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Background: Allergic diseases of the ocular surface, skin, and
lung are triggered by TH2 cells, which are recruited by thy-
mus- and activation-regulated chemokine (TARC; CCL17) and
macrophage-derived chemokine (MDC; CCL22). Resident
fibroblasts are thought to contribute to inflammatory cell infil-
tration through chemokine production.
Objective: We sought to provide insight into the clinical differ-
ences apparent among these allergic diseases of the eye, skin,
and lung, and we compared the abilities of corneal, dermal,
and lung fibroblasts to produce TARC and MDC.
Methods: The amounts of chemokines released into the culture
supernatant were determined by means of ELISA, and the
intracellular abundance of chemokine mRNAs was quantitated
by means of reverse transcription and real-time PCR analysis.
Results: Neither TNF-α, IFN-γ, IL-4, nor IL-13 alone induced
the release of TARC from or affected the amount of TARC
mRNA in corneal, dermal, or lung fibroblasts. The combina-
tion of TNF-α with either IL-4 or IL-13, however, markedly
increased both TARC release and the abundance of TARC
mRNA in corneal and dermal fibroblasts, but not in lung
fibroblasts. Neither MDC release nor MDC mRNA was detect-
ed in any of the 3 types of fibroblasts stimulated with any of
the cytokines examined.
Conclusion: These results indicate that cytokine regulation of
TARC expression differs among fibroblasts derived from the
cornea, skin, or lung. Corneal and dermal fibroblasts might
thus be important sources of TARC during allergic inflamma-
tion. (J Allergy Clin Immunol 2003;111:520-6.)
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Fibroblasts are abundant in connective tissue, where
they confer mechanical strength by providing a support-
ing framework of extracellular matrix. These cells con-

tribute to maintenance of normal tissue structure not only
through the synthesis and degradation of extracellular
matrix proteins but also by secreting various bioactive
substances. Tissue-resident fibroblasts thus function as
sentinel or effector cells during allergic inflammation,
modulating the activities of immune cells by producing
cytokines and chemokines.1-4 Although fibroblasts play
an important role as a source of biologic mediators in the
initiation and amplification of inflammation, the over-
production of these factors by fibroblasts might prevent
resolution of this condition and lead to chronic persistent
inflammation.5 Knowledge of the regulation of
chemokine synthesis by fibroblasts is thus important for
an understanding of the pathogenesis of inflammation.

Fibroblasts are not a homogeneous population of cells,
however. They express different structural and functional
features depending on their location within the body and
local stimuli.6-11 In addition, the different phenotypes of
fibroblasts from different sites are maintained even after
prolonged culture in vitro.4,12,13 The clinical manifesta-
tions of allergic diseases differ among various organs,
including the eye (ocular surface), skin, and lungs, possi-
bly, at least in part, as a result of differences in the resi-
dent fibroblasts. For example, unlike skin and lung
fibroblasts, which are of mesenchymal origin, corneal
fibroblasts are derived from neural ectoderm. However,
the specific roles of fibroblasts in different organs during
allergic inflammation remain poorly understood.

Thymus- and activation-regulated chemokine (TARC;
CCL17) and macrophage-derived chemokine (MDC;
CCL22) are members of the CC chemokine family and
are potent and selective chemoattractants for TH2
cells,14,15 which express the corresponding chemokine
receptor (CCR4) on their surfaces.16,17 Allergic inflam-
mation is thought to be a TH2 cell–dominant immune
response, given the pronounced accumulation of TH2
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cells apparent at sites of such inflammation in individu-
als with vernal keratoconjunctivitis, atopic dermatitis, or
asthma.18-20 The secretion of cytokines, including IL-4,
IL-5, IL-10, and IL-13, by the accumulated TH2 cells
results in immunoglobulin class switching in B cells and
the release of IgE from B cells, as well as the activation
of eosinophils, leading to tissue destruction. The local
production of TARC and MDC might therefore play an
important role in the induction and maintenance of aller-
gic inflammation21,22 as a result of the consequent pro-
motion of TH2 cell infiltration.

