fig. 3). This finding was confirmed by
immunostaining for the proliferation marker Ki-67 and
cytokeratin 14 (K14) that shows the greatest expression in
the basal epithelial compartment in the mouse conjunctiva
(Fig. 4). At D14, cells cultured in control media were Ki-67
negative; however, two populations of cells were observed in
the IL-13–treated group. The majority of cells in the IL-13–
treated group were large and KI-67 negative, while a
population of smaller KI-67þ cells was noted in 25% of wells.
These small cells also stained positively for the goblet cell
markers K14 and MUC5AC (Fig. 5).

IL-13 and Glycoprotein Production

The following experiments investigated whether addition of IL-
13 would increase glycoprotein production in general by
assessing reactivity to the lectin wheat germ agglutinin (WGA)
or to antibodies to the mucin glycoprotein, MUC5AC. First,
concentration, mean intensity dependent dot-blot assays were
performed to confirm the specificity of the lectin and antibody
probes (Figs. 6A, 7A). No difference was found between the

FIGURE 1. MUC5AC and K7 immunostaining in control conjunctival explant cultures. The staining confirms that all cells growing from the mouse
conjunctival explants express the goblet cell markers MUC5AC and K7. Hoechst (DNA stain), blue; MUC5AC, red; and K7, green.
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control and IL-13–treated groups for WGA by dot blot or
staining (Figs. 6B, 6C). In contrast, MUC5AC expression was
noted to increase in the IL-13–treated group at D3 and D14 by
dot blot and immunostaining (Figs. 7B, 7D). Specific immuno-
reactivity of the MUC5AC antibody in mouse conjunctiva was
confirmed by Western blot (Fig. 7C).

IL-13 Stimulated Expression of Mucin and
Immunomodulatory Genes

A PCR gene array of 95 genes that have been found to be
expressed by goblet cells was performed to determine whether
any of them are regulated by IL-13. The genes that showed a 2-
fold or greater increase or decrease at day 7 in IL-13–treated
cells relative to control are presented in the Table. Expression
of genes of special interest with regard to their homeostatic or
immunomodulatory functions that were found to increase in
the PCR array, including chemokine ligand 26 (CCL26),
chloride channel calcium activated channel 3 (CLCA3), fas
ligand (FasL), and restin-like molecule beta (Relm-b) was
confirmed by immunofluorescent staining of D7 cultures (Fig.
8).

Lastly, we investigated if MUC2 glycoprotein was present in
our samples and whether MUC2 production is regulated by IL-
13 treatment. To confirm specificity of the MUC2 antibody, a
concentration mean intensity dependent dot-blot assay was
performed (Fig. 9A). All cultured conjunctival epithelial
samples showed positive MUC2 expression. MUC2 expression
was decreased at an early time point (D3) and increased at the
late time point (D14) in IL-13–treated samples (Figs. 9B, 9D).
Specific immunoreactivity of the MUC2 antibody in mouse
conjunctiva was confirmed by Western blot using colon as a
positive control (Fig. 9C).

DISCUSSION

This study investigated the effects of the Th2 cytokine IL-13 on
conjunctival goblet cell cultures using a primary conjunctival
epithelial explant culture system that was established using
similar methodologies to those previously described for the
mouse, rat, and the human.19,21,22 The unique aspect of this
study was that the effects of IL-13 on goblet cell proliferation,
differentiation, and production of mucin and immunomodula-
tory genes were studied from time of initiation of cultures.

Of note is that virtually 100% of epithelial cells growing
from the conjunctival explants expressed the recognized

FIGURE 2. Interleukin-13Ra1 expression in primary conjunctival goblet cell cultures. Change in mRNA transcripts over D14 in culture (A).
Interleukin-13Ra1 immunostaining in control and IL-13 treated cells (B). Hoechst (DNA stain), blue; IL-13Ra1, green. Arrows, IL-13Ra1 stained
goblet cells in conjunctival tissue section.

FIGURE 3. Effects of IL-13 stimulation on proliferation of cultured
conjuntival goblet cells measured by WST assay. Cultures stimulated
with IL-13 showed a statistically significant increase in cell number at
D3 and D7 compared with control. *P < 0.05.

