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ZAP-70-deficient patients present with nonfunctional
CD41 T cells in the periphery. We find that a subset of
primary ZAP-70-deficient T cells, expressing high levels
of the related protein-tyrosine kinase Syk, can prolifer-
ate in vitro. These cells (denoted herein as Sykhi/ZAP-
702 T cells) provide a unique model in which the contri-
bution of Syk to TCR-mediated responses can be
explored in a nontransformed background. Importantly,
CD3-induced responses, such as tyrosine phosphoryla-
tion of cellular substrates (LAT, SLP76, and PLC-g1), as
well as calcium mobilization, which are defective in T
cells expressing neither ZAP-70 nor Syk, are observed in
Sykhi/ZAP-702 T cells. However, Sykhi/ZAP-702 T cells
differ from control T cells with respect to the T cell
antigen receptor (TCR)-mediated activation of the
MAPK cascades: extracellular signal-regulated kinase
activity and recruitment of the JNK and p38 stress-re-
lated MAPK pathways are diminished. This distinct phe-
notype of Sykhi/ZAP-702 T cells is associated with a pro-
found decrease in CD3-mediated interleukin 2 secretion
and proliferation relative to control T cells. Thus,
ZAP-70 and Syk appear to play distinct roles in trans-
ducing a TCR-mediated signal.

Severe combined immunodeficiency syndrome comprises a
group of genetic disorders affecting T and B lymphocyte func-
tion. One variant of severe combined immunodeficiency syn-
drome is caused by an absence of ZAP-70, a protein-tyrosine
kinase that is recruited to the phosphorylated z chain of the
TCR following its stimulation (1). ZAP-70-deficient patients are
characterized by a selective inability to produce CD81 T cells
and an inability of mature CD41 T cells to respond to TCR
stimulation (2–4). Thus, ZAP-70 appears to play a critical role
in T cell ontogeny as well as T cell activation. It is interesting
to note that the phenotype of ZAP-70-deficient mice and hu-
mans are distinct, with ZAP-70-mutant mice exhibiting an
earlier block in T cell development, at the CD41CD81 thymo-

cyte stage (5, 6). Although the bases for the differential role of
ZAP-70 in human and murine T cell development remain un-
clear, it is likely that compensatory mechanisms exist in ZAP-
70–/– patients that allow CD41 T cells to mature and emigrate
to the periphery. One potential substitute for ZAP-70 is the
structurally homologous Syk protein-tyrosine kinase. The com-
pensatory role of Syk is likely more pronounced in the thymus
than in peripheral T cells because it is down-regulated during
T cell development (7). Indeed, a TCR-induced response can be
elicited in Syk-expressing thymocytes derived from a ZAP-70-
deficient patient but not in peripheral CD41 T cells from the
same individual (8).

It remains important to test whether the differential activa-
tion of ZAP-70 and Syk participates in the modulation of a T
cell response. In favor of distinct roles for ZAP-70 and Syk in T
cell activation are the observations that Syk kinase activity is
100-fold higher than that of ZAP-70 (9) and that the ability of
Syk to be activated in an Lck-independent fashion is not shared
by ZAP-70 (10–14). Finally, studies of a recently established
ZAP-702/Syk2 Jurkat clone (p116) have demonstrated that
transient expression of ZAP-70 but not Syk reverses the defect
in z chain phosphorylation (15). Nevertheless, it has not been
possible to use the above-mentioned clone to assess the biolog-
ical effects of Syk because its stable introduction has not been
tolerated. Indeed, there is presently no ZAP-70-deficient T cell
model in which Syk is expressed at high levels, making it
difficult to assess the precise role of Syk in modulating the
response of a T cell to TCR stimulation.

