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Antigen-specific CD4 T helper type 2 (Th2) cells play a pivotal role in the induction of allergic
asthma, but the mechanisms regulating their recruitment into the airways are unknown. Signal
transducer and activator of transcription factor (Stat)6 is a transcription factor essential for Th2
cell differentiation. Here we show that Stat6 also controls Th2 cell recruitment and effector
function in allergic inflammation in vivo. To isolate the role of Stat6 in regulating Th2 cell
trafficking and effector function from its role in Th2 cell differentiation, we used a murine
model of asthma in which in vitro–differentiated Stat6⫹/⫹ antigen-specific Th2 cells were
adoptively transferred into naive Stat6⫺/⫺ and Stat6⫹/⫹ mice followed by aerosol antigen challenge. We found that all of the features of asthma, including Th2 cell accumulation, Th2 and
eosinophil-active chemokine production, and airway eosinophilia, mucus production, and hyperresponsiveness seen in Stat6⫹/⫹ mice, were dramatically absent in Stat6⫺/⫺ mice that received Stat6⫹/⫹ antigen-specific Th2 cells. Our findings establish Stat6 as essential for Th2 cell
trafficking and effector function and suggest that interruption of Stat6 signaling in resident cells
of the lung is a novel approach to asthma therapy.
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Introduction
Allergic asthma is a disease of airway inflammation associated with airway hyperresponsiveness (AHR),1 eosinophilia, and increased mucus production in the lungs (1).
CD4⫹ Th2 cells are believed to play a critical role in controlling the inflammation seen in asthma, as elevated levels
of IL-4 and IL-5 have been detected in bronchial biopsies,
bronchoalveolar lavage (BAL), and blood of allergic patients compared with normal individuals (2–4).
Murine models of pulmonary inflammation and AHR
have elegantly demonstrated that Th2 cells and the cytokines they secrete are essential for the development of eosinAddress correspondence to Andrew D. Luster, Massachusetts General
Hospital, Bldg. 149, 13th St., Charlestown, MA 02129. Phone: 617-7265710; Fax: 617-726-5651; E-mail: luster@helix.mgh.harvard.edu
1Abbreviations used in this paper: AHR, airway hyperresponsiveness;
BAL, bronchoalveolar lavage; CCR, CC chemokine receptor; MDC,
macrophage-derived chemokine; PAS, periodic acid-Schiff; RPA,
RNase protection assay; Stat, signal transducer and activation of transcription; TARC, thymus- and activation-regulated chemokine; TCA, thymus-derived chemotactic agent; VCAM, vascular cell adhesion molecule.
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ophilia and AHR (5–8), validating these observations in humans with allergic asthma. Adoptive transfer of effector Th2
cells into naive mice followed by exposure to inhaled antigen induces the pathophysiological features of asthma, including eosinophilic inflammation, mucus hypersecretion,
and AHR (9–11), demonstrating that these cells are fully capable of producing the asthma phenotype. Although it is
firmly established that Th2 cells are central to the pathogenesis of asthma, the molecular mechanisms controlling Th2
cell trafficking into the lung are unknown.
Signal transducer and activator of transcription factor
(Stat)6 is essential for the induction of IL-4– and IL-13–
mediated responses (12–14). Ligation of the IL-4R or IL13R results in the activation of Stat6 through the phosphorylation by Janus kinase (JAK1 and JAK3; reference 15). In
vivo, T cells from Stat6-deficient (Stat6⫺/⫺) mice are unable to differentiate into Th2 cells in response to IL-4 or
IL-13, and B cells from these mice cannot undergo class
switching to IgE, suggesting that the Stat6 pathway is important for the allergic response (13, 14). In fact, pulmo-
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Abstract

Materials and Methods
Mice. DO11.10 mice transgenic for the TCR recognizing
OVA peptide 323–339 (pOVA323–339) were bred in our facility.
Stat6⫺/⫺ and wild-type Stat6⫹/⫹ mice on a Balb/c background
between 7 and 9 wk of age were obtained from The Jackson Laboratory.
Generation of Th2 Cells. CD4 T cells were isolated from
spleen and pooled LNs of D011.10 mice using Dynal beads. Purified CD4 T cells (2 ⫻ 105 cells/ml) were activated in the presence
of 50 g/ml mitomycin c–treated Balb/c splenocytes (2 ⫻ 106
cells/ml), 1 g/ml pOVA323–339, 1,000 U/ml IL-4 (PeproTech),
anti–IFN-␥ (R46A2) at inhibitory concentrations, and antiCD28 at stimulatory concentrations in 24-well plates. On days 3
and 5, cells were fed with 5–10 U/ml of IL-2 (PeproTech). At
the time of transfer, an aliquot of cells was retained for restimulation. 1 ⫻ 106 CD4 cells and 2 ⫻ 106 freshly isolated mitomycin
c–treated Balb/c splenocytes were cultured with 1 g/ml
pOVA323–339. Supernatants were collected at 48 h after stimulation for cytokine ELISA. Th2 cells produced between 50 and 150
ng/ml of IL-4, 50 and 150 ng/ml of IL-5, 30 and 75 ng/ml of IL13, and very low levels of IFN-␥.
Transfer of Th2 Cells and OVA Challenges. Th2 cells were
harvested on days 5 and 6, washed twice in PBS, and 5 ⫻ 106 cells
were injected intravenously into Stat6⫹/⫹ or Stat6⫺/⫺ Balb/c recipients. After transfer, mice were challenged seven times (for 20
min daily) with a 5% OVA solution or PBS (control mice) using a
nebulizer (Pulmo Aide; DeVil Biss).
Determination of AHR. AHR was measured in Stat6⫹/⫹ and
Stat6⫺/⫺ mice after six OVA or PBS aerosol challenges by recording respiratory pressure curves using whole body plethysmograph (Buxco; EMKA Technologies) in response to inhaled
methacholine (Sigma-Aldrich) at concentrations ranging from 3
to 50 mg/ml. AHR was expressed in enhanced pause (Penh), a
calculated value that correlates with measurement of airway resistance, impedance, and intrapleural pressure in the same mouse.
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BAL and LN Isolation. BAL was performed ⵑ18 h after the
last aerosol challenge with six 0.5-ml aliquots of PBS containing
0.6 mM EDTA. BAL cytokine levels were measured using the
lavage fluid recovered from the first 1 ml of instilled PBS/EDTA
to avoid overdilution of the BAL fluid components. Recovered
live cells (Trypan blue exclusion) were enumerated using a
hemocytometer. Cell differential counts were determined on
DiffQuik-stained cytocentrifuge preparations of cells recovered
from BAL. Single cell suspensions of paratracheal LN cells were
prepared for flow cytometry analysis.
Histology, Northern Blot Analysis, and RNase Protection Assays.
Lungs were harvested after the BAL and inflation was fixed to total lung capacity in 10% formalin. Formalin-preserved lung tissue
was stained with hematoxylin and eosin or diastase periodic acidSchiff (PAS). The severity of inflammation was graded semiquantitatively for the following features: eosinophils, lymphocytes,
granulomatous inflammation, giant cells, macrophages, and mucous cells. Each of these features was graded on a scale of 0 to 4
where 0 ⫽ none, 1 ⫽ mild, 2 ⫽ moderate, 3 ⫽ severe, and 4 ⫽
very severe based on the severity and extent of the features in the
histological sections. Randomized and blinded slides were graded
by F. Green. For RNA isolation, lungs were snap frozen in liquid
nitrogen and lysed in guanidium hydrochloride followed by pelleting through a CsCl2 gradient. For the RNase protection assay
(RPA), 5 g of RNA from each sample was analyzed using Riboquant RPA kits mCK-1 (BD PharMingen). For Northern blot
analysis, 20 g of RNA from each sample was analyzed as described previously (19). Murine cDNA probes for macrophagederived chemokine (MDC), thymus- and activation-regulated
chemokine (TARC) (ABCD-2), and thymus-derived chemotactic agent (TCA)-3 were gifts from P. Gray (ICOS Corp., Bethell,
WA), C. Schaniel (Basel Institute of Immunology, Boston, MA),
and M. Dorf (Harvard Medical School, Boston, MA), respectively.
Cytokine Assays. Levels of IL-4, IL-5, and IFN-␥ were measured by ELISA (Endogen) as were levels of IL-13 (R&D Systems).
Flow Cytometry. Cell suspensions from the BAL and LNs
were analyzed by three-color flow cytometry on a FACScan™
(Becton Dickinson) cytofluorimeter as described previously (19).
Commercial conjugated antibodies used for cell staining included: anti-CD4–PE; anti-CD3–FITC; anti-CD8–CyChrome;
anti-CD25–FITC; anti-B220–PE (BD PharMingen); and antiKJ1-26–FITC (Caltag Biochemicals), an antibody specific for the
transgenic TCR in the DO11.10 mice.
Statistical Analysis. Student’s t test (unpaired, two-tailed) was
used to calculate significance levels for all measurements except
lung histology scores, which were compared using Fisher’s exact
test. P ⬍ 0.05 was considered statistically significant.

