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Chemokine production by resident fibroblasts con-
ributes to the recruitment of migratory leukocytes to
ites of tissue injury. The effects of cytokines on the
xpression of thymus- and activation-regulated che-
okine (TARC), a potent chemoattractant for Th2

ells, were examined in cultured human corneal fibro-
lasts. The culture supernatants of cells incubated for
4 h in the absence or presence of either TNF-a (10
g/ml) or IL-4 (10 ng/ml) alone did not contain TARC
etectable by ELISA. However, exposure of cells to
oth cytokines resulted in marked release of TARC
nto the culture medium in a time- and dose-
ependent manner. Similarly, quantitative RT-PCR
nalysis revealed that the two cytokines induced a
ynergistic increase in the amount of TARC mRNA in
he cultured fibroblasts. This synergistic effect of
NF-a and IL-4 on TARC production by fibroblasts
ay contribute to the Th2 cell infiltration and conse-

uent tissue damage associated with allergic inflam-
ation. © 2000 Academic Press

Key Words: human; fibroblasts; allergy; cytokines;
hemokines.

Thymus- and activation-regulated chemokine (TARC)2

s a member of the C-C chemokine family and is a
otent chemoattractant for Th2 cells, which express
he CCR4 receptor for TARC on their surface (1, 2).
ytokines secreted by activated Th2 cells, such as IL-4,

L-5, and IL-10, induce the release of IgE from B cells
nd activate inflammatory effector cells, resulting in
issue destruction. The local production of TARC there-
ore plays an important role in the induction and main-
enance of allergic reactions (3) as a result of the pro-
otion by this chemokine of Th2 cell infiltration (4, 5).

1 To whom correspondence should be addressed. Fax: 181-836-22-
334. E-mail: kgnaoki@po.cc.yamaguchi-u.ac.jp.

2 Nonstandard abbreviation: TARC, thymus- and activation-
egulated chemokine.
1

ndividuals with atopic dermatitis or keratoconjuncti-
itis (6, 7).
Fibroblasts are major structural components of tis-

ue and are also thought to be responsible for the local
ecruitment of inflammatory cells (8) as a result of
heir ability to produce a variety of chemokines (9–11).
llergic reactions are triggered by the activation and
egranulation of mast cells, which result in the release
f cytokines that include the Th2 cytokine IL-4 and the
roinflammatory cytokine TNF-a. We and others re-
ently demonstrated synergistic effects of IL-4 and
NF-a on eotaxin expression in corneal and skin fibro-
lasts (9, 12). However, the effects of these cytokines on
he possible production and release of TARC by fibro-
lasts have remained unknown.
To shed light on the mechanism by which local infil-

ration of Th2 cells is regulated, we have therefore now
nvestigated whether cultured human corneal fibro-
lasts produce TARC and the possible effects of IL-4
nd TNF-a on such production.

ATERIALS AND METHODS

Materials. Eagle MEM was obtained from the Research Founda-
ion for Microbial Diseases of Osaka University (Osaka, Japan);
PTI-MEM, FBS, and trypsin (0.05%)–EDTA (0.53%) were from
ibco-BRL (Grand Island, NY); and tissue culture dishes (Falcon)
ere from Becton–Dickinson (Franklin Lakes, NJ). Human recom-
inant TNF-a and IL-4 were obtained from Genzyme (Cambridge,
A). Paired antibodies to TARC and human TARC protein standard

or ELISA were obtained from R&D Systems (Minneapolis, MN). The
Neasy Mini Kit was from Qiagen (Hilden, Germany), the TaKaRa
ne Step RNA PCR Kit (AMV) was from Takara Shuzo (Shiga,
apan), LightCycler-DNA Master SYBR Green I was from Roche
olecular Biochemicals (Mannheim, Germany), ethidium bromide

nd DNA molecular size standards (Marker 11) were from Nippon-
ene (Toyama, Japan), and agarose (NuSieve 3:1) was from FMC
ioproducts (Rockland, ME). All reagents used for cell culture were
ndotoxin minimized.

