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PURPOSE. Fibroproliferative lesions of the conjunctiva known as
giant papillae are a characteristic of vernal keratoconjunctivitis
(VKC). The abundance of T helper 2 (Th2) cells and cytokines
is increased in the giant papillae and tear fluid of individuals
with VKC, and the Th2 cytokines interleukin (IL)-4 and IL-13
each stimulate the production of extracellular matrix (ECM)
proteins by conjunctival fibroblasts. The role of Th2 cytokines
in the development of giant papillae was further examined by
determination of the effects of these molecules on the production by conjunctival fibroblasts of matrix metalloproteinase
(MMP)-3, a key enzyme in ECM degradation.
METHODS. The amount of MMP-3 released into the culture
medium by human conjunctival fibroblasts was determined by
enzyme-linked immunosorbent assay, and the intracellular
abundance of MMP-3 mRNA was quantitated by reverse transcription and real-time polymerase chain reaction analysis. Signaling by the transcription factors NF-B and AP-1 was evaluated by immunoblot and immunofluorescence analyses.
RESULTS. Of the Th2 cytokines tested, only IL-4 and -13 inhibited both the basal and IL-1␤–induced release of MMP-3 by
conjunctival fibroblasts. These effects of IL-4 and -13 were
inhibited by neutralizing antibodies to the IL-4 receptor complex. IL-4 and -13 also each reduced the basal abundance, as
well as inhibited the IL-1␤–induced upregulation, of MMP-3
mRNA in these cells. Neither IL-4 nor -13 affected the IL-1␤–
induced activation of NF-B or the AP-1 component c-Jun.
CONCLUSIONS. IL-4 and -13 each inhibit MMP-3 synthesis in
human conjunctival fibroblasts, suggesting that these Th2 cytokines may contribute to the excessive deposition of ECM in
giant papillae by preventing matrix degradation mediated by
this enzyme. (Invest Ophthalmol Vis Sci. 2006;47:2857–2864)
DOI:10.1167/iovs.05-1261

V

ernal keratoconjunctivitis (VKC) is a severe and chronic allergic disease of the eye that is associated with pronounced
infiltration of inflammatory cells, including eosinophils, mast cells,
and lymphocytes. Infiltrated T lymphocytes in individuals with
VKC comprise mostly T helper 2 (Th2) cells, which release Th2
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cytokines such as interleukin (IL)-4, -5, -9, -10, and -13.1 The
concentrations of Th2 cytokines are thus increased in ocular
tissue and tear fluid of VKC patients,2,3 as are those of proinflammatory cytokines, such as tumor necrosis factor (TNF)–␣ and IL-1,
as well as those of several growth factors.4,5
Fibroproliferative lesions of the conjunctiva, most notably giant papillae that develop at the upper tarsal conjunctiva, are
characteristic of VKC. These lesions are a consequence of chronic
allergic inflammation, forming as a result of excessive deposition
of extracellular matrix (ECM), overgrowth of conjunctival resident fibroblasts, and infiltration of inflammatory cells. ECM proteins whose abundance is increased in giant papillae include
collagen types I, III, and V as well as fibronectin, tenascin, and
laminin.6 – 8 Under normal conditions, resident fibroblasts maintain tissue integrity by both synthesizing and degrading ECM
proteins, the latter process being achieved by the release of
matrix-degrading enzymes such as matrix metalloproteinases
(MMPs). Disturbance of this balance between the synthesis and
degradation of ECM proteins underlies tissue remodeling in various pathologic conditions. If degradation exceeds synthesis, the
loss of ECM proteins results in breakdown of the affected tissue.
If synthesis exceeds degradation, excessive deposition of ECM
proteins results in hyperplasia or fibrosis, such as those apparent
in the giant papillae of VKC.
We and others have shown that Th2 cytokines probably
play an important role in the excessive deposition of ECM in
giant papillae. Conjunctival fibroblasts thus express receptors
for IL-4 and -13 on their surface,9,10 and these cytokines stimulate the production by these cells of ECM proteins such as
collagen types I and III and fibronectin.10 MMPs are a family of
zinc-dependent proteinases that possess a high affinity for ECM
components and play a fundamental role in tissue remodeling.
Changes in the expression profiles and activation state of
MMPs have been identified in giant papillae and tear fluid of
individuals with VKC.11–13 MMPs can be broadly categorized
on the basis of their substrate specificity and structure into
subgroups such as the interstitial collagenases, gelatinases,
stromelysins, and membrane-type MMPs. MMP-3 (stromelysin-1) possesses a broad substrate specificity, being capable of
degrading proteoglycans, laminin, fibronectin, and collagens. It
is also capable of activating the precursor (pro) forms of other
MMPs, including MMP-1, -2, -8, -9, and -13, as well as inactivating plasminogen activator inhibitor I.14,15 MMP-3 is produced
by tissue-resident cells, including fibroblasts and endothelial
cells, as well as by inflammatory cells, such as macrophages
and neutrophils, in response to the proinflammatory cytokines
IL-1 or TNF-␣. This enzyme plays an important role in the tissue
destruction associated with the chronic inflammation of rheumatoid arthritis and periodontitis.16,17 In addition, MMP-3 contributes to physiological tissue remodeling as well as to other
pathologic processes including cancer, atherosclerosis, and
conjunctivochalasis.18 –20
The concentration of the proinflammatory cytokine IL-1␤ in
tear fluid is increased in patients with tarsal VKC, compared
with that in healthy individuals,4 and the IL-1 receptor antagonist suppresses allergic inflammation in a mouse model of
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allergic conjunctivitis, suggesting that IL-1 may play a role in
VKC as well as in the pathogenesis of ocular allergy in general.4,21 In addition, IL-1␤ is one of the most efficacious inducers
of MMP-1 and -3 expression in fibroblasts and contributes to
the destruction of various tissues, including the cornea, in
vivo.22 The increased production of IL-1 at sites of allergic
inflammation is thus thought to promote ECM degradation as a
result of upregulation of MMP expression. In giant papillae,
however, deposition of ECM proteins is increased, suggesting
that other factors may inhibit IL-1–induced MMP expression.
We have therefore now investigated whether Th2 cytokines
affect MMP-3 synthesis by human conjunctival fibroblasts cultured in the absence or presence of IL-1␤.