Results
Stat6 Is Essential for Airway Eosinophilic Inflammation after
Transfer of Stat6⫹/⫹ Th2 Cells and Aerosol Challenge. Studies using Stat6⫺/⫺ mice have revealed that Stat6 plays an essential role in the development of allergic inflammation
(16–18). Since Stat6⫺/⫺ mice do not develop Th2 cells, the
role of Stat6 in Th2 cell trafficking could not be assessed in
these experiments. We generated OVA-specific Stat6⫹/⫹
Th2 cells from DO11.10 mice in vitro using OVA
peptide323–339, IL-4, and anti–IFN-␥. We confirmed that
these cells were functional Th2 cells by their preferential
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nary eosinophilia, AHR, and mucus production were
decreased in Stat6⫺/⫺ mice that were sensitized and challenged with OVA compared with their wild-type littermates (16–18). Stat6⫺/⫺ mice also do not develop Th2 cytokine– and allergen-specific IgE responses in this model,
indicating a critical role for Stat6 in mediating the allergic
airway response by inducing Th2 cell differentiation.
However, the marked defect in Th2 cell differentiation in
these mice has precluded these studies from addressing the
role of Stat6 in the trafficking and effector functions of Th2
cells in the allergic lung.
To understand the role of Stat6 in Th2 cell trafficking
and Th2 cell effector functions in vivo apart from its role in
Th2 differentiation, we adoptively transferred OVA-specific (Stat6⫹/⫹) Th2 cells into Stat6⫺/⫺ and Stat6⫹/⫹ mice
followed by OVA aerosol challenges. We found that the
ability of adoptively transferred Th2 cells to mediate the
asthma phenotype, including pulmonary eosinophilia, mucus production, and AHR, was dependent on Stat6 expression in resident cells of the lung. Our results demonstrate a
novel role for Stat6 in the recruitment of Th2 cells and
eosinophils to the lung and the production of chemokines
active on these cells.

secretion of high levels of IL-4, IL-5, and IL-13 and very
low levels of IFN-␥. To determine if Stat6 is involved in
trafficking of Th2 cells into the lung, we transferred OVAspecific Stat6⫹/⫹ Th2 cells into Stat6⫹/⫹ and Stat6⫺/⫺ mice
by tail vein injection followed by aerosol challenges with
OVA or PBS. After adoptive transfer and aerosol OVA
challenge, the total number of cells recovered from the
BAL of Stat6⫺/⫺ mice was significantly reduced compared
with cells recovered from the BAL of Stat6⫹/⫹ mice (1.6 ⫻
106 vs. 5.9 ⫻ 106 cells; Fig. 1 a). As expected, 50–60% of
BAL cells in OVA-challenged Stat6⫹/⫹ (OVA-Stat6⫹/⫹)

mice were eosinophils. In striking contrast, only 1–2% of
BAL cells in OVA-Stat6⫺/⫺ mice were eosinophils (Fig. 1
a). The effect of Stat6 on the accumulation of other cell
types was more modest with OVA-Stat6⫺/⫺ mice having a
50% reduction in lymphocytes, a 30% reduction in monocytes, and no significant differences in the number of neutrophils compared with OVA-Stat6⫹/⫹ mice. The few cells
recovered from the BAL of PBS-challenged Stat6⫹/⫹ and
Stat6⫺/⫺ mice were almost entirely macrophages (96–99%;
Fig. 1 a). Thus, adoptive transfer of Stat6⫹/⫹ Th2 cells was
insufficient to recruit eosinophils into the BAL in Stat6⫺/⫺
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Figure 1. Attenuated eosinophilic
airway inflammation and mucus cell
production in Stat6⫺/⫺ mice after
Th2 cell transfer and aerosol OVA
challenge. (a) BAL cell counts.
OVA-specific Stat6⫹/⫹ Th2 cells
were transferred intravenously into
Stat6⫹/⫹ and Stat6⫺/⫺ mice and exposed to daily challenges with aerosolized OVA or PBS for 7 d. 18 h
after the last OVA challenge, leukocytes were recovered from the BAL
and total and differential counts were
performed. Data represent mean
number of BAL cells (⫾ SEM; n =
10 for OVA-Stat6⫹/⫹ and OVAStat6⫺/⫺ mice; n ⫽ 3 for PBSStat6⫹/⫹ and PBS-Stat6⫺/⫺ mice).
*P ⬍ 0.0001; **P ⫽ 0.0003; and
***P ⫽ 0.02 in OVA-Stat6⫹/⫹ versus
OVA-Stat6⫺/⫺ mice. (b) Hematoxylin
and eosin (i and ii) and PAS (iii and
iv) stained formalin-fixed lung sections
isolated from Stat6⫹/⫹ (i and iii) and
Stat6⫺/⫺ mice (ii and iv) after transfer
of OVA-specific Th2 cell and aerosol OVA challenge described above.
(i) Stat6⫹/⫹. Characteristic intense
peribronchial inflammatory cell infiltrate comprised of lymphocytes and
eosinophils. Enlarged multinucleated giant cells are seen within the
inflammation and the alveolar spaces.
In the peribronchial location, they
are loosely organized into a granuloma. (ii) Stat6⫺/⫺. By contrast,
Stat6⫺/⫺ mice show a marked attenuated inflammatory response around
the airways with notable and marked
decreases in eosinophils. There is almost complete absence of multinucleated giant cells and granulomas.
(iii and iv) PAS staining of lung sections revealed characteristic mucin
staining in bronchial epithelium (arrow) of Stat6⫹/⫹ (iii) mice, which is
almost completely absent in Stat6⫺/⫺
mice (iv). Similarly treated PBSchallenged Stat6⫹/⫹ and Stat6⫺/⫺
had no pulmonary inflammation or
mucus production (data not shown).
Note presence of subepithelial eosinophils (arrowheads) in Stat6⫹/⫹
(iii) but not Stat6⫺/⫺ (iv) mice. Original magnifications: (i and ii) ⫻125;
(iii and iv) ⫻600.

