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Sprouty (Spry) is known to be a negative feedback inhibitor of growth factor receptor signaling through inhibition of the Ras/
MAPK pathway. Several groups, however, have reported a positive role for Spry involving sequestration of the inhibitory protein
c-Cbl. Thus, Spry may have various functions in the regulation of receptor-mediated signaling depending on the context. In the
immune system, the function of Spry is unknown. In this study, we investigated the role of Spry1 in T cell activation. Spry1, among
the four mammalian homologs, was specifically induced by TCR signaling of CD4� murine T cells. In fully differentiated Th1
clones, overexpressed Spry1 inhibited TCR signaling and decreased IL-2 production while reducing expression with specific
siRNA transfection had the opposite effect, increasing IL-2 production. In contrast, in naive T cells, Spry1 overexpression en-
hanced TCR signaling, and increased proliferation and IL-2 production, while siRNA transfection again had the opposite effect,
reducing IL-2 production following activation. The enhancing effect in naive cells was abrogated by preactivation of the T cells
with Ag and APC, indicating that the history of exposure to Ag is correlated with a hierarchy of T cell responsiveness to Spry1.
Furthermore, both the NF-AT and MAPK pathways were influenced by Spry1, implying a different molecular mechanism from
that for growth factor receptor signaling. Thus, Spry1 uses a novel mechanism to bring about differential effects on TCR signaling
through the same receptor, depending on the differentiation state of the T cell. The Journal of Immunology, 2006, 176: 6034–
6045.

A ntigen recognition by the TCR initiates intracellular sig-
nal transduction by recruiting various signaling mole-
cules to the TCR complex.

These molecules activate several sequential cascades to the
nucleus, inducing transcription of new sets of genes, which are
responsible for proliferation, differentiation, apoptosis, and an-
ergy. Briefly, Src-family protein tyrosine kinases, such as Lck,
are activated following TCR engagement, resulting in phos-
phorylation of CD3 molecules and Syk family protein tyrosine
kinases (Zap70) (1, 2). Activated Zap70 phosphorylates linker
for activated T cells (LAT)3 and Src homology 2 (SH2)-domain
containing leukocyte-specific phosphoprotein which serve an
adaptor function for various molecules, including phospho-
lipase C (PLC)-�1 (3–7). Subsequently the activated PLC-�1
hydrolyzes phosphatidylinositol 4,5-bisphosphate into inositol
3,4,5-triphosphate (IP3) and diacylglycerol (DAG). These two

second-messenger molecules cause activation of the Ca2�-de-
pendent pathway and the Ras/MAPK pathway, respectively,
leading to nuclear translocation of transcription factors, such as
NF-AT and production of new transcription factors, such as
AP-1 (8, 9).

TCR engagement also triggers negative regulatory pathways
for the fine tuning of TCR signaling (10 –12). Protein phospha-
tases such as SH2 domain-containing phosphatase 1 (SHP)-1
and SHP-2 inactivate their target molecules by dephosphoryla-
tion (13, 14). Activated Src family kinases are turned off by
C-terminal Src kinase (Csk), which phosphorylates their nega-
tive regulatory C-terminal tyrosine residue (15). c-Cbl, a well
known E3-ubiquitin ligase, down-regulates its target (for ex-
ample TCR �-chain) by inducing 26S proteasome-mediated pro-
tein degradation (16). T cells also have inhibitory adaptors such
as Gab2 which facilitates localization of phosphatases to the
TCR complex, and Csk-binding protein, also known as phos-
phoprotein associated with glycosphingolipid-enriched mi-
crodomains, which cooperates with Csk (17–19). In addition to
these immediate early negative regulators, some molecules are
synthesized de novo following T cell activation, showing late
phase feedback inhibition. The inhibitory molecules, CTLA-4
and PD-1, are such examples (18, 20).

In an effort to search for novel regulators of T cell signaling
through DNA microarray screening, we found that Sprouty1
(Spry1), a known antagonist of receptor tyrosine kinase (RTK)
signaling, is induced by TCR stimulation in the murine T cell
clone, A.E7. Spry was initially discovered in a genetic screen as an
inhibitor of Drosophila fibroblast growth factor (FGF) receptor
signaling during trachea development (21). Subsequently, it was
also found to act as an antagonist of epidermal growth factor
(EGF) receptor signaling in eye and wing development and to
interfere with other RTKs such as Torso and Sevenless (22, 23).
These studies implied that Drosophila Spry might be a general
inhibitor of RTK signaling and prompted investigators to pursue
its mammalian homologs and their role in RTK signaling. To date,
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four mammalian Sprys (Spry 1–4) and three Spry-related EVH1
domain proteins (spred 1–3) have been reported (21, 24–26). Dis-
ruption of Spry2 in mouse embryonic lung, using an antisense
oligonucleotide, enhanced branching morphogenesis (27). This re-
sult is similar to enhanced tracheal branching in Sprynull Drosoph-
ila, which is due to increased FGF receptor signaling (21). Over-
expression of mouse Spry2 and Spry4 inhibited FGF-mediated
chicken limb bud outgrowth and angiogenesis in the mouse em-
bryo, respectively (25, 28). In cell culture systems, overexpressed
Spry1, 2, or 4 inhibited FGF, EGF, and vascular endothelial
growth factor (VEGF)-mediated proliferation, differentiation and
migration in various cell types including endothelial cells, HeLa
cells, NIH3T3 cells, and PC12 cells (28–32). At the same time,
Spry gene expression has been shown to be induced by FGF and
EGF signaling in vivo and in vitro cell culture in both Drosophila
and mammalian cells, suggesting its role in a negative feedback
loop (21, 22, 25, 31). Taken together, both loss-of-function and
gain-of-function studies indicate that Spry is a negative feedback
regulator of RTK signaling.

Spry’s inhibitory function has been largely attributed to its abil-
ity to inhibit the Ras/MAPK pathway, even though the exact site
of inhibition is controversial (29, 33, 34). The most detailed mech-
anism of Ras/MAPK inhibition by Spry1 and 2 was reported by
Hanafusa et al. (35) showing that Spry binds to the SH2 domain of
Grb2 in response to FGF stimulation and thereby prevents recruit-
ment of the Grb2-SOS complex to fibroblast growth factor recep-
tor substrate 2 (FRS2) and SHP2. This causes inhibition of down-
stream events in the Ras/MAPK pathway.

Recently, however, several groups have reported that human
Spry2 (hSpry2) can enhance Ras/MAPK signaling induced by
EGFR using a completely different mechanism from its nega-
tive effect (36 –38). Following stimulation of EGFR, c-Cbl in-
duces ubiquitination of the receptor, targeting it for destruction
by endocytosis and trafficking to lysosomes. hSpry2 abrogates
this c-Cbl-mediated receptor down-regulation by sequestering
c-Cbl away from the EGFR via direct binding to c-Cbl. Thus,
the level of cell surface EGFR is maintained and consequently
the activation of the Ras/MAPK pathway is sustained.
Therefore, Sprys are not exclusively negative regulators
of RTK.

The function of Spry proteins in TCR signaling has not been
studied at all. After observing that Spry1 was induced by TCR
signaling, we explored the role of Spry1 in the regulation of T
cell activation using the TAT-fusion protein overexpression
technique. Spry1 inhibited MAPK activation following TCR
stimulation in murine T cell clones and was accompanied by a
down-regulation of IL-2 production. At the same time, Spry1
inhibited NF-AT activation, implying a novel mechanism of
action for Spry in T cells. In contrast, in naive T cells, TCR
signaling, including MAPK and NF-AT activation, was en-
hanced by overexpression of Spry1, and this was accompanied
by an increase in proliferation and IL-2 production. The en-
hancing effect was abolished by preactivation of naive cells
with Ag and APC. These data suggest that Spry1 has differential
effects on T cells depending on their activation history.

Materials and Methods
Mice and cell preparation

All mice were obtained from the National Institute of Allergy and In-
fectious Diseases contract facility at Taconic Farms, an American As-
sociation for the Accreditation of Laboratory Animal Care-accredited
specific pathogen-free barrier. At the National Institutes of Health, the
mice were housed in sterile caging. 5C.C7-TCR transgenic, Rag2�/�

mice that specifically recognize the pigeon cytochrome c (PCC) peptide

81–104 and the moth cytochrome c (MCC) peptide 88 –103, bound to
I-E

a or k
have been described previously (39). OT-I TCR transgenic,

Rag1�/� mice expressing an H-2Kb-restricted receptor specific for the
OVA257–264 epitope (SIINFEKL) also have been described previously
(40). Lymph node cells from these mice were freshly isolated and used
as CD4� and CD8� naive T cells, respectively. A population of in vitro
preactivated CD4� T cells was made by stimulating 5C.C7, Rag2�/�

splenocytes with 1 �M PCC peptide. After 72 h, the activated T cells
were split 1 to 4, expanded in IL-2 (10 U/ml) and complete medium
(45% Eagle’s, Hanks’, amino acids (EHAA) and 45% RPMI 1640 sup-
plemented with 10% FCS, antibiotics, 2 mM glutamine, and 50 �M
2-ME), and rested for at least 10 days before use.