Here, we demonstrate that proliferation of polyclonal popu-
lations of nontransformed CD41 T cells derived from ZAP-70-
deficient patients is consistently associated with significant
increases in Syk levels, suggesting that Syk substitutes for
ZAP-70 in transducing extracellular signals. Indeed, whereas
ZAP-70-deficient T cells expressing only low levels of Syk dem-
onstrated a defective response to TCR stimulation, proliferat-
ing ZAP-70–/– cells that expressed high levels of Syk (Sykhi/
ZAP-702 T cells) exhibited an elevated calcium flux in response
to CD3 engagement. However, the ensemble of downstream
molecules activated in Sykhi/ZAP-702 T versus control T cells
was distinct with decreased Erk,1 JNK, and p38 MAPK activ-
ities in the former. This phenotype was associated with a pro-
found defect in TCR-induced proliferation and IL-2 secretion.
Thus, although Syk can compensate for ZAP-70 in activating
several downstream effector molecules, our data demonstrate
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that Syk and ZAP-70 are differentially coupled to the TCR
signaling cascade.

EXPERIMENTAL PROCEDURES

Cells— The Jurkat T cell line E6–1 was obtained from the American
Type Culture Collection (ATCC, Manassas, VA) and the ZAP-701/Syk1

Jurkat clone 77–6.8 was generously provided by Dr. K. A. Smith (New
York, NY). Peripheral blood mononuclear cells were isolated by Ficoll-
Hypaque density gradient centrifugation from two patients, products of
a consanguineous relationship, and normal donors following institu-
tional review board approval and informed consent. CD31/CD41 ab T
cells were purified using aCD4 coated magnetic beads as per the man-
ufacturer’s instructions (Dynal, Inc., Great Neck, NY). Cells were cul-
tured in Yssel’s medium (16) supplemented with 1% human AB1 serum
and recombinant human IL-2 at 100 u/ml (Chiron Corp., Emeryville,
CA). Cells were stimulated weekly during the first month in culture and
every other week thereafter with PHA (0.5 mg/ml) (Murex, Dartford,
United Kingdom) and irradiated feeder cells consisting of peripheral
blood mononuclear cells and Epstein-Barr virus-transformed JY cells as
described previously (17). In all experiments described here, aCD3 and
IL-2 stimulations were performed on cells in “resting phase” that had
not been stimulated with irradiated feeder cells for at least 10 days
prior to use. Prior to activation, cells were cultured overnight in Yssel’s
medium without IL-2.

Antibodies and Flow Cytometry Analysis—An Ab recognizing the
dually phosphorylated Thr183–Tyr185 form of Erk1/Erk2 (anti-ACTIVE-
MAPK) was obtained from Promega (Charbonnière, France). Abs rec-
ognizing the phosphorylated and nonphosphorylated forms of p38 and
SAPK/JNK were from New England Biolabs (Beverly, MA). The aErk2
mAb and aPLC-g1 pAb were from Transduction Laboratories (Lexing-
ton, KY), and the 4G10 a-phosphotyrosine mAb and the aLAT pAb were
purchased from Upstate Biotechnology Inc. (Lake Placid, NY). Agarose-
conjugated polyclonal aErk1/Erk2 Abs were from Santa Cruz Biotech-
nology (Santa Cruz, CA). An aZAP-70 mAb and polyclonal and mono-
clonal aSyk Abs were the generous gifts of A. Weiss (University of
California, San Francisco, CA). The 9.3 aCD28 mAb was generously
provided by C. June (National Institutes of Health, Bethesda, MD). The
aCD3 OKT3 hybridoma line was purchased from the ATCC, and the
aCD3 UCHT1 mAb was from Pharmingen (San Diego, CA). An a-mouse
F(ab9)2 fragment was obtained from Immunotech (Marseille, France).
TCR Pan ab, CD3, CD4, CD8, and IgG isotype control Abs used for
FACS analyses were purchased from Immunotech. Standard direct
immunofluorescent methods were used for single and double staining of
cells for these surface markers. Fluorescence was then examined using
a FACScan flow cytometer (Becton Dickinson, Mountain View, CA).