Table I. Histopathologic Features in Lungs of OVA-Stat6⫹/⫹ and OVA-Stat6⫺/⫺ Mice after Adoptive Transfer of Th2 Cells
Eosinophils in

OVA-Stat6⫹/⫹
OVA-Stat6⫺/⫺

Venules

Bronchi

Alveoli

Giant cells

Granulomas

Mucous cells

3⫹
1⫹
P ⬍ 0.001

3⫹
1⫹
P ⬍ 0.001

2
0
P ⬍ 0.001

3⫹
0
P ⬍ 0.001

2
0
P ⬍ 0.001

3⫹
1
P ⬍ 0.001

OVA-specific Th2 cells were transferred into Stat6 ⫹/⫹ and Stat6⫺/⫺ mice and exposed to daily aerosol OVA challenges for 7 d. 18 h after the last
challenge, lungs were harvested, formalin fixed, and stained with hematoxylin and eosin or diastase PAS. The extent of the inflammatory cell infiltrate
was graded in a randomized and blinded fashion on a scale of 0 to 4. Data represent the average of 10 mice per group.
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cheal LNs. Aerosol OVA challenge resulted in a large influx
of lymphocytes into the BAL of OVA-Stat6⫹/⫹ mice (1.2 ⫻
106 cells), while PBS-challenged Stat6⫹/⫹ mice had essentially no lymphocytes in the BAL (Fig. 1 a). Of the lymphocytes recovered from the BAL of OVA-Stat6⫹/⫹ mice, 46%
of the cells were CD4⫹ (56 ⫻ 104 cells) and 16% (19 ⫻ 104
cells) were OVA-specific (Fig. 3, a and b). In striking contrast, 18% of the BAL lymphocytes in OVA-Stat6⫺/⫺ mice
were CD4⫹ (12 ⫻ 104 cells) and only 1.7% (1.1 ⫻ 104 cells)
were OVA-specific (Fig 3, a and b). The BAL of OVAStat6⫹/⫹ mice had an increased percentage of activated
CD4⫹ (CD25⫹) cells (8.0 vs. 3%) and a decrease in the percentage of B cells (B220⫹) (9.1 vs. 12%) and CD8⫹ cells (14
vs. 23%) compared with OVA-Stat6⫺/⫺ mice (Table II).
In paratracheal LNs, the total number of cells obtained
from both OVA-Stat6⫹/⫹ and OVA-Stat6⫺/⫺ mice was
highly increased compared with their PBS-challenged

Figure 2. Stat6⫺/⫺ mice have attenuated AHR after transfer of Th2
cells and OVA challenge. Airway reactivity to increasing concentrations
of methacholine was measured in OVA-Stat6⫹/⫹ (n ⫽ 8), OVA-Stat6⫺/⫺
(n ⫽ 8), PBS-Stat6⫹/⫹ (n ⫽ 4), and PBS-Stat6⫺/⫺ (n ⫽ 4) mice. Data represent mean Penh values (⫾ SEM). *P ⬍ 0.001 in OVA-Stat6⫹/⫹ versus
OVA-Stat6⫺/⫺ mice.
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mice after aeroallergen challenge, indicating that Stat6 signaling in the lung is necessary for eosinophil recruitment.
Airway Eosinophilic Inflammation and Goblet Cell Mucus
Production Are Reduced in the Lungs of Stat6⫺/⫺ Mice. Histopathologic examination of lung tissue revealed that the
cardinal features of allergic inflammation were absent in the
Stat6⫺/⫺ mice after Th2 cell transfer and OVA challenge.
Semiquantitative analysis revealed OVA-Stat6⫹/⫹ mice had
peribronchial and perivascular infiltrates consisting mainly
of eosinophils, lymphocytes, multinucleated giant cells, and
granulomas. In contrast, OVA-Stat6⫺/⫺ mice had markedly
diminished eosinophil accumulation in these locations,
similar lymphocyte accumulation, and a virtual absence of
multinucleated giant cells and granulomas (Table I). Similarly, OVA-challenged Stat6⫹/⫹ mice had many cells in the
airway epithelium that stained positive for mucus (Fig. 1 b,
iii). In contrast, very few cells were positive for mucus production in OVA-Stat6⫺/⫺ mice (Fig. 1 b, iv, and Table I),
which was similar to what we detected in the PBS-treated
controls (data not shown). Our data reveal a critical role for
Stat6 signaling in mediating the ability of Th2 cells to induce eosinophilic inflammation, multinucleated giant cell
and granuloma formation, and mucus production in the
lungs of antigen-challenged mice in vivo.
Antigen-induced AHR Is Decreased in Stat6⫺/⫺ Mice.
The physiology of asthma is characterized by AHR which
is also regulated by Th2 cells. OVA-Stat6⫹/⫹ mice developed significant increases in AHR at 6.25 and 12.5 mg/ml
of methacholine, whereas OVA-Stat6⫺/⫺ mice had no significant increases in AHR over PBS-challenged Stat6⫹/⫹
and Stat6⫺/⫺ mice (Fig. 2). At higher doses of methacholine, increases in AHR were seen in OVA-Stat6⫺/⫺ mice
compared with the PBS-challenged mice but the magnitude was lower than seen in the OVA-challenged Stat6⫹/⫹
mice (Fig. 2). Thus, Stat6 expression in the resident cells of
the lung is also required for the induction of antigeninduced AHR by Th2 cells in allergic inflammation.
OVA-specific Th2 Cells Are Markedly Decreased in the BAL
of OVA-Stat6⫺/⫺ Mice. To determine if the failure of
transferred Th2 cells to mediate the asthma phenotype in
Stat6⫺/⫺ mice resulted from an inability of these cells to
traffic to the airways, we analyzed the recruitment of transferred OVA-specific CD4⫹ cells into the BAL and paratra-

