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Thymic stromal lymphopoietin (TSLP) is a type | cytokine that plays
essential roles in allergic/inflammatory skin and airway disorders,
in helminth infections, and in regulating intestinal immunity. TSLP
signals via IL-7Ra and a specific TSLPR subunit that is highly related
to the common cytokine receptor y chain, y.. Although TSLP has ef-
fects on a broad range of hematopoetic cells and can induce STAT5
phosphorylation, TSLP was reported to not signal via JAK kinases,
and the mechanism by which TSLP regulates STAT5 phosphorylation
has been unclear. We now demonstrate the role of JAK1 and JAK2 in
TSLP-mediated STAT5 phosphorylation in mouse and human pri-
mary CD4"* T cells, in contrast to the known activation of JAK1 and
JAK3 by the related cytokine, IL-7. We also show that just as JAK1
interacts with IL-7Ra, JAK2 is associated with TSLPR protein. More-
over, we demonstrate the importance of STAT5 activation for TSLP-
mediated survival and proliferation of CD4* T cells. These findings
clarify the basis for TSLP-mediated signaling and provide an ex-
ample wherein a cytokine uses JAK1 and JAK2 to mediate the acti-
vation of STATS.

hymic stromal lymphopoietin (TSLP) is a cytokine produced
by stromal cells, epithelial cells, fibroblasts, keratinocytes, and
basophils (1-3). Increased TSLP levels are associated with airway
inflammatory disease and atopic dermatitis in humans and mice
(1, 3-5). In addition, TSLP regulates intestinal immunity and in-
flammation (6) and is important in helminth infections (6-8).
TSLP is closely related to IL-7, another stromal factor. IL-7 signals
via IL-7Ra and the common cytokine receptor y chain, y. (9, 10),
a protein that is also a critical component of the receptors for
IL-2, -4, -9, -15, and -21 (11) and is mutated in humans with
X-linked severe combined immunodeficiency (12). In contrast,
TSLP signals via IL-7Ra and a specific subunit, TSLPR, that is
highly related to y. (13, 14). IL-7 is known to critically control the
development, expansion, and survival of naive and memory T cells,
thereby regulating the number of mature T cells and maintaining
lymphoid homeostasis (11). TSLP can directly act on both mouse
and human CD4* and CD8* T cells (15-18) and contributes to T-
cell lymphopoiesis and homeostasis (15, 18, 19). However, whereas
IL-7 induces proliferation and survival of mouse naive T cells,
TSLP preferentially promotes survival, with less of an effect on the
proliferation of these cells (15, 18). Consistent with this, bone
marrow-derived IxN/2B cells, which express TSLPR and IL-7Ra
and respond to both TSLP and IL-7 to induce STAT5 phosphor-
ylation, potently proliferate in response to IL-7 but not TSLP (20).
Although both IL-7 and TSLP are essential in the mouse for
normal B-cell lymphopoesis in vivo (15, 19), IL-7 plays a greater
role, as evidenced by the profound B-cell lymphopenia in the
absence of IL-7 (21). IL-7 preferentially promotes the generation
of B220*/IgM ™~ pre-B cells from fetal liver lymphocyte precursors,
whereas TSLP mediates production of B220*/IgM™* immature B
cells (22, 23). Interestingly, neither cytokine is required for human
B cell development, as revealed by the normal B-cell numbers in
humans with XSCID (JL2RG mutations) (12), JAK3-deficient
SCID (24, 25), and IL7R-deficient SCID (26).
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TSLP, as well as IL-7, activates STATS proteins (27, 28).
However, the upstream activators of STATS in TSLP-induced
signaling have not been determined. Although it is well known that
JAK kinases phosphorylate and thereby activate STAT proteins
(29), it was unexpectedly reported that TSLP did not activate any
of the JAK kinases in the NAGS8/7 pre-B cell line (22) and that
overexpression of dominant-negative forms of JAK1 and JAK2 did
not affect TSLP-mediated STATS activation (28). Nevertheless,
mutational analysis of TSLPR and IL-7Ra demonstrated that the
presence in both chains of conserved residues typical of Boxl
motifs, which can mediate association of type I cytokine receptor
chains with JAK kinases (30), was essential for TSLP-induced
STATS activation (20). We now demonstrate that TSLP activates
JAKI1 and JAK2 but not JAK3 or TYK2 in primary T cells. Cor-
respondingly, the absence of either JAK1 or JAK2, but not of
JAKS3 or TYK2, prevents TSLP-mediated STATS activation. We
clarify the molecular basis for this activation by demonstrating
that TSLPR associates with JAK?2, just as IL-7Ra is known to as-
sociate with JAK1 (10, 31). These findings indicate a key molecular
mechanism for signaling by TSLP, resolving a long-standing di-
lemma on the mode of signaling by this cytokine.