Quantitative RT-PCR Analysis

METHODS

Gelatin Zymography

Materials

Gelatin zymography of culture supernatants was performed as described previously.12 In brief, culture supernatants were mixed with
nonreducing SDS sample buffer (125 mM Tris-HCl [pH 6.8], 20%
glycerol, 2% SDS, and 0.002% bromphenol blue) and fractionated by
SDS-polyacrylamide gel electrophoresis at 4°C on a 10% gel containing
0.1% gelatin. The gel was then washed in 2.5% Triton X-100 for 1 hour,
to promote recovery of protease activity, before incubation for 18
hours at 37°C in a reaction buffer containing 50 mM Tris-HCl (pH 7.5),
5 mM CaCl2, and 1% Triton X-100. The gel was finally stained with
Coomassie brilliant blue.

Eagle’s minimum essential medium (MEM), fetal bovine serum, and
phosphate-buffered saline (PBS) were obtained from Invitrogen-Gibco
(Grand Island, NY). All materials used for cell culture were endotoxin
minimized. Tissue culture dishes were from Greiner Bio-One (Kemsmuenster, Austria) and eight-well chamber slides were from Nalge
Nunc (Naperville, IL). Rabbit polyclonal antibodies to the p65 subunit
of nuclear factor (NF)-B were from Santa Cruz Biotechnology (Santa
Cruz, CA), horseradish peroxidase– conjugated goat antibodies to
mouse or rabbit immunoglobulin G (IgG) were from Chemicon (Temecula, CA), and Alexa Fluor 488 – conjugated goat antibodies to rabbit
IgG were from Invitrogen (Eugene, OR). Rabbit polyclonal antibodies
to IB-␣ and to phosphorylated c-Jun as well as a mouse monoclonal
antibody to phosphorylated IB-␣ were from Cell Signaling (Beverly,
MA). A mouse monoclonal antibody (IgG2A) to the human IL-4 receptor, normal mouse IgG2A, human recombinant cytokines, as well as
enzyme-linked immunosorbent assay (ELISA) kits for MMP-3 and prostaglandin E2 (PGE2) were from R&D Systems (Minneapolis, MN). Antifade mounting medium (Vectashield) was from Vector Laboratories
(Burlingame, CA). PCR reagents (QuantiTect SYBR Green) were from
Qiagen (Hilden, Germany). Protein assay reagents (Micro BCA) were
obtained from Pierce (Rockford, IL), and enhanced chemiluminescence reagents were from GE Healthcare (Piscataway, NJ). PGE2 was
from BIOMOL Research Laboratories (Plymouth Meeting, PA).

