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ABSTRACT

Signal transducer and activator of transcription (STAT) proteins are key signaling molecules in response
to cytokines and in regulating T cell biology. However, there are contradicting reports on whether STAT is
involved in T-cell antigen receptor (TCR) signaling. To better define the role of STAT in TCR signaling, we
activated the CD4/CD8-associated Lck kinase by co-crosslinking TCR and CD4/CD8 co-receptors in human
peripheral blood T cells. Sequential STAT1, STAT3 and STAT5 activation was observed 1h after TCR
stimulation suggesting that STAT proteins are not the immediate targets in the TCR complex. We further
identified interferon-vy as the key cytokine in STAT1 activation upon TCR engagement. In contrast to tran-
sient STAT activation in cytokine response, this autocrine/paracrine-induced STAT activation was sus-
tained. It correlated with the absence of two suppressors of cytokine signaling (SOCS) proteins, SOCS3
and cytokine-inducible SH2 containing protein that are negative feedback regulators of STAT signaling.
Moreover, enforced expression of SOCS3 inhibited tyrosine phosphorylation of zeta-associated protein
kinase of 70 kD in TCR-stimulated human Jurkat T cells. This is the first report demonstrating delayed
and prolonged STAT activation coordinated with the loss of SOCS expression in human primary T cells
after co-crosslinking of TCR and CD4/CD8 co-receptors.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

T cell activation involves at least two distinct stages of signal
transduction events [1]. Engagement of T-cell antigen receptor
(TCR)/CD3 complex upon recognition of a specific antigen in the
context of major histocompatibility complex (MHC) or through
antibody crosslinking initiates the first signal [2]. CD4/CD8 co-
receptors are recruited to the immunological synapse by binding
to the MHC and further propagate the signal [3]. CD4/CD8-associ-
ated Lck protein tyrosine kinase phosphorylates the zeta-associ-
ated protein kinase of 70 kD (ZAP-70) that leads to a cascade of
signaling events [4,5]. Multiple signal transduction pathways con-
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verge in the nucleus to regulate the expression of specific target
genes, including cytokines and cytokine receptors [6]. Most nota-
bly, TCR-induced expression of interleukin-2 (IL-2) and IL-2 recep-
tor a chain (IL-2Ra) starts the second wave of signaling events. The
secreted IL-2 and the formation of high-avidity IL-2R complex con-
tribute to sequential activation of the receptor-associated Janus ki-
nases (JAK) and downstream signal transducer and activator of
transcription 5 (STAT5). Activated STAT5 proteins translocate to
the nucleus and, ultimately, result in T cell proliferation through
activation of distinct target genes [7].

Both stages of T cell activation are tightly regulated by coordi-
nated positive and negative regulation [8]. TCR signaling is dimin-
ished by dephosphorylation of downstream signaling molecules
through different protein tyrosine phosphatases and other regula-
tory mechanisms. Numerous pathways also contribute to negative
regulation of the subsequent JAK-STAT activation downstream of
cytokine receptors. Suppressor of cytokine signaling (SOCS) is a
family of genes best known for their role as a negative feedback
regulator of the JAK-STAT pathway [9]. As the first identified SOCS
family member, cytokine-inducible SH2-containing protein (CIS) is
induced by STATS5 and inhibits further STAT5 activation by compet-
ing with STAT5 in binding to cytokine receptors [10]. SOCS1 and
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SOCS3 are closely related to each other and inhibit JAK kinase
activity through direct interaction. Both transgenic and knock-
out mouse studies revealed a key role of SOCS1 in T cell develop-
ment and function [11-13]. On the other hand, the effects of CIS
and SOCS3 on T cell biology remain largely elusive.