Lymphocyte Proliferation and Cytokine Measurements—Cells (1 3
105 in a total volume of 100 ml) were cultured in triplicate in flat-
bottomed 96-well plates in the presence or absence of exogenous IL-2
(100 u/ml) and immobilized OKT3 mAb (1 mg/ml). After 3 days in
culture, cells were [3H]thymidine-labeled (1 mCi/well) (CEA, Saclay,
France) for 12 h, harvested, and counted in a scintillation counter
(Beckman LS 6000SC). The stimulation index for each cell type was
determined by the following formula: [3H]thymidine incorporation in
mitogen-treated cells/[3H]thymidine incorporation in nonactivated
cells. For measurement of secreted IL-2, cells were activated as de-
scribed above, and cell-free supernatants were collected 24 h following
activation. A commercially available enzyme-linked immunosorbent
assay kit for IL-2 (Immunotech) was used according to the manufactur-
er’s instructions.

Calcium Mobilization Analysis—For fluorometry experiments, T
cells were loaded with 3 mM (final) Indo-1-AM (Molecular Probes, Eu-
gene, OR) in Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum at 20 °C for 45 min. Cells were then washed and resus-
pended in N-a-Hanks’ buffered salt solution (2 nM CaCl2, 145 nM NaCl,
5 nM KCl, 1 nM MgCl2, 5 nM D-glucose, 20 nM HEPES, pH 7.3) containing
1% bovine serum albumin and maintained at 20 °C. Cells (5 3 105) were
stimulated with the aCD3 UCHT1 mAb (1–5 mg/ml) at 37 °C in a
constantly stirred acrylic cuvette. Fluorescence measurements to deter-
mine [Ca21]i were made using a Photon Technologies fluorometer (PTI,
South Brunswick, NJ) with an excitation wavelength of 350 nm (4 nm
bandwidth) and dual simultaneous monitoring of emission at 450 and
485 nm (10 nm bandwidth). Results are represented as a ratio of
emission at 405/485 nm.

Cell Stimulations and Immunoblots—Cells were washed in PBS,
resuspended at 1 3 107 cells/ml, and stimulated with an aCD3 mAb
or aCD3/aCD28 mAbs (10 mg/ml) followed by cross-linking with
an a-mouse F(ab9)2 fragment (40 mg/ml) at 37 °C for the indicated

time periods.
Cells were lysed in a 1% Nonidet P-40 lysis buffer, and postnuclear

supernatants were immunoprecipitated for 1 h at 4 °C with the indi-
cated Ab followed by collection on protein A-Sepharose beads (Amer-
sham Pharmacia Biotech) (18). Immunoprecipitates or whole-cell ly-
sates were boiled, resolved on SDS-polyacrylamide gel electrophoresis
gels, and transferred electrophoretically to Hybond-C membranes (Am-
ersham Pharmacia Biotech). Membranes were blocked for 30 min in
TBS (150 mM NaCl, 20 mM Tris, pH 7.5) containing 5% bovine serum
albumin and 0.1% Tween 20 and incubated with the indicated primary
Ab for 1 h at room temperature. Blots were then incubated with horse-
radish peroxidase-conjugated goat a-rabbit or a-mouse secondary Abs
(Amersham Pharmacia Biotech), and immunoreactive proteins were
visualized using the enhanced chemiluminescence (ECL) detection sys-
tem (Amersham Pharmacia Biotech). For reblotting, filters were
stripped as reported (18). In some experiment, bands intensities were
quantified using Intelligent Quantifier.

Protein Kinase Assays—An immune complex kinase assay was per-
formed using myelin basic protein (MBP) (Sigma) as a substrate follow-
ing immunoprecipitation with agarose-conjugated aErk1 and aErk2
polyclonal Abs. Immunoprecipitates were washed twice with lysis
buffer and once in MAPK wash buffer (25 mM Tris HCl, pH 7.4, 40 mM

MgCl2, 137 mM NaCl, 10% glycerol). Enzyme activity was assessed in a
final volume of 20 ml in a buffer containing 42.5 mM HEPES, 425 mM

MgCl2, 0.21 mM ATP, 50 mCi of [g-32P]ATP (3000 Ci/mmol) and 50 mM

MBP for 30 min at 30 °C. Following separation on an SDS-polyacryl-
amide gel electrophoresis gel, phosphorylated MBP (molecular mass,
18.4 kDa) was visualized by autoradiography.