Cell lines

A.E7 and F1.A2 are CD4� Th1 clones specific for PCC 81–104 in the
context of I-Ek. They were maintained by repeated stimulation every 2–4
wk as previously described (41, 42). Briefly, cells were stimulated with
whole PCC protein in the presence of irradiated (3000 rad) B10.A spleno-
cytes as a source of APC. After 48 h, the cells were expanded in IL-2 (10
U/ml) containing complete medium and rested for at least 2 wk before use.
The live cells were isolated on a Ficoll gradient and used in experiments.

The murine Th2 T cell clone D10.G4.1 (American Type Culture Col-
lection) is CD4�, CD8�, conalbumin specific, and H-2 I-Ak restricted. The
cells were maintained in EHAA medium supplemented with 10% FCS, 2
mM glutamine, antibiotics, and 50 �M 2-ME. The cells were stimulated
every 10–14 days with 100 �g/ml conalbumin (Sigma-Aldrich) plus irra-
diated (3000 rad) syngeneic AKR/J (The Jackson Laboratory) spleen cells
as APC. Con A-stimulated rat growth factor supernatant treated with
�-methylmannoside (BD Biosciences) was added at a concentration of
10% to maintain the D10.G4.1 cells.

DNA microarray

RNA was isolated from A.E7 T cell clones that were stimulated with
anti-TCR for 2, 4, and 6 h or unstimulated. A reverse transcriptase
reaction was performed to make cDNAs using a T7-oligo(dT) primer.
Biotinylated cRNA probes were prepared from a T7 RNA polymerase-
mediated in vitro transcription reaction. The probes were hybridized to
Affymetrix mouse MU74A, B, and C gene chips and stained with
streptavidin-PE. Hybridization and analysis of the fluorescent intensi-
ties were done at our NIAID core facility according to Affymetrix pro-
tocols (Affymetrix Microarray Suite User Guide). A microarray chip
has 16 different oligonucleotides (perfect match) per gene to represent
a single gene. For each oligonucleotide, a control oligonucleotide with
a single base pair mismatch (mismatch) was used for the subtraction of
background signal. “Average difference” represents the difference in
fluorescence intensity between perfect match and mismatch (Affymetrix
Microarray Suite, version 4.0).

DNA constructs and mutagenesis

cDNA for Spry1 was amplified by RT-PCR from RNA of anti-TCR stim-
ulated A.E7 cells and cloned into pGEM-T vector (Promega). Full-length
Spry1 cDNA was reamplified via PCR and subcloned in-frame into the
KpnI and EcoRI sites of the pHM6 plasmid (Roche) for mammalian ex-
pression and the pTAT-HA (a gift from Dr. S. Dowdy, University of Cal-
ifornia at San Diego, La Jolla, CA) for TAT-fusion protein production.
pTAT-HA-Spry1 (Y53F) was generated by QuikChange site-directed mu-
tagenesis (Stratagene). All the sequences were confirmed by automated
DNA sequencing.

Expression and Purification of TAT-fusion proteins

The expression and purification of recombinant TAT-fusion proteins was
performed as described (43). Briefly, the recombinant TAT-Spry1 proteins
were expressed in the BL21 (DE3) pLysS strain of Escherichia coli by 18 h
culture at 37°C. Bacterial cell pellets were washed with PBS and sonicated
in lysis buffer (6 M guanidine hydrochloride, 20 mM HEPES (pH 8.0), 10
mM imidazole, 100 mM NaCl). The cell lysate was centrifuged and the
supernatant was loaded on a nickel-nitrilotriacetic acid column (Qiagen)
and washed successively with lysis buffer, binding buffer (20 mM HEPES,
10 mM imidazole, 100 mM NaCl, 8 M urea) and washing buffer (20 mM
HEPES, 20 mM imidazole, 100 mM NaCl, 8 M urea). Recombinant pro-
teins were eluted with elution buffer (20 mM HEPES, 330 mM imidazole,
100 mM NaCl, 8 M urea) and desalted on a PD-10 column (Amersham
Biosciences) into RPMI 1640 medium containing 10% glycerol. The Y53F
mutant of TAT-Spry1 (Tyr533Phe) was also expressed and purified using
the same method. TAT-GFP expressing bacteria were a gift from Dr.
Dowdy. After overnight bacterial culture, TAT-GFP protein expression
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was induced with 0.4 mM IPTG and the bacterial cell pellets were soni-
cated in 8 M urea-containing binding buffer. The purification procedure
was similar to that for TAT-Spry1. The final TAT-protein concentration
was measured by SDS-PAGE in comparison with BSA standards and Coo-
massie blue staining. Yields were typically around 200 �g from 1L bac-
terial cell culture for TAT-Spry1 and 22 mg from 1L culture for TAT-GFP.

Labeling of the recombinant protein

The recombinant protein was labeled with Alexa Fluor 488 dye (Molecular
Probes) according to the manufacturer’s instructions. Cells were incubated
with labeled protein for 2 h and washed with ice-cold FACS buffer (PBS
supplemented with 0.2% BSA and 0.1% NaN3) three times and then ana-
lyzed by flow cytometry on a BD FACSCalibur (BD Biosciences). For the
confocal microscopy study, cells were incubated under the same condi-
tions. After incubation, cells were washed three times with ice-cold PBS
and analyzed. Images were collected on a Leica TCS-NT/SP1 confocal
microscope (Leica Microsystems) using a �63 oil immersion objective NA
1.32. Fluorochromes were excited using an argon laser at 488 nm for FITC.
Differential interference contrast images were collected simultaneously
with the fluorescence images using the transmitted light detector. Images
were processed using the Leica TCS-NT/SP software (version 2.61.1347).

Proliferation and cytokine assays

A total of 2 � 104 cells were cultured in triplicate in complete EHAA/
RPMI 1640 medium supplemented with 10% FCS in 96-well plates coated
with anti-CD3 mAb (145–2C11; BD Pharmingen) plus soluble anti-CD28
mAb (37–51) ascites at a dilution of 1/2500. After 48 h, one-half of the
culture supernatant was collected to measure cytokines and the remaining
cells and medium were pulsed with 1 �Ci of [3H]thymidine per well for an
additional 24 h. Cells were harvested using a Brandel 96-well harvester and
the radioactivity was counted in a Wallac Trilux 1450 scintillation counter.
Secreted cytokines were measured using ELISA kits (R&D Systems) ac-
cording to the manufacturer’s instructions.

CFSE dye dilution assay

For analysis of cell division, lymph node T cells from 5C.C7, Rag2�/�

mice were isolated and labeled with CFSE (Molecular Probes) at a final
concentration of 1 �M in PBS for 15 min at 37°C. The labeled cells were
activated for 60 h by plate-bound anti-CD3 (1 or 10 �g/ml) plus anti-
CD28. Dilution of CFSE was measured by flow cytometry and mean di-
vision number was quantitated as described previously (44).

Western blot analysis

The protein concentrations of samples were determined using a BCA pro-
tein assay kit (Pierce). The same amounts of protein were separated on
SDS-PAGE and transferred to nitrocellulose membranes. Specific proteins
were detected using the following primary Abs: anti-Spry2 (Upstate Bio-
technology), anti-Spry3 (Upstate Biotechnology), anti-Spry4 (Santa Cruz
Biotechnology), anti-phospho-Erk (Santa Cruz Biotechnology), anti-
NF-AT c2 (Santa Cruz Biotechnology), anti-Lamin B (Santa Cruz Bio-
technology), and anti-Spry1. Anti-Spry1 was either purchased from Zymed
Laboratories or generated by immunizing rabbits with the N-terminal pep-
tide: AVEGRQRLDYDRDTQ (aa 20–34 of Spry1; Bethyl Laboratories).
Primary Abs were detected by anti-mouse or anti-rabbit Abs coupled with
HRP (both from Amersham Biosciences) or anti-goat Ab coupled with
HRP (Santa Cruz Biotechnology) followed by a chemiluminescence reac-
tion (Supersignal West Pico; Pierce). Blots were stripped and reprobed
with anti-actin (Sigma-Aldrich) or anti-MAPK 1/2 (Upstate Biotechnol-
ogy) to monitor equal loading.