Isolation and Culture of Human
Conjunctival Fibroblasts
Three normal human conjunctivas were obtained and they were processed separately, after informed consent was obtained from individuals undergoing eyelid or strabismus surgery. The human tissue was
used in strict accordance with the basic principles of the Declaration
of Helsinki. Conjunctival fibroblasts were isolated and cultured as
described previously.9,10

ELISAs for MMP-3 and PGE2
Cells were plated in 24-well plates (3 ⫻ 104 cells per well) and cultured
at 37°C first for 3 days in MEM supplemented with 10% fetal bovine
serum and then for 24 hours in serum-free MEM. They were then
incubated for various times in serum-free MEM supplemented with
cytokines or PGE2. Cells were exposed to IL-1␤ and to Th2 cytokines
or PGE2 at the same time. The culture medium was collected from each
well and centrifuged at 120g for 5 minutes at 4°C. The resultant
supernatants were frozen at ⫺80°C until assayed for MMP-3 or PGE2 by
ELISA, with measurement of absorbance at 450 nm. The limits of
detection of the assays were 9 pg/mL for MMP-3 and 13.4 pg/mL for
PGE2. The concentrations of MMP-3 and PGE2 in culture supernatants
were normalized by cell number and expressed as nanograms per 1 ⫻
106 cells.
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Cells were cultured for 24 hours in serum-free MEM and then incubated
for 12 hours in serum-free MEM supplemented with cytokines. They were
then washed with PBS, and total RNA was extracted (MagNa Pure; Roche
Molecular Biochemicals, Mannheim, Germany). The RNA was subjected
to reverse transcription (RT) with a kit (Promega, Madison, WI), and the
resultant cDNA was subjected to real-time polymerase chain reaction
(PCR) analysis by rapid cycling in glass capillaries with a thermocycler
(LightCycler; Roche Molecular Biochemicals), as described previously.10,23 The amount of MMP-3 mRNA was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The sequences of
the PCR primers for MMP-3 were 5⬘-GGCACAATATGGGCACTTTA-3⬘ (forward) and 5⬘-CCGGCAAGATACAGATTCAC-3⬘ (reverse); those for
GAPDH were as described previously.23

Immunoblot Analysis of IB-␣ and c-Jun
The phosphorylation and degradation of IB-␣ and the phosphorylation of
c-Jun in conjunctival fibroblasts were examined by immunoblot analysis,
as described previously.23 In brief, after incubation at 37°C, first for 24
hours in serum-free MEM and then for 30 minutes with MEM containing
cytokines, the cells were washed twice with PBS, lysed with radioimmunoprecipitation buffer, and assayed for protein concentration. Cell lysates
(10 g of protein) were subjected to SDS-polyacrylamide gel electrophoresis on a 10% gel under reducing conditions, and the separated proteins
were transferred electrophoretically to a nitrocellulose membrane. After
blocking of nonspecific sites, the membrane was incubated with antibodies to IB-␣, to phosphorylated IB-␣, or to phosphorylated c-Jun, and
immune complexes were then detected with horseradish peroxidase–
conjugated secondary antibodies and enhanced chemiluminescence reagents.

Immunofluorescence Staining for NF-B and
Phosphorylated c-Jun
Immunostaining for NF-B and phosphorylated c-Jun in conjunctival
fibroblasts was performed as described previously.23 In brief, cell
monolayers grown on eight-well chamber slides were incubated at
37°C, first for 24 hours in serum-free MEM and then for 30 minutes
with MEM-containing cytokines. The cells were then washed twice
with PBS, fixed with 4% paraformaldehyde in PBS, and washed an
additional three times with PBS before permeabilization with 100%
methanol for 6 minutes at ⫺20°C. Nonspecific adsorption of antibodies was blocked by incubation for 30 minutes with PBS containing 3%
bovine serum albumin, and the cells were then incubated for 1 hour at
room temperature with antibodies to the p65 subunit of NF-B or to
phosphorylated c-Jun, washed, and incubated for 30 minutes at room
temperature with Alexa Fluor 488 – conjugated secondary antibodies
(1:1000 dilution in PBS containing 3% bovine serum albumin). The
cells were finally washed, mounted in mounting medium, and examined with a fluorescence microscope (Axiovert; Carl Zeiss Meditec
GmbH, München-Hallbergmoos, Germany).

Statistical Analysis
Quantitative data are expressed as the mean ⫾ SEM for four separate
experiments. Differences were evaluated by analysis of variance fol-
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lowed by Fisher’s protected least significant difference test. P ⬍ 0.05
was considered statistically significant.

