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STATS Interaction with the T
Cell Receptor Complex and
Stimulation of T Cell
Proliferation
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The role of STAT (signal transducer and activator of transcription) proteins in
T cell receptor (TCR) signaling was analyzed. STAT5 became immediately and
transiently phosphorylated on tyrosine 694 in response to TCR stimulation.
Expression of the protein tyrosine kinase Lck, a key signaling protein in the TCR
complex, activated DNA binding of transfected STAT5A and STAT5B to specific
STAT inducible elements. The role of Lck in STATS5 activation was confirmed in
a Lck-deficient T cell line in which the activation of STAT5 by TCR stimulation
was abolished. Expression of Lck induced specific interaction of STAT5 with the
subunits of the TCR, indicating that STAT5 may be directly involved in TCR
signaling. Stimulation of T cell clones and primary T cell lines also induced the
association of STATS5 with the TCR complex. Inhibition of STAT5 function by
expression of a dominant negative mutant STATS5 reduced antigen-stimulated
proliferation of T cells. Thus, TCR stimulation appears to directly activate
STATS5, which may participate in the regulation of gene transcription and T cell
proliferation during immunological responses.

Specific antigen stimulation of the TCR in-
duces tyrosine phosphorylation of signaling
proteins, which results in proliferation and dif-
ferentiation of T lymphocytes (). Lck, a Src
family tyrosine kinase, mediates tyrosine phos-
phorylation of conserved motifs called ITAMs
(immune receptor tyrosine-based activation
motifs) (/-3) in the invariant chains of the
TCR. Through interaction with the phosphoryl-
ated ITAM sites, many signaling proteins are
recruited by the TCR complex, resulting in
activation of various pathways, including acti-
vation of protein kinase ZAP-70, phospholipase
C—y, mitogen-activated protein kinase, and cal-
cium mobilization (/-3). Furthermore, TCR
signaling results in immediate activation of
transcription factors, including NF-AT and Rel
family proteins, which participate in regulation
of cytokine genes (4).

STAT proteins are transcription factors that
induce immediate early gene expression (9).
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During cytokine signaling, STATs bind to
phosphotyrosine containing motifs of activated
cytokine receptors through their SH2 domains
and are phosphorylated by members of the JAK
family (5). However, other protein tyrosine ki-
nases (PTKSs), including the epidermal growth
factor receptor and Src, can also phosphorylate
and activate STAT proteins (6). STATSA
knockout mice show some defects in T cell
proliferation and function (7). However, it is
unclear whether STAT proteins directly take
part in TCR signaling or are activated directly
by PTKs during TCR activation.

To study TCR-induced STAT phosphoryl-
ation, we used the T helper cell clone D10, in
which TCR signaling is strongly induced by the
clonotypic TCR antibody 3D3 (8). These cells
do not generate interleukin-2 (IL-2) in response
to TCR activation (8); therefore, the role of
TCR signaling can be examined without endo-
genously produced IL-2. Cells were treated
with antibody to the TCR (anti-TCR), IL-2, or
interferon-y (IFN-y). Extracts from treated or
control cells were analyzed with an antibody
specific for tyrosine-phosphorylated STATS
(Fig. 1) (9). Treatment of cells with anti-TCR
resulted in an increase in the tyrosine phos-
phorylation of STAT5 within 7 min. More ex-
tensive tyrosine phosphorylation of STATS was
induced by treatment of cells with IL-2 for 15
min. IFN-y activated STAT1 in D10 cells (10)
but did not induce STATS phosphorylation.
The blot was reprobed with anti-STATS to

verify that about equal amounts of STATS were
present in the samples analyzed.

