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Indispensable Role of StatSa in Stat6-Independent Th2 Cell
Differentiation and Allergic Airway Inflammation’

Hiroaki Takatori, Hiroshi Nakajima,? Koichi Hirose, Shin-ichiro Kagami, Tomohiro Tamachi,
AKira Suto, Kotaro Suzuki, Yasushi Saito, and Itsuo Iwamoto

It is well-recognized that Stat6 plays a critical role in Th2 cell differentiation and the induction of allergic inflammation. We have
previously shown that Stat5a is also required for Th2 cell differentiation and allergic airway inflammation. However, it is the
relative importance and redundancy of Stat6 and Stat5a in Th2 cell differentiation and allergic airway inflammation are unknown.
In this study we addressed these issues by comparing Stat5a-deficient (Stat5a~’~) mice, Stat6™’~ mice, and Stat5a- and Stat6
double-deficient (Stat5a~’~ Stat6~’~) mice on the same genetic background. Th2 cell differentiation was severely decreased in
Stat6™/~CD4™ T cells, but Stat6-independent Th2 cell differentiation was still significantly observed in Stat6™'~CD4* T cells.
However, even in the Th2-polarizing condition (IL-4 plus anti-IFN-y mAb), no Th2 cells developed in StatSa~'~Stat6 ™'~ CD4*
T cells. Moreover, Ag-induced eosinophil and lymphocyte recruitment in the airways was severely decreased in Stat5a~/~Stat6 ™/~
mice compared with that in Stat6 ™'~ mice. These results indicate that Stat5a plays an indispensable role in Stat6-independent Th2
cell differentiation and subsequent Th2 cell-mediated allergic airway inflammation. The Journal of Immunology, 2005, 174:

3734-3740.

ewly activated CD4™ T cells differentiate into at least

two functionally distinct subsets, Th1 and Th2 cells, as

defined by their patterns of cytokine production (1, 2).
Th1 cells produce IFN-vy and lymphotoxin and are responsible for
delayed-type hypersensitivity reactions, promoting control of in-
tracellular pathogens (1, 2). Th2 cells produce IL-4, IL-5, and
IL-13 and provide an excellent helper function for Ab production,
particularly of IgE (1, 2). Th2 cells are essential for promoting host
defense against helminths, but uncontrolled Th2 cell activation to
noninvasive Ags (allergen) causes atopic disorders, including
asthma (3, 4).

Over the last several years, significant progress has been made
in the molecular mechanisms for Th2 cell differentiation (5-7).
Although early studies have indicated that Stat6 (8—10), a cytoso-
lic latent transcription factor that is rapidly activated after cellular
exposure to IL-4 and IL-13, is essential for Th2 cell differentiation
through the induction of GATA3 (5-7), recent studies have re-
vealed that Stat6-deficient (Stat6 /") CD4" T cells make a con-
siderable amount of IL-4 upon stimulation with TCR (11). In ad-
dition, it has been demonstrated that Th2 cell-mediated allergic
airway inflammation is still observed in Stat6™’~ mice (12-15).
Therefore, in addition to the Stat6-dependent pathway, the Stat6-
independent pathway participates in in vitro Th2 cell differentia-
tion as well as in vivo Th2 cell-mediated immune responses.
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In contrast, we have shown that Ag-induced IL-5 production and
eosinophil recruitment in the airways are decreased in Stat5a™ '~
mice (16). In addition, we have shown that Th cell differentiation
in Stat5a~'~ mice is biased toward the Thl type at single cell
levels and that retrovirus-mediated expression of Stat5a restores
the impaired Th2 cell differentiation of StatSa—’~CD4* T cells
(17). Consistent with these findings, it has recently been shown
that the enforced expression of a constitutively active form of
Stat5a induces IL-4 production in CD4 " T cells by enhancing the
accessibility of the IL-4 gene (18). These findings suggest that the
intrinsic expression of Stat5a in CD4™ T cells plays an important
role in Th2 cell differentiation and the induction of allergic airway
inflammation. However, the relative importance and redundancy
of Stat5a-mediated Th2 cell differentiation and Stat6-mediated Th2
cell differentiation are still unclear.

In the present study we addressed these issues by comparing
Th2 cell differentiation in Stat5a—'~ mice, Stat6~'~ mice, and
Stat5a and Stat6 double-deficient (Stat5a™/~ Stat6 /") mice in the
same genetic background. We also examined allergic airway in-
flammation in these mice as a model of in vivo Th2 cell-mediated
immune responses. We found that Th2 cell differentiation and al-
lergic airway inflammation were severely decreased in Stat5a—'~
Stat6~'~ mice compared with those in Stat5a~’~ mice or Stat6 "/~
mice. Our results suggest that Stat5a is essential for Th2 cell dif-
ferentiation in the absence of Stat6 activation and vice versa.

Materials and Methods
Mice

StatSa-deficient (Stat5a /") mice (19) and Stat6-deficient (Stat6 ™’ ") mice
(8) were backcrossed to BALB/c mice (Charles River Laboratories) for
eight generations. Stat5a*/~Stat6™’~ male mice were mated with StatSa™*/~
Stat6™'~ female mice to obtain Stat5a*’*Stat6™* mice (wild-type (WT)?
mice), Stat5a /" Stat6™’* mice (Stat5a~’~ mice), Stat5a™/"Stat6 /" mice
(Stat6’~ mice), and Stat5a~’~ Stat6’~ mice within the litter. All experiments
were performed according to the guidelines of Chiba University.