counterparts (Fig. 3 c), and compared with OVA-challenged mice without adoptive transfer (data not shown).
The percentage of CD4⫹ cells in the LNs of Stat6⫺/⫺ was
increased (42 vs. 30%), whereas the percentage of OVAspecific T cells was decreased (0.3 vs. 1%) compared with
OVA-Stat6⫹/⫹ mice (Fig. 3 d). There were no significant

differences between B cells and CD8⫹ cell populations in
the LNs of the two groups (Table II). These data demonstrate that despite evidence of antigen activation of transferred Th2 cells in the paratracheal LNs, trafficking of
transferred OVA-specific Th2 cells to the airways of
Stat6⫺/⫺ mice was dramatically impaired.

Table II. Phenotype of BAL and LN Lymphocytes in OVA-Stat6⫹/⫹ and OVA-Stat6⫺/⫺ Mice after Adoptive Transfer of Th2 Cells
Percentage of cells in lymphocyte gate
Source of cells

B220⫹

CD3⫹

CD4⫹

CD4⫹CD25⫹

CD8⫹

OVA-Stat6⫹/⫹
OVA-Stat6⫺/⫺
P value

BAL
BAL

9
12
NS

69
50
P ⬍ 0.001

49
20
P ⬍ 0.001

8
3
P ⬍ 0.001

14
23
P ⬍ 0.01

OVA-Stat6⫹/⫹
OVA-Stat6⫺/⫺
P value

Draining LNs
Draining LNs

23
21
NS

75
74
NS

46
55
P ⬍ 0.001

3
3
NS

22
18
P ⫽ 0.02

OVA-specific Stat6⫹/⫹ Th2 cells were transferred into Stat6⫹/⫹ and Stat6⫺/⫺ mice followed by daily OVA aerosol challenges for 7 d. FACS ®
analysis was performed on single cell suspensions of paratracheal LNs and BAL cells with the indicated antibodies. Values represent mean percentage
of cells in the lymphocyte gate for the individual mice (n ⫽ 5 mice per group). Data are representative of two independent experiments. Similarly
treated PBS-challenged mice had too few CD4 ⫹ T cells in the BAL and paratracheal LN cells for these studies.
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Figure 3. Decreased recruitment of OVAspecific Th2 cells in the BAL despite activation
in paratracheal LNs of Stat6⫺/⫺ mice. (a and b)
Decreased OVA-specific CD4⫹ cells in the
BAL of OVA-Stat6⫺/⫺ mice. FACS® analysis
was performed on BAL cells isolated from mice
described above. Cells were stained with antiCD4 and KJ1-26 (OVA-TCR specific) antibodies. (a) Percentage of CD4 and OVA-specific CD4 cells in the BAL of Stat6⫹/⫹ and
Stat6⫺/⫺ mice. *P ⬍ 0.0001 in OVA-Stat6⫹/⫹
versus OVA-Stat6⫺/⫺ mice. (b) Total number
of OVA-specific cells in the BAL = (% KJ⫹ cells
in the lymphocyte gate) ⫻ (total number of
lymphocytes calculated by differential counts).
*P ⬍ 0.0001 in OVA-Stat6⫹/⫹ versus OVAStat6⫺/⫺ mice. (c and d) Analysis of paratracheal
LNs of OVA- and PBS-challenged Stat6⫹/⫹and
Stat6⫺/⫺ mice after Th2 cell transfers. (c) Total
LN cells recovered from paratracheal LNs (n =
10 for OVA-Stat6⫹/⫹ and OVA-Stat6⫺/⫺ mice;
n = 3 for PBS-Stat6⫹/⫹ and PBS-Stat6⫺/⫺
mice). *P ⬍ 0.0001 in OVA-Stat6⫹/⫹ versus
PBS-Stat6⫹/⫹ mice and OVA-Stat6⫺/⫺ versus
PBS-Stat6⫺/⫺ mice. (d) Percentage of CD4 and
OVA-specific cells in paratracheal LNs (mean of
five mice/group, representative of two experiments). There were too few CD4⫹ cells in the
BAL of PBS-Stat6⫹/⫹ and PBS-Stat6⫺/⫺ mice
for FACS® analysis. *P = 0.004 in Stat6⫹/⫹ versus Stat6⫺/⫺ mice; **P ⬍ 0.0001 in Stat6⫹/⫹
versus Stat6⫺/⫺ mice.

Allergen-induced BAL and Lung Cytokine Profile in Stat6⫹/⫹
and Stat6⫺/⫺ Mice. As Th2 cell cytokines are important
in regulating allergic inflammation, we determined levels of
IL-4, IL-5, and IL-13 mRNA in the lung and protein in
the BAL. Increased levels of IL-13 mRNA were detected
in the lungs of OVA-Stat6⫹/⫹ mice, but not in the lungs of
the other groups (Fig. 4 a). Levels of IFN-␥ and IL-15
were detected in all groups with no elevations in antigen-

challenged mice. Elevated levels of IL-4 were detected in
the BAL of OVA-challenged mice compared with PBSchallenged controls with no differences between antigenchallenged Stat6⫹/⫹ and Stat6⫺/⫺ mice (Fig. 4 b). Levels of
IL-5 were surprisingly higher in OVA-Stat6⫺/⫺ compared
with Stat6⫹/⫹ mice (307 vs. 80 pg/ml). We speculate that
this difference results from the increased consumption of
IL-5 in the BAL of Stat6⫹/⫹ mice secondary to the massive

Figure 5. Chemokine induction in the lungs of OVAand PBS-challenged Stat6⫹/⫹ and Stat6⫺/⫺ mice.
Chemokine mRNA expression was determined by Northern blot analysis. Each lane contains RNA from a different
mouse. Blots were sequentially hybridized with the cDNA
probes for the indicated chemokine and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a control for
RNA loading. Blots were exposed for 72 h except for
TCA-3, which was exposed for 2 wk.
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Figure 4. Cytokine levels in the lung
and BAL of Stat6⫹/⫹ and Stat6⫺/⫺ mice.
(a) Cytokine mRNA expression was determined by RPA analysis. Each lane
represents a single mouse. Levels of IL-4
(b), IL-5 (c), and IL-13 (d) were measured in the BAL of OVA- and PBSchallenged Stat6⫹/⫹ and Stat6⫺/⫺ mice
by ELISA. Data are presented as mean
cytokine level (⫾ SEM; n ⫽ 5 mice for
IL-4 and IL-5; n ⫽ 10 for IL-13; n ⫽ 3
for all PBS-challenged controls). *P ⫽
0.004 in OVA-Stat6⫹/⫹ versus PBSStat6⫹/⫹ mice; **P ⫽ 0.0002 in OVAStat6⫹/⫹ versus OVA-Stat6⫺/⫺ mice;
and P ⫽ 0.001 in OVA-Stat6⫺/⫺ versus
PBS-Stat6⫺/⫺ mice. No significant differences were detected in IL-13 levels.