To characterize the differential roles of fibroblasts
from different organs in the pathogenesis of allergic dis-
eases, such as vernal keratoconjunctivitis, atopic der-
matitis, and asthma, we have now compared the effects
of various cytokines on the production of TARC and
MDC by human fibroblasts derived from the cornea,
skin, and lung.

METHODS

Materials

Minimum essential medium (MEM) and trypsin (0.05%)–EDTA
(0.53 mmol/L) were obtained from Gibco-BRL (Grand Island, NY),
FBS was from Dainippon Pharmaceutical (Osaka, Japan), and cell-
culture dishes (Falcon) were from Becton Dickinson (Franklin
Lakes, NJ). Human recombinant TNF-α, IFN-γ, IL-4, and IL-13
were obtained from Genzyme (Cambridge, Mass). Paired antibod-
ies to TARC and MDC and human TARC and MDC protein stan-
dards for ELISAs were from R&D Systems (Minneapolis, Minn).
An RNeasy kit for isolation of total RNA was from Qiagen (Hilden,
Germany), and a TaKaRa RNA PCR kit AMV version 2.1 was from
Takara Shuzo (Shiga, Japan). LightCycler-DNA Master SYBR
Green I was obtained from Roche Molecular Biochemicals
(Mannheim, Germany), ethidium bromide and DNA molecular size
standards (Marker 11) were from Nippongene (Toyama, Japan), and
agarose (NuSieve 3:1) was from FMC Bioproducts (Rockland, Me).
All reagents used for cell culture were endotoxin minimized.

Cell culture

Human corneal fibroblasts were isolated, as described previous-
ly.1,23,24 Normal human dermal fibroblasts were obtained from Cas-
cade Biologics (Portland, Ore) and Clonetics (Walkersville, Md),
and normal human lung fibroblasts were from Cascade Biologics
and the American Type Culture Collection (Rockville, Md). Cells
were seeded in 6-well culture plates and grown until confluent in
MEM supplemented with 10% FBS. They were then stimulated
with cytokines, as described previously.23 In brief, the culture medi-
um was replaced with serum-free MEM, and the cells were incu-
bated for 24 hours, after which the medium was changed to serum-
free MEM supplemented with cytokines. After incubation for the
indicated times, the medium was collected from each culture dish
and centrifuged at 120g for 5 minutes. The resulting supernatant
was stored at –80°C for subsequent assay of TARC or MDC. The
fibroblasts remaining in the dish were exposed to trypsin-EDTA,
and their number was determined with a hemocytometer.

Determination of TARC and MDC concentra-

tion by means of ELISA

The concentration of TARC or MDC in culture supernatants was
determined in quadruplicate with solid-phase ELISAs. The limits of
detection for TARC and MDC were 3.9 and 15.6 pg/mL, respec-

tively, and data are presented as picograms or nanograms of
chemokine per 1 × 106 cells.

Quantitative RT-PCR analysis of TARC and

MDC mRNAs

The abundance of TARC, MDC, eotaxin (CCL11), and IL-8
(CXCL8) mRNAs was determined by means of reverse transcription
and quantitative real-time PCR analysis, as described previously.23

In brief, total RNA was extracted from fibroblasts and subjected to
reverse transcription, and the resulting cDNA was then subjected to
real-time PCR with a LightCycler instrument (Roche Molecular Bio-
chemicals). Transcripts of the constitutively expressed gene for glyc-
eraldehyde-3-phosphate dehydrogenase served to normalize the
amounts of TARC, MDC, eotaxin, and IL-8 mRNAs in each sample.
The sequences of the PCR primers for TARC, MDC, and eotaxin
were as described previously.1,23,25 PCR primers for IL-8 were
obtained from R&D systems. Real-time PCR data were analyzed
with LightCycler software 3.01 (Roche Molecular Biochemicals). To
verify the specificity of amplification, we also subjected PCR prod-
ucts to electrophoresis on a 3% agarose gel, which was then stained
with ethidium bromide (1 µg/mL) and examined with a Nighthawk
system (pdi, Huntington Station, NY). The PCR primers yielded
amplification products of the expected sizes of 198, 115, 322, 158,
and 79 bp for TARC, MDC, eotaxin, IL-8, and glyceraldehyde-3-
phosphate dehydrogenase mRNAs, respectively.