Results

Role of STAT5 Activation in TSLP-Induced Signaling. It is known that
TSLP induces the activation of STATSA and STATSB proteins,
but the importance of this signaling pathway on T-cell function is
unclear. Previously, it was shown that TSLP increases pro-
liferation and survival of T cells in vitro (15). We thus evaluated if
TSLP-mediated STATS5 activation is involved in these processes.
Because Stat5a/Stat5b double KO mice exhibit perinatal lethality
(32), we used T cells from Stat5a single KO mice. These cells can
respond to TSLP and IL-7 because the presence of STATSB and
perhaps other signaling pathways, but freshly isolated (Fig. 14) or
preactivated (Fig. S1) Stat5a KO CD4™ T cells exhibited markedly
lower TSLP-mediated survival than WT cells, as well as markedly
diminished TSLP-induced proliferation (Fig. 1B). The attenuated
effects of TSLP and IL-7 in Stat5a KO cells were not a result of
lower receptor expression, as TSLPR and IL-7Ra expression on
WT and Stat5a KO CD4™" T cells were similar (Fig. 1C).

We next assessed whether the absence of STATSA affects
expression of TSLP- and IL-7-induced genes. TSLP and IL-7 both
can induce expression of the Cish and Bcl2 genes (18, 28), each of
which is regulated by STATS (33, 34). The induction of Cish by

Author contributions: Y.R., K.-U.W., and W.J.L. designed research; Y.R., M.K., G.W.R., K.S.,
and J.G.-R. performed research; Y.R. and W.J.L. analyzed data; and Y.R., M.K., and W.J.L.
wrote the paper.

Conflict of interest: W.J.L. is an inventor on patents and patent applications related to
thymic stromal lymphopoietin.

This article is a PNAS Direct Submission.
To whom correspondence should be addressed. E-mail: wjl@helix.nih.gov.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1008271107/-/DCSupplemental.

PNAS | November 9, 2010 | vol. 107 | no.45 | 19455-19460

>
o
=]
=
[=]
=
=2
=
=



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008271107/-/DCSupplemental/pnas.201008271SI.pdf?targetid=nameddest=SF1
mailto:wjl@helix.nih.gov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008271107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008271107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1008271107

TSLP

Fig. 1. The role of STATS5 in TSLP mediated sig- A - medium T L7 D 10, Cish G éz La
naling. (A) Freshly isolated mouse WT or Stat5a KO o4 2| 115 257|114 o522 S g |HWT & OF

CD4* T cells were not stimulated or stimulated with § B ; 5 ‘ R HAEae STATSA ===

100 ng/mL TSLP or 10 ng/mL IL-7 for 5 d. The ap- gl 2, STATSE NS

optotic rate of these cells was determined by flow 5. 3, GAPOH [
cytometry. The experiment was performed three ol 0 H 1 GFP STAT5at™
times. (B) WT or Stat5a KO mouse CD4* T cells were ﬁ E med. TSLPIL-7 IL-4 20

preactivated with anti-CD3+anti-CD28, rested, and g ‘ §19 Bel? %60

then not stimulated or stimulated with TSLP or IL-7 @ 1235 ) 3 S10. 2 40]-wmed

for 48 h, and pulsed with thymidine for the last 10 W T d e T et 28 2 20|+ TsLP

h of culture. The experiment was performed five Annexin %ﬁ ’ o

times. (C) Cell surface expression of TSLPR and IL- B EWT C T Statsa KO T2 o 1 day52

7Ra on mouse WT and Stat5a KO CD4* T cells was 50070 Stat5a KO MFI MFI O med TSLPIL7 L4 |

measured by flow cytometry. (D-F) Freshly isolated * 400 }, o1 3 | F =2‘5 Gata3

mouse WT or Stat5a KO CD4* T cells were cultured Eo0g W %2‘0

in medium with or without TSLP, IL-7, or IL-4 for 4 E 150 o wiFTl gl

h. The mRNA expression for indicated markers was Ewo 18.0 15,3; 519

normalized to Rp/7 mRNA levels and fold-induction T S0 /! A S5

calculated relative to untreated samples. Shown is i TSR LT W)‘ 0.0 med TSLPIL7 IL4 0 3 T daye? .

a representative experiment from four in-

dependent experiments. (G) Purified Stat5a/b™" CD4* T cells were preactivated and infected with retroviruses expressing GFP or Cre-GFP. GFP* cells were then
sorted by FACS, cultured 24 h in medium, and evaluated for expression of STAT5A and STAT5B by Western blotting. (H-/) Stat5a/b™" CD4* T cells were infected
and sorted as mentioned above. GFP* cells were not stimulated or stimulated with TSLP or IL-7 for the indicated time points. The experiment in H and / was

performed twice, with two to three mice per each.

TSLP, IL-7, and IL-4 was lower in Stat5a KO than in WT CD4" T
cells (Fig. 1D), whereas Bcl2 expression was lower in Stat5a KO
cells in response to TSLP and IL-7 stimulation but not IL-4 (Fig.
1E). The diminished Bc/2 mRNA induction in Stat5a KO CD4* T
cells after TSLP and IL-7 stimulation might explain the higher
apoptotic rate of these cells (Fig. 14). As expected, induction of
the Gata3 gene, which is STAT6-dependent, was observed only
after IL-4 stimulation (Fig. 1F).