3 Abbreviations used in this paper: WT, wild type; BALF, bronchoalveolar lavage
fluid; PAS, periodic acid-Schiff.
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Flow cytometric analysis

Cells were stained and analyzed on a FACSCalibur (BD Biosciences) using
CellQuest software. The following Abs were purchased from BD Pharm-
ingen: anti-CD4-FITC, -PE, -allophycocyanin, and -PerCP (H129.19); anti-
CDS8-FITC and -PE (53-6.7); anti-B220-allophycocyanin (RA3-6B2); anti-
IgM-FITC (R6-60.2); anti-CD69-FITC (H1.3F3); anti-CD62L-FITC
(MEL-14); anti-TCR V8.1,2-FITC (MR5-2); and anti-pan-NK-PE (DXS5).
Before staining, FcRs were blocked with anti-CD16/32 Ab (2.4G2; BD
Pharmingen). Negative controls consisted of isotype-matched, directly
conjugated, nonspecific Abs (BD Pharmingen).

Cell culture

Splenocytes (2 X 10° cells/ml) from WT mice, Stat5a '~ mice, Stat6 '~
mice, and Stat5a~’~Stat6 '~ mice were stimulated with plate-bound anti-
CD3 mAb (mAb) (5 pg/ml; clone 145-2C11; BD Pharmingen) in RPMI
1640 medium supplemented with 10% heat-inactivated FCS, 50 uM 2-ME,
2 mM L-glutamine, and antibiotics in a 24-well microtiter plate at 37°C for
48 h. Where indicated, IL-12 (15 ng/ml; PeproTech EC) was added to
polarize toward Thl cells (Thl condition), and IL-4 (15 ng/ml; PeproTech
EC) and anti-IFN-y mAb (15 pg/ml; clone XMG1.2; BD Pharmingen)
were added to polarize toward Th2 cells (Th2 condition) (17). Cells were
washed with PBS, then cultured for another 3 days in ThO (no exogenous
cytokines), Thl, or Th2 conditions in the presence of IL-2 (20 U/ml;
PeproTech).

Intracellular cytokine analysis

Intracellular cytokine staining for IL-4 vs IFN-y was performed as de-
scribed previously (17). In brief, cultured splenocytes were washed with
PBS and restimulated with plate-bound anti-CD3 mAb at 37°C for 6 h,
with monensin (2 uM) (Sigma-Aldrich) added for the final 4 h. After being
stained with anti-CD4-PerCP, cells were fixed with IC FIX (BioSource
International), permeabilized with IC PERM (BioSource International),
and stained with anti-IL-4-PE (BVD4-1D11; BD Pharmingen) and anti-
IFN-+y-allophycocyanin (XMG1.2; BD Pharmingen) for 30 min at 4°C. The
cytokine profile (IL-4 vs IFN-vy) of CD4™" cells was analyzed on a FAC-
SCalibur using CellQuest software.

Ag-induced allergic inflammation in the airways

Allergic airway inflammation was induced by the inhalation of OVA (Sig-
ma-Aldrich) in sensitized mice as described previously (20). Briefly, mice
(aged 7-8 wk) were immunized i.p. twice with 4 ug of OVA in 4 mg of
aluminum hydroxide at a 2-wk interval. Twelve to 14 days after the second
immunization, the sensitized mice were given aerosolized OVA (50 mg/
ml) dissolved in 0.9% saline by a DeVilbiss 646 nebulizer three times, for
20 min each time, at 24-h intervals. As a control, 0.9% saline alone was
administered by the nebulizer. Forty-eight hours after the last inhalation,
trachea and lung were excised, fixed in 10% buffered-formalin, and em-
bedded in paraffin. The specimens (3 wm thick) of the trachea were stained
with Luna and H&E solutions. The number of eosinophils in the submu-
cosal tissue of trachea was counted in Luna-stained sections and expressed
as the number of eosinophils per length of the basement membrane of
trachea, which was measured with a digital curvimeter.

Lung sections were stained with H&E and periodic acid-Schiff (PAS)
according to standard protocols. The magnitude of inflammatory cell in-
filtration in the perivascular and peribronchial spaces on H&E-stained lung
sections was evaluated by a semiquantitative scoring system as described
previously (21): +5 signified a large (more than three cells deep) wide-
spread infiltrate around the majority of vessels and bronchioles, and +1
signified a small number of inflammatory foci. The H&E-stained sections
were coded and then examined by two observers in a blind manner, the sum
of the scores from each lung was divided by the number of airways ex-
amined for the score, and the average of the two determinations for each
section was used for subsequent calculations. PAS-stained lung sections
were also categorized according to the abundance of PAS™ goblet cells and
assigned numerical scores as described previously (22): 0, <5% goblet
cells; 1, 5-25%:; 2, 25-50%; 3, 50-75%; and 4, >75%.

The numbers of eosinophils, lymphocytes, and macrophages recovered
in the bronchoalveolar lavage fluid (BALF) were evaluated as described
previously (16). In short, after bronchoalveolar lavage was performed with
2 ml of PBS, BALF was centrifuged at 400 X g for 5 min at 4°C, and
differential cell counts were performed on cytospin cell preparations
stained with Wright-Giemsa solution.