Nuclear fractionation

Ten million lymph node T cells from 5C.C7, Rag2�/� mice were stimu-
lated with plate-bound anti-CD3 mAb plus anti-CD28 mAb for 24 h. Cells
were harvested, washed twice in cold PBS, and suspended in 200 �l of
buffer A (10 mM KCl, 10 mM HEPES (pH 8.0), 0.1 mM EGTA (pH 8.0),
0.1 mM EDTA (pH 8.0), protease inhibitor mixture (Roche), 1 mM DTT,
1 mM sodium orthovanadate, and 0.5% Nonidet P-40) for 5 min on ice.
After immediate centrifugation at 12,000 rpm, the pellet was washed twice
in buffer A and incubated with 50 �l of buffer C (420 mM NaCl, 20 mM
HEPES (pH 8.0), 1 mM EGTA (pH 8.0), 1 mM EDTA (pH 8.0), protease
inhibitor mixture, 1 mM DTT, and 1 mM sodium orthovanadate) for 2 h
with frequent vortexing on ice. The nuclear fraction was collected by cen-
trifugation at 12,000 rpm for 15 min.

siRNAs and nucleofection

Five million lymph node T cells were resuspended in 100 �l of Nucleo-
fector Solution (Mouse T Cell Nucleofector kit: VPA-1006; Amaxa). Two
micrograms of siRNA was added and mixed well. The cell-siRNA mixture
was transferred to an electroporation cuvette and placed in the Nucleofec-
tor II device (Amaxa). Nucleofection of the cells was accomplished using
the U-14 program. Cells were then transferred to 500 �l of prewarmed
medium (RPMI 1640, 10% FCS, 2 mM glutamine, and 50 �M 2-ME) and
incubated for 10 min in a 37°C water bath. Samples were transferred to
24-well plates containing 1 ml of prewarmed medium. The cells were
incubated for 4 h in a 37°C incubator containing 5% CO2 and then har-
vested and counted. To investigate the induction of protein, cells were
stimulated with plate-bound Ab in 6 well plates for 16 h. For cytokine
assays, an aliquot of the same cells was stimulated with either peptide-
pulsed APCs or plate-bound Ab in 96-well plates for 48 h. The siRNA
sequences specific for mouse Spry1 (AAGCAGCUGCUGGUGGAAGAC)
and a nontargeting siRNA (UAGCGACUAAACACAUCAA) were syn-
thesized and annealed by the manufacturer (Dharmacon).

Results
Spry1 is induced by TCR stimulation

The A.E7 Th1 clone was stimulated with plate-bound anti-TCR Ab
to screen for TCR signal-induced genes. Isolated mRNA was con-
verted into biotinylated cRNA probes and then hybridized to an
oligonucleotide microarray from Affymetrix. The level of Spry1
mRNA was increased as early as 2 h after stimulation and main-
tained thereafter (Fig. 1A). In contrast, the mRNA for Spry4 was
constitutively expressed at a low level throughout the entire 6 h
time period. Induction of Spry1 protein was also confirmed in a
Western blot (Fig. 1B). No Spry1 protein was present in the
resting state, but a considerable amount of protein was detected
upon stimulation with anti-CD3 overnight. To determine
whether costimulation affected the amount of Spry1 induced,
anti-CD28 was added along with anti-CD3 mAb. No additive or
negative effects were observed compared with anti-CD3 treat-
ment alone (Fig. 1B). This same pattern of induction was ob-
served in primary naive T cells from 5C.C7-TCR transgenic
mice (Fig. 1B). We also checked the protein expression of other
members of the Spry family by Western blotting. In contrast to
Spry1, Spry2, 3, and 4 were all constitutively expressed in the
resting state in A.E7 T cells and not induced by stimulation with
anti-CD3 and anti-CD28 after 16 h. Primary naive T cells
showed a similar pattern with only a slight increase in Spry2
and 4 after stimulation. Spry3 expression was barely detectable
compared with what was observed in A.E7 T cells (Fig. 1C).
Therefore, we conclude that Spry1 is the only Spry homolog
that is strongly induced by TCR engagement and that this ex-
pression is not augmented by anti-CD28 signaling.

TAT-Spry1 inhibits IL-2 production in T cell clones

To explore the effect of Spry1 induction on T cell activation, we
overexpressed Spry1 in unstimulated A.E7 T cells. Conven-
tional plasmid transfection methods using electroporation or li-
posome-based reagents give low transfection efficiencies with
unstimulated T cell clones and primary T cells. To overcome
this problem we used the TAT-fusion protein transduction tech-
nique that has been shown to work with virtually all cells, in-
cluding murine splenocytes (45– 48). An 11-aa sequence de-
rived from the HIV TAT protein served as the protein
transduction domain, which leads the tethered polypeptide into
the cell in a receptor-independent manner. TAT-hSpry2 has pre-
viously been efficiently transduced into human epithelial cells
using this method and showed a functional phenotype (32).
First, we checked to see whether TAT-fusion proteins could be
transduced into murine T cells. Recombinant TAT-Spry1 pro-
tein was purified and added to resting A.E7 cells at various

6036 DUAL EFFECTS OF SPRY1 ON TCR SIGNALING



concentrations. After 2 h of incubation, the cells were washed
with ice-cold PBS and the amount of Spry1 measured in a West-
ern blot using anti-Spry1 Ab. Transduced Spry1 protein was
detected and the transduction was dose dependent (Fig. 2A).
The transduction efficiency was over 90% when the cells were
treated with fluorescent dye-labeled TAT-Spry1 and analyzed
by flow cytometry (Fig. 2B). The presence of TAT proteins
inside the cell was further confirmed using confocal microscopy
(Fig. 2C) and z-axis analysis (data not shown). Therefore, TAT-
Spry1 can be efficiently transduced into murine T cells.

Next, we examined the effect of TAT-Spry1 on A.E7 cyto-
kine production and proliferation induced by TCR stimulation.
Spry1 significantly blocked IL-2 production (Fig. 3A). The
maximum amount of IL-2 secreted was decreased �65%, while
a negative control protein, TAT-GFP, had minimal effect. Sim-

ilar results were obtained with a different Th1 clone, F1.A2
(Fig. 3C), indicating that these results are not limited to a single
clone. In the case of proliferation, TAT-Spry1 treatment
showed modest inhibition in A.E7 cells and no effect in F1.A2
T cells (Fig. 3, B and D). Production of other cytokines, such as
IFN-�, MIP-1�, and IL-3 in A.E7 T cells and IL-4 in D10.G4.1
cells (a conalbumin-specific Th2 T cell clone), were not affected
by TAT-Spry1 (data not shown), indicating that IL-2 is the most
sensitive readout of the effect of Spry1 on T cell clones. There-
fore, Spry1 is induced following TCR stimulation and overex-
pressed Spry1 inhibits IL-2 production in Th1 clones. These
findings are consistent with previous reports in other cell types
which showed that the Spry family of proteins can act as a
negative feedback regulator of RTKs.

Overexpression of Spry1 inhibits both MAPK and NF-AT
activation following TCR stimulation

The TCR delivers its signal to the nucleus by various biochem-
ical pathways. One of the potential target pathways for Spry1
inhibition is Ras-mediated MAPK activation, because Spry pro-
teins have been shown to inhibit this pathway downstream of

FIGURE 1. mSpry1 is specifically induced by TCR stimulation
among Spry homologs. A, Resting A.E7 cells were stimulated with
plate-bound anti-TCR Ab for 2, 4, or 6 h. Biotinylated cRNA probes
were generated from isolated total RNA and hybridized to microarray
chips. Amounts of Spry1 and 4 mRNA were evaluated and are repre-
sented as the fluorescent intensity (average difference). B and C, Rest-
ing A.E7 T cells or freshly isolated LN cells from 5C.C7-TCR trans-
genic, Rag2�/� mice were stimulated with anti-CD3 (10 �g/ml) or
anti-CD3 plus anti-CD28 for 16 h. The cell lysates were electropho-
resed and transferred to a nitrocellulose membrane. The blots were
probed with anti-Spry1 (B), 2, 3, or 4 (C). To prove equal loading, the
same blots were stripped and reprobed with anti-actin.

FIGURE 2. A.E7 cells are efficiently transduced with TAT-Spry1 pro-
teins. A, After A.E7 cells were incubated with various concentrations of
TAT-Spry1 protein for 2 h at 37°C, the cells were washed with PBS and
subjected to Western blotting with anti-Spry1 or anti-actin. B and C, A.E7
cells were incubated with Alexa Fluor 488-labeled TAT-Spry1 protein for
2 h at 37°C. After washing, the efficiency of protein transduction was
analyzed by flow cytometry (B) or confocal microscopy (C). In B, the filled
region represents the PBS-treated population and the open region repre-
sents the Alexa 488-labeled TAT-Spry1-treated population. In C, the upper
panels show the differential interference contrast images; the lower panels
show the cells illuminated at 488 nm for FITC.
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RTKs at various levels. We tested the effect of TAT-Spry1 on
MAPK phosphorylation using an anti-phospho-Erk immuno-
blot. TAT-Spry1 reduced MAPK phosphorylation following
TCR stimulation as expected (Fig. 4A). TAT-GFP had no effect.
The most well-defined mechanism of inhibition of the Ras/
MAPK pathway by Spry1 is thought to be phosphorylation at a
conserved tyrosine (Tyr53) in Spry1 following FGF stimulation.
Phosphorylated Spry1 then binds to the SH2 domain of Grb2,
sequestrating it and SOS from the FRS-SHP2 complex and thus
turning off downstream Ras activation. A mutant protein that
cannot be phosphorylated on its conserved Tyr does not bind
Grb2 and acts as a dominant negative, inducing prolonged ac-
tivation of ERK in response to FGF. To see whether this mech-
anism is responsible for the inhibition of the MAPK activation
following TCR signaling, we mutated tyrosine 53 of Spry1 to a
phenylalanine and purified the TAT-Y53F Spry1 protein. Inter-
estingly, the mutant protein still showed an inhibitory effect,
similar to that of the wild-type TAT-Spry1, in both IL-2 pro-
duction and MAPK activation (Fig. 4, B and C). In fact, the
mutant showed a slightly more profound inhibition in both
cases. These results demonstrate that phosphorylation of Tyr53 is not
responsible for the inhibition of TCR-induced MAPK activation and
IL-2 production, implying a different mechanism.