RESULTS
Inhibition of MMP-3 Release from Human
Conjunctival Fibroblasts by IL-4 or -13
We first investigated the effects of Th2 cytokines on the release
of MMP-3 from human conjunctival fibroblasts stimulated with
the proinflammatory cytokine IL-1␤. The cells were cultured
for 24 hours with the Th2 cytokines IL-4, -5, -9, -10, or -13 (each
at 10 ng/mL), in the absence or presence of IL-1␤ (1 ng/mL),
and the amount of MMP-3 in the culture supernatant was then
determined by ELISA. Conjunctival fibroblasts constitutively
released small amounts of MMP-3 into the culture medium (Fig.
1). IL-4 and -13, but not IL-5, -9, and -10, inhibited the basal
release of MMP-3 by these cells. IL-1␤ stimulated the release of
MMP-3 from conjunctival fibroblasts, as described previously.20
IL-4 and -13, but not IL-5, -9, and -10, also markedly inhibited
the stimulatory effect of IL-1␤ on MMP-3 release.
We next examined the concentration dependence of the
effects of IL-4 and -13 on the release of MMP-3 by conjunctival
fibroblasts. The cells were cultured for 24 hours with various
concentrations of IL-4 or -13 in the absence or presence of
IL-1␤ (1 ng/mL), and the amount of MMP-3 in the culture
supernatant was then determined. IL-4 inhibited the basal level
of MMP-3 release in a concentration-dependent manner; this
effect was statistically significant at IL-4 concentrations of ⱖ0.1
ng/mL (Fig. 2). The inhibitory effect of IL-4 on IL-1␤–induced
MMP-3 release was also concentration dependent and significant at ⱖ0.1 ng/mL. Similarly, IL-13 inhibited both basal and
IL-1␤–induced MMP-3 release by conjunctival fibroblasts in a
concentration-dependent manner. These effects were statistically significant at IL-13 concentrations of 10 and 1 ng/mL,
respectively (Fig. 3).
We then examined the time course of MMP-3 release by
conjunctival fibroblasts incubated with the combination of
IL-1␤ (1 ng/mL) and either IL-4 (10 ng/mL) or IL-13 (10 ng/mL).
The release of MMP-3 from IL-1␤–stimulated conjunctival fibroblasts increased in a time-dependent manner for up to 48 hours
(Fig. 4). The presence of either IL-4 or -13 resulted in almost

FIGURE 1. Effects of Th2 cytokines on MMP-3 release by human conjunctival fibroblasts. Cells were incubated for 24 hours with the indicated Th2
cytokines (each at 10 ng/mL) in the absence (䡺) or presence (f) of IL-1␤
(1 ng/mL). The concentration of MMP-3 in the culture supernatant was
then determined by ELISA. Data are expressed as nanograms of MMP-3
released per 1 ⫻ 106 cells and are means ⫾ SEM of results of four separate
experiments. *P ⬍ 0.05, **P ⬍ 0.01 versus the corresponding value for
cells incubated in the absence of Th2 cytokines.
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FIGURE 2. Concentration dependence of the inhibitory effect of IL-4
on MMP-3 release by conjunctival fibroblasts. Cells were incubated for
24 hours with the indicated concentrations of IL-4 in the absence (E)
or presence (F) of IL-1␤ (1 ng/mL). The concentration of MMP-3 in the
culture supernatant was then measured. Data are the mean ⫾ SEM of
results of four separate experiments. *P ⬍ 0.01 versus the corresponding value for cells incubated in the absence of IL-4.

complete inhibition of the stimulatory effect of IL-1␤ on MMP-3
release at all time points examined.

Inhibition of the Effects of IL-4 and -13 on MMP-3
Release by Antibodies to the IL-4 Receptor
To confirm that the inhibitory actions of IL-4 and -13 on MMP-3
release were mediated by the IL-4 receptor complex, we examined the effect of pretreatment of conjunctival fibroblasts with
neutralizing antibodies to this complex. Cells were pretreated for
1 hour with the neutralizing antibodies or with control mouse
IgG2A (each at 10 g/mL) and were then incubated for 24 hours
in the additional presence of cytokines. Pretreatment of cells with
the neutralizing antibodies to the IL-4 receptor complex, but not

FIGURE 3. Concentration dependence of the inhibitory effect of IL-13
on MMP-3 release by conjunctival fibroblasts. Cells were incubated for
24 hours with the indicated concentrations of IL-13 in the absence (E)
or presence (F) of IL-1␤ (1 ng/mL). The concentration of MMP-3 in the
culture supernatant was then measured. Data are mean ⫾ SEM of
results of four separate experiments. *P ⬍ 0.05, **P ⬍ 0.01 versus the
corresponding value for cells incubated in the absence of IL-13.
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FIGURE 4. Time course of MMP-3 release from conjunctival fibroblasts. Cells were cultured for the indicated times in the absence of
cytokines (E) or in the presence of IL-1␤ (1 ng/mL) either without (F)
or with IL-4 (‚) or IL-13 (Œ), each at a concentration of 10 ng/mL.
Culture supernatants were then assayed for MMP-3. Data are the
mean ⫾ SEM of results of four separate experiments. *P ⬍ 0.001 versus
the corresponding time point for cells incubated in the absence of
cytokines.