RESULTS

Phenotype and Proliferation of Primary ZAP-70-deficient T
Cells—T cells were isolated from two siblings who presented
with clinical symptoms characteristic of severe combined im-
munodeficiency. Further analysis revealed a phenotype con-
sistent with a deficiency of the ZAP-70 protein-tyrosine kinase
(2–4): normal numbers of CD41 lymphocytes (60%) and a
marked defect in CD81 cells (,3%). Similar to observations in
other ZAP-70-deficient patients, the patients described here
demonstrated a profound defect in T cell proliferation upon
TCR and mitogen stimulation (data not shown). We therefore
assessed ZAP-70 protein levels and found that it was not ex-
pressed in T cells from these two patients (Fig. 1A). DNA
sequencing revealed that both patients’ ZAP-70 DNA contained
a homozygous C to T nucleotide transition at position 1729,
resulting in an alanine to valine substitution at amino acid 507
of the kinase domain (Fig. 1B). This newly identified mutation
lies within a 13-base pair region that is deleted in another
ZAP-70-deficient patient (4). Interestingly, with the exception
of a temperature sensitive mutation recently described in the
SH2 domain, all other ZAP-70 mutations reported to date are
localized in the kinase domain (2–4, 6, 19).

In order to determine whether ZAP-70-deficient T cells could
be induced to proliferate, cells from the patients were stimu-
lated under conditions previously described to be optimal for T
cell growth (17). Specifically, cells were activated with irradi-
ated allogeneic accessory cells, PHA and exogenous IL-2 in the
presence of human serum. Indeed, a subset of ZAP-70–/– ab
CD41 T cells proliferated and the response of these cells to
allogeneic restimulation was significantly augmented as com-
pared with fresh T cells isolated from the same patients (not
shown). Due to the similarities between Syk and ZAP-70 and
the ability of Syk to activate some TCR-induced responses in a
transformed Syk2/ZAP-702 T cell line (15), we compared Syk
levels in fresh and proliferating ZAP-70-deficient and control T
cells. The low levels of Syk detected in freshly isolated T cells
from these patients, as well as in an unrelated ZAP-70-defi-
cient patient, were associated with a complete block in TCR-
induced proliferation (Fig. 2A and data not shown).2 Im-
portantly, proliferating ZAP-70-deficient T cells, but not

2 C. Hivroz, personal communication.
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equivalently treated control T cells, expressed significantly
higher levels of Syk (Fig. 2B). The subsets of proliferating T
cells were polyclonal as determined by TCR Vb usage (not
shown). The augmented Syk expression observed in ZAP-70–/–
T cells was not the result of a selection bias in a single pool of
expanded cells, as it was observed in multiple pools from both
of the ZAP-70-deficient patients assessed here (Fig. 2C) as well
as in mature T cells derived from three additional unrelated
ZAP-70-deficient patients.2, 3 It should be noted that the level
of Syk observed in T cells obtained from these five ZAP-70-
deficient patients was approximately equivalent to that ex-
pressed in Syk1 Jurkat T cells (Fig. 2 and data not shown).
Thus, high Syk expression is a consistent phenotype of prolif-
erating ZAP-70–/– T cells (designated hereafter as Sykhi/ZAP-
702 T cells).

Next, we assessed whether these proliferating Sykhi/ZAP-
702 T cells could respond to TCR stimulation alone. Tyrosine
phosphorylation of Syk was observed upon CD3 engagement of
Sykhi/ZAP-702 T cells but not in equivalently treated control T
cells, which expressed Syk at the limits of detection (Fig. 2C).

These results indicate that in Sykhi/ZAP-702 T cells, Syk is
likely to be involved in transducing TCR-induced signals from
the cell surface.