A second important pathway for IL-2 transcription in T cells
is the Ca2�-dependent activation of NF-AT. TCR engagement
triggers Ca2� flux into the cytosol and cytosolic NF-AT is then
dephosphorylated by activated calcineurin, leading to translo-

cation of NF-AT into the nucleus. We examined the effect of
TAT-Spry1 on dephosphorylation of NF-AT by TCR signaling.
Surprisingly, TAT-Spry1 inhibited NF-AT dephosphorylation
at a low dose of anti-CD3 (Fig. 4D). Inhibition of nuclear trans-
location of NF-AT was also observed using Western blotting of
nuclear fractions (data not shown). However, this inhibitory
effect was not seen at a higher dose (10 �g/ml). Because the
MAPK activity was strongly affected even at this high dose of
anti-CD3, the effect of Spry1 on NF-AT inhibition appears to be
weaker than that of its MAPK inhibition. Nonetheless, these
results are consistent with the conclusion that Spry1 does not
work solely at the level of Grb2.

Spry1 enhances TCR-induced proliferation and cytokine
production in naive T cells

One of the advantages of the TAT-fusion protein technique is that
the transduction process is quick and affects most of the cells. This
makes it suitable for transduction of naive T cells, which have a
short life-span in in vitro cultures and normally a low transfection
efficiency (48). To see whether overexpression of Spry1 could also
affect naive T cells, we isolated lymph node T cells from 5C.C7
TCR transgenic mice on a Rag2�/� background. Flow cytometry
analysis showed that 94% of the cells were CD44low and
CD62Lhigh CD4� T cells. Spry1 was shown earlier to be induced
in this population (Fig. 1B) and TAT-Spry1 could be efficiently
transduced (data not shown).

FIGURE 3. Overexpressed Spry1 inhibits IL-2 production in CD4� Th1 clones. A–D, A.E7 cells (A and B) or F1.A2 cells (C and D) were incubated
with TAT proteins (100 nM) or buffer alone for 2 h at 37°C and then stimulated with various concentrations of plate-bound anti-CD3 plus anti-CD28 for
72 h with [3H]thymidine pulsing for the last 24 h. The amount of secreted IL-2 was measured from an aliquot of 48 h culture supernatant by ELISA (A
and C). Cells were harvested at the end of cultures to measure incorporated radioactivity (B and D).
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To explore the role of overexpressed Spry1 in naive T cells,
TAT-Spry1 proteins were incubated with naive T cells for 2 h and
then stimulated with various concentrations of plate-bound anti-
CD3 mAb and a constant concentration of anti-CD28 mAb. Sur-
prisingly, TAT-Spry1 treated cells showed enhanced [3H]thymi-
dine incorporation and IL-2 production (Fig. 5, A and B). The
proliferative dose-response curve was shifted at least 10-fold to-
ward lower concentrations. To confirm that the enhanced [3H]thy-
midine incorporation was the result of enhanced proliferation, a
CFSE-dilution assay was also performed. Cells were labeled with
CFSE and then stimulated for 60 h. CFSE dilution profiles were
analyzed by flow cytometry. In control groups 50% of the cells had
not yet divided at all at this time point, whereas the majority of
TAT-Spry1 overexpressed cells had divided at least once (Fig. 5C,
left panel). The calculated mean division number of TAT-
Spry1-treated cells was �3-fold higher than control cells at a
low dose of anti-CD3 stimulation (Fig. 5D). There was no dif-
ference in the percentage of annexin V-positive cells between
the two groups (data not shown). This means that the increase
in [3H]thymidine incorporation represents enhanced prolifera-
tion, rather than enhanced cell survival. To determine whether
this enhancing effect was due to the differences in the amount of
recombinant protein transduced, we tried various concentra-
tions of recombinant protein. The enhancing effect of the pro-
tein was dose dependent, but inhibition (the effect observed in
the A.E7 T cell clone) was not observed at any concentration
tested (data not shown).

To see whether this phenomenon was restricted to CD4 Th
cells, we isolated naive CD8� T cells from lymph nodes of
OT-I OVA-specific TCR transgenic mice on a Rag1�/� back-
ground and performed the same experiment. TAT-Spry1 treated
OT-I T cells showed a similar enhancement of proliferation
(Fig. 5E). TAT-Spry1-treated OT-I naive T cells also produced

much higher amounts of IFN-� (Fig. 5F), showing that the en-
hancement of cytokine production is not limited to CD4� helper
T cells.

Spry1 enhances TCR-mediated MAPK and NF-AT activation in
naive T cells.

To determine the site of action of Spry1 in naive T cells, we
performed the same biochemical studies as described earlier.
We stimulated TAT-Spry1-treated naive T cells with a 10
�g/ml dose of plate-bound anti-CD3 mAb and anti-CD28 mAb
for various times and phosphorylated MAPK was detected in a
Western blot. The results show a modest enhancement of phos-
phorylation of MAPK in Spry1-overexpressed cells (Fig. 6A).
We also isolated the nuclear fraction of stimulated cells and
determined the amount of translocated NF-AT by Western blot-
ting. Spry1 also enhanced nuclear translocation of NF-AT (Fig.
6B). These results suggest that Spry1 works at an early proxi-
mal level of TCR signaling before the bifurcation into the
NF-AT and Ras pathways.

We also checked whether the Y53F Spry1 mutant showed a
different effect from that of the wild-type protein. This experiment
revealed the same enhancing effect as the wild type, which implies
that the phosphorylation of tyrosine 53 does not play a role in the
enhancement of TCR signaling (Fig. 6C).

Spry1-specific siRNA suppresses the induction of protein and
produces the opposite functional effects

To confirm the functional roles of Spry1, we next inhibited the
expression of Spry1 in A.E7 T cell clones and CD4� naive T cells
by RNA interference. Specific murine Spry1 siRNA or nontarget-
ing control siRNA was delivered to T cells by nucleofection.
Transfection of the cells with specific siRNA reduced the level of
Spry1 by �40%, but it did not change the level of the control

FIGURE 4. Spry1 inhibits TCR-mediated MAPK and
NFAT activation. A and D, After A.E7 cells were trans-
duced with TAT proteins (100 nM) or buffer alone for 2 h,
cells were stimulated with plate-bound anti-CD3 plus anti-
CD28 for 15 min (A) or 3 h (D). Western blotting was
performed and the membranes were probed with anti-
phospho-Erk (A) or anti-NFATc2 (D), respectively. B and
C, A.E7 cells transduced with TAT-GFP (100 nM), TAT-
Y53F-Spry1 (100 nM), the wild-type TAT-Spry1 (100
nM) or buffer alone, were stimulated with plate-bound
anti-CD3 (10 �g/ml) plus anti-CD28 for 2 days to mea-
sure secreted IL-2 (B) or 15 min to measure Erk phos-
phorylation by Western blotting (C).
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protein actin (Fig. 7A). Inhibition of Spry1 expression increased
the release of IL-2 from anti-CD3 stimulated A.E7 T cells by
2-fold (Fig. 7B). In contrast, the same siRNA inhibited IL-2 pro-
duction by anti-CD3-stimulated CD4� naive T cells (Fig. 7C).
Identical results were observed when cells were activated with
their cognate peptide (MCC)-pulsed APCs (Fig. 7D). Thus, the
dual effect of Spry1 in two different T cell types was recapitulated
in a loss-of-function study, showing that Spry1 plays a significant
role in TCR signaling.