To extend these results from StatS5a KO cells, we used Cre-
mediated deletion of Stat5a and Stat5b genes in mature preactivated
CD4™* T cells from Stat5a/Stat5h™" mice (32), which greatly lowered
STATS5A and STATSB expression (Fig. 1G). This process resulted
in markedly lower TSLP-mediated survival than in cells transduced
with a control GFP (Fig. 1 I vs. H). Interestingly, although IL-7 is
a stronger survival factor than TSLP for preactivated CD4™ T cells
(Fig. 1H and Fig. S1), Stat5a/b deletion (Fig. 11) or Stat5a- deficiency
(Fig. S1) did not significantly change IL-7-mediated survival of
these cells, which might be explained by the role of other signaling
pathways, including PI 3-kinase, which are involved in IL-7-induced
survival (35). Taken together, these data show the importance of
STATS in TSLP’s actions on CD4™ T cells.

JAK1 Is Essential for TSLP-Induced STAT5 Phosphorylation. To in-
vestigate the basis for signaling by TSLP and IL-7, primary mouse
CD4™ T cells were stimulated with TSLP or IL-7 and lysates
Western blotted with antibodies to phospho-STATS or STATS (Fig.
2A4, Upper). As expected, both cytokines induced phosphorylation
of STATS, with IL-7 being more potent (Fig. 24). We next immu-
noprecipitated lysates with anti-JAK1 (Fig. 2 A, Lower, and B) or
anti-phosphotyrosine (4G10) (Fig. 2C) followed by immunoblotting
for phospho-JAK1 (Fig. 24), phosphotyrosine (Fig. 2B), or JAK1
(Fig. 2C, Upper). TSLP induced phosphorylation of JAKI, albeit
less potently than did IL-7 (Fig. 2 A-C), correlating with less
phosphorylation of STATS induced by TSLP (Fig. 24, Upper).

To confirm the importance of JAK1 in TSLP-induced STATS
phosphorylation, we transfected WT or Jak! KO mouse embry-
onic fibroblasts (MEFs) (36) with expression vectors encoding
TSLPR, IL-7Ra, and STATSA. STATS5 phosphorylation was
detected in the WT cells stimulated with TSLP (Fig. 2D, lane 2) but
not in unstimulated cells (lane 1) or in the Jakl KO MEF:s (lanes 3
and 4). However, when JAK1-reconstituted Jak! KO MEFs were
used, TSLP induced the phosphorylation of STATS (Fig. 2D, lane
6 vs. 5). Thus, TSLP can rapidly activate JAK1 and that JAKI is
essential for phosphorylation of STATS.

JAK3 and TYK2 Are Not Required for TSLP-Induced STAT5 Phos-
phorylation. Most cytokines whose receptors are heterodimers
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activate more than one JAK kinase (29). Accordingly, we exam-
ined whether other JAKs are also involved in TSLP signaling.
JAK3 associates with y. and is phosphorylated upon stimulation
by v. cytokines (37-39). Because TSLPR shows 26% identity and
47% similarity at the protein level with murine y. (13), we ana-
lyzed whether JAK3 also was required for TSLP-mediated
STATS5 phosphorylation. WT or Jak3 KO CD4*% T cells were
either not stimulated or stimulated with TSLP or IL-7, and ty-
rosine phosphorylation of STATS was evaluated (Fig. 34). TSLP
signaling was unaffected in Jak3 KO CD4™ T cells (Fig. 34, lane
2), whereas IL-7-induced STATS5 phosphorylation was abrogated
(Fig. 34, lane 3). Both cytokines induced STATS phosphorylation
in WT cells (Fig. 34, lanes 5 and 6). Similarly, TSLP and GM-
CSF but not IL-7 could induce STATS phosphorylation in Jak3
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Fig. 2. JAK1 is essential for TSLP-induced signaling. (A) Purified CD4* T cells
were not stimulated or stimulated for 5 or 15 min with TSLP (100 ng/mL) or IL-7
(10 ng/mL). Cell lysates were run on NuPAGE gels and Western blotted with
anti-phospho-STATS5 or anti-STAT5 or immunoprecipitated with anti-JAK1
and analyzed by Western blotting with antibodies to phospho-JAK1 or JAK1.
This experiment was performed more than five times. (B) CD4™ T cells were not
treated ortreated with TSLP, IL-7, or IL-2, lysed, immunoprecipitated with anti-
JAK1, and analyzed by Western blotting with antiphosphotyrosine or anti-
JAK1. This experiment was performed twice. (C) Lysates of CD4* T cells treated
as in Fig. 1A were immunoprecipitated with antiphosphotyrosine mAb 4G10
and Western blotted with antibodies to JAK1 or STAT5. This experiment
was performed three times. (D) Levels of phospho-STATS5, STAT5, and JAK1 in
WT or Jak1 KO MEFs or Jak1 KO MEFs reconstituted with JAK1 that had been
transfected with cDNAs for TSLPR, IL-7Ra, and STAT5A and then not stimulated
or stimulated with TSLP (100 ng/mL) for 20 min, followed by Western blotting.
This experiment was performed five times.
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Fig. 3. TSLP-mediated STAT5 phosphorylation does not require JAK3 or
TYK2. (A) CD4™ T cells from WT or Jak3-deficient mice were not stimulated
or stimulated for 15 min with TSLP or IL-7, lysed, and Western blotted with
antibodies to phospho-STAT5 or total STATS5. This experiment was done
four times. (B) Bone marrow-derived DCs from WT or Jak3 KO mice were
not stimulated or stimulated for 20 min with TSLP (100 ng/mL), IL-7 (20 ng/
mL), or GM-CSF (10 ng/mL), lysed, and Western blotted, as in A. This ex-
periment was performed twice. (C) Cell lysates from CD4* T cells not
stimulated or stimulated for 15 min with TSLP (100 ng/mL), IFN-B (1,000 U/
mL), or IL-2 (100 U/mL) were immunoprecipitated with TYK2 Ab and
Western blotted with antiphospho-TYK2 or anti-TYK2. This experiment
was performed four times. (D) CD4* T cells from Tyk2 KO and littermate
control mice were not treated or treated for 15 min with TSLP or IL-7 and
Western blotted with antibodies to phospho-STAT5, STATS5, and TYK2. This
experiment was performed twice.