Discussion
Using an adoptive transfer model, we have demonstrated
that recruitment of antigen-specific Th2 cells to the airways
is Stat6 dependent. The reduction in Th2 cell accumulation in the airways of OVA-Stat6⫺/⫺ mice was accompanied by a dramatic decrease in eosinophilia, goblet cell mucus production, and AHR. The expression of key
chemokines implicated in Th2 cell and eosinophil trafficking, such as eotaxin, eotaxin-2, TCA-3, TARC, and
MDC, was markedly attenuated in the lungs of OVAStat6⫺/⫺ mice. Therefore, our data demonstrate that in addition to its well-established role in Th2 cell differentiation,
Stat6 plays an important role in Th2 cell recruitment, Th2
type chemokine expression, and Th2 cell effector function
in vivo.
Airway eosinophilia is one of the characteristic features
of asthma that was absent in the OVA-Stat6⫺/⫺ mice despite the adoptive transfer of functional Th2 cells. Eosinophils migrate from the vasculature into different compart1093
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ments of the allergic lung where they damage the airway
epithelial cells that line the respiratory tract (24, 25). IL-5
has been clearly defined as the critical factor needed for the
differentiation and activation of eosinophils (26). Previous
studies have shown that eosinophilia is markedly diminished in Stat6⫺/⫺ mice that have been sensitized and challenged with OVA. In one study, reconstitution of Stat6⫺/⫺
mice with IL-5 during OVA challenge resulted in a marked
increase in eosinophilia, highlighting the importance of
IL-5 in this process (18). However, in our study eosinophilia
was dramatically decreased in the BAL and lungs despite elevated levels of IL-5 in the BAL of antigen-challenged
Stat6⫺/⫺ mice, demonstrating that Stat6-dependent factors
are necessary to recruit eosinophils in response to Th2 cytokines.
Secretion of mucus glycoproteins from the goblet cells
of the airway epithelium is another characteristic feature of
the asthma phenotype (1). We found that this feature of
asthma was also absent in Stat6⫺/⫺ mice after OVA-specific
Th2 cell transfer and OVA challenge. The regulation of
mucus hypersecretion is under the control of Th2 cytokines (1). In fact, overexpression of IL-4 in transgenic mice
induces increased mucus cell production and MUC 5 gene
expression from the epithelium (27). However, despite
comparably elevated levels of IL-4 in the BAL of OVAStat6⫺/⫺ and OVA-Stat6⫹/⫹ mice, mucus hypersecretion
was absent in the lungs of OVA-Stat6⫺/⫺ mice. Therefore,
our data suggest that in addition to its requirement for IL-4
production, Stat6 signaling is required for the airway epithelium to respond to IL-4 with increased mucus production.
Histopathological analysis also revealed a dramatic decrease in pulmonary granuloma and multinucleated giant
cell formation after adoptive transfer and OVA challenge in
Stat6⫺/⫺ mice. Granulomatous inflammation has been described in this murine model and likely represents a pathological response to inhaled protein antigen. Little is known
about the molecular signals that regulate giant cell and
granuloma formation, although it has been reported that
IL-4 can induce giant cell formation from macrophages in
vitro (28). Our data indicate that Stat6 signaling is necessary
for the formation of giant cells and granulomas in this in
vivo model.
AHR is the third hallmark of asthma induced by the
Th2-type inflammation in the airways (1) that was absent
in the OVA-Stat6⫺/⫺ mice. Although the precise mechanism is poorly understood, recent studies suggest an important role for Th2 cytokines, such as IL-4, IL-5, and IL-13
in AHR (1). Genetic deficiency or neutralization of each of
these cytokines diminished antigen-induced AHR in vivo,
whereas overexpression of IL-5 and IL-13 resulted in increased AHR at baseline (5, 6, 29, 30). In fact, in a study
mentioned above, reconstitution of Stat6⫺/⫺ mice with IL-5
during OVA challenge resulted in a marked increase in
AHR (18). In our studies, adoptive transfer of Th2 cells
into OVA-Stat6⫺/⫺ mice failed to induce AHR despite elevated levels of IL-4 and IL-5 in the BAL. This finding
could be explained either by the failure of the airway epi-
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influx of pulmonary eosinophilia which is absent in the
BAL of Stat6⫺/⫺ mice. In contrast to the RNA data, we
detected no significant differences in IL-13 protein levels in
the BAL of OVA- and PBS-challenged Stat6⫹/⫹ and
Stat6⫺/⫺ mice (Fig. 4 d). The difference in IL-13 profile in
BAL and lung that we observed may reflect differential regulation of cytokine synthesis in these two compartments of
the respiratory tract. In addition, no significant differences
in IFN-␥ levels were detected between the groups (data
not shown). Since the primary source of IL-4, IL-5, and
IL-13 is likely to be Th2 cells, the results indicate that the
very small percentage of OVA-specific T cells that were recruited to the BAL of Stat6⫺/⫺ mice were functional.
Differential Chemokine Gene Expression in the Lungs of
Stat6⫹/⫹ and Stat6⫺/⫺ Mice. The predominant chemokine
receptor expressed on eosinophils is CC chemokine receptor (CCR)3 (20), whereas Th2 cells express CCR3,
CCR4, and CCR8 (21). We found highly elevated levels
of the CCR3 agonists eotaxin (CCL11) and eotaxin-2
(CCL24), and the CCR4 agonists MDC (CCL22) and
TARC (ABCD-2/CCL17) in the lungs of OVA-Stat6⫹/⫹
mice compared with all other groups (Fig. 5). Our analysis
also revealed that expression of the CCR8 agonist, TCA-3
(I-309/CCL1), was markedly increased in the lungs of
OVA-Stat6⫹/⫹ mice with lower expression in the lungs of
OVA-Stat6⫺/⫺ mice. TCA-3 is a chemokine secreted by
activated T cells, preferentially of the Th2 type (22, 23).
The very faint levels of TCA-3 detected in OVA-Stat6⫺/⫺
mice may simply reflect the decreased numbers of activated
T cells found in the lungs of the Stat6⫺/⫺ mice. In contrast
to the expression of these “Th2-type” chemokines, the expression of IP-10, an IFN-␥–inducible Th1-type chemokine active on Th1 cells, was significantly elevated in OVAStat6⫺/⫺ mice compared with PBS-challenged controls.
These results demonstrate that Stat6 is essential for the induction of chemokines critical for eosinophil and Th2 cell
recruitment to the allergic lung.
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macrophages and respiratory epithelial cells and these
chemokines have been implicated in allergic inflammation
(37, 47). We have shown that eotaxin-1, eotaxin-2, MDC,
TARC, and TCA-3 expression in the allergic lung in vivo
is Stat6 dependent. Our finding that Stat6 signaling is necessary for the production of all Th2 active chemokines is
consistent with there being functional Stat6 binding sites in
the promoters for these chemokines. While our study does
not establish the specific cellular source of Stat6-dependent
chemokine production, our adoptive transfer experiments
demonstrate that the expression of these chemokines requires Stat6 signaling in resident cells of the lung. Therefore, our data suggest that Stat6-inducible chemokines are
the molecular link between antigen-induced Th2 cell activation and Th2 cell and eosinophil recruitment in vivo.
The initial trafficking of Th2 cells to the airways in our
model is Stat6 independent since we were able to detect a
few OVA-specific Th2 cells in the BAL of Stat6⫺/⫺ mice.
It is possible that these Th2 cells accumulate in the BAL
“passively” due to pulmonary vasodilation or that they are
actively recruited by Stat6-independent chemokine production in the lungs after OVA aerosol challenges. The ultimate localization of Th2 effector cells into the lung, however, was markedly impaired in Stat6⫺/⫺ mice, despite
evidence of antigen activation of transferred Th2 cells in
the paratracheal LNs of these mice. These results demonstrate that trafficking of Th2 cells to the lung is an active
process dependent on Stat6 signaling in resident parenchymal cells of the lung.
Our data support a model in which the initial aerosol
OVA challenge allows limited numbers of OVA-specific
Th2 cells to enter the lung in a Stat6-independent process.
Once in the lung these Th2 cells secrete cytokines, such as
IL-4 and IL-13, that activate resident pulmonary cells in a
Stat6-dependent manner to secrete chemokines active on
Th2 cells and eosinophils. These chemokines then amplify
the Th2 response by attracting large numbers of Th2 cell
and eosinophils. Recruited Th2 cells then induce mucus
production and AHR in a Stat6-dependent manner.
Overall our findings establish that Stat6 is a master regulator of allergic inflammation. In addition to its known
ability to control Th2 cell generation through its activity in
lymphocytes, we have now shown that Stat6 also controls
Th2 cell trafficking through its activity in resident cells of
the lung.
We are especially grateful to Andrew Lichtman for his advice in
generating functional Th2 cells.
This work was supported by National Institutes of Health grants
F32-HL10375-01 to A. Mathew and RO1-A140618 to A.D. Luster.
Submitted: 16 January 2001
Revised: 26 March 2001
Accepted: 2 April 2001