Statistical analysis

Data are presented as means ± SEM. Results were compared
between 2 groups with the unpaired Student t test and among 3 or
more groups with the Dunnett test. Statistical analyses were per-
formed with StatView for Windows software (version 5.0; SAS
Institute, Cary, NC). A P value of less than .05 was considered sta-
tistically significant.

RESULTS

Effects of cytokines on TARC release by

human corneal, dermal, and lung fibroblasts

We first examined whether cultured corneal, dermal,
or lung fibroblasts produce TARC in the absence or pres-
ence of stimulation with various cytokines by using cells
obtained from 3 different donors. Fibroblasts derived
from neither cornea, skin, nor lung tissue released
detectable amounts of TARC when incubated for 24
hours in the absence or presence of TNF-α, IFN-γ, IL-4,
or IL-13, each at a concentration of 10 ng/mL (Fig 1).
However, stimulation with the combination of TNF-α
and either IL-4 or IL-13 (but not IFN-γ) resulted in a syn-
ergistic increase in the amount of TARC in the culture
supernatants of corneal and dermal fibroblasts. TARC
production by lung fibroblasts remained unaffected by
these cytokine combinations. Given that the responses of
the cells from the 3 different donors were almost identi-
cal, we performed subsequent experiments with fibro-
blasts from one donor.

We next examined the dose dependence of the effects
of TNF-α and either IL-4 or IL-13 on the release of
TARC by corneal and dermal fibroblasts. The cells were
cultured for 24 hours with various concentrations of
TNF-α in the absence or presence of IL-4 (10 ng/mL) or
IL-13 (10 ng/mL, Fig 2) or with various concentrations
of IL-4 or IL-13 in the absence or presence of TNF-α (10



522 Fukuda et al J ALLERGY CLIN IMMUNOL

MARCH 2003

M
echanism

s
of allergy

ng/mL, Fig 3). In the absence of IL-4 or IL-13, neither
corneal nor dermal fibroblasts released detectable
amounts of TARC at TNF-α concentrations of up to 100
ng/mL. However, in the presence of IL-4 or IL-13, TNF-
α induced a dose-dependent increase in TARC release
that was statistically significant at concentrations of 0.1
ng/mL in corneal fibroblasts and 1.0 ng/mL in dermal
fibroblasts (Fig 2). TARC release was more pronounced
in corneal fibroblasts than in dermal fibroblasts in the
presence of lower concentrations (≤1.0 ng/mL) of TNF-
α and either IL-4 or IL-13 (10 ng/mL); at higher concen-
trations of TNF-α (>1.0 ng/mL), the 2 types of cells
released similar amounts of TARC. In the absence of
TNF-α, neither IL-4 nor IL-13 induced detectable TARC
release by fibroblasts. However, in the presence of TNF-
α, IL-4 and IL-13 each induced a dose-dependent
increase in TARC release that was statistically significant
at concentrations of 0.1 ng/mL for IL-4 and 10 ng/mL for
IL-13 in both corneal and dermal fibroblasts (Fig 3). The
dose-response relationships for IL-4 and IL-13 were thus

similar in corneal and dermal fibroblasts, with IL-4 being
more potent in its effect on TARC release than IL-13.
Again, IFN-γ, either at a concentration of 10 ng/mL in
the presence of various concentrations of TNF-α (Fig 2)
or at concentrations of up to 100 ng/mL in the presence
of TNF-α at 10 ng/mL (Fig 3), had no effect on TARC
release from corneal or dermal fibroblasts.

We examined the time course of TARC release by
corneal and dermal fibroblasts incubated with the combi-
nation of TNF-α (10 ng/mL) and either IL-4 (10 ng/mL)
or IL-13 (10 ng/mL). After a delay of approximately 12
hours, the release of TARC into the culture medium
increased for up to 72 hours in both types of fibroblasts
(Fig 4). The amounts of TARC released by these 2 types
of cells were similar up to 24 hours, the amount of TARC
released by corneal fibroblasts was greater than that
released by dermal fibroblasts at 48 hours, and the
amounts of released TARC were again similar for the 2
cell types at 72 hours. Lung fibroblasts incubated with
the same combinations of TNF-α and either IL-4 or IL-
13 for 72 hours again did not release detectable amounts
of TARC (data not shown).