KO dendritic cells (DCs) (Fig. 3B, lanes 2—4 vs. 6-8). Moreover,
we found that TSLP did not induce the TYK2 phosphorylation in
CD4* T cells (Fig. 3C, lane 2); as expected, IFN-B induced
tyrosine phosphorylation of TYK2, whereas IL-2 did not (Fig.
3C, lanes 3 and 4). Correspondingly, TSLP-induced STATS
phosphorylation was not diminished in Tyk2 KO CD4* T cells

(Fig. 3D, lane 2 vs. 5). Thus, neither JAK3 nor TYK2 is re-
quired for TSLP signaling.

JAK2 Activation Is Required for TSLP-Induced STAT5 Phosphorylation.
The TSLPR cytoplasmic domain, which contains a Box1 region
typical of type I cytokine receptors, can activate JAK2 in the con-
text of an artificial chimeric receptor system (14, 40), and FLAG-
tagged human TSLPR was suggested to associate with JAK2 in Ba/
F3 transfected cells (41); however, TSLP was reported to not in-
duce JAK?2 activation in cell lines (22, 28). To resolve these os-
tensibly conflicting findings as to whether TSLP signals via JAK2,
we stimulated primary mouse CD4* T cells with TSLP, IFN-y (a
known activator of JAK?2), and IL-7 or IL-2 (which do not activate
JAK?2) (Fig. 4 A and B). TSLP, IL-7, and IL-2, but not IFN-y, in-
duced STATS phosphorylation (Fig. 44, third blot). TSLP stimu-
lation also increased STAT1 phosphorylation, but more weakly
than other cytokines tested (Fig. 44, Upper). We found TSLP could
induce JAK2 phosphorylation within 5 min in CD4" T cells (Fig.
4B, lanes 2-4 vs. 1); as expected, IFN-y also induced JAK2 phos-
phorylation (Fig. 4B, lanes 5 and 6), whereas IL-7 and IL-2 did not
(Fig. 4B, lanes 7 and 8, respectively). Moreover, treating CD4™*
T cells with JAK2 specific inhibitor II, which suppresses activation
of JAK2 but not of other kinases tested, including JAK1 (42),
blocked TSLP-induced STATS phosphorylation (Fig. 4C, lane 2
vs. 6) and IFN-y—induced STAT1 phosphorylation (Fig. 4C, lane 4
vs. 8) but did not affect STATS or STAT1 phosphorylation induced
by IL-7 (Fig. 4C, lane 3 vs. 7). Furthermore, Cre-mediated in
vitro deletion of Jak2 from Jak2"® CD4* T cells prevented ac-
tivation of STATS and STAT1 in response to TSLP and IFN-y,
relatively (Fig. 4D, lanes 6 and 8), but did not prevent activation
of STATS in response to IL-7 (Fig. 4D, lane 7).