Tyrosine Phosphorylation of Signaling Intermediates in
Sykhi/ZAP-702 T Cells—Significant attention has focused on
the mechanisms by which TCR-mediated activation of ZAP-70/
Syk kinases are coupled to downstream signaling pathways.
LAT (linker for activation of T cells) is a 36/38-kDa membrane-
associated adapter protein that has been proposed to link the
TCR with some of these downstream events (20). Indeed, LAT
associates in vivo, either directly or indirectly, with important
signaling intermediates, such as PLC-g1, Cbl, Vav, SLP76,
Grb2, and Grap (20). We therefore assessed the tyrosine phos-
phorylation of LAT and its association with other signaling
molecules in control and Sykhi/ZAP-702 T cells. Cells were
stimulated with an aCD3 mAb, and lysates were subjected to
an aLAT immunoprecipitation. In Sykhi/ZAP-702 T cells, the
level of CD3-induced LAT phosphorylation was equivalent or
greater than that observed in control T cells (Fig. 3A). In
additional experiments, PLC-g1 and SLP76 were immunopre-
cipitated from control and Sykhi/ZAP-702 T cell lysates. Upon
CD3 stimulation, PLC-g1 and SLP76 were found to be highly
phosphorylated in both cell types. Interestingly, PLC-g1 ap-
pears to be phosphorylated to slightly higher levels in Sykhi/
ZAP-702 T cells as compared with control T cells. Moreover, a
36/38-kDa tyrosine-phosphorylated doublet that migrates with
the same mobility as LAT was immunoprecipitated by both
PLC-g1- and SLP76-specific antibodies (Fig. 3C and data not
shown). Thus, in the presence of Syk and absence of ZAP-70,3 N. Taylor, unpublished observations.

FIG. 1. ZAP-70 deficiency is associated with a mutation at al-
anine 507 in the kinase domain. A, CD41 T cells were isolated from
two siblings (patients 1 and 2) and control donors (CTRL 1 and CTRL
2). Total cell lysates (1 3 106 cell equivalents) were fractionated on an
SDS gel. Membranes were immunoblotted with an aZAP-70 mAb and
reprobed with an aErk2 mAb to verify equivalent protein loading.
Immunolabeled proteins were visualized by ECL. B, the nucleotide
sequences corresponding to residues 444–452 (amino acids 79–81),
1713–1766 (amino acids 502–519), 1827–1847 (amino acids 540–546),
and 1920–1928 (amino acids 571–573) are shown (1). A homozygous
cytidine to thymidine transition at nucleotide position 1729, resulting
in the mutation of alanine to a valine at position 507, is indicated. Other
mutations located in the kinase domain (boxed) include a 13-base pair
deletion spanning nucleotides 1719–1731; a point mutation at nucleo-
tide 1763 that changes a serine to an arginine at position 518; a 9-base
pair insertion that results in the introduction of a leucine, glutamic
acid, and glutamine following amino acid 541; and a point mutation
located at base pair 1923 that changes a methionine to a leucine at
position 572 (2–4, 19). Additionally, a newly described point mutation
in the SH2 domain in which a C to A transition at position 448 results
in the substitution of glutamine for proline at residue 80 is indicated
(19).

FIG. 2. Syk is highly expressed in proliferating ZAP-70-defi-
cient T cells and is phosphorylated in response to TCR ligation.
The level of Syk expression in freshly obtained (A) and proliferating (B)
T cells (1 3 106 cell equivalents) isolated from ZAP-70–/– patients and
control donors was monitored using an aSyk mAb. Immunoblots were
then reprobed with an aErk2 mAb. C, Syk was immunoprecipitated
from proliferating ZAP-70–/– T cells from the two patients and identi-
cally treated control CD41 T cells (5 3 106 cell equivalents) following no
stimulation (–) or stimulation (1) with an aCD3 mAb. Immunoprecipi-
tates (IP) were immunoblotted (IB) with an a-Tyr(P) (a-PTyr) mAb to
assess the phosphorylation status of Syk (upper panel). The position of
Syk is indicated by an arrow. The blot was then reprobed with an aSyk
mAb (lower panel).
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the activation of several important signaling intermediates is
not adversely affected.