References
1. Wills-Karp, M. 1999. Immunologic basis of antigen-induced
airway hyperresponsiveness. Annu. Rev. Immunol. 17:255–

Stat6-dependent Th2 Cell Trafficking and Chemokine Production

Downloaded from http://rupress.org/jem/article-pdf/193/9/1087/1135062/010062.pdf by guest on 24 May 2022

thelium to respond to IL-4 and IL-5 due to the lack of
Stat6 signaling or by decreased IL-13 levels as seen by RPA
in the OVA-STAT6⫺/⫺ mice.
Th2 cells adoptively transferred into Stat6⫺/⫺ mice failed
to traffic to the lung after OVA challenge. The molecular
mechanisms regulating Th2 cell trafficking to the allergic
lung are not known (31). Possible mechanisms regulating
Th2 cell trafficking include selective expression of adhesion
molecules and their counter ligands or selective expression
of chemokine receptors and Th2-active chemokines. Th1
cells express high levels of functional selectin ligands, such
as P-selectin ligand on their surface, which enable them to
be preferentially recruited to the sites of Th1 inflammation
(32–34). These cells also preferentially express CXC chemokine receptor (CXCR)3 and CCR5 and can be selectively recruited by Th1-type chemokines, such as IP-10.
However, it is not clear whether Th2 cells express selective
adhesion molecules that facilitate their entry into the allergic lung. The interaction between very late antigen 4 on
Th2 cells and vascular cell adhesion molecule (VCAM)-1
on the inflamed endothelium has been proposed as an attractive candidate to mediate selective recruitment of Th2
cells in allergic inflammation as IL-4 upregulates VCAM-1
on endothelial cells (35). However, Stat6 is not involved in
the upregulation of VCAM-1 on pulmonary endothelial
cells, as VCAM-1 expression was increased in both Stat6⫹/⫹
and Stat6⫺/⫺ mice that were sensitized and challenged with
OVA, making differences in VCAM-1 expression an unlikely explanation for our result (17). In the absence of a
specific molecular mechanism to explain Th2 cell–specific
recruitment, it has been proposed that Th2 cells passively
accumulate in allergic tissues as a result of the increased vasodilation seen during asthma (31).
However, Th2 cells preferentially express CCR3,
CCR4, and CCR8, and chemokines active on these receptors are elevated in allergic inflammation, making them attractive candidates to mediate Th2 cell–specific recruitment
(21). Inhibition or deletion of single chemokines or chemokine receptors (e.g., eotaxin, MDC, CCR3, CCR4)
have not abrogated Th2 cell recruitment in allergic pulmonary inflammation (36–39). We hypothesized that multiple
and/or additional chemokines control Th2 cell trafficking
in this model, preserving trafficking of these cells in the absence of individual chemokines or their receptors. We
found a global deficiency of chemokines active on Th2
cells and eosinophils in Stat6⫺/⫺ mice, which could explain
the marked reduction in Th2 cell and eosinophil trafficking
seen in our study. Therefore, our data provide the first evidence that there are specific molecular signals that guide
Th2 cell trafficking and implicate Stat6-dependent chemokines in this process.
We hypothesized that Th2 cytokines induce chemokine
production by resident parenchymal cells of the lung via
Stat6 signaling. IL-4 and IL-13 induce eotaxin-1, -2, and -3
expression in airway epithelial cells and endothelial cells
in vitro and in vivo (40–45), and IL-4 induction of eotaxin-1 gene expression was found to be Stat6 dependent
(46). IL-4 also induces MDC and TARC expression in

1095

Mathew et al.

18.

19.
20.

21.
22.

23.

24.
25.
26.
27.

28.
29.

30.

31.

32.