We additionally performed experiments with WT MEFs that
were cotransfected with TSLPR, IL-7Ra, IL-2Ry, and STAT5A
plasmids, as well as with a control siRNA or a pool of JAK2-
specific siRNAs (Fig. 4E). The JAK2 siRNAs reduced STATS
phosphorylation in response to TSLP (Fig. 4E, lane 5 vs. 2) but
not to IL-7 (Fig. 4E, lane 6 vs. 3). We also cotransfected Jak2 KO
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JAK2 is essential for TSLP-mediated STATS activation. (A) CD4* T cells were not treated or treated as indicated with TSLP (100 ng/mL), IFNy

(100 ng/mL), IL-7 (10 ng/mL), or IL-2 (100 U/mL). Cell lysates were Western blotted with antiphospho-STAT1, anti-STAT1, anti-phospho-STATS5, or anti-STAT5.
This experiment was performed more than five times. (B) Cell lysates from A were immunoprecipitated with anti-JAK2 and Western blotted with anti-
phospho-JAK2 or anti-JAK2. This experiment was performed more than five times. (C) CD4* T cells were treated with DMSO or JAK2 inhibitor Il for 15 h (see
Materials and Methods), then not stimulated or stimulated with TSLP, IL-7, or IFN-y for 15 min, lysed, and Western blotted with antibodies to phospho-STAT5,
total STAT5, phospho-STAT1, and total STAT1. This experiment was performed five times. (D) Purified Jak2™" CD4* T cells were preactivated and infected with
retroviruses expressing GFP or Cre-GFP. After 1 d of rest, GFP* cells were sorted by FACS and rested for 3 h in medium alone. The cells were then not
stimulated or stimulated with TSLP, IL-7, or IFN-y for 15 min. The phosphorylation of STAT5 and STAT1 and total expression of these proteins and JAK2 were
evaluated by Western blotting. The experiment was repeated three times. (E) A WT MEF cell line was cotransfected with cDNAs encoding TSLPR, IL-7Ra,
IL-2Ry, and STATS5, as well as with control (lanes 1-3) or JAK2 (lanes 4-6) siRNA. Cells were not stimulated or stimulated with TSLP or IL-7 for 20 min, lysed, and
Western blotted with Abs to phospho-STATS5, total STAT5 and JAK2. This experiment was performed four times. (F) Primary WT or Jak2 KO MEFs were
transfected with cDNAs encoding TSLPR, IL-7Ra, IL-2Ry, and STAT5A, and either not treated or treated with TSLP or IL-7 for 20 min, lysed, and Western blotted

as in (E). The experiment was repeated three times.
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primary MEFs with appropriate DNA plasmids, as mentioned
above, and found that TSLP no longer could activate STAT5
(Fig. 4F). Thus, JAK2 and JAK1 are the critical kinases in TSLP-
induced STATS5 phosphorylation.

TSLP Induces Phosphorylation of JAK1, JAK2, and STAT5 in Human T
Cells. Our laboratory previously showed that TSLP acts directly on
mouse CD4* T cells (15) and, more recently, that TSLP, in ad-
dition to its known action on human DCs (1), also directly acts on
human CD4* (17) and CD8* T cells (18), inducing activation of
STATS and increasing cellular responsiveness to other stimuli,
such as TCR and IL-2 (17). Consistent with these reports, we did
not observe phosphorylation of STAT3, STAT4, or STAT6 in
response to TSLP, and only very weak phosphorylation of STAT1
(Fig. 54, lane 2 vs. 1) in human CD4" T cells. Because of sug-
gested differences in TSLP action on human and mouse T cells
(1, 43), we sought to clarify whether TSLP uses the same signaling
mechanism in both species. As shown in Fig. 5B, treatment of
human CD4* T cells with TSLP, IL-7, or IL-4 for 15 min induced
phosphorylation of JAK1, whereas IL-12 did not (Fig. 5B, lanes 2,
3, and 5 vs. lane 4) and TSLP and IL-12 promoted phosphoryla-
tion of JAK2, whereas IL-7 and IL-4 did not (Fig. 5B, lanes 2 and 4
vs. 3 and 5). As expected, TSLP did not induce the phosphory-
lation of either TYK2 or JAK3 (Fig. 5B), consistent with the lack
of TSLP signaling in Jak3 (Fig. 34) and Tyk2 (Fig. 3D) KO T cells.

We next sought to verify the importance of JAK1 and JAK2 in
TSLP-induced STATS5 phosphorylation in human cells. We
transfected preactivated CD4" T cells with JAK1 (Fig. 64) or
JAK? (Fig. 6B), or control (Fig. 6 4 and B) siRNAs. JAK1 down-
regulation (Fig. 64, fifth blot) resulted in an ~80% decrease in
STATS phosphorylation by TSLP and IL-7 (Fig. 6 4, Top blot,
lanes 2 and 3, and C) but did not alter STAT4 phosphorylation
mediated by IL-12 (Fig. 6 A and C), which activates JAK2 and
TYK2 but not JAK1. JAK2 down-regulation (Fig. 6B) resulted in
a 70% decrease in TSLP-induced STATS phosphorylation (Fig.
6B, lane 2 vs. 6) and a 50% decrease in IL-12-induced STAT4
phosphorylation (Fig. 6B, lane 4 vs. 8 and C), but had only a weak
effect on IL-7-induced STATS phosphorylation. Given that IL-7
uses JAK1 and JAKS, it is possible that this weak effect was the
result of a more general deleterious effect of diminished JAK2,
which mediates signals by multiple cytokines (29) and, thus, is vital
for multiple cellular processes. These results demonstrate that
TSLP signals via the same JAK-STAT pathway in human as well as
in mouse cells.