that with control IgG, resulted in inhibition of the suppressive
effect of IL-4 or -13 on IL-1␤–induced MMP-3 release (Fig. 5).
These results thus indicate that the inhibitory effect of IL-4 or -13
on MMP-3 release by human conjunctival fibroblasts is mediated
by the IL-4 receptor complex.

Downregulation of MMP-3 mRNA by IL-4 and -13
We next investigated the effects of cytokines on the abundance
of MMP-3 mRNA in human conjunctival fibroblasts. Cells were
cultured with IL-4 or -13 for 12 hours in the absence or
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FIGURE 6. Downregulation of MMP-3 mRNA in human conjunctival
fibroblasts by Th2 cytokines. Cells were incubated for 12 hours in the
presence of the indicated combinations of IL-4 (10 ng/mL), IL-13 (10
ng/mL), and IL-1␤ (1 ng/mL), after which cell lysates were assayed for
MMP-3 mRNA by RT and real-time PCR analysis. Data were normalized
on the basis of the abundance of GAPDH mRNA, are expressed in
arbitrary units, and are the mean ⫾ SEM of results of four experiments.
*P ⬍ 0.05, **P ⬍ 0.01 versus the corresponding value for cells incubated in the absence of IL-4 or -13.

presence of IL-1␤, after which the amount of MMP-3 mRNA in
cell lysates was assayed by RT and real-time PCR analysis. IL-4
and -13 each reduced the basal amount of MMP-3 mRNA in
these cells (Fig. 6). Whereas IL-1␤ induced an approximately
threefold increase in the amount of MMP-3 mRNA, this effect
was prevented by IL-4 and -13.

Lack of Effect of Th2 Cytokines on the Release of
MMP-2 and -9
We investigated whether Th2 cytokines regulate the expression of the gelatinases MMP-2 and -9 in human conjunctival
fibroblasts. The cells were cultured for 48 hours with the Th2
cytokines IL-4, -5, -9, -10, or -13, in the absence or presence of
IL-1␤, and the amounts of MMP-2 and -9 in culture supernatants
were then evaluated by gelatin zymography (Fig. 7). Conjunctival fibroblasts constitutively released MMP-2 into the culture
medium, but none of the Th2 cytokines examined affected the
basal release of this gelatinase. IL-1␤ induced a small increase in
the release of MMP-2, but this action of IL-1␤ was also not
affected by Th2 cytokines. The gelatinolytic band at 92 kDa
corresponding to MMP-9 was virtually undetectable for the
culture supernatants of cells incubated under any of the conditions tested.

Lack of Effect of IL-4 or -13 on IL-1␤–Induced
Activation of NF-B and AP-1
Signaling pathways mediated by the transcription factors NF-B
and activator protein (AP)-1 are implicated in induction of

FIGURE 5. Effect of neutralizing antibodies to the IL-4 receptor complex on the inhibition by IL-4 or -13 of MMP-3 release from conjunctival
fibroblasts. Cells were incubated first for 1 hour in the absence or
presence of antibodies to the IL-4 receptor complex or normal mouse
IgG2A, each at 10 g/mL, and then for 24 hours in the additional
presence of IL-1␤ (1 ng/mL), IL-4 (10 ng/mL), or IL-13 (10 ng/mL), as
indicated. Culture supernatants were then assayed for MMP-3. Data are
the mean ⫾ SEM of results of four separate experiments. *P ⬍ 0.01
versus the corresponding value for cells incubated in the absence of
antibodies.
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FIGURE 7. Lack of effect of Th2 cytokines on the release of MMP-2 and
-9 by conjunctival fibroblasts. Cells were incubated for 48 hours with
the indicated Th2 cytokines (each at 10 ng/mL) in the absence or
presence of IL-1␤ (1 ng/mL). The amounts of MMP-2 and -9 in culture
supernatants were then evaluated by gelatin zymography. Lane M:
MMP-2 and -9 standards.
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MMP-3 gene expression in several cell types.24,25 To elucidate
the mechanism of action of IL-4 and -13 in human conjunctival
fibroblasts, we examined the activation of these transcription
factors in these cells. Cells were incubated with IL-4 or -13 in
the absence or presence of IL-1␤ for 30 minutes, after which
the phosphorylation and degradation of the NF-B inhibitor
IB-␣ were examined by immunoblot analysis. IL-4 or -13 alone
had no effect on the phosphorylation state or abundance of
IB-␣ (Fig. 8A). In contrast, IL-1␤ induced both the phosphorylation and degradation of IB-␣. These effects of IL-1␤ were
not influenced by IL-4 or -13. We also examined the effects of
these cytokines on the subcellular localization of the p65
subunit of NF-B by immunofluorescence analysis. Under basal
conditions, NF-B immunofluorescence was located predominantly in the cytoplasm of conjunctival fibroblasts (Fig. 8B). No
immunofluorescence was apparent in cells stained with normal