To examine whether Lck could mediate the
activation of STATS, we transfected 293T cells
with expression vectors for Lck, STATSA,
STATS5B, and STATI1 and analyzed them for
STAT DNA-binding activities induced by Lck
(11). Cells that were transfected with STATs
alone did not show any activity (Fig. 1B). How-
ever, a DNA-binding complex was induced
when cells were cotransfected with either
STATS5A or STAT5B with Lck. The presence
of STATSA or STATSB in the complex was
confirmed by observation of supershifted com-
plexes generated by incubation with specific
antibodies to STATSA or STATSB. Lck did
not induce binding of STAT] to the beta-casein
promoter—derived DNA probe.

To confirm the functional role of Lck in
STATS activation, we examined D10 cells and
Lck-deficient D10 cells that were generated by
overexpression of antisense transcripts of Lck
(12). STATS5 complexes were induced with an-
ti-TCR in the parental D10 cells in 7 min (Fig.
1C). Complex formation was diminished in
Lck-deficient D10 cells under the same condi-
tions, suggesting a necessary role for Lck in
STATS activation. The lack of Lck protein
expression in Lck-deficient cells was confirmed
by protein immunoblot analysis. STATS acti-
vation by IL-2 was substantially stronger than
that by TCR stimulation in the same cells. In
contrast, a complex representing constitutive
activity of STAT6 in these cells appeared not to
be affected in the absence of Lck. These data
indicated that STATS was specifically activated
in a Lck-dependent manner immediately after
TCR stimulation.

A motif YxxL(I/V) (where Y is Tyr, L is
Leu, Iis Ile, and V is Val), which is a STATS5-
docking site in a variety of cytokine receptors,
resembles the conserved YxxL motif in ITAM.
This finding indicated a possibility of direct
interaction of STATS with the tyrosine-phos-
phorylated signal-transducing chains of the
TCR. To address this question, we expressed
Lck, TCR-{, and STATS in 293T cells by
transfection of respective expression vectors.
First, we analyzed tyrosine phosphorylation of
each protein in the lysates from cells transfected
with these vectors individually or in combina-
tion (Fig. 2A). TCR-{ was not detectably phos-
phorylated in the absence of Lck but became
phosphorylated on tyrosine in the presence of
Lck. Transfection with Lck alone showed that
there is no protein endogenously present and
migrating at the position of TCR-{. The STATS
protein was also tyrosine phosphorylated when
cotransfected with Lck and the { chain. Phos-
phorylated TCR-{ chain was coimmunoprecipi-
tated with STATS only when Lck was coex-
pressed (Fig. 2B) (13). The identity of tyrosine-
phosphorylated { chain, which was coimmuno-
precipitated with an anti-STAT5, was con-
firmed by reblotting with an antibody to the {
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chain. In the absence of Lck, STATS5 and
TCR-{ were not tyrosine phosphorylated or
associated with one another. The same mem-
brane was reblotted again with anti-STATS
showing equal amounts of STATS in coimmu-
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noprecipitation (bottom panel). In contrast, Lck
itself was not detected in the STATS-TCR-{
chain complex (Fig. 2B), suggesting that Lck
only transiently phosphorylated the { chain,
which enabled the { chain to serve as a docking
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phosphorylation of STAT5 in T cells after TCR stimulation.
Protein immunoblotting of murine Th2 clone cells. Cells
were treated with a clonotypic anti-TCR, IL-2, or IFN-y. An
antibody to a tyrosine-phosphorylated peptide correspond-
ing to the activation site of STATSA was used to detect
activated STATS (top). A nonspecific complex above STATS
was detected in all the samples. The membrane was
stripped and reprobed with anti-STATS (bottom). (B) EMSA
of 293T cells transfected with STATS and Lck. Whole-cell
extracts were prepared 2 days after transfection, incubated
with a 3?P-labeled oligonucleotide containing the STAT-