The Effects of IL-13 IOVS j July 2015 j Vol. 56 j No. 8 j 4189

Downloaded from iovs.arvojournals.org on 07/01/2019



goblet cell markers K7 and MUC5AC. In agreement with what
has previously been reported, the conjunctival epithelium
expresses IL-13Ra1 and is responsive to IL-13.19

This study represents the first attempt to determine the
direct effect of IL-13 on proliferation, differentiation, and
expression of mucins and immunomodulatory genes by
primary nonpassaged goblet cells in vitro, without stimulation
with cholinergic agonists to elicit a response. Another novel
aim of this study was to explore the effects of IL-13 on primary
cultures over a 14-day period. A previously published study
used different aged mice and only treated cultures with
inflammatory/immune cytokines, including IL-13 after they
had grown for 2 weeks.19 In contrast, we only used one strain
of mice (C57BL/6), added IL-13 at the time of culture initiation,
and studied proliferation and differentiation systematically at
early (D3 and D7) and later (D14) time points. Interestingly,
our study demonstrated that the most prominent effects of IL-
13 on proliferation, differentiation, and gene expression occur
early, before or at D7, indicating that less differentiated cells are
more responsive to IL-13. All the cells growing out from the
explants in this model are positive for the goblet cell specific
markers MUC5AC and K7. Another unique observation found

in approximately 25% of the IL-13 treated cultures at 2 weeks
was a population of small Ki-67-, K14-, and MUC5AC-positive
cells from the edge of the epithelial outgrowth. This finding
implies that IL-13 can stimulate growth of a second wave of
progenitor-like MUC5AC-positive cells from the cultured cells.

Interleukin-13 has previously been reported to stimulate
goblet cell differentiation and increase mucous secretion in
airway epithelium.23,24 Therefore, we determined whether IL-
13 stimulation would have the same effect in primary
conjunctival cultures by evaluating production of WGA lectin
positive glycoproteins and MUC5AC. No change was found in
lectin binding in IL-13–treated cultures. One possible explana-
tion for the increase in MUC5AC production without an
increase in lectin positive glycoproteins could be that the total
amount of glycoprotein is approximately the same, but the
composition of the glycoprotein changes with IL-13 stimula-
tion at certain time points.

In agreement with previously published data in primary
airway cultures, but in contrast to findings in mouse
conjunctival cultures, our study demonstrated that IL-13
increased MUC5AC expression at D3 and D14.19,23,24 It is
possible that a longer stimulation than 24 hours is needed for a

FIGURE 4. K14 and Ki-67 immunostaining cultured conjuntival goblet cells. The increased proliferation with IL-13 stimulation at D3 and D7
detected by the WST assay was confirmed at the protein level with K14 (red) and Ki-67 (green) staining. At D14, the majority of the cultured cells
were Ki-67 negative; however, in approximately 25% of the cultures a mixture of large, Ki-67 negative and small, Ki-67 positive cells were observed.
Arrows, K14 epithelial staining in conjunctival tissue section.
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response, as our cultures were stimulated up to 14 days.
However; this doesn’t explain why MUC5AC expression was
not increased in our cultures at D7. One theoretical
explanation is that the goblet cells from the initial outgrowth
at D7 are mature and that the second wave of small immature
cells observed at D14 in some IL-13–treated samples could be

responsible for the rebound in mucin production at this time
point.

The conjunctiva is the most immunologically active tissue
on the ocular surface and a variety of conjunctival reactions
can be provoked by allergic, infectious or inflammatory
stimuli. A PCR array of 95 goblet cell associated genes with

FIGURE 5. Higher magnification of small proliferating cells noted in the D14 IL-13–treated conjunctival goblet cell cultures (area surrounded by
white box in upper left). Staining illustrates that these small cells are K14, MUC5AC, and KI-67 positive. Inset in bottom panel shows higher
magnification of K14 and Ki-67 and dual positive cells. Hoechst (DNA stain), blue; K14, red; Ki-67, or MUC5AC, green.