FIG 1. Effects of cytokines on TARC release by human fibroblasts
derived from different donors. Corneal (A), dermal (B), or lung (C)

fibroblasts derived from 3 different donors were incubated for 24
hours in the absence or presence of the indicated cytokines (10
ng/mL), after which the concentration of TARC in the culture
supernatant was measured by means of ELISA. Circles represent
the mean ± SEM values obtained from 4 separate experiments
with cells from a single donor; horizontal bars represent the over-
all mean values for cells from all 3 donors.

FIG 2. Dose dependence of the effects of TNF-α in the presence of
IL-4 or IL-13 on TARC release by corneal (A) or dermal (B) fibro-
blasts. Cells were cultured for 24 hours with the indicated doses
of TNF-α in the presence of IL-4 (filled circles), IL-13 (open circles),
or IFN-γ (triangles), each at a concentration of 10 ng/mL. Culture
supernatants were then assayed for TARC by means of ELISA.
Data are means ± SEM of values from 4 separate experiments. *P
< .01 (Dunnett test) versus the corresponding value for cells incu-
bated in the absence of cytokines.
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Effects of cytokines on the abundance of

TARC mRNA in corneal, dermal, and lung

fibroblasts

The effects of cytokines on the abundance of TARC
mRNA in corneal, dermal, and lung fibroblasts were deter-
mined by means of reverse transcription and quantitative
real-time PCR analysis. Exposure of any of the 3 types of
fibroblasts for 24 hours to TNF-α, IFN-γ, IL-4, or IL-13
alone, each at a concentration of 10 ng/mL, had no effect
on the amount of TARC mRNA (Fig 5). In corneal and
dermal fibroblasts, stimulation with the combination of
TNF-α and either IL-4 or IL-13 induced a marked increase
in the abundance of TARC mRNA compared with that
apparent in unstimulated cells (42- and 12-fold increases
in corneal fibroblasts and 53- and 19-fold increases in der-
mal fibroblasts, respectively). TARC mRNA was not
detected in lung fibroblasts incubated in the absence or
presence of these cytokine combinations, which is consis-
tent with the results obtained for TARC release.

Effects of cytokines on MDC synthesis by

human corneal, dermal, and lung fibroblasts

Fibroblasts derived from the cornea, skin, or lung did

not release detectable amounts of MDC into the culture
supernatant during incubation for 24 hours in the absence
or presence of TNF-α, IFN-γ, IL-4, or IL-13 alone, each
at a concentration of 10 ng/mL. In contrast to TARC
release, MDC release from any of the 3 types of fibro-
blasts was also not induced by means of incubation with
the combination of TNF-α and either IL-4, IL-13, or
IFN-γ. Corneal, dermal, or lung fibroblasts incubated for
24 hours in the absence or presence of TNF-α, IFN-γ, IL-
4, or IL-13 alone, each at a concentration of 10 ng/mL,
did not contain detectable amounts of MDC mRNA. The
combination of TNF-α and either IL-4, IL-13, or IFN-γ
also did not increase the abundance of MDC mRNA in
these cells (data not shown).

Response of lung fibroblasts to cytokines

Finally, given the lack of response of human lung
fibroblasts in the preceding experiments, we confirmed
the sensitivity of these cells to the cytokines studied by
determining the effects of the latter on the abundance of
eotaxin mRNA. Consistent with previous observations,3

the abundance of eotaxin mRNA in lung fibroblasts was
increased in response to stimulation with TNF-α, IL-4, or
IL-13, each at a concentration of 10 ng/mL (13.3-, 9.0-,

FIG 3. Dose dependence of the effects of IL-4 or IL-13 in the pres-
ence of TNF-α on TARC release by corneal (A) or dermal (B)

fibroblasts. Cells were cultured for 24 hours with the indicated
doses of IL-4 (filled circles), IL-13 (open circles), or IFN-γ (triangles)
in the presence of TNF-α (10 ng/mL). Culture supernatants were
then assayed for TARC by means of ELISA. Data are means ± SEM
of values from 4 separate experiments. *P < .01 (Dunnett test) ver-
sus the corresponding value for cells incubated in the absence of
cytokines.