binding site of the rat beta-casein promoter (B-casein SIE), and analyzed by nondenaturing polyacryl-
amide gel electrophoresis (PAGE). STAT5A- or STAT5B-specific antibodies were added to the protein-
DNA-binding reactions where indicated (lanes 5, 7, 9, and 10). Cells were transfected with cDNAs for
Lck and either STATSA, STATSB, or STAT1. The positions of protein-DNA complexes are marked.
STAT5-SS: Antibody-induced supershift complex of STATS. (C) Critical role for Lck in STATS activation
by TCR stimulation. Lysates prepared from parental D10 and Lck-deficient D10 cells were subjected to
EMSA with B-casein SIE as the probe. Cells were treated with clonotypic anti-TCR. As a control, cells
were also treated with IL-2 or IL-4 for 17 min (lanes 1, 2, 5, and 6). The protein blot of D10 or
Lck-deficient D10 cells was probed with anti-STATS (top) or anti-Lck (bottom, lanes 9 and 10).

protein for STATS. When the experiment was
done in the absence of the STATSA cDNA
expression plasmid, precipitation of phos-
phorylated TCR-{ was not detected under this
condition. Three repetitions of the experiment
gave similar results. The other antibodies to the
COOH-terminus or the NH,-terminus of
STATS gave the same results (/0).
Furthermore, although Lck action was to
generate tyrosine-phosphorylated docking sites
within the associated TCR chains, which serve
to bring STATS into the vicinity of TCR, the
existence of STAT5-docking sites in the TCR
complex may also in tumn facilitate the phos-
phorylation of STATS by Lck itself or by other
PTKs. To examine this possibility, we used
limiting amounts of Lck and analyzed whether
its function in STATS phosphorylation could be
augmented by the presence of the { chain. In
this experiment, cells were transfected with var-
ied DNA concentrations of Lck and a constant
concentration of STATS and the { chain to
determine the minimal amount of Lck that was
required for phosphorylation of STATS either
in the absence or in the presence of the { chain
(Fig. 2C). STATS was then immunoprecipi-
tated and analyzed for tyrosine phosphorylation
by protein immunoblotting. In the absence of
the { chain, STAT5 phosphorylation was de-
tected only with the largest amount of Lck
cDNA transfected (Fig. 2C). In contrast, in the
presence of the { chain, maximal STATS phos-
phorylation was observed even at the lowest
concentration of L.ck cDNA. Thus, TCR-{ con-
tributes to enhancement of tyrosine phosphoryl-
ation of STATS in this system. In the absence
of Lck, no such enhancement was observed.
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detected in these cells. (C) TCR-( facilitated STATS phosphorylation in cells