rabbit IgG as a negative control (data not shown). Treatment of
the cells with IL-4 or -13 alone did not affect the subcellular
localization of NF-B (Figs. 8C, 8D). However, IL-1␤ induced
translocation of NF-B from the cytoplasm to the nucleus of
conjunctival fibroblasts (Fig. 8E). This action of IL-1␤ was not
affected by IL-4 or -13 (Figs. 8F, 8G). These results thus indicate
that IL-1␤ activated the NF-B signaling pathway in human
conjunctival fibroblasts and that this action of IL-1␤ was not
affected by IL-4 or -13.
We examined the effects of cytokines on the abundance of
the phosphorylated form of the AP-1 component c-Jun. Immunoblot analysis revealed that IL-1␤ induced the phosphorylation of c-Jun, but that IL-4 or -13 had no effect on the abundance of phosphorylated c-Jun in the absence or presence of
IL-1␤ (Fig. 9A). Immunofluorescence analysis also revealed that
phosphorylated c-Jun was virtually undetectable in conjunctival fibroblasts incubated in the absence or presence of IL-4 or
-13 alone (Figs. 9B–D). Stimulation of cells with IL-1␤ resulted
in a marked increase in the extent of nuclear immunofluorescence corresponding to phosphorylated c-Jun, and this effect
was not influenced by IL-4 or -13 (Figs. 9E–G). These results
thus indicate that IL-1␤ activates the AP-1 signaling pathway in
human conjunctival fibroblasts and that this action of IL-1␤ is
not affected by IL-4 or -13.

Exclusion of a Role for PGE2 in Inhibition of
MMP-3 Release by IL-4 or -13
Some studies have suggested that IL-1–induced production of
PGE2 contributes to the stimulatory effect of this cytokine on
MMP-3 expression in several types of fibroblasts and that the
inhibitory effect of IL-4 on IL-1–induced gene expression is
mediated at the level of PGE2 production.26 –29 We therefore
examined whether the inhibitory effects of IL-4 and -13 on
MMP-3 release in human conjunctival fibroblasts are also mediated at the level of PGE2. We first examined the effects of
these cytokines on PGE2 synthesis. The cells were cultured for
24 hours with IL-4 or -13, in the absence or presence of IL-1␤,
and the amount of PGE2 in the culture supernatant was then
determined by ELISA. Conjunctival fibroblasts constitutively
released small amounts of PGE2 into the culture medium (Fig.
10A). IL-1␤ stimulated the release of PGE2 from these cells, but
this effect was not inhibited by IL-4 or -13. We also examined
the effect of exogenous PGE2 on MMP-3 release from conjunctival fibroblasts. The addition of PGE2 together with IL-1␤ and
either IL-4 or -13 had no effect on the ability of the Th2
cytokines to inhibit IL-1␤–induced MMP-3 release (Fig. 10B).
These results suggest that the inhibitory effects of IL-4 and -13
on IL-1␤–induced MMP-3 expression in human conjunctival
fibroblasts are not mediated by suppression of IL-1␤–induced
production of PGE2.

DISCUSSION

FIGURE 8. Effects of cytokines on the NF-B signaling pathway in
conjunctival fibroblasts. (A) Cells were incubated for 30 minutes with
IL-4 or -13 (each at 10 ng/mL) in the absence or presence of IL-1␤ (1
ng/mL), as indicated, after which cell lysates were subjected to immunoblot analysis with antibodies to IB-␣ or to phosphorylated IB-␣.
Lane M: molecular size standards. (B–G) Cells incubated as in (A) were
fixed and subjected to immunofluorescence analysis with antibodies to
the p65 subunit of NF-B. All data are representative results of three
independent experiments.