CD3-induced Calcium Mobilization Is Enhanced in Sykhi/
ZAP-702 T Cells—Next, we monitored the mobilization of in-
tracellular calcium, another proximal signaling event. As illus-
trated in Fig. 4, CD3 cross-linking resulted in an increase in
Ca21 flux in Sykhi/ZAP-702 T cells, as well as in T cells from 2
normal donors. Notably, Ca21 mobilization was more rapid and
higher in magnitude in Sykhi/ZAP-702 T cells than in control T
cells, despite equivalent levels of CD3 on the cell surface (Fig.
4A and data not shown). This difference in Ca21 flux was also
detected at lower concentrations of aCD3 mAb (1–5 mg/ml) (Fig.
4B). These observations indicate that early TCR-mediated sig-
naling events are induced in Sykhi/ZAP-702 T cells, albeit with
some differences compared with control T cells expressing
ZAP-70.

Sykhi/ZAP-702 T Cells Exhibit Decreased Erk, JNK, and p38

Activities—A growing body of evidence indicates that the Ras-
Erk pathway is critical for the proliferation of distinct cell types
(21). To assess whether activation of the MAPKs Erk1 and
Erk2 was affected in Sykhi/ZAP-702 T cells, their phosphoryl-
ation on residues Thr183 and Tyr185 and their kinase activity
were analyzed. Sykhi/ZAP-702 and control T cells were acti-
vated for 3 min with cross-linked aCD3 mAb, and the level of
phosphorylated Erk proteins was assessed on immunoblots
using a polyclonal Ab that specifically recognizes the dually
phosphorylated form of Erk1 and Erk2. Although Erk1 and
Erk2 proteins were phosphorylated in Sykhi/ZAP-702 T cells in
response to CD3 engagement, the level of phosphorylation was
significantly lower than that detected in control T cells (Fig.
5A). Control blots showed that equivalent amounts of Erk2
were present in each lane (Fig. 5B). To further extend this
observation, the ability of immunoprecipitated Erk1/Erk2 to
phosphorylate an Erk substrate, MBP was assessed (Fig. 5C).
Again, Erk-dependent kinase activity was clearly observed in
CD3-activated Sykhi/ZAP-702 T cells but at significantly lower
levels than in control T cells. Thus, activation of Syk is associ-
ated with a decreased recruitment of the Ras-Erk cascade in
Sykhi/ZAP-702 T cells following CD3 engagement.

The MAPKs JNK and p38 are both stimulated by stress and
have been implicated in apoptosis in certain cell systems (22,

FIG. 3. LAT is tyrosine-phosphorylated and associates with
PLC-g1 and SLP76 in CD3-activated Sykhi/ZAP-702 T cells. A,
LAT was immunoprecipitated (IP) from control and Sykhi/ZAP-702 T
cells (1 3 107 cell equivalents) following either no stimulation (–) or
stimulation with a cross-linked aCD3 mAb (1). Immunoprecipitates
were immunoblotted (IB) with an a-Tyr(P) (a-PTyr) mAb to assess the
phosphorylation status of LAT (upper panel) and then reprobed with an
aLAT pAb (bottom panel). B, lysates from nonstimulated (–) and CD3-
stimulated (1) control and Sykhi/ZAP-702 T cells were immunoprecipi-
tated with aPLC-g1 Ab, and the presence of tyrosine-phosphorylated
PLC-g1 was assessed by immunoblotting with an a-Tyr(P) mAb (upper
panel). Blots were reprobed with an aPLC-g1 Ab (bottom panel). C,
similarly, lysates were immunoprecipitated with an aSLP76 Ab, and
the presence of tyrosine-phosphorylated proteins was monitored.