JAK2 Interacts with TSLPR. It was shown that activation of STATS
by TSLP stimulation requires the presence of Boxl domains of
both TSLPR and IL-7Ra (20). Because IL-7Ra can bind JAK1
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Fig. 5. TSLP activates JAK1 and JAK2 in human CD4* T cells. (A) Human
CD4* T cells were purified from peripheral blood mononuclear cells (PBMCs),
preactivated for 4 d with anti-CD3 + anti-CD28, and rested for 1 d in medium
containing 10% FBS. Cells then were left unstimulated or were stimulated
with TSLP (50 ng/mL), IL-7 (10 ng/mL), IL-12 (10 ng/mL), or IL-4 (10 ng/mL) for
15 min, and cell lysates Western blotted, as indicated. This experiment was
performed more than five times. (B) Lysates from human CD4* T cells treated
as in A were immunoprecipitated with antibodies to JAK1, JAK2, JAK3, or
TYK2, and phosphorylation and total expression of each JAK evaluated by
Western blotting. This experiment was performed three times.
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Fig. 6. Lowering JAK1 and JAK2 expression decreased TSLP-mediated STATS
phosphorylation. (A and B) Human CD4* T cells were purified from PBMGs,
preactivated for 4 d with anti-CD3 + anti-CD28, and transfected with JAK1 siRNA
(A), JAK2 siRNA (B), or control siRNA. The next day, cells were not treated or
treated with TSLP, IL-7, or IL-12 for 15 min. Cells lysates were Western blotted for
phosphorylated STAT5 or STATA4, or for total expression of STAT5, STAT4, JAK1,
or JAK2. The percent-decrease was estimated by comparing the signal in the
experimental siRNA to control siRNA samples by densitometry. Each experiment
was performed three times. (C) The intensity of each phosphorylated STAT was
normalized to the total expression of the STAT protein on the same membrane,
and the percent phosphorylated STATS (for TSLP and IL-7 stimulation) or STAT4
(for IL-12 stimulation) was determined. Shown is the average percent phos-
phorylation from three independent experiments of the types shown in Aand B.

(31), we hypothesized that TSLPR associates with JAK2. To test
this hypothesis, we first used NAGS/7 cells, which rapidly
responded to TSLP, with phosphorylation of JAK1, JAK2, and
STATS, but not JAK3 (Fig. 74), analogous to what we found
(above) in primary CD4* T cells. We prepared lysates from these
cells and immunoprecipitated with antibodies to JAK1, JAK2, or
STATS, followed by immunoblotting with antibodies to TSLPR or
IL-7Ra (Fig. 7B). The anti-TSLPR polyclonal antibody revealed
a band of ~45 kDa, which corresponds to the size of TSLPR (13)
that was associated only with JAK2 (Fig. 7B, Top, lane 2). We
confirmed that IL-7Ra associates with JAK1 (Fig. 7B, Middle,
lane 1) and found that STATS binds to IL-7Ra but not to TSLPR
in cells cultured with TSLP (Fig. 7B, Middle, lane 3). The asso-
ciation of STATS with IL-7Ra is consistent with prior studies that
demonstrated recruitment of STATS to the phosphorylated
Tyr449 of IL-7Ra following IL-7 stimulation (27, 31).

To confirm these data from NAG/7 cells, we next evaluated
the interaction of TSLPR and JAK2 in primary T cells. We used
WT CD4* T cells, which express TSLPR and IL-7Ra (Fig. 7C),
and Tslpr KO cells, which express only IL-7Ra (Fig. 7C), and
subjected them to lysis, followed by immunoprecipitation with
JAK1 or JAK2 antibodies. Immunoblotting with anti-TSLPR
revealed a band corresponding to TSLPR in lysates not only from
NAGS/7 cells but also from WT CD4" T cells immunoprecipi-
tated with anti-JAK?2, but not from Tslpr KO cells (Fig. 7D, Upper,
lanes 4 and 5 vs. 6) or when anti-JAK1 was used (Fig. 7D, lanes 1—-
3). As expected, immunoblotting with anti-IL-7Ra showed a band
only in JAK1 precipitates (Fig. 7D, second blot, lanes 1-3).