Downloaded from tvst.arvojournals.org on 08/19/2022

We have shown that the Th2 cytokines IL-4 and -13 each
inhibited basal and IL-1␤–induced MMP-3 expression at both
the protein and mRNA levels in human conjunctival fibroblasts.
Such inhibitory effects were not observed with the Th2 cytokines IL-5, -9, or -10. The effects of IL-4 and -13 were concentration dependent and were mediated by the IL-4 receptor
complex expressed on the surface of the cells. We previously
demonstrated that IL-4 and -13 also stimulate the synthesis of
ECM proteins, including collagen types I and III and fibronectin, in human conjunctival fibroblasts.10 Together, these observations suggest that IL-4 and -13 may play important roles in the
excessive deposition of ECM that contributes to the development of giant papillae in individuals with VKC.
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We have shown that human conjunctival fibroblasts express
IL-4R␣, -2R␥c, -13R␣1, and -13R␣2 chains of the IL-4 receptor
complex9,10 and that IL-4 stimulates the proliferation of these
cells by acting at these receptors.10 We have also demonstrated
that, among Th2 cytokines, IL-4 and -13 (but not IL-5, -9, or -10)
protects these cells from apoptotic cell death by activating
signaling by phosphoinositide 3-kinase and the protein kinase
Akt.9 The mitogenic and antiapoptotic effects of IL-4 and -13 in
conjunctival fibroblasts may result in the overgrowth of these
cells. IL-4 and -13 may thus contribute to both the excessive
deposition of ECM and the overgrowth of conjunctival fibroblasts that give rise to giant papillae in individuals with VKC.
The ECM in giant papillae not only serves as a structural
framework but also plays a role in signaling to infiltrating
inflammatory cells such as eosinophils, mast cells, and T cells.
Attachment of these cells to the ECM promotes their proliferation or prolongs their survival.34 –36 The ECM also regulates
the expression of inflammatory cytokines, growth factors, adhesion molecules, and enzymes as well as the production of
oxygen radicals by these cells.37– 41 In addition, the ECM serves
as a reservoir for cytokines and growth factors that bind to its
components, with the ECM stabilizing or increasing the local
concentration of these molecules.42,43 The ECM is thus

FIGURE 9. Effects of cytokines on the AP-1 signaling pathway in conjunctival fibroblasts. (A) Cells were incubated for 30 minutes with IL-4
or -13 (each at 10 ng/mL) in the absence or presence of IL-1␤ (1
ng/mL), after which cell lysates were subjected to immunoblot analysis
with antibodies to phosphorylated c-Jun. (B–G) Cells incubated as in
(A) were fixed and subjected to immunofluorescence analysis with
antibodies to phosphorylated c-Jun. All data are representative of three
independent experiments.