While SOCS proteins are known to inhibit JAK-STAT pathway in
response to cytokine stimulation, they are also implicated in the
regulation of TCR signaling [14]. Bacterial flagellin-induced SOCS1
interacts with ZAP-70 and inhibits TCR activation [15]. SOCS1 also
has been shown to associate with tyrosine-phosphorylated CD3¢
and suppress downstream signaling [16]. Overexpression of SOCS3
blocks TCR signaling by binding to the catalytic subunit of calci-
neurin and the subsequent inhibition of nuclear factor of activated
T cell (NFAT) [17]. These findings suggest a potential cross-talk of
negative regulation between TCR signaling and cytokine signaling
in modulating T cell functions.

Other than SOCS proteins, STAT5 has been implicated in TCR
signaling [18]. It raises the possibility that a cross-talk of positive
regulation between TCR and cytokine signaling may also exist. In
this report, we specifically examined the status of STAT1, STAT3
and STATS5 in resting human peripheral blood T cells in response
to the engagement of CD3 and CD4/CD8 co-receptors that strongly
activated the Lck kinase. We further examined the expression of
endogenous CIS and SOCS3 proteins to evaluate their role in TCR-
induced STAT activation. The effect of CIS and SOCS3 on TCR signal-
ing was also determined by the expression of exogenous genes. Re-
sults from these studies will provide important insights into the
cross-talk of TCR and cytokine signaling in a more physiologically
relevant context.

2. Materials and methods
2.1. Cells

Human peripheral blood T cells were isolated from healthy do-
nors as described elsewhere [19]. Mononuclear cells were first iso-
lated by Ficoll-Paque (GE Healthcare, Piscataway, NJ) gradient
centrifugation, followed by monocyte/macrophage depletion via
plastic adherence. Nonadherent cells were enriched for T cells by
passage through a nylon wool column. Prior to experiments, T cells
were rested for additional 24 h in RPMI supplemented with 2%
heat-inactivated fetal calf serum. The Jurkat T cell line (clone E6-
1) was purchased from American Type Culture Collection (Manas-
sas, VA) and maintained as previously described [19,20].

2.2. Activation of primary T cells

Plastic petri dishes were first coated with 5 pg/ml of rabbit anti-
mouse IgG (Southern Biotechnology Associates, Birmingham, AL)
in phosphate-buffered saline (PBS) overnight at 4 °C, and then
blocked with 1% gelatin for 1 h at room temperature. After wash-
ing, rabbit IgG-coated dishes were incubated with a mixture of
anti-CD3 (OKT3), anti-CD4 (OKT4), and anti-CD8 (OKT8) mouse
monoclonal antibodies (eBioscience, San Diego, CA) at 1 pg/ml
for an additional hour at 4 °C. Unbound antibodies were removed
by repeated washes with cold PBS. Resting human peripheral blood
T cells were added to antibody-coated dishes and incubated at
37 °C for various periods of time. Antibody stimulation was termi-
nated by collecting cells on ice and subsequent washes with cold
PBS supplemented with phosphatase inhibitors (10 mM NaF and
1 mM N33VO4).

For inhibitor analysis, cycloheximide (10 mg/ml), brefeldin A
(3 mg/ml), cyclosporine A (1 mM), and FK506 (1 mM) were incu-
bated with human primary T cells for 1 h before stimulation with
plate-bound antibodies. All inhibitors were purchased from Sig-

ma-Aldrich, Inc. (St. Louis, MO). For cytokine stimulation experi-
ments, recombinant human interferon-y (IFN-y, 10 ng/ml, IL-2
(1000 U/ml), and IL-6 (100 U/ml) were added to resting human
peripheral blood T cells [19]. After 15 min incubation at 37 °C, cells
were harvested on ice for subsequent analysis. For neutralization
experiments, 10 mg/ml of anti-IFN-y or anti-IL-6 blocking antibod-
ies were premixed with human primary T cells before stimulation
with plate-bound antibodies. The recombinant cytokines and neu-
tralizing antibodies were from R&D Systems, Inc. (Minneapolis, MN).