ELISA

Cultured splenocytes were washed with PBS and restimulated with plate-
bound anti-CD3 mAb at 37°C for 12 h. The amounts of IL-4, IL-5, IL-10,
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and IFN-vy in the culture supernatant were measured by enzyme immuno-
assay using murine IL-4, IL-5, IL-10, and IFN-y ELISA kits (BD Pharm-
ingen). The amount of IL-13 in the culture supernatant was measured using
an ELISA kit from R&D Systems. The assays were performed in duplicate
according to the manufacturer’s instructions. The minimum significant val-
ues of these assays were 15 pg/ml IL-4 and IL-5 and 30 pg/ml IFN-vy,
IL-10, and IL-13.

Data analysis

Data are summarized as the mean * SD. The statistical analysis of the
results was performed by unpaired ¢ test. A value of p < 0.05 was con-
sidered significant.

Results
Normal CD4™" T cell development in Stat5a™"~Stat6™’~ mice

It has been shown that not only Stat6 (8—-10), but also Stat5a (16—
18), play critical roles in Th2 cell differentiation. To investigate the
relative importance of Stat5a- and Stat6-mediated signaling in Th2
cell differentiation in detail, we generated Stat5a—’~ mice,
Stat6~'~ mice, and Stat5a~’~Stat6~’~ mice on the same genetic
background and compared the development and differentiation of
CD4™" T cells among these mice. Consistent with the previous
reports (16, 23), the number of splenocytes in Stat5a~’~ mice was
modestly, but significantly, decreased compared with that in WT
mice (Fig. 1A). The number of splenocytes in Stat5a~'~Stat6 '~
mice was also decreased compared with that in Stat6 '~ mice (Fig.
1A). However, FACS analysis revealed that the frequencies of
CD4" T cells and CD8" T cells were similar among WT,
Stat5a~’~, Stat6 /", and Stat5a” '~ Stat6”’~ mice (Fig. 1B). The
expression of CD69 and CD62L on CD4™ T cells was also similar
among these mice (data not shown). Based on B220 vs IgM stain-
ing, B cells in the spleen exhibited normal maturation in these mice
(Fig. 1B). These results indicate that T and B cells can develop
even in the absence of Stat5a and Stat6.

Stat6-independent Th2 cell differentiation depends on Stat5a

We then examined cytokine production from WT, Stat5a~’",
Stat6~'~, and Stat5a—’~Stat6~’~ T cells. Splenocytes were stim-
ulated with plate-bound anti-CD3 mAb in ThO (no exogenous cy-
tokines), Thl (in the presence of IL-12), or Th2 (in the presence of
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FIGURE 1. Normal T cell and B cell development in Stat5a™’~Stat6 '~
mice. A, Number of splenocytes in WT, Stat5a~’~, Stat6 /", and Stat5a~’
—Stat6’~ mice. Data are the mean * SD from eight mice for each geno-
type. *, p < 0.05; #:*, p < 0.01. B, Flow cytometric analysis of splenocytes
from 6-wk-old mice. Cells were stained with anti-CD4-PE vs anti-CDS§-
FITC or anti-B220-allophycocyanin vs anti-IgM-FITC. Shown are repre-
sentative FACS profiles from five mice in each group.
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IL-4 and anti-IFN-y mAb) conditions for 2 days, then cultured for
another 3 days in ThO, Thl, or Th2 conditions in the presence of
IL-2. After washing, cells were restimulated with plate-bound anti-
CD3 mADb for 12 h, and the amounts of IL-4, IL-5, IL-10, IL-13,
and IFN-v in the culture supernatant were determined. In the ThO
condition, IL-4 and IL-5 production was significantly decreased in
Stat5a~’~ splenocytes compared with that in WT splenocytes (Fig.
2), consistent with our previous report (17). IL-4 and IL-5 produc-
tion was more severely decreased in Stat6 '~ splenocytes (Fig. 2).
However, significant IL-4 and IL-5 production was still detected in
Stat6 '~ splenocytes (Fig. 2). In contrast, almost no IL-4 or IL-5
was detected in Stat5a~’~ Stat6 /" splenocytes in the ThO condi-
tion (Fig. 2). Furthermore, even when Stat5a~’~ Stat6 '~ spleno-
cytes were stimulated with anti-CD3 Ab in Th2 condition, they did
not significantly produce IL-4 and IL-5 (n = §5; p < 0.01; Fig. 2).
Similarly, IL-10 and IL-13 production was significantly decreased
in Stat5a~’~ Stat6 '~ splenocytes compared with that in Stat5a™’~
or Stat6~’~ splenocytes in the Th2 condition (Fig. 2). By contrast,

ROLE OF STATSA IN STAT6-INDEPENDENT Th2 CELL DIFFERENTIATION

IFN-vy production did not change in Stat5a~’~Stat6 '~ spleno-
cytes in the ThO condition and, instead, was increased in the Thl
condition compared with that in WT splenocytes or Stat6™'~
splenocytes (n = 5; p < 0.01; Fig. 2). In contrast, no significant
differences were observed in the proliferative responses of T cells
among these mice in ThO, Thl, and Th2 conditions (data not
shown), suggesting that the impaired Th2 cytokine production in
StatSa~’~Stat6 '~ splenocytes does not result from possible de-
fects in cell proliferation.