Preactivation of naive T cells abrogates the enhancing effect of
TAT-Spry1

After they finish their development in the thymus, naive T cells
circulate in the periphery in a G0 state until they encounter Ag. In
contrast, Th1 clones are fully differentiated T effector/memory
cells specializing in the production of certain cytokines. The
conversion of naive T cells into Th1 clones requires multiple
exposures to Ag in vitro, resulting in extensive proliferation and

FIGURE 5. Overexpressed Spry1 enhances proliferation and cytokine production in naive T cells. A, B, E, and F, CD4� naive T cells (A and B) from
5C.C7-TCR transgenic, Rag2�/� mice or CD8� naive T cells (E and F) from OT-1 TCR-transgenic, Rag1�/� mice were transduced with TAT-proteins
(100 nM) or buffer alone for 2 h and then stimulated with various concentrations of plate-bound anti-CD3 plus anti-CD28 for 72 h with [3H]thymidine
pulsing for the last 24 h. The amount of secreted IL-2 (B) or IFN-� (F) was measured from an aliquot of 48-h culture supernatant by ELISA. Cells were
harvested at the end of culture to measure incorporated radioactivity (A and E). C and D, CFSE-labeled CD4� naive T cells were transduced with TAT
proteins (100 nM) or buffer alone and then stimulated with plate-bound anti-CD3 (10 �g/ml) plus anti-CD28 for 60 h. Cell division was evaluated by flow
cytometry (C) and quantified as mean division number (D).
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differentiation to cytokine production. We suspected that the con-
trasting effect of TAT-Spry1 on naive T cells and Th1 clones might
stem from this difference in Ag activation and differentiation. If
that were the case, we predicted that the activation of naive T cells
with Ag and APC might reverse the enhancing effect of TAT-Spryl
seen in naive T cells. To test this possibility, we stimulated 5C.C7
TCR-transgenic naive T cells with PCC and APC in vitro for 3
days and then rested the activated T cells for 10 days without Ag.
This resting, preactivated T cell population was then incubated
with TAT-Spry1 and proliferation and IL-2 production determined
in response to anti-CD3 mAb plus anti-CD28 mAb. As expected,
preactivation abrogated the enhanced proliferation and increased
IL-2 production seen with TAT-Spry1-treated naive T cells (Fig.
8). Moreover, subtle negative effects of TAT-Spry1 were observed
for both IL-2 production and proliferation, compared with the
TAT-GFP control. These data suggest that T cell activation by Ag
and APC, and the subsequent differentiation process, change the
effect of overexpressed Spry1 on T cell responsiveness from a
positive one to a negative one. Thus, the preactivated T cell pop-
ulation may represent an intermediate step in this differentiation
process.

Discussion
Much attention has been paid to Spry since it was first identified in
Drosophila. Most of the studies, from Drosophila to mammalian

cells, have characterized this protein as a negative regulator of
RTK signaling, predominantly affecting the Ras/MAPK pathway.
However, recently, several papers have shown that it may also act
positively on RTK signaling depending on the context, raising the
possibility that Spry can act at multiple sites in different cell types.
In this report, we investigated the role of Spry1 in TCR signaling
using both TAT overexpression and siRNA knockdown strategies.
In fully differentiated Th1 T cell clones, Spry1 overexpression had
a negative effect on TCR signal-mediated MAPK activation and
IL-2 production while siRNA inhibition enhanced IL-2 production.
In contrast, in undifferentiated naive T cells, overexpression en-
hanced TCR signaling, IL-2 production and proliferation, while
siRNA inhibited IL-2 production, mimicking the bipolar effects

FIGURE 6. Spry1 enhances TCR-mediated MAPK and NFAT activa-
tion in naive T cells. A, CD4� naive T cells transduced with TAT-proteins
(100 nM) were stimulated with anti-CD3 (10 �g/ml) plus anti-CD28 for
the indicated time and cell lysates were subjected to Western blotting with
anti-phospho-Erk. B, The same experiment was performed as in A except
that cells were stimulated for 24 h. Nuclear fractions were isolated and the
same amounts of protein were electrophoresed and blotted onto a nitrocel-
lulose membrane. The membrane was probed with anti- NFATc2 and anti-
Lamin B as a loading control. C, CD4� naive T cells transduced with
TAT-Y53F-Spry1 (100 nM) or wild-type TAT-Spry1 (100 nM) were stim-
ulated with anti-CD3 (10 �g/ml) plus anti-CD28 for 48 h and the amounts
of secreted IL-2 were measured by ELISA.

FIGURE 7. Spry1-specific siRNA suppresses the induction of Spry1. A,
The A.E7 T cell clone or CD4� naive T cells from 5C.C7-TCR transgenic,
Rag2�/� mice were transfected with either Spry1-specific siRNA or non-
targeting control siRNA. Cells were stimulated with plate-bound anti-CD3
plus anti-CD28 for 16 h and cell lysates were electrophoresed and trans-
ferred to a membrane. The blots were probed with anti-Spry1. To prove
equal loading, the same blots were stripped and reprobed with anti-actin.
After transfection, A.E7 cells (B) or CD4� naive T cells (C) were stimu-
lated with various concentrations of anti-CD3 Ab plus anti-CD28 for 48 h
and IL-2 ELISAs performed on the supernatants. Alternatively, CD4� na-
ive T cells were stimulated with MCC peptide-pulsed APCs (D).
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that have been shown for EGF-induced MAPK activation in epi-
thelial cell lines. Moreover, this enhancing effect was abrogated in
preactivated T cells following a single exposure to Ag, implying
that the responsiveness of T cells to Spry1 can change as T cells
experience Ag and differentiate.

We initially noticed that Spry1 mRNA was induced by TCR
signaling in a DNA microarray analysis and speculated that
Spry1 could act as a negative feedback inhibitor for TCR sig-
naling. The induction of Spry1 at both the mRNA and protein
levels was isoform-specific up to 16 h after stimulation. Inter-
estingly, in resting T cells, we did not detect any Spry1 protein,
whereas the Spry2, 3, and 4 proteins were constitutively ex-
pressed. These findings indicate that the expression of only
Spry1 is tightly regulated by TCR signaling. Furthermore, even
though Spry1 mRNA induction peaked at 2 h of stimulation, we
could not detect proteins until after overnight stimulation (data
not shown), suggesting that the expression of Spry1 may be
controlled at the translational (or posttranslational) level as well
as at the transcriptional level. Because Spry1 seemed to be spe-
cifically regulated during T cell activation, we were prompted
to investigate the function of this protein.

Sprys have been generally described to perform an inhibitory
role for RTK signaling, acting on the Ras/MAPK pathway. How-
ever, the more work on Sprys that is done, the more complexities
in the mode of action they reveal. First, even though Sprys target
the MAPK pathway, the site of action is different for various

growth factors. Two of the best-defined examples are from FGF
receptor and VEGF receptor signaling. In the former signaling,
Spry1 and 2 are phosphorylated at Tyr53 and Tyr55, respectively,
after receptor engagement. Subsequently, phosphorylated Spry1
and 2 bind to the Grb2-SOS complex and sequester it from the
upstream FRS2-SHP2 complex, thereby stopping downstream sig-
naling (35). Phosphorylation of Tyr53/55 is essential for this mech-
anism, because a point mutation in this residue abrogates the in-
hibitory activity of overexpressed Sprys and even enhances MAPK
activation through a dominant-negative mechanism (31, 35, 49). In
contrast, in VEGF signaling, which delivers signals through the
PLC�1/protein kinase C pathway to Raf1, independent of Ras,
Spry4 directly binds to Raf1 and blocks its phosphorylation, pre-
venting activation (50). This binding is mediated by the C-terminal
portion of Spry4, called the cysteine-rich domain. Furthermore, a
Tyr53 mutant of Spry4 still efficiently inhibited VEGF-induced
MAPK activation, indicating that this tyrosine residue does not
contribute to its action. In contrast, Tyr53 of Spry4 is essential for
inhibition of FGF-induced MAPK activation in the same cells
(293T cells), implying that it uses Grb2-SOS sequestration for this
action. Therefore, Sprys can use separate binding domains and
target proteins to inhibit MAPK activation induced by different
growth factors even in the same cells.

Even for the same growth factor signaling, the mode of action or
the functional outcome can be different in various cell types. In
FGF signaling, Spry1 and 2 act at the Grb2-SOS level in a murine
myoblast cell line (C2C12) as described above (35). However,
there have been reports that Spry2 inhibits FGF-induced MAPK
activation at the Raf level in a human epithelial cell line (293T)
and at the Ras level in a murine fibroblast cell line (NIH3T3) (29,
51). For EGF signaling, Spry1 and/or Spry2 inhibited EGF-in-
duced MAPK activation in mouse embryonic fibroblasts (49) and
Elk1 activation in a murine myoblast cell line (C2C12) (35). How-
ever, in various cell lines, such as epithelial cell lines (HeLa, 293T
and CHO) (36, 37, 52) and a human endothelial cell line (HUVEC)
(30), Spry1 and 2 either do not inhibit, or enhance EGF-induced
MAPK activation. The mechanism underlying this is discussed
later.