2.3. Electrophoretic mobility shift assay (EMSA)

Preparation of nuclear extracts, electrophoretic mobility shift
assays, and antibody supershift assays were conducted as describer
previously [21]. The Sis-inducible element (SIE) and mammary
gland element (MGE) consensus oligonucleotides as well as the
anti-STAT5 supershifting antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

2.4. Electroporation

Jurkat T cells were transfected with pEF-FLAG-I without or with
full-length mouse CIS and SOCS3 cDNAs [21,22] by electroporation
using the Neon transfection system from Invitrogen (Carlsbad, CA).
For each transfection, 25 mg of plasmids were mixed with 2 x 10°
cells in 100 ml tip setting according to manufacturer’s recommen-
dation. Cells from eight separate electroporation of the same plas-
mid were pooled together and then recovered in culture media.
Twelve hours later, transfected cells were washed twice with cold
RPMI and then divided into three equal aliquots. One aliquot was
kept as a transfection control. Two other aliquots were incubated
on ice without or with 1 mg/ml of anti-CD3 antibody OKT3 for
10 min with frequent mixing. Antibody crosslinking was performed
by adding 10 mg/ml of rabbit anti-mouse IgG with additional
10 min incubation on ice. Cells with or without antibody crosslink-
ing were stimulated at 37 °C for 3 min. Antibody stimulation was
terminated by washing the cells twice with cold PBS supplemented
with phosphatase inhibitors (10 mM NaF and 1 mM NasVO,).

2.5. Immunoprecipitation and immunoblotting

Human primary T cells and Jurkat T cells were lysed by RIPA
buffer. Normalized whole cell lysates were subjected to immuno-
precipitation and immunoblotting as described before [23]. Dilu-
tions of different antibodies for immunoprecipitation and
immunoblotting as well as subsequent detection by enhanced
chemiluminescence (ECL) and the Li-COR Odyssey infrared imag-
ing system (Lincoln, NE) were performed as recommended by the
manufacturers. Anti-CIS, anti-SOCS3, and anti-ZAP-70 antibodies
for immunoprecipitation and immunoblotting were from Santa
Cruz Biotechnology, Inc. Anti-FLAG M2 and anti-phosphotyrosine
4G10 monoclonal antibodies used for immunoblotting were from
Sigma-Aldrich Corp., and Millipore (Billerica, MA), respectively.
Horseradish peroxidase-conjugated secondary antibodies for ECL
were from Santa Cruz Biotechnology, Inc. IRDye-conjugated sec-
ondary antibodies for Odyssey imaging analysis were from Rock-
land, Inc. (Gilbertsville, PA).

3. Results and discussion

3.1. Delayed and prolonged STAT activation in response to TCR
stimulation

We showed previously that STAT3 and STAT5 were activated in
cells transformed by oncogenic Lck [19,24]. To maximally activate
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Fig. 1. Delayed and prolonged STAT activation in human primary T cells after TCR
stimulation. Human peripheral blood T cells were stimulated with plate-bound
OKT3, OKT4 and OKT8 antibody mixture from 5 min (5') to 3 h (3 h). T cells were
also stimulated with recombinant human IFN-v, IL-6 or IL-2 for 15 min. Nuclear
extracts were subjected to EMSA with a >2P-labeled SIE (A) or MGE (B) consensus
probe. The positions of specific STAT1, STAT3 and STAT5 DNA-binding activity are
marked on the right. Antibody supershift experiments were performed in the
presence of anti-STAT5 antibody (aSTAT5). The bracket on the right indicates the
position of supershifted STAT5-DNA complex.