Next, we examined Th1/Th2 cell differentiation at single-cell
levels (Fig. 3). Splenocytes were stimulated with plate-bound anti-
CD3 mAb in ThO, Th1, or Th2 conditions, and the cytokine profile
(IL-4 vs IFN-vy) of CD4" T cells was evaluated by intracellular
cytokine analysis. In the ThO condition, CD4™ T cells that pro-
duced IL-4, but not IFN-y, were significantly decreased in
Stat5a~’~ mice compared with those in WT mice (Fig. 3, a vs b).
IL-4-producing CD4™" cells were more severely decreased in
Stat6 /" mice but IL-4-producing CD4" cells still developed in
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FIGURE 3. Th2 cell differentiation is severely decreased in Stat5a™’~
Stat6™’~ mice. Splenocytes from WT, Stat5a~/~, Stat6 ', or Stat5a~'~
Stat6 '~ mice were stimulated with plate-bound anti-CD3 mAb for 48 h in
ThO, Th1, or Th2 conditions and cultured for another 72 h in ThO, Thl, or
Th2 conditions in the presence of IL-2. Cells were washed and restimulated
with plate-bound anti-CD3 mAb for 6 h. Intracellular cytokine profiles for
IL-4 vs IFN-vy were determined on CD4 " T cells. Shown are representative
FACS profiles from five mice in each group.

Stat6 '~ mice (Fig. 3c). Consistent with a previous report (11),
IL-4-producing CD4™" cells in Stat6 ’~ mice lacked the expres-
sion of DX5, and the frequency of TCR VB8™ cells was not sig-
nificantly increased in these cells (data not shown), suggesting that
the majority of IL-4-producing CD4™" cells in Stat6’~ mice were
conventional Th2 cells, but not NK T cells. Importantly, Th2 cells
were hardly detected in Stat5a~’~Stat6™'~ mice (Fig. 3d). The
frequency of Th2 cells in the ThO condition was as follows: WT
mice, 24.7 = 3.4%; Stat5a’~ mice, 10.2 * 2.6%:; Stat6"’~ mice,
5.5 = 1.1%; and Stat5a~’~Stat6”’~ mice, 1.2 = 0.3% (mean =
SD; n = 5 experiments in each group).
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When splenocytes were cultured in Th2-polarizing conditions,
the frequency of Th2 cells increased in StatSa™’~ mice and
Stat6 '~ mice, although the frequency of Th2 cells was still sig-
nificantly lower in Stat5a~'~ and Stat6~'~ mice than that in WT
mice (Fig. 3). However, even in the Th2 condition, the frequency
of Th2 cells did not significantly increase in Stat5a /" Stat6 '~
mice (Fig. 3/). These results indicate that Stat5a is essential for
Stat6-independent Th2 cell differentiation and vice versa.

In contrast, in the Thl condition, CD4™ T cells that produced
IFN-v, but not IL-4 (Th1l cells), were significantly increased in
Stat5a~’~ and Stat5a~’~Stat6~’~ mice compared with those in
WT and Stat6™’~ mice, respectively (WT mice, 44.9 = 8.2%;
Stat5a~’~ mice, 62.3 = 11.9% (p < 0.05); Stat6 '~ mice, 50.8 *
12.9%; Stat5a~'~ Stat6 '~ mice, 66.4 = 12.3% (p < 0.05); n = 5;
Fig. 3). In contrast, in the ThO or Th2 condition, Thl cells were
significantly increased in Stat6 '~ and Stat5a’'~Stat6~’~ mice
compared with those in WT mice and Stat5a~’~ mice, respectively
(Fig. 3). These results suggest that Stat5a and Stat6 are differently
involved in the suppression of Thl cell differentiation, depending
on the cytokine environment.

Interestingly, CD4™ T cells that produced both IFN-vy and 1L-4
tended to be increased in Stat6~'~ mice, but not in Stat5a~’'~ mice
(Fig. 3). These results suggest that Stat6 may also play a role in the
suppression of IFN-vy production in developing Th2 cells; this idea
is consistent with the previous finding that Stat6 induces the ex-
pression of GATA3 (24), a master regulator of Th2 cells that in-
duces Th2 cytokine production and inhibits IFN-y production in T
cells (5-7).

Stat5a-dependent, Stat6-independent Th2 cell differentiation
participates in Ag-induced eosinophil and lymphocyte
recruitment into the airways

To clarify the in vivo role of Stat5a-dependent, Stat6-independent
Th2 cell differentiation, we examined Ag-induced airway inflam-
mation as a model of Th2 cell-mediated in vivo immune responses.
StatSa~/~, Stat6™’~, StatSa /" Stat6~’~, and control WT mice
were immunized twice with OVA; 2 wk later, these mice were
challenged with aerosolized OVA three times at 24-h intervals.
Forty-eight hours after the last Ag challenge, airway inflammation

A Total cell count Eosinophils Lymphocytes
(x 104) (x 10%4) * (x 10%) *
6001 * o saline 3001 psaline 60 saline
1 SOVA 8
500, WOVA ] o 504 HOVA
FIGURE 4. Ag-induced eosinophil and lymphocyte 400 2001 401
recruitment into the airways is severely decreased in
e RYRE ‘. . 3001 1501 304
Stat5a™’~ Stat6 mice. A, OVA-sensitized Stat5a ', |+|
Stat6 /", Stat5a~/~Stat6 /", and littermate WT mice 2001 —— 1001 201
were challenged with the inhalation of OVA or saline (as 100+ 501 10
a control) three times at 24-h intervals. The numbers of 0- 0- 04
total cells, eosinophils, and lymphocytes in BALF were WT 5a’- 67 sale/ WT 5a’- 6/ sal6/- WT 5a’- 67 sal6l
evaluated 48 h after the last inhalation. Data are the B
mean = SD for five mice in each group. #, p < 0.05; #*, (mm) Eosinophils
p < 0.01. B, Similar to A, OVA-sensitized mice were 50+ N o saline
challenged with inhaled OVA or saline, and the number BOVA

of eosinophils infiltrating the submucosal tissue of tra-
chea was evaluated 48 h after the last inhalation. Data 304
are the mean = SD for five mice in each group. *, p <
0.05; =, p < 0.01. Representative photomicrographs of
trachea sections stained with Luma solution are also 10+
shown (X100).