FIGURE 6. Glycoprotein production in cultured conjunctival goblet cells in response to IL-13 treatment. Wheat germ agglutinin lectin showed a
positive correlation between concentration and mean intensity in dot-blot assay (A). No difference was found in WGA staining between any of the
groups (B, C). Hoechst (DNA stain), blue; WGA, green. Arrows, Lectin staining in goblet cells in conjunctival tissue section.
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known protective and immunomodulatory functions was
performed to investigate which genes respond to IL-13
stimulation. Among the 95 tested genes, 43 (46%) showed at
least 2-fold increased or decreased expression compared with
control. Immunofluorescent staining was performed to con-
firm the gene products that have been found to be important
for mucosal homeostasis in the gut or airways.

Our study found that conjunctival goblet cells produce a
number of proteins with potential for regulating inflammation,
stimulating mucin production and maintaining health of the
ocular surface epithelium. One gene identified was CCL26, a
chemotaxin also known as Eotaxin-3 that binds to the
chemokine receptor CXCR1 expressed on eosinophils, baso-
phils, certain dendritic cells, and Th2 lymphocytes.25–27

Interleukin-13 was previously found to stimulate production
of CCL26 by a human lung epithelial cell line in a time-
dependent manner.28 These findings were confirmed in
conjunctival goblet cell cultures in which IL-13 increased
CCL26 mRNA expression at D7 and immunostaining at D7. It is
possible that CCL26 produced by conjunctival goblet cells
could be chemotactic for intraepithelial dendritic cells or CD4þ
T cells under homeostatic conditions and eosinophils and
basophils in allergic inflammation.

Another gene of interest that increased over 500-fold in IL-
13–stimulated samples was CLCA3 (also known as Gob-5).

Chloride channel calcium activated channel 3 has previously
been found to localize around mucin granules. In addition,
CLCA3 has been used as a marker of goblet cell hyperplasia and
secretory activity.29–31 Chloride channel calcium activated
channel 3 mRNA expression has shown to increase after IL-13
stimulation and it has also been suggested that CLCA3 plays an
important role in allergic inflammation of the lung as a
downstream mediator of IL-13 and STAT-6.32–34 Similar to airway
epithelium, IL-13 increased mRNA expression and immunostain-
ing in cultured conjunctival goblet cells and could potentially
serve as a marker of IL-13–stimulated goblet cell secretory
activity in Th2-mediated conjunctival inflammation.

Increased expression of FasL was noted after 7 days in IL-
13–treated conjunctival goblet cell cultures and a similar
response to IL-13 has been previously reported in airway
epithelium. Binding of Fas (CD95) to its ligand, FasL (CD95L) is
an essential mechanism of cell-mediated apoptosis that can
limit Th1- and Th2-mediated immune reactions.35–41 Increased
FasL expression has been found in Barrett’s esophagus, a
precancerous condition with increased goblet cells and in
severe asthma, a Th2-mediated condition associated with
goblet cell hyperplasia.39,42 Interleukin-13–mediated FasL
expression could potentially have a homeostatic role in vivo
by stimulating apoptosis of T helper cells that infiltrate the
conjunctiva. One example of such cells would be the IFN-c

FIGURE 7. MUC5AC production in cultured conjunctival goblet cells in response to IL-13 treatment. MUC5AC showed a positive correlation
between concentration and mean intensity in dot blot assay (A). Increased expression of MUC5AC was seen at D3 and D14 in the IL-13 treated
samples compared with control (B, D). Immunoreactivity of the MUC5AC antibody in mouse conjunctiva was confirmed by Western blot using
colon as a positive control (C). Hoechst (DNA stain), blue; MUC5AC, red; WGA or K7, green. Arrows, MUC5AC staining in goblet cells in
conjunctival tissue section. *P < 0.05.
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TABLE. Polymerase Chain Reaction Gene Array Data

Genes in Categories That Showed a Significant Increase

Cultures Treated d 0–7 With 10 ng/mL of IL-13

Fold Increase

Apoptosis

Fas ligand (TNF superfamily, member 6; Fasl) 3.6
TNF (ligand) superfamily, member 10 (Tnfsf10) 2.1

Defense/protection

Intelectin 1 (galactofuranose binding; Itln1) 193.2

Immune modulation

Dipeptidylpeptidase 4 (DPP4) 4.5
Secreted phosphoprotein 1 (Spp1) 3.2

Innate immunity

Chemokine (C-C motif) ligand 26 (Ccl26) 359.5
Chloride channel calcium activated 3 (Clca3; Gob5) 764.4
Matrix metalloproteinase 9 (Mmp9) 9.7
RIKEN cDNA 9530053A07 (Rik) 647.8