Isolation, culture, and stimulation of human corneal fibroblasts.
our human corneas were obtained from Mid-America Transplant Ser-
ice (St. Louis, MO) and NorthWest Lions Eye Bank (Seattle,
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



WA). The donors were Caucasian men and women ranging in age
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rom 4 to 65 years. After the center of each donor cornea was
unched out for corneal transplantation surgery, the remaining
im of the cornea was used for the present experiments. The
uman tissue was used in strict accordance with the basic prin-
iples of the Declaration of Helsinki. Each cornea was digested
eparately with collagenase to provide a suspension of corneal
broblasts (13). The cells from each cornea were cultured sepa-
ately in MEM supplemented with 10% FBS, and they were used
or the present studies after four to six passages. The purity of the
ultured cells was judged on the basis of both the morphology of
orneal fibroblasts and their reactivities with antibodies to vimen-
in and cytokeratin in immunofluorescence analysis (9, 11). All the
ells were positive for vimentin and negative for cytokeratin,
uggesting the absence of contamination of the cultures by epi-
helial cells. No change in cell morphology or immunoreactivity
as apparent after culture for four to six passages.
Cells (3 3 105) were seeded in 60-mm dishes and grown until they

ecame confluent. They were stimulated with cytokines as described
reviously (9, 11). In brief, the culture medium of the confluent cells
as replaced with OPTI-MEM, and the cells were incubated for 3
ays. The medium was then changed to OPTI-MEM supplemented
ith TNF-a or IL-4 (or both). After incubation for the indicated
eriods of time, the medium was collected from each culture dish and
entrifuged at 120g for 5 min. The resulting supernatant was stored
t 280°C for subsequent assay of TARC. The fibroblasts remaining
n the dish were exposed to trypsin-EDTA, and their number was
etermined with a hemocytometer.

Determination of TARC protein concentration by ELISA. The
oncentration of TARC in culture supernatants was determined in
riplicate with a solid-phase ELISA. The limit of detection was 3.9
g/ml, and data were expressed as picograms of TARC per 106 cells.

Quantitative RT-PCR analysis of TARC mRNA. Corneal fibro-
lasts were cultured and stimulated as described above, after which
he cells were washed with PBS and total RNA was extracted with a
it. Extracted RNA was subjected to reverse transcription with a kit
nd the abundance of TARC mRNA was quantified by real-time PCR
ith a LightCycler instrument (Roche Molecular Biochemical). Tran-

cripts of the constitutively expressed gene for GAPDH served to
ormalize the amount of TARC mRNA in each sample. The
equences of the PCR primers were as follows: TARC sense, 59-
TCCTCCTGGGGGCTTCTCT-39; TARC antisense, 59-GTT-
GGGTCCGAACAGATGG-39; GAPDH sense, 59-GCCAAAAGGGT-
A T C A T C T C - 3 9 ; a n d G A P D H a n t i s e n s e , 5 9 - A C C A C -
TGGTGCTCAGTGTA-39. These primers yielded PCR products of

he expected sizes of 198 bp for TARC mRNA and 500 bp for GAPDH
RNA (14, 15).
The PCR protocol comprised an initial denaturation step at 95°C

or 30 s followed by 40 cycles of amplification. For the amplification
f TARC cDNA, the cycles consisted of denaturation at 95°C for 15 s,
nnealing at 59°C for 10 s, and elongation at 72°C for 10 s. For the
mplification of GAPDH cDNA, the cycles included denaturation at
5°C for 15 s, annealing at 55°C for 10 s, and elongation at 72°C for
0 s. Real-time PCR data were analyzed with LightCycler software
.01 (Roche Molecular Biochemicals). To verify the specificity of the
mplification, we also subjected PCR products to electrophoresis on
3% agarose gel, which was then stained with ethidium bromide (1
g/ml) and examined with a Nighthawk system (pdi, Huntington
tation, NY). The latter comprised a charge-coupled device camera,
n ultraviolet transilluminator, and an analysis program (Quantity
ne).

Statistical analysis. Data are expressed as means 6 SEM. Dif-
erences were analyzed by Student’s t test or by ANOVA and Fisher’s
LSD test. A P value of ,0.01 was considered statistically signifi-
ant.
2

ESULTS

ynergistic Effect of TNF-a and IL-4 on TARC
Release by Human Corneal Fibroblasts

We first examined the effects of TNF-a and IL-4 on
he production of TARC by human corneal fibroblasts
solated from four different donors. The cells were cul-
ured for 24 h with each cytokine at a concentration of
0 ng/ml either separately or in combination. TARC
as not detectable in the culture medium of cells in-

ubated in the absence of cytokine or in the presence of
NF-a or IL-4 alone (Fig. 1). However, incubation of
ells with the combination of TNF-a and IL-4 induced
marked increase in the release of TARC by all four

ell preparations. Given that the responses of cells
rom the four different donors were virtually identical,
e performed subsequent experiments with corneal
broblasts from one donor.
We next investigated the time course of TARC re-