33.

induced airway hyperresponsiveness and mucus production.
J. Exp. Med. 187:939–948.
Tomkinson, A., A. Kanehiro, N. Rabinovitch, A. Joetham,
G. Cieslewicz, and E.W. Gelfand. 1999. The failure of
STAT6-deficient mice to develop airway eosinophilia and
airway hyperresponsiveness is overcome by interleukin-5.
Am. J. Respir. Crit. Care Med. 160:1283–1291.
MacLean, J.A., R. Ownbey, and A.D. Luster. 1996. T cell–
dependent regulation of eotaxin in antigen-induced pulmonary eosinophilia. J. Exp. Med. 184:1461–1469.
Heath, H., S. Qin, P. Rao, L. Wu, G. LaRosa, N. Kassam,
P.D. Ponath, and C.R. Mackay. 1997. Chemokine receptor
usage by human eosinophils: the importance of CCR3 demonstrated using an antagonistic monoclonal antibody. J. Clin.
Invest. 99:178–184.
Sallusto, F., A. Lanzavecchia, and C.R. Mackay. 1998.
Chemokines and chemokine receptors in T-cell priming and
Th1/Th2-mediated responses. Immunol. Today. 19:568–574.
Zhang, S., N.W. Lukacs, V.A. Lawless, S.L. Kunkel, and
M.H. Kaplan. 2000. Cutting edge: differential expression of
chemokines in Th1 and Th2 cells is dependent on Stat6 but
not Stat4. J. Immunol. 165:10–14.
Wilson, S.D., P.R. Burd, P.R. Billings, C.A. Martin, and M.
Dorf. 1988. The expression and regulation of a potential
lymphokine gene (TCA3) in CD4 and CD8 T cell clones. J.
Immunol. 141:1563–1570.
Gleich, G.J. 1990. The eosinophil and bronchial asthma: current understanding. J. Allergy Clin. Immunol. 85:422–436.
Weller, P.F. 1991. The immunobiology of eosinophils. N.
Engl. J. Med. 324:1110–1118.
Sanderson, C.J. 1992. Interleukin-5, eosinophils, and disease.
Blood. 79:3101–3109.
Temann, U.A., B. Prasad, M.W. Gallup, C. Basbaum, S.B.
Ho, R.A. Flavell, and J.A. Rankin. 1997. A novel role for
murine IL-4 in vivo: induction of MUC5AC gene expression and mucin hypersecretion. Am. J. Respir. Cell Mol. Biol.
16:471–478.
McInnes, A., and D.M. Rennick. 1988. Interleukin-4 induces cultured monocytes/macrophages to form multinucleated giant cells. J. Exp. Med. 167:598–611.
Zhu, Z., R.J. Homer, Z. Wang, Q. Chen, G.P. Geba, J.
Wang, Y. Zhang, and J.A. Elias. 1999. Pulmonary expression
of interleukin-13 causes inflammation, mucus hypersecretion, subepithelial fibrosis, physiologic abnormalities, and eotaxin production. J. Clin. Invest. 103:779–788.
Lee, J.L., M.P. McGarry, S.C. Farmer, K.L. Denzler, K.A.
Larson, P.E. Carrigan, I.E. Brenneise, M.A. Horton, A. Haczku, E.W. Gelfand, et al. 1997. IL-5 expression in the lung
epithelium of transgenic mice leads to pulmonary changes
pathognomonic of asthma. J. Exp. Med. 185:2143–2156.
D’Ambrosio, D., A. Iellem, L. Colantonio, B. Clissi, R.
Pardi, and F. Sinigaglia. 2000. Localization of Th-cell subsets
in inflammation: differential thresholds for extravasation of
Th1 and Th2 cells. Immunol. Today. 21:183–186.
Austrup, F., D. Vestweber, E. Borges, M. Lohning, R.
Brauer, U. Herz, H. Renz, R. Hallmann, A. Scheffold, A.
Radbruch, and A. Hamann. 1997. P- and E-selectin mediate
recruitment of T-helper-1 but not T-helper-2 cells into inflamed tissues. Nature. 385:81–83.
Borges, E., W. Tietz, M. Steegmaier, T. Moll, R. Hallmann,
A. Hamann, and D. Vestweber. 1997. P-selectin glycoprotein ligand-1 (PSGL-1) on T helper 1 but not on T helper 2
cells binds to P-selectin and supports migration into inflamed

Downloaded from http://rupress.org/jem/article-pdf/193/9/1087/1135062/010062.pdf by guest on 24 May 2022

281.
2. Del Prete, G.F., M. De Carli, M.M. D’Elios, P. Maestrelli,
M. Ricci, L. Fabbri, and S. Romagnani. 1993. Allergen exposure induces the activation of allergen-specific Th2 cells in
the airway mucosa of patients with allergic respiratory disorders. Eur. J. Immunol. 23:1445–1449.
3. Robinson, D.S., Q. Hamid, S. Ying, A. Tsicopoulos, J. Barkans, A.M. Bentley, C. Corrigan, S.R. Durham, and A.B.
Kay. 1992. Predominant Th2-like bronchoalveolar T-lymphocyte population in atopic asthma. N. Eng. J. Med. 326:
298–304.
4. Walker, C., E. Bode, L. Boer, T. Hansel, K. Blaser, and C.
Virchow, Jr. 1992. Allergic and nonallergic asthmatics have
distinct patterns of T-cell activation and cytokine production
in peripheral blood and bronchoalveolar lavage. Am. Rev.
Respir. Dis. 146:109–115.
5. Bruselle, G.J., G. Kips, G. Bluethmann, and R. Pauwels.
1995. Allergen-induced airway inflammation and bronchial
responsiveness in wildtype and IL-4 deficient mice. Am. J.
Respir. Cell Biol. 12:254–259.
6. Foster, P.S., S.P. Hogan, A.J. Ramsay, K.I. Matthaei, and
I.G. Young. 1996. Interleukin 5 deficiency abolishes eosinophilia, airways hyperreactivity, and lung damage in a mouse
asthma model. J. Exp. Med. 183:195–201.
7. Grunig, G., M. Warnock, A.E. Wakil, R. Venkayya, F. Brombacher, D.M. Rennick, D. Sheppard, M. Mohrs, D.D.
Donaldson, R.M. Locksley, and D.B. Corry. 1998. Requirement for IL-13 independently of IL-4 in experimental
asthma. Science. 282:2261–2263.
8. Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T.Y.
Neben, C.L. Karp, and D. Donaldson. 1998. IL-13: a central
mediator of allergic asthma. Science. 282:2258–2261.
9. Cohn, L., R.J. Homer, A. Marinov, J. Rankin, and K. Bottomly. 1997. Induction of airway mucus production by T
helper 2 (Th2) cells: a critical role for interleukin 4 in cell recruitment but not mucus production. J. Exp. Med. 186:1737–
1747.
10. Li, L., Y. Xia, A. Nguyen, L. Feng, and D. Lo. 1998. Th2induced eotaxin expression and eosinophilia coexist with
Th1 responses at the effector stage of lung inflammation. J.
Immunol. 161:3128–3135.
11. Li, X., B.H. Schofield, Q. Wang, K. Kim, and S. Huang.
1998. Induction of pulmonary allergic responses by antigenspecific Th2 cells. J. Immunol. 160:1378–1384.
12. Wurster, A.L., T. Tanaka, and M.J. Grusby. 2000. The biology of Stat4 and Stat6. Oncogene. 19:2577–2584.
13. Kaplan, M.H., U. Schindler, S.T. Smiley, and M.J. Grusby.
1996. Stat6 is required for mediating responses to IL-4 and
for development of Th2 cells. Immunity. 4:313–319.
14. Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M. Minami,
N. Kashiwamura, N. Nakanishi, T. Yoshida, T. Kishimoto,
and S. Akira. 1996. Essential role of Stat6 in IL-4 signaling.
Nature. 380:627–630.
15. Leonard, W.J., and J.J. O’Shea. 1998. JAKS and STATs: biological implications. Annu. Rev. Immunol. 16:293–322.
16. Akimoto, T., F. Numata, M. Tamura, Y. Takata, N. Higashida, T. Takashi, K. Takeda, and S. Akira. 1998. Abrogation
of bronchial eosinophilic inflammation and airway hyperreactivity in signal transducers and activators of transcription
(STAT)6-deficient mice. J. Exp. Med. 187:1537–1542.
17. Kuperman, D.B., M. Schofield, M. Wills-Karp, and M.
Grusby. 1998. Signal transducer and activator of transcription
factor 6 (Stat6)-deficient mice are protected from antigen-