Lastly, Sprys do not act on the MAPK pathway exclusively.
Even though a few papers reported that Spry1 and 2 do not affect
JNK, p38, and PI3K/AKT (29, 51), overexpression of Xenopus
Spry2 inhibited FGF-dependent calcium signaling in Xenopus oo-
cytes (53). In HUVEC cells, Spry1 and 2 cannot inhibit EGF-
induced MAPK activation. However, they can still inhibit EGF-
induced proliferation, implying that they can affect signaling
pathways other than the MAPK pathway (30). Thus, even though
Spry was initially thought to be a simple inhibitor of the Ras/
MAPK pathway, it is now clear that these proteins play various
roles in RTK signaling using multiple domains of interaction
and multiple binding partners. The function of each Spry iso-
form and its mode of action can vary depending on the cell type
and the context of the signaling. Therefore, the role of Spry(s)
needs to be carefully examined in each specific cell type and
signaling context.

Our data from Th1 clones confirms the previous results for RTK
signaling in other cell types that Spry1 can act as a negative reg-
ulator. Overexpression of Spry1 in resting Th1 T cell clones using
TAT-fusion protein transduction led to decreased IL-2 production
following TCR stimulation. In addition, reduction of Spry1 ex-
pression by specific siRNA transfection had the opposite effect,
increasing IL-2 production in the A.E7 T cell clones. One prelim-
inary experiment using an IL-2 promoter-driven luciferase assay
showed that Spry1 overexpression inhibited at the transcriptional
level (data not shown).

FIGURE 8. Enhancing effect of Spry1 is abrogated in preactivated T
cells. A, Preactivated T cells were generated from splenocytes of 5C.C7-
TCR transgenic, Rag2�/� mice which were activated with Ag for 3 days,
followed by 14 days of rest. This population of cells was transduced with
TAT proteins (100 �M) or buffer alone for 2 h. Cells were stimulated with
various concentrations of plate-bound anti-CD3 plus anti-CD28 for 72 h
with [3H]thymidine pulsing for the last 24 h. Cells were harvested at the
end of culture to measure incorporated radioactivity. B, The amount of
secreted IL-2 was measured by ELISA in an aliquot of 48-h culture su-
pernatant from A.

6042 DUAL EFFECTS OF SPRY1 ON TCR SIGNALING



Consistent with this functional outcome, Spry1 overexpression
inhibited TCR-mediated MAPK activation. However, several
pieces of evidence suggest that it may use a different biochemical
mechanism from that reported in other cells. An overexpressed
Tyr53 mutant of Spry1 could still inhibit IL-2 production and
MAPK activation as efficiently as, if not better than, the wild-type
Spry1. This means Spry1 in T cell clones may not work at the level
of Grb2 even though the Grb2-SOS-MAPK pathway is well es-
tablished in TCR signaling. This idea was further supported by the
observation that Spry1 inhibited NF-AT activation, which is a
component of the calcium signaling pathway in T cells. As de-
scribed above, Xenopus Spry2 could inhibit FGF-dependent cal-
cium signaling in Xenopus oocytes (53). However, Xenopus Spry2
did not inhibit the Ras/MAPK pathway at the same time and thus
its effect may be different from what we have observed in mouse
T cells.

In TCR signaling, the Ras/MAPK pathway can be activated
in two different ways. TCR engagement leads to Src kinase-
induced activation of CD3 �-chain, and recruitment and phos-
phorylation of Zap70 and LAT in the TCR complex. Grb2 can
then bind to phospho-LAT and a Grb2-SOS complex can de-
liver an activation signal to Ras (54). In contrast, activated LAT
also recruits PLC-�1, which in turn generates IP3 and DAG. IP3

induces intracellular calcium mobilization and subsequent ac-
tivation of the calcineurin/NF-AT axis. DAG can bind Ras-
GRP, a guanine-nucleotide-exchange factor, which then binds
to and activates Ras (55). Therefore, it is tempting to speculate
that Spry1 can target the second Ras-GRP pathway rather than
the Grb2-SOS pathway. If so, one could easily explain the dual
effect of Spry1 on MAPK and NF-AT by placing the site of
action before the bifurcation of TCR signaling into the calcium
and Ras pathways, for example, at the level of PLC�1 or LAT.
In any event, Spry1 definitely appears to use a novel mechanism
to down-regulate TCR signaling in Th1 cell clones, adding an-
other example to the uniqueness of growth factor signaling in-
hibition by Spry proteins.

In contrast to its inhibitory activity in T cell clones, Spry1 over-
expression enhanced TCR signaling in naive T cells, leading to
increased proliferation and cytokine production. Biochemically, it
enhanced both MAPK and NF-AT activation, implying that it may
act here as well on proximal signaling complexes, before the bi-
furcation of the calcium and MAPK pathways. A partial knock-
down of Spry1 expression by siRNA transfection had the opposite
effect, reducing IL-2 production following TCR activation with
either anti-CD3 or peptide/MHC presentation. Thus, in normal
TCR signaling of naive T cells, Spry1 plays a significant role in
augmenting the response. The dichotomy of the effect of Spry1
manipulation in naive T cells vs T cell clones was surprising; how-
ever, a similar dichotomy has been described for EGFR signaling
by several groups (36, 37, 52). Much attention has been paid to this
phenomenon, because it challenges the idea that Sprys are exclu-
sively negative regulators. These other groups reported that Spry1
and 2 do not inhibit, but enhance MAPK activation in various cell
lines in response to EGFR signaling (36, 37, 52). The mechanism
proposed was that hSpry2 binds to c-Cbl, an E3 ubiquitin ligase,
and sequesters it from the EGFR. This prevents the receptor from
being degraded by c-Cbl-mediated ubiquitination and thus sustains
downstream MAPK activation. Interestingly, hSpry2 uses phos-
phorylation of the same Tyr55 for its c-Cbl binding as it does for
its negative signaling in the inhibition of FGF-induced MAPK ac-
tivation (56). In contrast, our data showed that a Tyr53 mutant of
Spry1, which is comparable to the Tyr55 mutant of Spry2, did not
show any difference from the wild-type Spry1 in naive T cells,
implying that Spry1 does not use this tyrosine for enhancing TCR

signaling. Furthermore, in naive T cells, Spry1 overexpression did
not affect the level of surface TCR at any time from 0 to 8 h after
stimulation (data not shown).

However, it has been reported that hSpry2 as well as Spry1 can
bind to the Ring-finger domain of c-Cbl without tyrosine phos-
phorylation (38, 57). Therefore, considering that we used an over-
expression system, we cannot formally exclude the possibility that
Spry1 also uses inhibition of c-Cbl to enhance TCR signaling in
our experimental system. It is noteworthy that c-Cbl can bind
phosphorylated Zap70 and promote ubiquitination of �-chains in T
cells (16). Nevertheless, the dichotomy of action of Spry1 in Th1
cell clones and naive T cells under the same conditions of over-
expression as well as following down-regulation by sequence-spe-
cific siRNA transfection clearly shows that the role of Spry1 can
be different in the same cell type and receptor signaling pathway
when the cell is in different states of differentiation. Consistent
with this idea, the enhancing effect of Spry1 was abrogated in
previously activated T cells. As a mature naive T cell becomes
activated by Ag, it experiences changes in many ways, including
proliferation as well as differentiation. The resultant preactivated
cells show an effector/memory phenotype including new cell sur-
face markers, such as CD44, and enhanced sensitivity to Ag stim-
ulation (58). The protein interactions of its signaling molecules
also appear to change somewhat during this differentiation process.
For example, in naive T cells, Cbl-b interacts with PI3K down-
stream of CD28 and prevents hyperphosphorylation of Vav with-
out affecting PLC�1 (59–61). In contrast, in preactivated T cells,
Cbl-b is able to bind to PLC�1, inhibiting its activation (62). An-
other example is the responsiveness of T cells to TGF-�. TGF-�
can inhibit proliferation of naive CD4� T cells, but cannot do so
for preactivated CD4� T cells (63). Therefore, it is possible that
the target molecules of overexpressed Spry1 change during the
differentiation process. Alternatively, either the concentration or
the activation status of the Sprys or target molecules may differ
between the two states. Among the four Spry homologs, Spry3
showed a different expression pattern in naive T cells (low), com-
pared with the A.E7 T cell clone (high). The level of Spry3 in
preactivated T cells was similar to that of the clone (data not
shown). Thus, it is possible that the enhancement of Spry3 expres-
sion following preactivation reverses the function of Spry1, e.g.,
formation of a heterodimer (49). So far we have failed to detect a
physical interaction between Spry1 and Spry3 by immunoprecipi-
tation experiments; however, further studies are required to eval-
uate this idea. Finally, the naive T cells, preactivated T cells and
Th1 cell clones seem to display a hierarchy of responsiveness to
Spry1 overexpression. The more T cells were exposed to Ag, the
more susceptible they appeared to negative regulation. This obser-
vation suggests that T cells show a gradual change in signaling
phenotype depending on their exposure history to Ag. This raises
the possibility that the arrangement of proximal signaling com-
plexes in the cytosol might be changing according to the degree of
differentiation of the cell.