ease by corneal fibroblasts incubated for up to 24 h
ith TNF-a (10 ng/ml), IL-4 (10 ng/ml), or the combi-
ation thereof. Whereas incubation of cells with TNF-a
r IL-4 alone did not induce detectable release of TARC
uring the incubation period (data not shown), expo-
ure of the corneal fibroblasts to the combination of
NF-a and IL-4 resulted in a time-dependent increase

n TARC release that was statistically significant at 12
nd 24 h (Fig. 2).
The dose dependence of the effect of the combination

f TNF-a and IL-4 on the production of TARC by cor-
eal fibroblasts was then examined. Cells were cul-
ured for 24 h with various concentrations of TNF-a in
he absence or presence of IL-4 (10 ng/ml) (Fig. 3) or
ith various concentrations of IL-4 in the absence or
resence of TNF-a (10 ng/ml) (Fig. 4). In the absence of

FIG. 1. Effects of TNF-a and IL-4 on TARC production by human
orneal fibroblasts derived from different donors. Corneal fibroblasts
repared from four different donors were incubated separately for
4 h in the absence or presence of TNF-a (10 ng/ml), IL-4 (10 ng/ml),
r both cytokines, after which the concentration of TARC in the
ulture supernatant was measured by ELISA. Data are means 6
EM of values from four separate experiments, each performed with

our replicates, for each donor.
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L-4, corneal fibroblasts did not release detectable
mounts of TARC into the culture medium at any
oncentration of TNF-a; however, in the presence of
L-4, TNF-a induced a dose-dependent increase in
ARC release that was statistically significant at con-
entrations of 0.1, 1, and 10 ng/ml (Fig. 3). Similarly, in
he absence of TNF-a, IL-4 did not induce detectable
elease of TARC; however, in the presence of TNF-a,
L-4 induced a dose-dependent increase in TARC re-
ease that was statistically significant at concentra-
ions of 0.1, 1, and 10 ng/ml (Fig. 4).

ynergistic Effect of TNF-a and IL-4 on the
Abundance of TARC mRNA in Corneal Fibroblasts

Finally, we investigated the effects of TNF-a and
L-4 on the abundance of TARC mRNA in human cor-

FIG. 2. Time course of TARC release from human corneal fibro-
lasts stimulated with the combination of TNF-a and IL-4. Cells
ere cultured for the indicated times in the presence of both TNF-a

10 ng/ml) and IL-4 (10 ng/ml), after which the culture supernatant
as assayed for TARC by ELISA. Data are means 6 SEM (n 5 4)

rom a representative experiment that was repeated three times
ith similar results. *P , 0.01 (Student’s t test) vs the zero time
oint.

FIG. 3. Dose dependence of the effect of TNF-a in the absence or
resence of IL-4 on TARC release by human corneal fibroblasts. Cells
ere cultured for 24 h with the indicated concentrations of TNF-a in

he absence (open circles) or presence (closed circles) of IL-4 (10
g/ml). Culture supernatants were then assayed for TARC by
LISA. Data are means 6 SEM (n 5 4) from a representative
xperiment that was repeated three times with similar results. *P ,
.01 (Fisher’s PLSD test) vs the corresponding value for cells incu-
ated in the absence of IL-4.
3

eal fibroblasts. Cells were cultured for 24 h in the
bsence or presence of cytokines, each at a concentra-
ion of 10 ng/ml, after which the amount of TARC
RNA in cell lysates was assayed by quantitative RT-
CR. Exposure of cells to TNF-a or IL-4 alone had no
ignificant effect on the amount of TARC mRNA. In
ontrast, stimulation with both TNF-a and IL-4 in-
uced an ;500-fold increase in the abundance of TARC
RNA compared with that apparent in unstimulated

ells (Fig. 5).

ISCUSSION

We have shown that the combination of TNF-a and
L-4 induces a synergistic increase in the expression of

FIG. 4. Dose dependence of the effect of IL-4 in the absence or
resence of TNF-a on TARC release by human corneal fibroblasts.
ells were cultured for 24 h with the indicated concentrations of IL-4

n the absence (open circles) or presence (closed circles) of TNF-a (10
g/ml). Culture supernatants were then assayed for TARC by
LISA. Data are means 6 SEM (n 5 4) from a representative
xperiment that was repeated four times with similar results. *P ,
.01 (Fisher’s PLSD test) vs the corresponding value for cells incu-
ated in the absence of TNF-a.