Both IL-4 and -13 have been shown to inhibit the release of
the interstitial collagenase MMP-1, but not that of the gelatinase
MMP-9, in conjunctival fibroblasts.30 Conversely, these cytokines stimulate the release from conjunctival fibroblasts of
tissue inhibitor of metalloproteinase (TIMP)-1,30 which inhibits
the activities of interstitial collagenases, gelatinases, and
stromelysins but not those of bacterial collagenases. Pathologic
turnover of ECM is thought to result from an imbalance in the
activities of TIMPs and MMPs.31 IL-4 also induces the synthesis
of TIMP-2 in dermal fibroblasts by triggering a signaling pathway mediated by the p38 isoform of mitogen-activated protein
kinase.32 We have also found that IL-4 and -13 each increase
the release of TIMP-2 from human conjunctival fibroblasts.33
Together with the results of our present study, these various
observations demonstrate that IL-4 and -13 inhibit the release of
MMP-1 and -3, but increase that of the inhibitors TIMP-1 and -2,
from conjunctival fibroblasts. These cytokines are thus implicated as inhibitors of matrix degradation in the conjunctiva.
The degradation-promoting effects of proinflammatory cytokines such as IL-1 and TNF-␣ may thus be counteracted by the
actions of IL-4 and -13.
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FIGURE 10. Effects of cytokines on PGE2 release and effect of PGE2 on
MMP-3 release by human conjunctival fibroblasts. (A) Cells were incubated for 24 hours with IL-4 or -13 (each at 10 ng/mL) in the absence
(䡺) or presence (f) of IL-1␤ (1 ng/mL). The concentration of PGE2 in
the culture supernatant was then determined by ELISA. (B) Cells were
incubated for 24 hours with IL-4 or -13 (each at 10 ng/mL), IL-1␤ (1
ng/mL), and various concentrations of PGE2, as indicated. The concentration of MMP-3 in the culture supernatant was then determined by
ELISA. Data are expressed as nanograms of PGE2 (A) or MMP-3 (B)
released per 1 ⫻ 106 cells and are the mean ⫾ SEM of results of four
separate experiments. *P ⬍ 0.01 versus the corresponding value for
cells incubated in the absence of cytokines.
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thought to contribute to the persistence and activation of
infiltrating inflammatory cells during conjunctival allergic inflammation.
Various cytokines and growth factors, including Th2 cytokines, accumulate in giant papillae or tear fluid of individuals
with VKC. Among such molecules enriched in giant papillae,
proinflammatory cytokines such as IL-1 and TNF-␣ are able to
induce the degradation of ECM proteins by upregulating the
expression of MMPs in conjunctival and corneal fibroblasts.20
Consistent with previous observations,20 we found that IL-1␤
stimulates the expression of MMP-3 by conjunctival fibroblasts.
This effect of IL-1␤ was abolished, however, in the presence of
IL-4 or -13. The transcription factor AP-1 plays an important
role in regulation of the MMP-3 gene by a variety of cytokines,
including IL-1.25 However, although AP-1 is essential for upregulation of MMP-3 expression, it is not sufficient, with NF-B
activity also being required for transcriptional activation of the
MMP-3 gene in several cell types, including fibroblasts.44 A
consensus NF-B binding site has not been identified in the
MMP-3 gene promoter,45 suggesting that NF-B may regulate
the expression of this gene via a different binding site or
through interaction with other transcription factors. Indeed,
NF-B has been shown to potentiate transcription from promoters that lack a consensus NF-B-binding site through interaction with AP-1.46 The upregulation of integrin expression in
fibroblasts by NF-B also occurs in the absence of a consensus
NF-B promoter element.47 In the present study, we therefore
examined the effects of IL-4 and -13 on the activation of NF-B
and AP-1 in conjunctival fibroblasts. Whereas IL-1␤ activated
both AP-1 and NF-B, however, IL-4 and -13 did not interfere
with these effects. These results are consistent with previous
observations showing that the inhibitory effect of IL-4 on
IL-1–induced MMP-3 expression is not mediated by inhibition
of signaling by NF-B or AP-1 in human gingival fibroblasts.48
IL-4 has been shown to affect gene expression by interfering
with the DNA-binding activity of AP-1 and NF-B in monocytes
but not in fibroblasts.49 Although our present data do not
address whether the inhibition of MMP-3 expression by IL-4 or
-13 is mediated at the level of gene transcription, they are
consistent with this notion. MMP-3 expression is regulated
primarily at the transcriptional level, and IL-4 inhibits transcription from the MMP-3 gene promoter in transiently transfected
human foreskin fibroblasts.50 The alternative explanation, that
the inhibition of MMP-3 expression by IL-4 or -13 is mediated
by a decrease in mRNA stability, cannot be excluded, however.
The effects of both IL-4 and -13 on gene expression are
generally mediated through activation of signal transducer and
activator of transcription 6 (STAT6).51 Indeed, we have shown
that these cytokines activate STAT6 in human conjunctival
fibroblasts (Fukuda K, unpublished data, 2005). STAT6 induces
transcription through interaction with the coactivators p300 or
CBP.52 NF-B and AP-1, as well as other transcription factors,
also require p300 or CBP for their transactivation activity, and
this activity is inhibited by factors such as STATs that compete
for the coactivators.53–56 IL-4 and -13 may thus inhibit transactivation of the MMP-3 gene by depriving AP-1 and NF-B of
coactivators. The precise mechanism by which these Th2 cytokines inhibit the IL-1␤–induced expression of MMP-3 in conjunctival fibroblasts remains to be determined.
Previous studies have shown that IL-4 inhibits the IL-1–
induced production of PGE2 in several types of fibroblasts, and
this effect has been linked to the suppressive effect of IL-4 on
gene expression.26 –29 Other studies do not support a role for
prostaglandins in the IL-1–induced expression of MMP-3, however.48,50 Our present results showing that IL-1␤–induced
PGE2 production was not inhibited by IL-4 or -13 and that
exogenous PGE2 did not override the inhibitory effects of IL-4
and -13 on MMP-3 release in conjunctival fibroblasts indicate

that the effects of these Th2 cytokines are not mediated at the
level of PGE2 in our system.
In conclusion, we have shown that IL-4 and -13 each inhibit
the production of the matrix-degrading enzyme MMP-3 in human conjunctival fibroblasts. These two cytokines also stimulate the synthesis of ECM proteins and TIMPs by these
cells.10,30,33 The increased synthesis and the decreased degradation of ECM proteins that result from exposure of conjunctival fibroblasts to IL-4 or -13 likely play central roles in the
excessive deposition of ECM in the giant papillae of individuals
with VKC.
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