FIG 4. Time course of TARC release from corneal (A) or dermal (B)

fibroblasts stimulated with the combination of TNF-α and either IL-
4 or IL-13. Cells were cultured for the indicated times in the pres-
ence of TNF-α (10 ng/mL) together with either IL-4 (filled circles) or
IL-13 (open circles), each at a concentration of 10 ng/mL. The cul-
ture supernatants were then assayed for TARC by means of ELISA.
Data are means ± SEM of values from 4 separate experiments. *P
< .05 and **P < .001 (Dunnett test) versus the corresponding time
point for cells incubated in the absence of cytokines.
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and 10.5-fold increases, respectively). Furthermore, expo-
sure of the cells to the combination of TNF-α and either
IL-4 or IL-13 resulted in a synergistic increase in the
amount of eotaxin mRNA (44- and 51-fold increases,
respectively). IFN-γ, which has previously been shown to
inhibit eotaxin synthesis in fibroblasts,26 completely
inhibited (at a concentration of 10 ng/mL) the stimulato-
ry effect of TNF-α on the abundance of eotaxin mRNA in
human lung fibroblasts. We also confirmed that the
amount of IL-8 mRNA in lung fibroblasts was increased
(155-fold) by TNF-α (10 ng/mL), as described previous-
ly.27 Lung fibroblasts thus responded to all of the
cytokines used in this study.

DISCUSSION

Our results demonstrate that TARC expression is reg-
ulated differentially by cytokines in fibroblasts derived
from human cornea, skin, and lung. We have previously
shown that TNF-α and IL-4 synergistically increase
TARC expression in human corneal fibroblasts.23 We
have now shown that corneal and dermal fibroblasts rep-
resent a potentially important source of TARC and that
stimulation of these cells with the combination of TNF-
α and either of the TH2 cytokines IL-4 or IL-13 induces
marked increases in both the release of TARC protein
and the abundance of TARC mRNA. The cytokine-
induced increases in TARC release by these fibroblasts
are dependent both on the concentration of TNF-α, IL-4,
and IL-13, as well as on the duration of incubation. In
contrast, lung fibroblasts did not release detectable
amounts of TARC in response to any of the cytokines
examined. Neither the release of MDC protein nor the
presence of MDC mRNA was detected in corneal, der-
mal, or lung fibroblasts. The differential responses of
corneal and dermal fibroblasts on the one hand and lung
fibroblasts on the other in terms of cytokine-induced
TARC expression suggest that these cells play different

roles in the initiation of corresponding TH2 cell–mediat-
ed allergic conditions (ie, vernal keratoconjunctivitis,
atopic dermatitis, and asthma, respectively).

The release of various mediators contributes to the
migration of inflammatory cells. Fibroblasts and other
structural cells participate in this process by releasing a
variety of chemokines.4,5,28 The release of eotaxin, a
potent and selective chemoattractant for eosinophils, by
fibroblasts is thus thought to play an important role in
allergic inflammation in various organs.1-4 In contrast to
TARC expression, however, the production of eotaxin
appears to be similarly regulated by cytokines in fibro-
blasts from the cornea, skin, and lung. Eotaxin expres-
sion is thus stimulated by TNF-α, IL-4, or IL-13, with
the combination of TNF-α and either IL-4 or IL-13 hav-
ing a synergistic effect, in all 3 types of fibroblasts.1-3 In
addition, IFN-γ inhibits the release of eotaxin induced by
TNF-α in these cells.26

Studies of TARC expression and the effects of neu-
tralizing antibodies to TARC in vivo have revealed an
important role for this chemokine in TH2 cell–mediated
inflammation in various mouse models.21,29,30 In addi-
tion to immune cells, such as CD4+ T cells and dendritic
cells,31 tissue-resident epithelial cells in nasal mucosa,
lung, and skin produce TARC in response to cytokines.32-34