An increasing number of papers have shown that Sprys have
diverse biochemical interactions and functional effects on var-
ious RTK-signaling pathways. Intriguingly, each Spry isoform
uses separate mechanisms of action for different growth factor
signaling in a particular cell type. In some cases, a certain Spry
isoform shows different effects in different cell types even for
the same growth factor signaling pathway. Our data that Spry1
has a bipolar effect on TCR signaling depending on the differ-
entiation status of T cells is another example of this complexity,
emphasizing the multiple roles of Spry1 on the same receptor
signaling pathway. The observation that Spry1 affects both the
MAPK and NF-AT pathways at the same time in either Th1

6043The Journal of Immunology



clones or naive T cells is the first demonstration that Sprys can
affect more than one pathway simultaneously, opening up the
possibility of finding novel binding proteins that are unique to
T cells. More details of these molecular interactions will even-
tually provide insight into the different phenotypes observed in
naive T cells and Th1 clones.

Acknowledgments
We thank Chuan Chen for assistance in maintaining and preparing the
A.E7 T cell clone. We are grateful to Drs. Nevil Singh, Jonathan
Powell, Lawrence Samelson, and Pamela Schwartzberg for critical
reading of this manuscript and helpful suggestions and discussions. In
addition, we thank Dr. Owen Schwartz for guidance and advice on the
confocal microscopy study.

Disclosures
The authors have no financial conflict of interest.

References
1. Palacios, E. H., and A. Weiss. 2004. Function of the Src-family kinases, Lck and

Fyn, in T-cell development and activation. Oncogene 23: 7990–8000.
2. Chu, D. H., C. T. Morita, and A. Weiss. 1998. The Syk family of protein tyrosine

kinases in T-cell activation and development. Immunol. Rev. 165: 167–180.
3. Horejsi, V. 2003. The roles of membrane microdomains (rafts) in T cell activa-

tion. Immunol. Rev. 191: 148–164.
4. Wange, R. L. 2000. LAT, the linker for activation of T cells: a bridge between T

cell-specific and general signaling pathways. Sci. STKE 63: RE1.
5. Clements, J. L. 2003. Known and potential functions for the SLP-76 adapter

protein in regulating T-cell activation and development. Immunol. Rev. 191:
211–219.

6. Sommers, C. L., L. E. Samelson, and P. E. Love. 2004. LAT: a T lymphocyte
adapter protein that couples the antigen receptor to downstream signaling path-
ways. BioEssays 26: 61–67.

7. Bonvini, E., K. E. DeBell, M. C. Veri, L. Graham, B. Stoica, J. Laborda,
M. J. Aman, A. DiBaldassarre, S. Miscia, and B. L. Rellahan. 2003. On the
mechanism coupling phospholipase C�1 to the B- and T-cell antigen receptors.
Adv. Enzyme Regul. 43: 245–269.

8. Macian, F., C. Lopez-Rodriguez, and A. Rao. 2001. Partners in transcription:
NFAT and AP-1. Oncogene 20: 2476–2489.

9. Genot, E., and D. A. Cantrell. 2000. Ras regulation and function in lymphocytes.
Curr. Opin. Immunol. 12: 289–294.

10. Veillette, A., S. Latour, and D. Davidson. 2002. Negative regulation of immu-
noreceptor signaling. Annu. Rev. Immunol. 20: 669–707.

11. Mustelin, T., and K. Tasken. 2003. Positive and negative regulation of T-cell
activation through kinases and phosphatases. Biochem. J. 371: 15–27.

12. Plas, D. R., and M. L. Thomas. 1998. Negative regulation of antigen receptor
signaling in lymphocytes. J. Mol. Med. 76: 589–595.

13. Plas, D. R., R. Johnson, J. T. Pingel, R. J. Matthews, M. Dalton, G. Roy,
A. C. Chan, and M. L. Thomas. 1996. Direct regulation of ZAP-70 by SHP-1 in
T cell antigen receptor signaling. Science 272: 1173–1176.

14. Marengere, L. E., P. Waterhouse, G. S. Duncan, H. W. Mittrucker, G. S. Feng,
and T. W. Mak. 1996. Regulation of T cell receptor signaling by tyrosine phos-
phatase SYP association with CTLA-4. Science 272: 1170–1173.

15. Chow, L. M., M. Fournel, D. Davidson, and A. Veillette. 1993. Negative regu-
lation of T-cell receptor signalling by tyrosine protein kinase p50csk. Nature 365:
156–160.

16. Wang, H. Y., Y. Altman, D. Fang, C. Elly, Y. Dai, Y. Shao, and Y. C. Liu. 2001.
Cbl promotes ubiquitination of the T cell receptor � through an adaptor function
of Zap-70. J. Biol. Chem. 276: 26004–26011.

17. Yamasaki, S., K. Nishida, M. Hibi, M. Sakuma, R. Shiina, A. Takeuchi,
H. Ohnishi, T. Hirano, and T. Saito. 2001. Docking protein Gab2 is phosphor-
ylated by ZAP-70 and negatively regulates T cell receptor signaling by recruit-
ment of inhibitory molecules. J. Biol. Chem. 276: 45175–45183.

18. Saito, T., and S. Yamasaki. 2003. Negative feedback of T cell activation
through inhibitory adapters and costimulatory receptors. Immunol. Rev. 192:
143–160.

19. Brdicka, T., D. Pavlistova, A. Leo, E. Bruyns, V. Korinek, P. Angelisova,
J. Scherer, A. Shevchenko, I. Hilgert, J. Cerny, et al. 2000. Phosphoprotein as-
sociated with glycosphingolipid-enriched microdomains (PAG), a novel ubiqui-
tously expressed transmembrane adaptor protein, binds the protein tyrosine ki-
nase csk and is involved in regulation of T cell activation. J. Exp. Med. 191:
1591–1604.

20. Ravetch, J. V., and L. L. Lanier. 2000. Immune inhibitory receptors. Science 290:
84–89.

21. Hacohen, N., S. Kramer, D. Sutherland, Y. Hiromi, and M. A. Krasnow. 1998.
Sprouty encodes a novel antagonist of FGF signaling that patterns apical branch-
ing of the Drosophila airways. Cell 92: 253–263.

22. Casci, T., J. Vinos, and M. Freeman. 1999. Sprouty, an intracellular inhibitor of
Ras signaling. Cell 96: 655–665.

23. Reich, A., A. Sapir, and B. Shilo. 1999. Sprouty is a general inhibitor of receptor
tyrosine kinase signaling. Development 126: 4139–4147.

24. de Maximy, A. A., Y. Nakatake, S. Moncada, N. Itoh, J. P. Thiery, and
S. Bellusci. 1999. Cloning and expression pattern of a mouse homologue of
drosophila sprouty in the mouse embryo. Mech. Dev. 81: 213–216.

25. Minowada, G., L. A. Jarvis, C. L. Chi, A. Neubuser, X. Sun, N. Hacohen,
M. A. Krasnow, and G. R. Martin. 1999. Vertebrate Sprouty genes are induced
by FGF signaling and can cause chondrodysplasia when overexpressed. Devel-
opment 126: 4465–4475.

26. Wakioka, T., A. Sasaki, R. Kato, T. Shouda, A. Matsumoto, K. Miyoshi,
M. Tsuneoka, S. Komiya, R. Baron, and A. Yoshimura. 2001. Spred is a Sprouty-
related suppressor of Ras signalling. Nature 412: 647–651.

27. Tefft, J. D., M. Lee, S. Smith, M. Leinwand, J. Zhao, P. Bringas, Jr., D. L. Crowe,
and D. Warburton. 1999. Conserved function of mSpry-2, a murine homolog of
Drosophila sprouty, which negatively modulates respiratory organogenesis.
Curr. Biol. 9: 219–222.

28. Lee, S. H., D. J. Schloss, L. Jarvis, M. A. Krasnow, and J. L. Swain. 2001.
Inhibition of angiogenesis by a mouse sprouty protein. J. Biol. Chem. 276:
4128–4133.

29. Gross, I., B. Bassit, M. Benezra, and J. D. Licht. 2001. Mammalian sprouty
proteins inhibit cell growth and differentiation by preventing ras activation.
J. Biol. Chem. 276: 46460–46468.

30. Impagnatiello, M. A., S. Weitzer, G. Gannon, A. Compagni, M. Cotten, and
G. Christofori. 2001. Mammalian sprouty-1 and -2 are membrane-anchored phos-
phoprotein inhibitors of growth factor signaling in endothelial cells. J. Cell Biol.
152: 1087–1098.

31. Sasaki, A., T. Taketomi, T. Wakioka, R. Kato, and A. Yoshimura. 2001. Iden-
tification of a dominant negative mutant of Sprouty that potentiates fibroblast
growth factor- but not epidermal growth factor-induced ERK activation. J. Biol.
Chem. 276: 36804–36808.