Discussion

The mode of signaling by TSLP has been controversial. Unlike
other four a-helical bundle type 1 cytokines, TSLP was reported to
not activate JAK kinases in TSLP-dependent NAGS/7 cells (22),
and kinase-deficient JAK constructs were reported to not inhibit
TSLP signaling in human hepatoma HepG?2 cells transfected with
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Fig. 7. JAK2 associates with TSLPR. (A) NAG8/7 cells were cultured for 1
d without cytokines in medium with 10% FBS. Cells then were left unstimu-
lated or were stimulated with TSLP (100 ng/mL) or IL-7 (10 ng/mL) as indicated.
Cell lysates were run on gels or immunoprecipitated with affinity-purified
rabbit I9G polyclonal antibodies to JAK1, JAK2, or JAK3, followed by Western
blotting for phosphorylated or total STATS and JAKs. This experiment was
performed twice. (B) Lysates from NAG8/7 cells grown in TSLP were immu-
noprecipitated with polyclonal antibodies to JAK1 (lane 1), JAK2 (lane 2), or
STATS5 (lane 3), and immunocomplexes were Western blotted with goat anti-
mouse TSLPR, goat anti-mouse IL-7Ra, mouse anti-JAK1, rabbit anti-JAK2, or
mouse anti-STATS. This experiment was performed three times for IL-7R and
four times for TSLPR. (C) Flow cytometric measurement of cell surface ex-
pression of TSLPR and IL-7Rx on NAG8/7 cells or on WT and Tslpr KO CD4* T
cells that were preactivated for 3 d and then rested for 2 d. This experiment
was performed more than five times. (D) Lysates from NAGS8/7 cells, WT and
Tslpr KO CD4* T cells were immunoprecipitated with polyclonal antibodies to
JAK1 (lanes 1-3) or JAK2 (lanes 4-6) and then Western blotted with antibodies
as in B. The experiment was performed twice.

components of the TSLP receptor and STATSB (28). However,
using transfected EPOR-TSLPR or MPL-TSLPR fusion protein
constructs in cell lines and EPO- or TPO-induced homodimeri-
zation, JAK2 but not JAK1 phosphorylation was observed (14, 40).
JAK1 phosphorylation was not detected; presumably because
these studies used homodimeric constructs to which JAK1 could
not be recruited. Our studies included experiments that evaluated
TSLP-signaling in primary mouse and human cells. Using specific
antibodies, siRNA technology, and cells derived from knockout
mice, we now have established the critical roles of JAK1 and JAK2
for TSLP-mediated STATS activation, without involvement of
JAK3 and TYK2. The noninvolvement of JAK3 was anticipated as
JAK3 uniquely associates with y., a component of the IL-7 re-
ceptor but not the TSLP receptor complex. The phosphorylation
of JAK1 and JAK2 by TSLP correlates with the ability of these
JAKS to associate with IL-7Ra and TSLPR, respectively, mediat-
ing the docking of STATS to IL-7Ra within the receptor complex
and its phosphorylation (Fig. 84). In contrast, IL-7 induces the
activation of JAK1 and JAK3, also resulting in the phosphoryla-
tion of STATS (Fig. 8B). The differential use of ubiquitous and
constitutive JAK2 versus lineage-restricted and inducible JAK3
may help to explain some of the differences in the actions of TSLP
and IL-7. However, this distinction does not immediately explain
differences in the biological actions of these cytokines, such as the
greater effect of IL-7 than TSLP on T-cell development (15, 19)
and maintenance (18, 43) versus the proinflammatory character-
istics of TSLP in pathological conditions (1, 3, 4). When and where
each cytokine is produced and each receptor complex is expressed
and the relative affinities are major determinants of the actions of
each cytokine.
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Fig. 8. Schematic model for JAK-STAT signaling by TSLP and IL-7 receptors.
(A) TSLP induces heterodimerization of TSLPR with IL-7Ra leading to acti-
vation of JAK1, JAK2, and STATS5. (B) IL-7 signals via JAK1 and JAK3 to ac-
tivate STATS. Although STATS is the major STAT activated by IL-7, IL-7 also
induces phosphorylation of STAT1 and STAT3.

Because of the suggestion that Tec family kinases might con-
tribute to TSLP-mediated activation of STATS (28), we also
examined TSLP signaling in T cells derived from Tec-, Itk-, and
Rlk-deficient mice; however, we found no defects in TSLP-
dependent STATS activation in any of these cells (Fig. S2),
confirming that JAK1 and JAK?2 uniquely are required for TSLP-
induced STATS activation.

Interestingly, JAK1 and JAK2 cooperatively mediate the sig-
naling in response to other cytokines in addition to TSLP. For
example, IFN-y and IL-6 also signal via JAK1 and JAK2, but in
these cases, STAT1 and STATS3, respectively, are the major STAT
proteins that are activated (29, 44), rather than STATS proteins.
This difference in STAT protein utilization is consistent with dif-
ferences in actions of these various cytokines. To our knowledge,
TSLP is the only cytokine that uses the combination of JAK1 and
JAK? to principally activate STATS proteins. Our findings thus
not only clarify the basis of TSLP signaling, resolving a dilemma in
the literature, but together with the IFN-y/STAT1 and IL-6/
STATS3 systems underscore that multiple STAT proteins can be
phosphorylated after JAK1/JAK2 activation, depending on the
specific context. Moreover, we have elucidated a signaling differ-
ence between TSLP and IL-7, which has potential implications for
differentially controlling the actions of these two cytokines, both of
which share IL-7Ra as a critical receptor component.