WT 5a'-

6 Sal 6T




3738 ROLE OF STATSA IN STAT6-INDEPENDENT Th2 CELL DIFFERENTIATION

was evaluated (Fig. 4). Consistent with the previous studies (12—
16), the number of eosinophils recovered in BALF 48 h after the
last Ag challenge was significantly diminished in Stat5a~'~ mice
as well as in Stat6~’~ mice compared with that in WT mice (Fig.
4A). However, the eosinophil recruitment in BALF was still ob-
served to a considerable extent in both StatSa /" and Stat6 ’~
mice (Fig. 44). In contrast, Ag inhalation induced no significant
eosinophil recruitment in BALF in sensitized StatSa™'~Stat6 ™/~
mice (Fig. 4A). The number of eosinophils in BALF 48 h after the
last Ag inhalation was as follows: WT mice, 222.2 £ 75.6;
StatSa~’~ mice, 71.2 * 22.7; Stat6”’~ mice, 34.8 * 13.1; and
StatSa~/~Stat6 /" mice, 0.2 = 0.2 X 10*mice (n = 5 mice in
each group; Fig. 4A). Ag-induced eosinophil recruitment in BALF
was not observed in Stat5a~'~Stat6 ™'~ mice even 96 h after the
last Ag inhalation (data not shown). The number of eosinophils
infiltrating the submucosal tissue of the trachea 48 h after Ag in-
halation was also severely decreased in Stat5a~’~Stat6™’~ mice
compared with that in Stat5a~’~ or Stat6 /~ mice (n = 5; p <
0.01; Fig. 4B).

Ag-induced lymphocyte recruitment in BALF was also signifi-
cantly decreased in Stat5a~'~ and Stat6™’~ mice (n = 5; p < 0.05;
Fig. 4A). Furthermore, virtually no Ag-induced lymphocyte re-
cruitment in BALF was observed in Stat5a~/~ Stat6 '~ mice (n =
5; p < 0.01; Fig. 4A). Consistent with these data obtained from
BALF analysis (Fig. 4A), histological analysis showed that inflam-
matory cell infiltration in the lung after Ag inhalation was signif-
icantly decreased in Stat5a~'~Stat6’~ mice compared with
Stat5a~’~ or Stat6~’~ mice (n = 5; p < 0.01; Fig. 5A). In contrast,

B Goblet Cell Score

A

Histological Score
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1

*

0 0
WT 5a”/- 67 5a7/-67- WT 5a/- 6/ 5a--67-

Stat6™/-
= ; :Jﬁ.

e LAy

e

FIGURE 5. The Stat5a-dependent, Stat6-independent pathway induces
airway inflammation, but not epithelial goblet cell hyperplasia. OV A-sen-
sitized WT, Stat5a™’~, Stat6™’~, and Stat5a—'~Stat6™’~ mice were chal-
lenged with inhaled OV A three times at 24-h intervals. A, Forty-eight hours
after the last OVA inhalation, lung was removed, and inflammatory cell
infiltration into the perivascular and peribronchial spaces was scored as
described previously (21). B, The degree of goblet cell hyperplasia was
scored on PAS-stained sections as described previously (22). Data are the
mean *= SD for five mice in each group. *, p < 0.01. C, Representative
photomicrographs of PAS-stained lung sections from these mice are also
shown (X100).

Ag-induced epithelial goblet cell hyperplasia was severely de-
creased not only in StatSa~’~Stat6 /'~ mice; but also in Stat6 '~
mice, indicating that Stat6 is absolutely required for Ag-induced
epithelial goblet cell hyperplasia (n = 5; Fig. 5, B and C). Taken
together, these results suggest that the StatSa-dependent, Stat6-
independent pathway is involved in in vivo Th2 cell differentiation
and subsequent allergic airway inflammation, but not in the induc-
tion of epithelial goblet cell hyperplasia.

Discussion

In this study we show that Stat5a plays an indispensable role in
Stat6-independent Th2 cell differentiation and subsequent allergic
airway inflammation. We found that Th2 cell differentiation was
severely decreased in Stat6™’'~ CD4™ T cells, but that Stat6-inde-
pendent Th2 cell differentiation was still observed in Stat6™’'~
CD4™ T cells (Figs. 2 and 3). However, even in the Th2-polarizing
condition, Th2 cells did not significantly develop in Stat5a™ '~
Stat6~'~ CD4™ T cells (Figs. 2 and 3), suggesting that the residual
Th2 cell differentiation in Stat6™’~ CD4" T cells depends on
Stat5a. We also found that Ag-induced eosinophil and lymphocyte
recruitment in the airways was severely decreased in StatSa™’~
Stat6™'~ mice compared with that in Stat6™'~ mice (Fig. 4).
Taken together, our results suggest that the StatSa-dependent,
Stat6-independent pathway participates not only in in vitro Th2
cell differentiation, but also in in vivo Th2 cell-mediated allergic
airway inflammation.