Lck kinase in the context of TCR complex, we stimulated resting
human peripheral blood T cells with plate-bound antibodies
against human CD3, CD4 and CD8 [25]. As shown in Fig. 1A, STAT1
and STAT3 DNA-binding activity was detected 1 and 2 h after TCR
stimulation, respectively (lanes 5 and 6). Moreover, STAT1 and
STAT3 activation was sustained for 3 (lane 7) to 8 h (not shown).
As controls, human primary T cells were stimulated with recombi-
nant human IFN-y and IL-6, respectively, for 15 min to show the
positions of STAT1 homodimers (lane 8) and STAT3 homodimers
(lane 9). Supershift assay with antibodies specific for STAT1 and
STAT3 further confirmed the presence of STAT1 and STAT3, respec-
tively, in the DNA-protein complexes (not shown).

Similar to STAT1, STAT5 DNA-binding activity was detectable
1 h after TCR stimulation (Fig. 1B, lane 5). Maximal STAT5 activa-
tion was observed 2 h after TCR stimulation and sustained for 3
(lane 7) to 8 h (not shown). Supershift assay with STAT5-specific
antibody confirmed the presence of STAT5 mostly in the upper,
but not the lower, DNA-protein complex (compare lanes 7 and
8). In contrast to the delayed STAT5 activation by TCR stimulation,
high dose of IL-2 activated STAT5 within 15 min in human primary
T cells (lane 9). IL-2-induced STAT5 DNA-binding activity co-mi-
grated with the upper band in TCR-stimulated cells and could be
supershifted by anti-STAT5 antibody (lane 10).

Our data do not support the role of STAT as a signaling molecule
in the TCR complex. Contradicting results were reported previously
in mouse T cells on the role of STAT5 in TCR signaling through
crosslinking with anti-CD3 antibody alone [18,26]. We believe that
our studies of resting human peripheral blood T cells in response of
CD3/CD4/CD8 co-crosslinkling more closely resemble the physio-
logical contact between T cells and the antigen/MHC complex. Fur-
thermore, our results show that STAT1 activation precedes STAT3
and STATS5 activation. To the best of our knowledge, this is the first
report of sequential STAT activation in response to co-crosslinking
of TCR and CD4/CD8 co-receptors in human primary T cells.

3.2. Autocrine and/or paracrine-induced STAT activation

Delayed STAT activation in TCR-stimulated cells suggested that
STAT activation was not a proximal event downstream of TCR/CD4/
CD8 complex. As shown in Fig. 2A, pretreatment with both cyclo-
heximide (a protein synthesis inhibitor) and brefeldin A (a protein
secretion inhibitor) completely abolished the activation of STAT1,
STAT3 and STATS5 in TCR-stimulated human primary T cells (lanes
4-7). 1t clearly demonstrates that new protein synthesis and secre-
tion are essential for STAT activation following TCR stimulation.
Cyclosporine A and FK506 are two potent immunosuppressant that
block TCR signaling by inhibiting calcineurin-dependent signal
transduction in T cells [27]. Similarly, they both greatly reduced
STAT activation in TCR-stimulated human primary T cells (lanes
8-11). All together, these results strongly support the role of auto-
crine/paracrine stimulation in delayed STAT activation in human
primary T cells upon engagement of TCR and CD4/CD8 co-
receptors.

Previous studies implicated autocrine stimulation of STAT pro-
teins by IFN-y and IL-6 in TCR-stimulated human T cells [28,29].
Consistent with these reports, recombinant human IFN-y and IL-
6 strongly activated STAT1 and STAT3, respectively, in human pri-
mary T cells (Fig. 1A). To determine whether they contribute to de-
layed STAT1 and STAT3 activation in human primary T cells, we
utilized antibodies that specifically neutralize human IFN-y and
IL-6. As shown in Fig. 2B, IFN-y-neutralizing antibody greatly
diminished STAT1, but not STAT3, DNA-binding activity (lanes 4
and 5). On the other hand, IL-6-neutrlizing antibody had no signif-
icant effect on both STAT1 and STAT3 DNA-binding activity (lanes

A

FK506

oh | none

SE& OKT3/4/8

STAT3/3
—STAT1/3
STAT1/1

— STATS

n«.