32. Yigzaw, Y., L. Cartin, S. Pierre, K. Scholich, and T. B. Patel. 2001. The C
terminus of sprouty is important for modulation of cellular migration and pro-
liferation. J. Biol. Chem. 276: 22742–22747.

33. Lim, J., P. Yusoff, E. S. Wong, S. Chandramouli, D. H. Lao, C. W. Fong, and
G. R. Guy. 2002. The cysteine-rich sprouty translocation domain targets mitogen-
activated protein kinase inhibitory proteins to phosphatidylinositol 4,5-bisphos-
phate in plasma membranes. Mol. Cell Biol. 22: 7953–7966.

34. Tefft, D., M. Lee, S. Smith, D. L. Crowe, S. Bellusci, and D. Warburton. 2002.
mSprouty2 inhibits FGF10-activated MAP kinase by differentially binding to
upstream target proteins. Am.J. Physiol. 283: L700–L706.

35. Hanafusa, H., S. Torii, T. Yasunaga, and E. Nishida. 2002. Sprouty1 and
Sprouty2 provide a control mechanism for the Ras/MAPK signalling pathway.
Nat. Cell Biol. 4: 850–858.

36. Egan, J. E., A. B. Hall, B. A. Yatsula, and D. Bar-Sagi. 2002. The bimodal
regulation of epidermal growth factor signaling by human Sprouty proteins. Proc.
Natl. Acad. Sci. USA 99: 6041–6046.

37. Wong, E. S., C. W. Fong, J. Lim, P. Yusoff, B. C. Low, W. Y. Langdon, and
G. R. Guy. 2002. Sprouty2 attenuates epidermal growth factor receptor ubiqui-
tylation and endocytosis, and consequently enhances Ras/ERK signalling. EMBO
J. 21: 4796–4808.

38. Wong, E. S., J. Lim, B. C. Low, Q. Chen, and G. R. Guy. 2001. Evidence
for direct interaction between Sprouty and Cbl. J. Biol. Chem. 276:
5866 –5875.

39. Tanchot, C., D. L. Barber, L. Chiodetti, and R. H. Schwartz. 2001. Adaptive
tolerance of CD4� T cells in vivo: multiple thresholds in response to a constant
level of antigen presentation. J. Immunol. 167: 2030–2039.

40. Curtsinger, J. M., D. C. Lins, and M. F. Mescher. 1998. CD8� memory T cells
(CD44high, Ly-6C�) are more sensitive than naive cells to (CD44low, Ly-
6C�) to TCR/CD8 signaling in response to antigen. J. Immunol. 160:
3236 –3243.

41. Suzuki, G., Y. Kawase, S. Koyasu, I. Yahara, Y. Kobayashi, and R. H. Schwartz.
1988. Antigen-induced suppression of the proliferative response of T cell clones.
J. Immunol. 140: 1359–1365.

42. Matis, L. A., D. L. Longo, S. M. Hedrick, C. Hannum, E. Margoliash, and
R. H. Schwartz. 1983. Clonal analysis of the major histocompatibility complex
restriction and the fine specificity of antigen recognition in the T cell proliferative
response to cytochrome C. J. Immunol. 130: 1527–1535.

43. Becker-Hapak, M., S. S. McAllister, and S. F. Dowdy. 2001. TAT-mediated
protein transduction into mammalian cells. Methods 24: 247–256.

44. Singh, N. J., and R. H. Schwartz. 2003. The strength of persistent antigenic
stimulation modulates adaptive tolerance in peripheral CD4� T cells. J. Exp.
Med. 198: 1107–1117.

45. Schwarze, S. R., K. A. Hruska, and S. F. Dowdy. 2000. Protein transduction:
unrestricted delivery into all cells? Trends Cell Biol. 10: 290–295.

46. Nagahara, H., A. M. Vocero-Akbani, E. L. Snyder, A. Ho, D. G. Latham,
N. A. Lissy, M. Becker-Hapak, S. A. Ezhevsky, and S. F. Dowdy. 1998. Trans-
duction of full-length TAT fusion proteins into mammalian cells: TAT-p27Kip1

induces cell migration. Nat. Med. 4: 1449–1452.
47. Lissy, N. A., P. K. Davis, M. Irwin, W. G. Kaelin, and S. F. Dowdy. 2000. A

common E2F-1 and p73 pathway mediates cell death induced by TCR activation.
Nature 407: 642–645.

48. Lea, N. C., S. J. Orr, K. Stoeber, G. H. Williams, E. W. Lam, M. A. Ibrahim,
G. J. Mufti, and N. S. Thomas. 2003. Commitment point during G03G1 that
controls entry into the cell cycle. Mol. Cell Biol. 23: 2351–2361.

49. Mason, J. M., D. J. Morrison, B. Bassit, M. Dimri, H. Band, J. D. Licht, and
I. Gross. 2004. Tyrosine phosphorylation of Sprouty proteins regulates their abil-
ity to inhibit growth factor signaling: a dual feedback loop. Mol. Biol. Cell. 15:
2176–2188.

6044 DUAL EFFECTS OF SPRY1 ON TCR SIGNALING



50. Sasaki, A., T. Taketomi, R. Kato, K. Saeki, A. Nonami, M. Sasaki,
M. Kuriyama, N. Saito, M. Shibuya, and A. Yoshimura. 2003. Mammalian
Sprouty4 suppresses Ras-independent ERK activation by binding to Raf1.
Nat. Cell Biol. 5: 427– 432.

51. Yusoff, P., D. H. Lao, S. H. Ong, E. S. Wong, J. Lim, T. L. Lo, H. F. Leong,
C. W. Fong, and G. R. Guy. 2002. Sprouty2 inhibits the Ras/MAP kinase path-
way by inhibiting the activation of Raf. J. Biol. Chem. 277: 3195–3201.

52. Rubin, C., V. Litvak, H. Medvedovsky, Y. Zwang, S. Lev, and Y. Yarden. 2003.
Sprouty fine-tunes EGF signaling through interlinked positive and negative feed-
back loops. Curr. Biol. 13: 297–307.

53. Nutt, S. L., K. S. Dingwell, C. E. Holt, and E. Amaya. 2001. Xenopus Sprouty2
inhibits FGF-mediated gastrulation movements but does not affect mesoderm
induction and patterning. Genes Dev. 15: 1152–1166.

54. Samelson, L. E. 2002. Signal transduction mediated by the T cell antigen recep-
tor: the role of adapter proteins. Annu. Rev. Immunol. 20: 371–394.

55. Ebinu, J. O., S. L. Stang, C. Teixeira, D. A. Bottorff, J. Hooton, P. M. Blumberg,
M. Barry, R. C. Bleakley, H. L. Ostergaard, and J. C. Stone. 2000. RasGRP links
T-cell receptor signaling to Ras. Blood 95: 3199–3203.

56. Fong, C. W., H. F. Leong, E. S. Wong, J. Lim, P. Yusoff, and G. R. Guy. 2003.
Tyrosine phosphorylation of Sprouty2 enhances its interaction with c-Cbl and is
crucial for its function. J. Biol. Chem. 278: 33456–33464.

57. Hall, A. B., N. Jura, J. DaSilva, Y. J. Jang, D. Gong, and D. Bar-Sagi. 2003.
hSpry2 is targeted to the ubiquitin-dependent proteasome pathway by c-Cbl.
Curr. Biol. 13: 308–314.

58. Dutton, R. W., L. M. Bradley, and S. L. Swain. 1998. T cell memory. Annu. Rev.
Immunol. 16: 201–223.

59. Chiang, Y. J., H. K. Kole, K. Brown, M. Naramura, S. Fukuhara, R. J. Hu,
I. K. Jang, J. S. Gutkind, E. Shevach, and H. Gu. 2000. Cbl-b regulates the CD28
dependence of T-cell activation. Nature 403: 216–220.

60. Fang, D., H. Y. Wang, N. Fang, Y. Altman, C. Elly, and Y. C. Liu. 2001. Cbl-b,
a RING-type E3 ubiquitin ligase, targets phosphatidylinositol 3-kinase for ubiq-
uitination in T cells. J. Biol. Chem. 276: 4872–4878.

61. Fang, D., and Y. C. Liu. 2001. Proteolysis-independent regulation of PI3K by
Cbl-b-mediated ubiquitination in T cells. Nat. Immunol. 2: 870–875.

62. Jeon, M. S., A. Atfield, K. Venuprasad, C. Krawczyk, R. Sarao, C. Elly, C. Yang,
S. Arya, K. Bachmaier, L. Su, et al. 2004. Essential role of the E3 ubiquitin ligase
Cbl-b in T cell anergy induction. Immunity 21: 167–177.

63. McKarns, S. C., and R. H. Schwartz. 2005. Distinct effects of TGF-�1 on CD4�

and CD8� T cell survival, division, and IL-2 production: a role for T cell intrinsic
Smad3. J. Immunol. 174: 2071–2083.

6045The Journal of Immunology