1096

4:449–456.
41. Mochizuki, M., J. Bartels, A.I. Mallet, E. Christophers, and
J.M. Schroder. 1998. IL-4 induces eotaxin: a possible mechanism of selective eosinophil recruitment in helminth infection and atopy. J. Immunol. 160:60–68.
42. Stellato, C., S. Matsukura, A. Fal, J. White, L.A. Beck, D.
Proud, and R.P. Schleimer. 1999. Differential regulation of
epithelial-derived C-C chemokine expression by IL-4 and
the glucocorticoid budesonide. J. Immunol. 163:5624–5632.
43. Li, L., Y. Xia, A. Nguyen, Y.H. Lai, L. Feng, T.R. Mosmann, and D. Lo. 1999. Effects of Th2 cytokines on
chemokine expression in the lung: IL-13 induces eotaxin expression by airway epithelial cells. J. Immunol. 162:2477–
2487.
44. Shinkai, A., H. Yoshsue, M. Koike, E. Shoji, S. Nakagawa,
A. Saito, T. Takeda, S. Imabeppu, Y. Kato, H. Nobuo, et al.
1999. A novel human CC chemokine eotaxin-3, which is
expressed in IL-4 stimulated vascular endothelial cells, exhibits potent activity toward eosinophils. J. Immunol. 163:1602–
1610.
45. Zimmermann, N., S.P. Hogan, A. Mishra, E. Brandt, T.R.
Bodette, S.M. Pope, F. Finkelman, and M.E. Rothenberg.
2000. Murine eotaxin-2: a constitutive eosinophil chemokine induced by allergen challenge and IL-4 overexpression.
J. Immunol. 165:5839–5846.
46. Matsukura, S., C. Stellato, J.R. Plitt, C. Bickel, K. Miura,
S.N. Georas, V. Casolaro, and R.P. Schleimer. 1999. Activation of eotaxin gene transcription by NF-B and STAT6 in
human airway epithelial cells. J. Immunol. 163:6876–6883.
47. Sekiya, T., M. Miyamasu, M. Imanishi, H. Yamada, T. Nakajima, M. Yamaguchi, T. Fujisawa, R. Pawankar, Y. Sano,
K. Ohta, et al. 2000. Inducible expression of a Th2-type CC
chemokine thymus- and activation-regulated chemokine by
human bronchial epithelial cells. J. Immunol. 165:2205–2213.

Stat6-dependent Th2 Cell Trafficking and Chemokine Production

Downloaded from http://rupress.org/jem/article-pdf/193/9/1087/1135062/010062.pdf by guest on 24 May 2022

skin. J. Exp. Med. 185:573–578.
34. Xie, H., Y.C. Lim, F.W. Luscinskas, and A.H. Lichtman.
1999. Acquisition of selectin binding and peripheral homing
properties by CD4⫹ and CD8⫹ T cells. J. Exp. Med. 189:
1765–1776.
35. Palmer-Crocker, R.L., C.C.W. Hughes, and J.S. Pober.
1996. IL-4 and IL-13 activate JAK2 tyrosine and Stat6 in cultured human vascular endothelial cells through a common
pathway that does not involve the ␥-c chain. J. Clin. Invest.
98:604–609.
36. Chvatchko, Y., A.J. Hoogewerf, A. Meyer, S. Alouani, P.
Juillard, R. Buser, F. Conquet, A.E. Proudfoot, T.N. Wells,
and C.A. Power. 2000. A key role for CC chemokine receptor 4 in lipopolysaccharide-induced endotoxic shock. J. Exp.
Med. 191:1755–1764.
37. Gonzalo, J.A., Y. Pan, C.M. Lloyd, G.Q. Jia, G. Yu, B. Dussault, C.A. Powers, A.E. Proudfoot, A.J. Coyle, D. Gearing,
and J.C. Gutierrez-Ramos. 1999. Mouse monocyte-derived
chemokine is involved in airway hyperreactivity and lung inflammation. J. Immunol. 163:403–411.
38. Lloyd, C.M., T. Delaney, T. Nguyen, J. Tian, A.C. Martinez, A.J. Coyle, and J.C. Gutierrez-Ramos. 2000. CC
chemokine receptor (CCR)3/eotaxin is followed by CCR4/
monocyte-derived chemokine in mediating pulmonary T
helper lymphocyte type 2 recruitment after serial antigen
challenge in vivo. J. Exp. Med. 191:265–274.
39. Rothenberg, M.E., J.A. MacLean, E. Pearlman, A.D. Luster,
and P. Leder. 1997. Targeted disruption of the chemokine
eotaxin only partially reduces antigen induced tissue eosinophilia. J. Exp. Med. 185:785–790.
40. Garcia-Zepeda, E.A., M.E. Rothenberg, R.T. Ownbey, J.
Celestin, P. Leder, and A.D. Luster. 1996. Human eotaxin is
specific chemoattractant for eosinophil cells and provides a
new mechanism to explain tissue eosinophilia. Nat. Med.