123456789101

_____ + +_ + oll6
—— — 4+ +— — — — GFNy

CcccCccoccocow

L
- —

1234567829

STAT3/3
=STAT1/3
STAT1/1

Fig. 2. Involvement of cytokines in TCR-induced STAT activation. (A) Human
peripheral blood T cells were either left untreated (lanes 1-3) or treated with
cycloheximide (CHX), brefeldin A (BFA), cyclosporine A (CsA) and FK506 (lanes 4-
11) for 1 h, and then stimulated with plate-bound OKT3, OKT4 and OKT8 antibody
mixture for 1 and 2 h. Nuclear extracts containing the same amounts of total
proteins were analyzed by EMSA using 3?P-labeled SIE (upper panel) and MGE
(lower panel) consensus probes. (B) Human peripheral blood T cells were
stimulated with plate-bound OKT3, OKT4 and OKT8 antibody mixture either in
the absence (lanes 2 and 3) or presence of anti-IFN-y (lanes 4 and 5) and anti-IL-6
(lanes 6 and 7) neutralizing antibodies. Human primary T cells were also stimulated
with recombinant human IL-6 without (lane 8) or with (lane 9) pre-incubation with
anti-IL-6 neutralizing antibody at 37 °C for 1 h. Nuclear extracts were examined by
EMSA with 32P-labeled SIE consensus probe.



F.-Y. Chueh, C.-L. Yu/Biochemical and Biophysical Research Communications 426 (2012) 242-246 245

M < ©
E E E =i
¥ ¥ X )
0+0+0 =

r 1
noLc£c£ccocc
O~ MO N I
CIS e
SOCS3 o

123 456 7 8

Fig. 3. The absence of CIS and SOCS3 expression in TCR-stimulated human primary
T cells. Human peripheral blood T cells were stimulated with plate-bound OKT3,
OKT4 and OKT8 antibody mixture (lanes 2-7) for 15 min to 4 h or with recombinant
human IL-2 for 1h (lane 8). Normalized whole cell lysates prepared from
unstimulated (lane 1) and stimulated T cells were subjected to SDS-PAGE, followed
by immunoblotting using anti-CIS (upper panel) and anti-SOCS3 (lower panel)
antibodies.

6 and 7). As a positive control, the same IL-6-neutralizing antibody
completely abolished IL-6-induced STAT3 activation (compare
lanes 8 and 9). Therefore, while IFN-vy is the major cytokine that
activates STAT1 in TCR-stimulated human primary T cells, the
cytokine(s) responsible for STAT3 activation remain to be
determined.

3.3. Absence of endogenous SOCS gene expression after TCR
stimulation

SOCS proteins are the key negative feedback regulators of JAK-
STAT signaling in response to cytokine stimulation [30]. We
showed previously that both CIS and SOCS3 were not expressed
in leukemic T cells that exhibited constitutive STAT3 and STAT5
activation [21,22]. It raises the possibility that absence of CIS and
SOCS3 expression may also contribute to prolonged STAT activa-
tion in TCR-stimulated human primary T cells (Fig. 1). As shown
in Fig. 3, endogenous CIS and SOCS3 proteins were undetectable
in TCR-stimulated human primary T cells (lanes 1-7). As a positive
control, both CIS and SOCS3 were induced in IL-2 stimulated T cells
(lane 8), which is consistent with the transient kinetics of STAT5
activation [31].

CIS is one of the best-characterized STAT5-target genes and
plays a key role in the negative feedback control of STAT5 activity
in response to cytokine stimulation [32]. The absence of CIS
expression in human primary T cells after co-stimulation of CD3,
CD4 and CD8 may contribute to prolonged STAT5 activation
(Fig. 1B). Similar observation was also reported in TCR-stimulated
mouse primary T cells [26]. On the other hand, SOCS3 has been
shown to down-regulate STAT1, STAT3 and STAT5 activity upon
cytokine stimulation [33]. Therefore, the absence of SOCS3 expres-
sion may contribute to sustained STAT1 and STAT3 activation
(Fig. 1A). More importantly, these findings suggest that cytokine
signaling is distinctly different with or without prior TCR stimula-
tion in human primary T cells. It is plausible that the initial engage-
ment of TCR and CD4/CD8 co-receptors may trigger a temporary
repression on SOCS gene induction.