expressing Lck. STATS was immunoprecipitated from lysates of 293T cells transfected with combinations of Lck, STATS, and TCR-{ expression vectors.
Immunoprecipitates were subjected to protein immunoblotting with the monoclonal antibody 4G10 to phosphotyrosine (top). The blot was stripped and
reprobed with anti-STAT5 (bottom). The ratio of cDNAs of Lck to STATSA was 1:5 in lanes 1 and 4, 0.1:5 in lanes 2 and 5, and 0.01:5 in lanes 3 and 6. The
ratio of cDNAs of TCR-{ to STAT5A in lanes 4, 5, and 6 was 2:5. Empty vector DNA was used to adjust the amount of transfected DNA.
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To confirm the association of STATS with
the TCR upon T cell activation, we used T cells
isolated from a TCR transgenic mouse specific
for moth cytochrome C (MCC). With these
cells, it was possible to induce TCR signaling
by a combination of antigen-presenting cells
(APCs) and an antigen peptide (pMCC) (14).
CD4* T cells were mixed with APCs and
either control peptide (pBSA) or antigen pep-
tide (pMCC) for 5 min at 37°C. The TCR was
immunoprecipitated with anti-CD3-g as previ-
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ously described (/4), and the precipitates were
analyzed for the presence of components of the
TCR complex (Fig. 3A). STATS was more
abundant in the receptor precipitate after anti-
gen stimulation (Fig. 3A), indicating that the
association of STATS with the TCR was in-
duced by stimulation with the antigen peptide.
Three repeated experiments confirmed the
same results, and the TCR-{ chain was also
detected in the anti-CD3-¢ precipitates in these
experiments (/0). In a complimentary experi-
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Th2 differentiation. Cells were incubated with APCs that had been pulsed with agonistic peptide (pMCC)
or inert peptide (pBSA). The TCR complex was immunoprecipitated from Brij cell lysates with
anti-CD3-¢. Immunoprecipitates were separated by PAGE and transferred onto a membrane. Different
regions of the membrane were analyzed for the presence of STATS (top) and TCR-a (bottom) by
blotting with specific antibodies. (B) In the same manner as in (A), anti-STAT5 immunoprecipitates from
murine CD4* T cells were analyzed. (C) STAT5-TCR interaction in D10 cells. D10 cells were treated with
clonotypic anti-TCR and with secondary cross-linking antibody. Immunoprecipitations were carried out
in Brij lysates with either agarose-conjugated anti-STAT5 or agarose-conjugated anti-NF-«B. Immuno-
precipitates were analyzed for the presence of a TCR component by protein immunoblotting with
anti-TCR-a (top). The presence of STATS and NF-kB in the respective immunoprecipitates was also
shown (middle and bottom) by reprobing the membrane.
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Fig. 4. Requirement of STATS function for T cell
proliferation. (A) Inhibition of STAT5-DNA binding by
FLAG STATS Y694F in a transfected D10 clone. Untransfected (Untransf.) D10 cells, FLAG-STATSA
wild-type transfectants, and FLAG-STAT5A Y694F transfectants were left untreated or treated with IL-2
(10 U/ml) for 15 min. IL-2—induced DNA binding of STATS was tested by EMSA, STAT5-SS: Antibody-
induced supershift complex of STATS in lane 7. (B) Expression of FLAG-tagged STATS forms in D10 cells.
FLAG-tagged STATS5A wild-type and STATSA Y694F mutant were stably expressed in D10 cells. Clones
were analyzed for the expression of transfected DNAs by protein immunoblotting with anti-FLAG. (C)
Proliferation of D10 cells and STATS transfectants in response to antigen stimulation. Resting cultures
of D10 cells (<), FLAG-STATS5A wild-type transfectants (L), and FLAG-STAT5SA Y694F transfectants (4\)
were incubated with APCs and different concentrations of agonistic peptide. Proliferation rates were
determined 3 days later by measuring *H-thymidine incorporation into DNA. The results of a
representative experiment with three samples per data = SD are shown.

ment, STATS was immunoprecipitated from T
cells treated with antigen or control peptide.
The presence of the TCR-a chain was discov-
ered in the precipitated complex only in sam-
ples from T cells stimulated with antigen pep-
tide (Fig. 3B). Anti-nuclear factor kappa B
(NF-kB) did not coimmunoprecipitate with the
TCR complex (Fig. 3C). Taken together, these
results suggest that STATS is specifically re-
cruited to the TCR complex in response to T
cell activation in vivo.

D10 cells lack IL-2 production in response
to TCR stimulation (8). We therefore could
examine functions of STATS in TCR signaling
without the possible complication of autocrine
IL-2 stimulation. By stably expressing the
epitope-tagged wild-type (FLAG-STATS) or a
dominant negative mutant (FLAG-Y694F)
STATS, we isolated variants of D10 cells, in
which STATS activity was either enhanced
(FLAG-STATS5) or inhibited (FLAG-Y694F)
(Fig. 4A) (I15). More colonies were formed in
the wild-type STATS5 transfectants than in the
mutant STATS transfectants ({0). The prolifer-
ation of individual colonies was further mea-
sured in response to antigen stimulation (/6).
When stimulated by increasing doses of ago-
nistic peptide, wild-type STATS transfectants
displayed an enhanced proliferation rate com-
pared with that of parental D10 cells (Fig.
4C). On the other hand, cells transfected with
the dominant negative mutant STATS dem-
onstrated a reduced response to antigen stim-
ulation, resulting in decreased cell prolifera-
tion. Especially at low antigen doses (such as
at the peptide concentration of 0.2 pg/ml),
the response to antigen was inhibited in the
STATS5 mutant (Fig. 4C). These results thus
suggest that STATS is an important compo-
nent of the TCR complex required for opti-
mal sensitivity of the TCR to antigen stimu-
lation for T cell proliferation. Furthermore, a
functional STATS regulatory element was
found in the promoter of the CD69 gene, and
the immediate early expression of CD69 in-
duced by TCR stimulation was diminished in
D10 cells that were expressing the dominant
negative STATS (STATS-Y694F) (10), sug-
gesting that STATS mediates TCR-induced
transcriptional activation.