FIG. 4. Calcium mobilization is increased in CD3-cross-linked
Sykhi/ZAP-702 T cells. Sykhi/ZAP-702 T cells and control T cells
derived from two donors (CTRL 1 and CTRL 2) were loaded with the
calcium-sensitive dye Indo-1 and analyzed for increases in [Ca21]i fol-
lowing stimulation with 10 mg/ml of the UCHT1 aCD3 mAb (A). Equiv-
alent experiments were performed following stimulation with 1–5
mg/ml of the UCHT1 aCD3 mAb (B). Changes in [Ca21]i were monitored
by fluorometry as a measure of the ratio of emission at 405/485 nm
(ordinate axis) using a Photon Technologies spectrofluorometer for the
indicated time period.
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23). However, JNK activation has also been observed following
stimulation with various growth factors (24–26). Additionally,
JNK is synergistically activated by costimulation of the CD3
and CD28 receptors (27). Therefore, we were interested in
determining whether JNK and p38 were differentially acti-
vated in Sykhi/ZAP-702 and control T cells. Cells were incu-
bated in the presence or absence of either an aCD3 mAb or
aCD3/aCD28 mAbs for 5, 15, or 30 min, and the activation
status of both JNK and p38 was monitored. In control T cells,
the level of phosphorylated p54/p46 JNK proteins increased by
2.5–3.0-fold by 5 min after TCR engagement and returned to
baseline levels by 30 min (Fig. 6A). In contrast, the phospho-
rylation of these proteins in Sykhi/ZAP-702 T cells was lower,
increasing by only 1.5-fold, and the kinetics of phosphorylation
were longer, with a maximal response observed at 15 min (Fig.
6A). Similarly, 5 min following TCR costimulation, the level of
phosphorylated p38 increased by 6.2-fold in control T cells and
only 3.5-fold in Sykhi/ZAP-702 T cells (Fig. 6B). It is important
to note that anisomycin treatment (200 ng/ml) resulted in
equivalent phosphorylation of JNK and p38 in control and
Sykhi/ZAP-702 T cells (data not shown), indicating that the
latter cells had no intrinsic defect in JNK or p38 activities.

Collectively, these results demonstrate that although CD3
ligation results in the activation of several signaling interme-
diates and calcium mobilization in Sykhi/ZAP-702 T cells, TCR-
mediated recruitment of all three MAPK cascades is defective.

Defective TCR-induced IL-2 Secretion and Proliferation in
Sykhi/ZAP-702 T Cells—We next determined how the distinct
TCR signaling cascade induced in Sykhi/ZAP-702 T cells would
affect the fate of these cells. As Erks, JNKs, and p38 play a role
in the induction of IL-2 transcription (27), it was of interest to
ascertain whether IL-2 secretion is compromised in these pro-
liferating T cells derived from ZAP-70-deficient patients. IL-2
production was assessed 24 h following activation with immo-
bilized aCD3 mAbs. IL-2 secretion was not detected in nonac-
tivated Sykhi/ZAP-702 T cells (,5 pg/ml), whereas a modest

level was induced by aCD3-activation (167 pg/ml). Neverthe-
less, these levels were significantly lower than those detected
in equivalently treated control T cells (909–2101 pg/ml) (Table
I). These results indicate that IL-2 secretion is compromised
but not absent in CD3-stimulated T cells that exhibit defective
MAPK activation.