3.4. Suppression of TCR signaling by enforced SOCS gene expression

The observation that both CIS and SOCS3 were not expressed in
TCR-stimulated cells prompted us to further examine the effects of
exogenous CIS and SOCS3 on TCR signaling. Due to the difficulty in
transfecting primary human T cells, we transfected FLAG-tagged
CIS and SOCS3 into the human Jurkat T cells, a well-established
model cell line in studying TCR signaling. ZAP-70 is the key sub-
strate of Lck kinase in response to TCR engagement. As shown in
Fig. 4A, ZAP-70 became tyrosine phosphorylated within 3 min of
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Fig. 4. Suppression of TCR signaling by enforced SOCS3 expression. Human Jurkat T
cells were transfected with CIS or SOCS3 expression constructs, or vector control
(vec). (A) Transfected cells were stimulated by anti-CD3 antibody and rabbit anti-
mouse (RAM) antibody crosslinking for 3 min (lanes 2, 4, 6). As negative controls,
transfected cells were also stimulated with rabbit anti-mouse antibody alone for
3 min (lanes 1, 3, 5). Normalized whole cell lysates were immunoprecipitated (IP)
by anti-ZAP-70 antibody, followed by sequential blotting (IB) with antibodies
specific for phosphotyrosine (P-Tyr) and ZAP-70. (B) Normalized whole cell lysates
prepared from aliquots of transfected cells were analyzed by anti-FLAG immuno-
blotting to confirm expression of exogenous SOCS proteins. The arrows on the right
show the correct positions of CIS (lane 2) and SOCS3 (lane 3) proteins.

CD3 crosslinking (compare lanes 1 and 2). Even though both CIS
and SOCS3 proteins were expressed in transfected Jurkat T cells
(Fig. 4B), tyrosine phosphorylation of ZAP-70 was only diminished
in cells expressing SOCS3, but not CIS (Fig. 4A, compare lanes 4 and
6). This result suggests that SOCS3 can also suppress Lck kinase
activity in the context of TCR signaling.

SOCS1 is the SOCS family member most closely related to SOCS3
and has been shown to block TCR signaling through interaction
with Syk and CD3¢ [16]. Our data suggest that SOCS3 may target
directly at the TCR complex through a similar mechanism. Consis-
tent with the role of SOCS3 as a TCR repressor, overexpression and
knock-down experiments showed that SOCS3 negatively regulated
TCR-induced proliferation of mouse Th cells [34]. On the contrary,
CIS overexpression promotes TCR-mediated proliferation of mouse
CD4 T cells [35]. Our studies showed that, in human primary T
cells, ectopic CIS expression had no effect on proximal TCR signal-
ing (Fig. 4). It suggests that CIS may act further downstream of TCR
signal transduction pathways, such as on protein kinase C [35].
Collectively, these results demonstrate diverse functions of distinct
SOCS family members in the regulation of T cell signaling.

In summary, our data indicate that STAT5 is not a direct target
of CD4/CD8-associated Lck kinase in the context of normal TCR sig-
naling. Similarly, STAT1 and STAT3 do not participate in the signal-
ing events proximal to the TCR complex. Instead, autocrine/
paracrine subsequent to TCR stimulation leads to sequential STAT1,
STAT3 and STAT5 activation. The prolonged STAT activation corre-
lates with the absence of CIS and SOCS3 expression. These findings
demonstrate important differences between CD4/CD8-associated
Lck and oncogenic Lck kinases. They also point to the distinct intra-
cellular environment in naive primary T cells with regard to SOCS
protein expression.
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