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FIGURE 3. Th2 cell differentiation is severely decreased in Stat5a™
Stat6™"~ mice. Splenocytes from WT. StatSa™", Stat6™~, or Stat5a™’"
Stat6™’" mice were stimulated with plate-bound anti-CD3 mAb for 48 h in
The, Thl, or Th2 conditions and cultured for another 72 h in Th{}, Thl, or
Th2 conditions in the presence of 11.-2. Cells were washed and restimulated
with plate-bound anti-CD3 mAb for 6 h. Intracellular cytokine profiles for
[L-4 vs IFN-y were determined on CD4* T cells. Shown are representative
FACS profiles from five mice in each group.
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Stat6™’~ mice (Fig. 3¢). Consistent with a previous report (11),
IL-4-producing CD4™ cells in Stat6™"~ mice lacked the expres-
sion of DX35, 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 Stal6™'~ mice were
conventional Th2 cells, but not NK T cells. Importantly, Th2 cells
were hardly detected in Stat5a™/~Stat6 ™'~ mice (Fig. 34). 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 Jower in StatSa™"" 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 TL-4 (Thl 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. Th1 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-y und IL-4
tended to be increased in Stat6 ™'~ mice, but not in Stat5a™’~ mice
(Fig. 3). These results suggest that Staté may also play a role in the
suppression of IFN-y 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-vy production in T
cells (5-7).

Star5a-dependent, Star6-independent Th2 cell differentiation
participates in Ag-induced eosinophil and lymphocyte
recruitment into the airways

To clarify the in vivo role of StatSa-dependent, Stat6-independent
Th2 cell differentiation, we examined Ag-induced airway inflam-
mation as a model of Th2 cell-mediated in vivo immune responses.
Stat5a™’", Stat6™/~, Stat5a”/~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-cight hours after the last Ag challenge, airway inflammation
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was evaluated (Fig. 4). Consistent with the previous studies (12—
16), the number of ¢osinophils recovered in BALF 48 h after the
last Ag challenge was significantly diminished in StatSa™"™ 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 Stat5a™'~ and Stat6™’~
mice (Fig. 44). In contrast, Ag inhalation induced no significant
eosinophil recruitment in BALF in sensitized StatSa™~Stat6™'~
mice (Fig. 4A4). The number of cosinophils in BALF 48 h after the
last Ag inhalation was as follows: WT mice. 222.2 * 75.6;
Stat5a™~ mice. 71.2 = 22.7; Stat6™" mice, 34.8 = 13.1; and
Stat5a™/"Stat6™'™ mice, 0.2 * 0.2 X 10%mice (n = 5 mice in
each group; Fig. 44). Ag-induced eosinophil recruitment in BALF
was not observed in StatSa™/~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 StatSa™’" or Stat6™" mice (n = 5, p <
0.01; Fig. 4B).

Ag-induced lymphocyte recruitment in BALF was also signifi-
cantly decreased in StatSa™"™ and Stat6 ™' mice (n = 5; p < 0.05:
Fig. 4A). Furthermore, virtually no Ag-induced lymphocyte re-
cruitment in BALF was observed in Stat3a™~ Stat6 ™'~ mice (n =
5; p < 0.01: Fig. 4A4). Consistent with these data obtained from
BALF analysis (Fig. 44), histological analysis showed that inflam-
matory cell infiltration in the lung after Ag inhalation was signif-
icantly decreased in Stat5a™/"Stat6™/" mice compared with
StatSa™"" or Staté ™’ mice (n = 5; p < 0.01; Fig. 54). In contrast,
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FIGURE 5. The Stat5a-dependent, Stat6-independent pathway induces
airway inflammation, but not epithelial goblet cell hyperplasia. OVA-sen-
sitized WT, Stat5a™~, Stat6™~, and StatSa™/"Stat6™'~ mice were chal-
lenged with inhaled OVA 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 (X 100).