Ion exchanger

Solute carrier family 26, member 4 (Slc26a4) 8.8

Maintenance and repair
Trefoil factor 3, intestinal (Tff3) 261.1
Proliferation/differentiation

Baculoviral IAP repeat-containing 5 (Birc-5; proliferation & apoptosis inhibitor) 2.1
Fibroblast growth factor 7 (Fgf7; proliferation) 9.2
Interleukin-22 receptor, alpha 1 (Il22ra1; proliferation & differentiation) 2.6
Mucin 2 (Muc 2) 2.8
Serine peptidase inhibitor, clade B (ovalbumin), member 10 (serpinb10; differentiation) 5.4
SRY-box containing gene 2 (Sox2; proliferation & differentiation) 8.1
Small proline-rich protein 1B (Sprr1b; differentiation) 11.9
Small proline-rich protein 2A1, 2A2, 2A2 (Sprr2a1; 2a2; 2a3; differentiation) 11.7
Small proline-rich protein 2D (Sprr2d; differentiation) 3.47

Surfactant production

Leptin receptor (Lepr) 5.3

Transport mediator

Fetuin beta (Fetub) 2.8

T helper 1 (Th1)

Nitric oxide synthase 2, inducible (Nos-2) 3.8
Suppressor of cytokine signaling 1 (Socs1) 2.6

T helper 2 (Th2)

Arachidonate 15-lipoxygenase (Alox15) 17.6
Chitinase, acidic (Chia) 906.4
Interleukin-13 receptor, alpha 2 (IL-13ra2) 24.1
Interleukin-33 (IL-33) 3.4
NK2 homeobox 1 (Nkx2-1) 235.0
Resistin like beta (Retnlb) 3.7
Thymic stromal lymphopoietin (Tslp) 4.5

Transcription regulator

cAMP responsive element binding protein 3-like 1 (Creb3l1) 3.1
Growth factor independent 1 (Gfi1) 4.7
Interleukin-19 receptor (Il19) 26.9

Genes in Categories That Showed a Significant Decrease Fold Decrease

Apoptosis

B cell leukemia/lymphoma (Bcl-2) 0.44

Proliferation/differentiation

Epidermal growth factor receptor (Egfr; proliferation) 0.4
Forkhead box A2 (Foxa2; differentiation) 0.3
Homeobox A5 (Hoxa-5; differentiation) 0.3
Nerve growth factor (Ngf; proliferation & differentiation) 0.5
small proline-rich protein 1A (Sprr1a; differentiation) 0.4
Small proline-rich protein 2B (Sprr2b; differentiation) 0.4
SRY-box containing gene 9 (Sox9; differentiation) 0.4
Transforming growth factor, beta 2 (TGFB2; proliferation & differentiation) 0.5

Expression of 95 genes was evaluated. The genes included in the table increased or decreased greater than 2-fold.
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producing Th1 cells noted in aqueous tear deficiency that have
shown to induce apoptosis and loss of conjunctival goblet
cells.43

We also observed that IL-13 stimulated production of two
factors by conjunctival goblet cells that are regulated by IL-13
in intestinal goblet cells, trefoil factor 3 (TFF3) and Restin-like
molecule b (RELM b) that function in mucosal repair and
maintenance of epithelial barrier function, respectively. Trefoil
factor 3 was noted to be the second most abundant product of

intestinal goblet cells and it functions in epithelial repair,
mucosal protection, and stabilization of the mucin layer.44–47

Trefoil factor 3 was found to decrease proliferation and
increase cell migration in an experimental corneal epithelial
healing model.48 Trefoil factor 3 and colonic mucin glycopro-
teins were found to have synergy in preventing inflammation
induced mucosal epithelial barrier dysfunction with the
combination having greater effect than TFF3 alone.47 It is
possible that TFF3 has similar ocular surface protective

FIGURE 8. Immunofluorescent staining of goblet cell produced products that showed marked changes with IL-13 stimulation in the PCR array
performed on cultured conjunctival goblet cells. Hoechst (DNA stain), blue; CCL26, CLCA3, Fas-L, or Relm-b, green. In conjunctival tissue sections
(bottom row): MUC5AC, Relm-b, red; CCL26, CLCA3, and K7, green (arrows indicate goblet cells).