We have also investigated whether corneal epithelial
cells produce TARC; we were unable to detect either
TARC release or intracellular TARC mRNA in simian
virus 40–transformed human corneal epithelial cells
incubated in the absence or presence of various cytokines
(unpublished data). These observations thus reinforce the
notion that the resident cell types responsible for TARC
production during inflammation (only fibroblasts in the
cornea, both epithelial cells and fibroblasts in the skin,
and only epithelial cells in the nasal mucosa and lung)
differ among organs and tissues. The cornea is an avas-
cular tissue that lacks hematopoietic cells and immune
cells under normal conditions, being composed only of

FIG 5. Effects of cytokines on the abundance of TARC mRNA in human fibroblasts. Fibroblasts derived from
the cornea (A), skin (B), or lung (C) were cultured for 24 hours in the absence or presence of the indicated
cytokines, each at a concentration of 10 ng/mL. Total RNA was then isolated, and the amount of TARC
mRNA was determined by means of reverse transcription and real-time quantitative PCR analysis. The posi-
tions and sizes of amplification products derived from TARC and glyceraldehyde-3-phosphate dehydroge-
nase cDNAs are indicated. Data are from a representative experiment that was repeated 3 times with simi-
lar results. Lanes M, DNA molecular size standards; lane P, PCR analysis of human thymus cDNA as a
positive control.
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epithelial cells, fibroblasts, and endothelial cells. TARC
produced by corneal fibroblasts thus might be responsi-
ble for TH2 cell infiltration into the cornea.

The chemokine MDC also plays an important role in
TH2 cell–dominant inflammation, given that neutraliza-
tion of MDC results in attenuation of pulmonary allergic
inflammation in mice.22 In the present study MDC was
not produced by either corneal, dermal, or lung fibro-
blasts in response to any of the cytokines examined. Sim-
ilarly, MDC expression at either the protein or mRNA
level was not detected in simian virus 40–transformed
human corneal epithelial cells incubated in the absence
or presence of cytokines (unpublished data) or in
bronchial epithelial cells.33 In vitro studies have suggest-
ed that MDC expression is restricted to immune cells,
such as dendritic cells, B lymphocytes, monocytes,
macrophages, natural killer cells, and CD4+ T lympho-
cytes.22 In addition, MDC has been shown to be
expressed in vivo in dendritic cells and T lymphocytes
both in biopsy specimens of human atopic dermatitis
lesions and in a mouse model of this condition.21,35

Together, these observations indicate that the source of
MDC during inflammation is likely infiltrated inflamma-
tory cells rather than tissue-resident cells, such as fibro-
blasts and epithelial cells.

In addition to CCR4, CCR8 and the chemoattractant
receptor for TH2 cells (CRTH2) are also expressed on the
surface of human TH2 cells, and corresponding ligands,
such as I-309 (CCL1) and PGD2, induce chemotaxis of
these cells.36-39 The interactions of CCR8 with I-309 and
of CRTH2 with PGD2 might thus also play important
roles in the recruitment of TH2 cells during allergic
inflammation. The synthesis of I-309 in human fibro-
blasts in response to allergy-associated cytokines has not
been described, however. Although human embryonic
lung fibroblasts produce PGD2,40 the production of this
agent by adult human lung fibroblasts in response to
cytokines has not been demonstrated. Nevertheless, it
remains possible that lung fibroblasts contribute to TH2
cell infiltration during inflammation by producing ago-
nists for CCR8 or CRTH2 rather than by synthesizing
CCR4 agonists.

In summary, we have shown that human corneal and
dermal fibroblasts, but not lung fibroblasts, release large
amounts of TARC in response to cytokines, suggesting
that fibroblasts resident in different organs play different
roles in allergic inflammation. Given that TARC is a
potent chemoattractant for TH2 cells, fibroblasts in the
cornea and skin likely contribute to the initiation and per-
sistence of TH2 cell–dominant allergic inflammation at
these sites.

We thank Kumiko Hara for technical assistance.
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