FIG. 5. Effects of cytokines on the abundance of TARC mRNA in
uman corneal fibroblasts. Cells were cultured for 24 h in the ab-
ence or presence of TNF-a (10 ng/ml), IL-4 (10 ng/ml), or the com-
ination thereof, after which cell lysates were assayed for TARC
RNA by quantitative RT-PCR. The amount of TARC mRNA was
ormalized by that of GAPDH mRNA and is presented in arbitrary
nits. Data are means 6 SEM (n 5 3) from a representative exper-

ment that was repeated four times with similar results. *P , 0.01
Fisher’s PLSD test) vs the corresponding value for cells incubated in
he absence of cytokines.
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uman corneal fibroblasts. Exposure of the cells to
ither cytokine alone had no effect on TARC expres-
ion. Given that TARC is a potent chemoattractant for
h2 cells, our results suggest that cytokine-induced
ctivation of fibroblasts may contribute to the patho-
enesis of Th2 cell-mediated allergic reactions in ocu-
ar tissue by promoting the infiltration of Th2 cells. To
etermine whether TNF-a and IL-4 also induce TARC
roduction in fibroblasts derived from other tissues, we
lso investigated the effects of these cytokines in cul-
ured human skin fibroblasts. The combination of
NF-a and IL-4 indeed induced synergistic increases

n TARC release and in the amount of TARC mRNA in
kin fibroblasts (unpublished data).
The local concentrations of IL-4 and TNF-a are im-

ortant determinants of Th2 cell infiltration. Thus,
L-4 is required for the local recruitment of Th2 cells in
he lung (14), and the local administration of IL-4
nduces Th2 cell infiltration in vivo (15). Local admin-
stration of TNF-a promotes the transendothelial mi-
ration of Th2 cells and potentiates mucosal inflamma-
ion in the airway epithelium (14). However, the
echanism by which IL-4 or TNF-a induces Th2 cell

nfiltration has remained unclear, given that these cy-
okines have not been shown to act as direct chemoat-
ractants for Th2 cells in vitro. Our results now suggest
hat the effects of IL-4 and TNF-a on Th2 cell infiltra-
ion might be mediated by the induction of TARC pro-
uction by fibroblasts.
The activation and degranulation of mast cells are

he first events in an allergic reaction. Activation of
hese cells by antigen-mediated cross-linking of IgE
xpressed on the cell surface results in their expression
f IL-4 and TNF-a (16, 17). Thus, it is possible that IL-4
nd TNF-a released from activated mast cells induce
he production of TARC by fibroblasts and thereby
rigger the local infiltration of Th2 cells. IL-5 is another
h2-type cytokine released by activated mast cells (18).
e therefore also examined the effect of IL-5 on TARC

xpression by human corneal fibroblasts; however, this
ytokine, either alone or in combination with TNF-a,
id not induce a detectable level of TARC release by
hese cells (unpublished data).

Synergistic effects of IL-4 and TNF-a on fibroblasts
ppear to be important in the pathogenesis of allergic
eactions. The combination of these cytokines induces
he expression by fibroblasts of eotaxin (9, 12), which is

potent and specific chemoattractant for eosinophils
19). In addition, these two cytokines induce the ex-
ression by fibroblasts of the adhesion molecule
CAM-1, which is a ligand for VLA-4 expressed on the
urface of eosinophils and lymphocytes (19). These ob-
ervations, together with the results of the present
tudy, indicate that activation of fibroblasts by the
ombination of IL-4 and TNF-a is an important step in
4

esponses.
The cornea is an avascular tissue that is composed of

nly three different cell types: epithelial cells, fibro-
lasts, and endothelial cells. Corneal fibroblasts are
he main source of chemokines in this tissue, having
een shown to express IL-8, RANTES, and eotaxin
9–11). We have now added TARC to this list. We have
lso shown that IL-4, IL-5, and TNF-a have no effect on
ARC production or the abundance of TARC mRNA in
V40-transformed human corneal epithelial cells (un-
ublished data). Although the clinical importance of
ARC in ocular allergic reactions has not been defined,
oth Th2 cell infiltration in biopsy specimens and in-
reased concentrations of TNF-a (20) and IL-4 (21) in
ear fluid of individuals with severe allergic conjuncti-
itis have been described. It is thus possible that TARC
roduced by corneal fibroblasts in response to stimula-
ion with IL-4 and TNF-a present in tear fluid is re-
ponsible for Th2 cell recruitment in severe ocular
llergic reactions.
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