FIGURE 9. MUC2 glycoprotein production in cultured conjunctival goblet cells in response to IL-13 treatment in dot-blot assay. Positive correlation
between concentration and mean intensity of positive colon control (A). In cultured cells, MUC2 expression decreased at D3, showed no difference
at D7, and increased at D14 (B). Immunoreactivity of the MUC2 antibody in mouse conjunctiva was confirmed by Western blot using colon as a
positive control (C). Immunofluorescent staining of MUC2, colon, and conjunctival sections were used as control (D). Hoechst (DNA stain), blue;
MUC2 in culture, green; MUC2 in section, red. *P < 0.05. Arrow(s) in the colon and conjunctival sections indicate positively-stained goblet cells.
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functions and these may be compromised in aqueous tear
deficiency where the number of mucin filled goblet cells
decreases.5,48 RELM b contributes to maintenance of mucosal
barrier in the gut and it may have similar functions on the
ocular surface.49,50

Sterile alpha motif (SAM)–pointed domain containing ETS
transcription factor (SPDEF) has been reported to play an
essential role for goblet cell differentiation on the ocular
surface.51 SAM-pointed domain containing ETS transcription
factor was expressed by our cultured cells but did not
significantly change at the early stage (D0–D7) in response to
IL-13. One possible explanation is that all of the cells that grow
in our cultures initiated from young adult mice express goblet
cell markers, suggesting that SPDEF regulates lineage differen-
tiation in more immature conjunctival epithelial cells than the
ones that grow from our explant. Another possible explanation
is that the stimulatory effects of IL-13 on our cultures resulted
from reduced suppressive effects of transcription factor
FOXA2. Interleukin-13 decreased expression of the transcrip-
tion factor forkhead box A2 (FOXA2) by 66% in the cultured
conjunctival goblet cells. FOXA2 is recognized to suppress
goblet cell formation and MUC5AC expression in airway
epithelial cells and IL-13 has been found to downregulate this
transcription factor in these cells.52–54

MUC2 is a soluble gel–forming mucin produced by goblet
cells (GCs) that has been detected on the ocular surface by
several methods, including RT-PCR and Western blot.55–57

Changes in MUC2 expression have been noted in patients with
ocular surface diseases. Corrales et al.58 reported a 50%
decreased expression in the conjunctiva of patients with
aqueous tear deficiency. Berry and colleagues59 noted a change
in MUC2 buoyant density and hydrodynamic volume of MUC2
collected from the ocular surface of dry eye patients with
symptoms and no signs compared with a control group and the
expression of MUC2 in the conjunctival epithelium was
reported to increase in patients with atopic keratoconjuncti-
vitis, a condition with elevated tear IL-13 levels, with the most
severe corneal epithelial disease.60,61 To our knowledge, the
current study is the first to confirm the stimulatory effects of IL-
13 stimulation on MUC2 production by cultured conjunctival
goblet cells. Interleukin-13 was noted to increase MUC2
expression in cultured bronchial epithelium at day 14 and
after 1 day in cultured human colon cancer cell lines.62,63 We
found that IL-13 increased MUC2 mRNA at day 7 and protein
expression at day 14 in our primary conjunctival epithelial cells
cultures. MUC2 has been found to be a key factor maintaining
immune tolerance in the gut by programming conventional
dendritic cells from mice and humans to produce factors such
as retinoic acid, IL-10, and TGF-b1 that promote differentiation
of näıve CD4þ T cells into Tregs, while suppressing nuclear
factor jB (NFjB) activation and production of IL-12, an
immunogenic cytokine that promotes generation of IFN-c
producing Th1 cells.64

In conclusion, our study demonstrated that IL-13 stimulates
conjunctival goblet cell proliferation, MUC5AC and MUC2
glycoprotein production, and expression of immunomodulato-
ry genes. As has already been shown in the gut and the airways,
this study demonstrated that conjunctival goblet cells function
not only as mucin producing cells, but also as components of
the innate ocular surface immune system that are capable of
producing mucus and other factors with potential to maintain
the epithelial barrier and to modulate ocular surface immune
response in response to the Th2 cytokine IL-13.
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