We show that Stat6 is not necessarily required for StatSa-me-
diated Th2 cell differentiation. We found that the impairment of
Th2 cell differentiation was more severe in StatSa~’~Stat6 ™'~
CD4™ T cells than that in Stat6™’~ CD4" T cells (Fig. 3), indi-
cating that StatSa can induce Th2 cell differentiation even in the
absence of Stat6 activation. This observation is consistent with a
recent finding by Zhu et al. (18) demonstrating that the enforced
expression of a constitutively active form of Stat5Sa induces IL-4
production even in Stat6~’~ CD4™ T cells. Because the induction
of IL-4R a-chain expression requires IL-4/Stat6-mediated signal-
ing (8-10, 25), it is possible that the StatSa-dependent pathway
plays a role in the initiation of Th2 cell differentiation before de-
veloping Th2 cells begin to up-regulate IL-4R a-chain to increase
the sensitivity to IL-4/Stat6-mediated signaling. It is also possible
that the StatSa-dependent pathway may function as an amplifier of
IL-4/Stat6-mediated Th2 cell differentiation.

Regarding the molecular mechanisms of StatSa-mediated Th2
cell differentiation, it has recently been shown that activated StatSa
directly interacts with HSII and HSIII sites of the IL-4 gene and
then up-regulates the accessibility of the IL-4 gene (18). These
results suggest that Stat5a functions as a direct inducer of IL-4
production. In contrast, we found that the enhanced Th1 cell dif-
ferentiation was responsible in part for the impaired Th2 cell dif-
ferentiation in Stat5a™'~ CD4™ T cells.* We also found that the
expression pattern of SOCS family proteins was different between
WT CD4" T cells and Stat5a~’~ CD4" T cells (see Footnote 4).
Because accumulating evidence suggests that some of SOCS fam-
ily proteins are involved in cross-regulation of the cytokine net-
work and then regulate Th1 and Th2 cell differentiation (26, 27),
the different expression of SOCS family proteins in Stat5a '~
CD4™ T cells may also be involved in the regulation of Th1/Th2
balance.

+H. Takatori, H. Nakajima, S. Kagami, K. Hirose, A. Suto, K. Suzuki, M. Kubo, A.
Yoshimura, Y. Saito, and I. Iwamoto. Stat5a inhibits IL-12-induced Th1 cell differ-
entiation through the induction of SOCS3 expression. Submitted for publication.
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We also demonstrate that Stat5a, independently of Stat6, con-
tributes to the induction of Th2 cell-mediated allergic airway in-
flammation. It has been shown that Ag-induced eosinophil and
lymphocyte recruitment in the airways is mediated by Th2 cells
secreting IL-5 (20, 28) and IL-4 (29, 30), respectively. Although it
is apparent that Stat6 plays an important role in causing allergic
airway inflammation (31), it has been demonstrated that in vivo
Th2 cell differentiation and allergic airway inflammation are still
substantial in Stat6—'~ mice (12-15), suggesting that a Stat6-in-
dependent mechanism is involved in the development of allergic
airway inflammation. In the present study we found that the re-
sidual Th2 cell-mediated allergic airway inflammation in Stat6 /'~
mice was abrogated by the additional deletion of the StatSa gene
(Fig. 4). Therefore, in addition to the Stat6-dependent pathway, the
StatSa-dependent, Stat6-independent pathway participates in in
vivo Th2 cell-mediated immune responses such as allergic airway
inflammation.

It is still uncertain which cytokine is upstream of StatSa-medi-
ated Th cell differentiation. A number of immunologically impor-
tant cytokines, including IL-2, IL-7, and IL-15, have been shown
to activate StatSa in many cell types (32). IL-4 has also been re-
ported to activate Stat5 in some circumstances (33, 34), but we
have previously shown that IL-4 does not phosphorylate Stat5a in
CD4™" T cells (17). Therefore, it is unlikely that IL-4 is an up-
stream cytokine for StatSa-mediated Th2 cell differentiation. In
contrast, it has recently been shown that developing Th2 cells ex-
press higher levels of IL-2R a-chain and exhibit stronger Stat5
activation than developing Th1 cells (35). This is consistent with
a previous finding that Stat5a functions as an enhancer of IL-2
signaling by inducing the expression of IL-2R a-chain (23). More-
over, it has been demonstrated that Th2 cell differentiation is de-
creased by the neutralization of IL-2 or the blocking of IL-2R (18,
35, 36). Furthermore, it has been demonstrated that IL.-2, but not
IL-4, IL-9, IL-15, or IL-21, induces Stat5 phosphorylation and
IL-4 production in activated CD4™" T cells (37). Therefore, IL-2 is
likely to be a cytokine responsible for Stat5a activation during Th2
cell differentiation.

Given that Stat5b is highly homologous to StatSa (32) and that
Stat5a/Stat5b double-deficient mice exhibit a severe defect in T
cell responses compared with Stat5a~—’~ or StatSb™’~ mice (38), it
is apparent that Stat5a and Stat5b have overlapping functions.
However, the different phenotypes of Stat5a ’~ and StatSb /'~
mice underscore the distinctive roles of Stat5a and Stat5b (17, 23,
39). For example, it has been demonstrated that although
StatSa~’~ T cells exhibit no detectable defect in anti-CD3-induced
proliferation, StatSb~'~ T cells are defective in anti-CD3-induced
proliferation (17, 23, 39). These observations suggest that Stat5b is
likely to play a role in the proliferation and/or survival of activated
T cells, and that this function of StatSb may not be shared with
Stat5a.