ROLE OF STATSA IN STAT6-INDEPENDENT Th2 CELL DIFFERENTIATION

Ag-induced epithelial goblet cell hyperplasia was scverely de-
creased not only in StatSa™”Stat6™™ mice; but also in Stat6 A
mice, indicating that Stat6 is absolutely required for Ag-induced
epithelial goblet cell hyperplasia (n = §; Fig. 5, B and C). Taken
together, these results suggest that the StalSa-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 Staté™’" 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 Stat5a™’"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 Stat5a induces 11.-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 «-chain to increase
the sensitivity to IL-4/Stat6-mediated signaling. It is also possible
that the Stat5a-dependent pathway may function as an amplifier of
1L-4/Stat6-mediated Th2 cell differentiation.

Regarding the molecular mechanisms of StatSa-mediated Th2
cell differentiation, it has recently been shown that activated Stat5a
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 Thi 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 Thi and Th2 cell differentiation (26, 27).
the different expression of SOCS family proteins in StatSa™’~
CD4™" T celis may also be involved in the regulation of Th1/Th2
balance.

4 1. Takatori. H. Nakajima. S. Kagami, K. Hirose, A. Suto, K. Suzuki. M. Kubo. A,
Yoshimura, Y. Saito, and I. Iwamoto. StatSa inhibits 1L-12-induced Thl cell difter-
entiation through the induction of SOC'S3 expression. Submined for publication.
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We also demonstrate that Stat3a, independently of Statb, con-
tributes to the induction of Th2 cell-mediated allergic airway in-
fammation. 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 inflainmation 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 Stat5a 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 1L-4 does not phosphorylate Stat5a in
CD4* T cells (17). Therefore, it is unlikely that 1L-4 is an up-
stream cytokine for Stat5a-mediated Th2 cell differentiation. In
contrast, it has recently been shown that developing Th2 cells ex-
press higher levels of IL-2R «-chain and exhibit stronger Stat5
activation than developing Thl cells (35). This is consistent with
a previous finding that StatSa functions as an enhancer of JL-2
signaling by inducing the expression of IL-2R a-chain (23). More-
over, 1t has been demonstrated that Th2 cell differentiation is de-
creased by the neutralization of 1L.-2 or the blocking of IL.-2R (18,
35, 36). Furthermore, it has been demonstrated that 1L-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 Stat5a (32) and that
Stat5a/Stat5h double-deficient mice exhibit a severe defect in T
cell responses compared with Stat5a™'~ or StatSh™/~ mice (38), it
is apparent that Stat5a and Stat5b have overlapping functions.
However, the different phenotypes of StatSa™'~ and Stat5b™/~
mice underscore the distinctive roles of Stat5a and StatSh (17, 23,
39). For example, it has been demonstrated that although
Stat5a~'~ T cells exhibit no detectable defect in anti-CD3-induced
proliferation, Stat5b™'~ 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 Stat5h may not be shared with
Stat5a.

Regarding Th cell differentiation, we have previously shown
that both Thl and Th2 cells are decreased in Stat5h™'™ mice.
whereas Th2, but not Thl. cells are decreased in Stat5a™™ mice
(16). Nevertheless, because the number of CD4™ T cells recovered
from the culture was significantly lower in Stat5h™’~ mice than in
Stat5a™'" or WT mice (17), these data on Th cell differentiation in
Stat5h™"~ mice might be inconclusive. However, our finding that
Th2 cells cannot develop in StatSa™'~Stat6 ™'~ mice (Fig. 3) sug-
gests that Stat5h cannot compensate for the role of StatSa in Stat6-
independent Th2 cell differentiation, because StatSb can be nor-
mally expressed and activaled in response o 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 StatSa 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 StatSa-mediated
Th2 cell differentiation, our findings provide new insight into the
mechanism of StatG-independent Th2 cell differentiation and al-
lergic airway inflammation.
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