The difference between our experiments
and previous reports that did not observe STAT
activation by TCR stimulation (/7) may lie
partly in the cells and detection systems used.
We used an antibody specifically against ty-
rosine phosphorylated STATS, which was more
sensitive to detect activation. STATS tyrosine
phosphorylation in response to TCR stimula-
tion was very transient and weaker than that in
response to IL-2—induced tyrosine phosphoryl-
ation. TCR stimulation resulted in recruitment
of STATS into the TCR complex, which resem-
bles STAT activation by cytokine receptors.

Studies of STATS5A/B double knockout
mice also suggested a possible STATS func-
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tion in promoting T cell proliferation in re-
sponse to TCR and IL-2 activation. IL-2 re-
ceptor expression is not altered, and the T
cells are able to produce cytokines in these
STATSA/B double knockout mice (/8). It is
possible that the TCR needs to directly acti-
vate STATS to induce some expression of
immediate early genes, such as the CD69
gene, which has a role in T cell proliferation

(19). Thus, our results suggest a route of TCR .

signaling in which STATS is directly activat-
ed and may contribute to early gene regula-
tion and T cell proliferation.
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CD1d-Restricted
Immunoglobulin G Formation to
GPI-Anchored Antigens
Mediated by NKT Cells

Louis Schofield,* Malcolm J. McConville, Diana Hansen,
A. Stewart Campbell, Bert Fraser-Reid, Michael ). Grusby,
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immunoglobulin G (IgG) responses require major histocompatibility complex
(MHC)-restricted recognition of peptide fragments by conventional CD4*
helper T cells. Immunoglobulin G responses to glycosylphosphatidylinositol (GPI)-
anchored protein antigens, however, were found to be regulated in part through
CD1d-restricted recognition of the GPI moiety by thymus-dependent, interleukin-
4-producing CD4™", natural killer cell antigen 1.1 [(NK1.1)*] helper T cells. The
CD1-NKT cell pathway regulated immunogobulin G responses to the GPl-anchored
surface antigens of Plasmodium and Trypanosoma and may be a general mechanism
for rapid, MHC-unrestricted antibody responses to diverse pathogens.

NKT cells are unusual CD4*, NK1.1* lym-
phocytes (1) that produce interleukin-4 (IL-4)
rapidly in response to T cell receptor (TCR)
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ligation (2). These cells have a skewed V \V
TCR repertoire (V14 and V8 in mice) (3),
suggesting that they are positively selected
by a limited range of ligands. Murine NKT
cells are positively selected by cortical thymo-
cytes expressing the non-MHC-encoded but
MHC class I-like molecule CD1d (/). The
related human CD1b and CDlc molecules
can elicit cytolytic and interferon-y responses
by presenting mycobacterial glycolipid anti-
gens to CD8* or CD4-CD8™ T cells (4).
Murine V14" NKT cells recognize synthet-
ic a-galactosylceramide in the context of
CD1d (5), and murine CD1d in transfected
human T2 cells associates with phosphatidyl-
inositol (PI)-containing compounds that may
be GPIs (6). Therefore, CD4" NKT cells
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