Regarding Th cell differentiation, we have previously shown
that both Thl and Th2 cells are decreased in StatSb~—'~ mice,
whereas Th2, but not Thl, cells are decreased in StatSa~’~ mice
(16). Nevertheless, because the number of CD4 ™" T cells recovered
from the culture was significantly lower in Stat5b~’~ mice than in
Stat5a~’~ or WT mice (17), these data on Th cell differentiation in
Stat5b~'~ mice might be inconclusive. However, our finding that
Th2 cells cannot develop in Stat5a~’~Stat6 '~ mice (Fig. 3) sug-
gests that Stat5b cannot compensate for the role of Stat5a in Stat6-
independent Th2 cell differentiation, because StatSb can be nor-
mally expressed and activated in response to IL-2 even in the
absence of Stat5a (23, 39).

In conclusion, we have shown that Stat5a activation is required
for proper Th2 cell differentiation, and that Stat5a plays an indis-
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pensable role in Th2 cell differentiation in the absence of Stat6
activation. Although additional studies are required for complete
understanding of the molecular mechanisms of Stat5a-mediated
Th2 cell differentiation, our findings provide new insight into the
mechanism of Stat6-independent Th2 cell differentiation and al-
lergic airway inflammation.

Acknowledgments
We thank Dr. L. Hennighausen for Stat5a~’~ mice, and Drs. S. Akira and
K. Takeda for Stat6™/~ mice.

Disclosures
The authors have no financial conflict of interest.

References

1. Paul, W. E., and R. A. Seder. 1994. Lymphocyte responses and cytokines. Cell
76:241.

2. Abbas, A. K., K. M. Murphy, and A. Sher. 1996. Functional diversity of helper
T lymphocytes. Nature 383:787.

3. Larche, M., D. S. Robinson, and A. B. Kay. 2003. The role of T lymphocytes in
the pathogenesis of asthma. J. Allergy Clin. Immunol. 111:450.

4. Herrick, C. A., and K. Bottomly. 2003. To respond or not to respond: T cells in
allergic asthma. Nat. Rev. Immunol. 3:405.

5. O’Garra, A., and N. Arai. 2000. The molecular basis of T helper 1 and T helper
2 cell differentiation. Trends Cell Biol. 10:542.

6. Glimcher, L. H., and K. M. Murphy. 2000. Lineage commitment in the immune
system: the T helper lymphocyte grows up. Gene Dev. 14:1693.

7. Murphy, K. M., W. Ouyang, J. D. Farrar, J. Yang, S. Ranganath, H. Asnagli,
M. Afkarian, and T. L. Murphy. 2000. Signaling and transcription in T helper
development. Annu. Rev. Immunol. 18:451.

8. Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M. Minami, S. Kashiwamura,
K. Nakanishi, N. Yoshida, T. Kishimoto, and S. Akira. 1996. Essential role of
Stat6 in IL-4 signaling. Nature 380:627.

9. Shimoda, K., J. van Deursen, M. Y. Sangster, S. R. Sarawar, R. T. Carson,
R. A. Tripp, C. Chu, F. W. Quelle, T. Nosaka, D. A. Vignali, et al. 1996. Lack
of IL-4-induced Th2 response and IgE class switching in mice with disrupted
Stat6 gene. Nature 380:630.

10. 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. Im-
munity 4:313.

11. Jankovic, D., M. C. Kullberg, N. Noben-Trauth, P. Caspar, W. E. Paul, and
A. Sher. 2000. Single cell analysis reveals that IL-4 receptor/Stat6 signaling is not
required for the in vivo or in vitro development of CD4* lymphocytes with a Th2
cytokine profile. J. Immunol. 164:3047.

12. Kuperman, D., B. Schofield, M. Wills-Karp, and M. J. Grusby. 1998. Signal
transducer and activator of transcription factor 6 (Stat6)-deficient mice are pro-
tected from antigen-induced airway hyperresponsiveness and mucus production.
J. Exp. Med. 187:939.

13. Trifilieff, A., A. El-Hasim, R. Corteling, and C. E. Owen. 2000. Abrogation of
lung inflammation in sensitized Stat6-deficient mice is dependent on the allergen
inhalation procedure. Br. J. Pharmacol. 130:1581.

14. Blease, K., J. Schuh, C. Jakubzick, N. W. Lukacs, S. L. Kunkel, B. H. Joshi,
R. K. Puri, M. H. Kaplan, and C. M. Hogaboam. 2002. Stat6-deficient mice
develop airway hyperresponsiveness and peribronchial fibrosis during chronic
fungal asthma. Am. J. Pathol. 160:481.

15. Zimmermann, N., A. Mishra, N. E. King, P. C. Fulkerson, M. P. Doepker,
N. M. Nikolaidis, L. E. Kindinger, E. A. Moulton, B. J. Aronow, and
M. E. Rothenberg. 2004. Transcript signatures in experimental asthma: identifi-
cation of STAT6-dependent and -independent pathways. J. Immunol. 172:1815.

16. Kagami, S., H. Nakajima, K. Kumano, K. Suzuki, A. Suto, K. Imada,
H. W. Davey, Y. Saito, K. Takatsu, W. J. Leonard, et al. 2000. Both Stat5a and
Stat5b are required for antigen-induced eosinophil and T cell recruitment into the
tissue. Blood 95:1370.

17. Kagami, S., H. Nakajima, A. Suto, K. Hirose, K. Suzuki, S. Morita, I. Kato,
Y. Saito, T. Kitamura, and I. Iwamoto. 2001. Stat5a regulates T helper cell dif-
ferentiation by several distinct mechanisms. Blood 97:2358.

18. Zhu, J., J. Cote-Sierra, L. Guo, and W. E. Paul. 2003. Stat5 activation plays a
critical role in Th2 differentiation. Immunity 19:739.