Materials and Methods

Mice. C57BL/6, BALB/c, Jak3 KO, Tyk2 KO, and C57BL/10SnJ (as control for
Tyk2 KO) mice were from The Jackson Laboratory. Tslpr KO mice, Stat5a KO
mice, and littermate controls were housed in National Institutes of Health
animal facilities under specific pathogen-free conditions. Tec KO and /tk/Rlk
double KO mice were provided by Pamela L. Schwartzberg, National Human
Genome Research Institute, National Institutes of Health. Stat5a/b™ (32)
and Jak2™ (45) mice have been described. Experiments with mice were
performed in accord with a protocol approved by the National Heart, Lung,
and Blood Institute Animal Use and Care Committee.

Cell Purification and Culture. CD4* T cells from mouse lymph nodes and
spleens were purified by positive selection using Miltenyi Biotec or STEM-
CELL Tech. magnetic beads. Freshly isolated cells or cells preactivated for 2 to
3 d with anti-CD3 + anti-CD28 and then rested for 2 d were stimulated as
indicated with TSLP (R&D Systems), IL-7 (PeproTech), IL-2 (Roche), IFN-y, or
IFN-B (R&D Systems). DCs were derived from bone-marrow precursors of Jak3
KO or WT mice and grown for 9 d in complete RPMI medium supplemented
with 20 ng/mL GM-CSF. Before stimulation, cells were cultured for 5 h
without GM-CSF in medium containing 5% FBS and then left unstimulated
or stimulated with TSLP, IL-7, or GM-CSF. NAG8/7 cells were grown in RPMI
medium 1640 containing 10% FBS and supplemented with 10 ng/mL of
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recombinant TSLP. The cells were starved of cytokines for 1 d and then
stimulated as indicated with TSLP or IL-7. Human CD4* T cells were purified
from PBMC by positive selection using a kit (STEMCELL Tech.) and pre-
activated with anti-CD3+anti-CD28 (BD Bioscience) for 4 d, rested 1 d, and
stimulated with TSLP, IL-7 (R&D Systems), IL-12, or IL-4 (PeproTech).

RNA Isolation and Real-Time PCR. RNA was extracted using TRIzol (Invitrogen)
and RNeasy (Qiagen), reverse-transcribed using the iScript cDNA Synthesis kit
(Bio-Rad), and mouse Cish, Bcl2, Gata3, and Rp/7 cDNAs identified by a fluoro-
genic5'-nuclease PCR assay and an ABI Prism 7900HT Sequence Detection System
(Perkin-Elmer) using TagMan FAM-MGB primers for Bc/2 (Applied Biosystems)
or TagMan FAM-TAMRA primers for Cish, Gata3, and Rpl7 (Operon Biotech).

Cre-Mediated Deletion of Stat5a/b and Jak2 in vitro. Purified CD4* T cells from
Stat5a/b™ or Jak2™" mice were preactivated with anti-CD3 + anti-CD28
mAbs and infected with medium containing Cre or control retroviruses (both
expressed GFP) on the second and third days of activation. Infected cells
were FACS-sorted according to GFP-expression.

JAK2 Inhibition. Purified mouse CD4* T cells were preactivated with anti-CD3 +
anti-CD28 Abs for 2 d, rested for 1 d, and then treated with JAK2 inhibitor Il
(Calbiochem) as described (42). Briefly, cells were incubated for 13 h with 50 uM
inhibitor or DMSO in RPMIwith 10% FBS and for 2hin 2% FBS in the presence of
inhibitor or DMSO. CD4* T cells then were stimulated with TSLP, IL-7, or IFN-y.

MEF Transfection. WT MEFs (clone A48), Jak1 KO MEFs (clone A49), and Jak1 KO
MEFs reconstituted with JAK1 (clone A49.11.8) were provided by Robert D.
Schreiber, Washington University School of Medicine, St. Louis, MO. Jak2 KO
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primary MEFs were derived from conditional Jak2 KO mice (45). Cells were
grown in DMEM (Invitrogen) supplemented with sodium pyruvate, glutamine,
and 10% FBS, and transiently transfected with expression vectors for TSLPR, IL-
7Ra, IL-2Ry, and STAT5A using Effectine Transfection Reagent (Qiagen) for
immortalized Jak1 KO MEFs or AMAXA protocol (Lonza) for primary Jak2 KO
MEFs. After overnight incubation, cells were washed and incubated in medium
alone for 3 h, and then stimulated as indicated. To decrease JAK2 expression,
immortalized WT MEFs were also cotransfected with On-TARGET plus SMART
pool JAK2 siRNA (0.4 nmol) or control pool siRNA (0.4 nmol) (Dharmacon) using
TransMessenger Transfection Reagent (Qiagen).

Human Primary CD4* T-Cell Transfection. Human CD4* T cells were purified
from PBMC and preactivated with anti-CD3 + anti-CD28 for 4 d. Cells were
then transfected with On-TARGET plus SMART pool human JAK1 siRNA, JAK2
siRNA, or control pool siRNA (Dharmacon) using AMAXA protocol (Lonza).
Methods for proliferation assays, immunoprecipitation and immuno-
blotting, and FACS analysis are detailed in S/ Materials and Methods.
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