19. Liu, X., G. W. Robinson, K.-U. Wagner, L. Garrett, A. Wynshaw-Boris, and
L. Hennighausen. 1997. Stat5a is mandatory for adult mammary gland develop-
ment and lactogenesis. Gene Dev. 11:179.

20. Nakajima, H., I. Iwamoto, S. Tomoe, R. Matsumura, H. Tomioka, K. Takatsu,
and S. Yoshida. 1992. CD4" T lymphocytes and interleukin-5 mediate antigen-
induced eosinophil infiltration into the mouse trachea. Am. Rev. Respir. Dis.
146:374.

21. Lloyd, C. M., J. A. Gonzalo, T. Nguyen, T. Delaney, J. Tian, H. Oettgen,
A. J. Coyle, and J. C. Gutierrez-Ramos. 2001. Resolution of bronchial hyperre-
sponsiveness and pulmonary inflammation is associated with IL-3 and tissue
leukocyte apoptosis. J. Immunol. 166:2033.

22. Grunig, G., M. Warnock, A. E. Wakil, R. Venkayya, F. Brombacher,
D. M. Rennick, D. Sheppard, M. Mohrs, D. D. Donaldson, R. M. Locksley, et al.
1998. Requirement for IL-13 independently of IL-4 in experimental asthma. Sci-
ence 282:2261.



3740

23.

24.

25.

26.
27.

28.

29.

31.

Nakajima, H., X. W. Liu, A. Wynshaw-Boris, L. A. Rosenthal, K. Imada,
D. S. Finbloom, L. Hennighausen, and W. J. Leonard. 1997. An indirect effect of
Stat5a in IL-2-induced proliferation: a critical role for Stat5a in IL-2-mediated
IL-2 receptor a chain induction. Immunity 7:691.

Kurata, H., H. J. Lee, A. O’Garra, and N. Arai. 1999. Ectopic expression of
activated Stat6 induces the expression of Th2-specific cytokines and transcription
factors in developing Thl cells. Immunity 11:677.

Nelms, K., A. D. Keegan, J. Zanorano, J. J. Ryan, and W. E. Paul. 1999. The IL-4
receptor: signaling mechanism and biologic function. Annu. Rev. Immunol.
17:701.

Greenhalgh, C. J., and D. J. Hilton. 2001. Negative regulation of cytokine sig-
naling. J. Leukocyte Biol. 70:348.

Kubo, M., T. Hanada, and A. Yoshimura. 2003. Suppressors of cytokine signal-
ing and immunity. Nat. Immunol. 4:1169.

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.

Coyle, A. J., G. Le Gros, C. Bertrand, S. Tsuyuki, C. H. Heusser, M. Kopf, and
G. P. Anderson. 1995. Interleukin-4 is required for the induction of lung Th2
mucosal immunity. Am. J. Respir. Cell Mol. Biol. 13:54.

. 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 inter-
leukin 4 in cell recruitment but not mucus production. J. Exp. Med. 186:1737.
Wills-Karp, M. 1999. Immunologic basis of antigen-induced airway hyperre-
sponsiveness. Annu. Rev. Immunol. 17:255.

32

33.

34.

35.

36.

37.

38.

39.

ROLE OF STATSA IN STAT6-INDEPENDENT Th2 CELL DIFFERENTIATION

. Lin, J.-X., and W. J. Leonard. 2000. The role of Stat5a and Stat5b in signaling by
IL-2 family cytokines. Oncogene 19:2566.

Friedrich, K., W. Kammer, I. Erhardt, S. Brandlein, W. Sebald, and R. Muriggl.
1999. Activation of STATS by IL-4 relies on Janus kinase function but not on
receptor tyrosine phosphorylation, and can contribute to both cell proliferation
and gene regulation. Int. Immunol. 11:1283.

Yamashita, M., M. Katsumata, M. Iwashima, M. Kimura, C. Shimizu, T. Kamata,
T. Shin, N. Seki, S. Suzuki, M. Taniguchi, et al. 2000. T cell receptor-induced
calcineurin activation regulates T helper type 2 cell development by modifying
the interleukin 4 receptor signaling complex. J. Exp. Med. 191:1869.

Hwang, E. S., I. A. White, and 1. C. Ho. 2002. An IL-4-independent and CD25-
mediated function of c-maf in promoting the production of Th2 cytokines. Proc.
Natl. Acad. Sci. USA 99:13026.

Ben-Sasson, S. Z., G. Le Gros, D. H. Conrad, F. D. Finkelman, and W. E. Paul.
1990. IL-4 production by T cells from naive donors. IL-2 is required for IL-4
production. J. Immunol. 145:1127.

Cote-Sierra, J., G. Foucras, L. Guo, L. Chiodetti, H. A. Young, J. Hu-Li, J. Zhu,
and W. E. Paul. 2004. Interleukin 2 plays a central role in Th2 differentiation.
Proc. Natl. Acad. Sci. USA 101:3880.

Moriggl, R., D. J. Topham, S. Teglund, V. Sexl, C. McKay, D. Wang,
A. Hoffmeyer, J. van Deursen, M. Y. Sangster, K. D. Bunting, et al. 1999. Stat5
is required for IL-2-induced cell cycle progression of peripheral T cells. Immunity
10:249.

Imada, K., E. T. Bloom, H. Nakajima, J. A. Horvath-Arcidiacono, G. B. Udy,
H. W. Davey, and W. J. Leonard. 1998. Stat5b is essential for natural killer
cell-mediated proliferation and cytolytic activity. J. Exp. Med. 188:2067.