Although Sykhi/ZAP-702 T cells clearly proliferated in re-
sponse to the extensive mixture of mitogenic agents present in
the culture media, it was important to determine their prolif-
erative capacity following activation of the TCR alone. Thus,
[3H]thymidine incorporation was measured 3 days after acti-
vation with either immobilized aCD3 mAb, aCD3/CD28 mAbs,
a combination of IL-2 and aCD3 mAbs, or exogenous IL-2
alone. Unlike freshly obtained ZAP-70–/– T cells, which did not
proliferate following CD3 or CD3/CD28 engagement, the cor-
responding Sykhi/ZAP-702 T cells responded to these stimuli
(Fig. 7 and data not shown). However, proliferation of the latter
cells was markedly decreased compared with equivalently
treated control T cells (p 5 0.003). The decreased CD3-induced
proliferation in Sykhi/ZAP-702 T cells was not solely due to
decreased IL-2 secretion as addition of exogenous IL-2 did not
alleviate this difference. Nevertheless, Sykhi/ZAP-702 T cells
were able to respond to IL-2 alone with a similar level of
proliferation as control T cells (not shown). Altogether, these
results indicate that in the context of T cells expressing Syk but
not ZAP-70, a 2–3-fold decrease in the activation of all three
MAPK cascades is associated with a profound defect in CD3-
mediated IL-2 secretion and proliferation.

FIG. 6. JNK and p38 activation are decreased in Sykhi/ZAP-702

T cells stimulated via the TCRzCD3 complex. Lysates (5.0 3 105

cell equivalents) were obtained from control (CTRL) and Sykhi/ZAP-702

T cells that were stimulated with either aCD3 or aCD3/aCD28 mAbs
for 5, 15, or 30 min at 37 °C. A, the membrane was immunoblotted with
Abs that recognizes the phosphorylated p54/p46 isoforms of JNK. B,
lysates from the same experiment were immunoblotted with a poly-
clonal Ab that recognizes the phosphorylated form of p38 (a-phospho-
p38). C, the blot was stripped and reprobed with an a-p38 Ab to ensure
equivalent protein loading in each lane. The fold increase in JNK and
p38 activation relative to unstimulated cells is indicated.

TABLE I
CD3-induced IL-2 secretion

Cells were stimulated with immobilized anti-CD3 mAb, and IL-2
secretion was measured 24 h later by enzyme-linked immunosorbent
assay. The results represent the mean 6 S.D. of triplicate samples.
CTRL, control.

Anti-CD3
IL-2

2 1

pg/ml

Sykhi/ZAP-702 ,5 167 6 12
CTRL 1 ,5 2101 6 307
CTRL 2 ,5 909 6 259

FIG. 5. Decreased Erk activation in Sykhi/ZAP-702 T Cells stim-
ulated via the TCRzCD3 complex. A, cell lysates (1 3 106 cell equiv-
alents) were obtained from Sykhi/ZAP-702 and control T cells (CTRL)
that were either incubated in medium (–) or stimulated with an aCD3
mAb (1) for 3 min at 37 °C. Lysates were processed as described under
“Experimental Procedures” and immunoblotted with a polyclonal Ab
that recognizes the doubly phosphorylated forms of Erk1 and Erk2. B,
the blot was stripped and reprobed with an aErk2 mAb. C, Erk1 and
Erk2 were immunoprecipitated from cell lysates (5 3 106 cell equiva-
lents) using aErk1/aErk2 pAbs, and kinase activity was determined by
an immune complex kinase assay using MBP as a substrate.
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DISCUSSION

Here, we demonstrate that the in vitro proliferation of pri-
mary CD41 ab T cells from ZAP-70-deficient patients consis-
tently results in the expansion of cells expressing high levels of
Syk. Thus, these cells provide a unique model for assessing
TCR-induced biological responses associated with the activa-
tion of Syk in a nontransformed T cell context. Although the
endogenous levels of Syk and ZAP-70 cannot be easily com-
pared, it is important to note that the high level of Syk ob-
served in the primary T cells utilized here is equivalent to that
detected in the transformed Jurkat T cell line. Stimulation of
primary Sykhi/ZAP-702 T cells via the TCRzCD3 complex re-
sulted in the phosphorylation of Syk suggesting that Syk may
substitute for ZAP-70 in transducing extracellular signals. In-
deed, the consistent in vitro outgrowth of ZAP-70-deficient T
cells with high Syk levels likely reflects their acquisition of a
significant response to exogenous stimulus.

Accordingly, CD3-induced responses, including tyrosine
phosphorylation of cellular substrates that are defective in
freshly obtained ZAP-70-deficient T cells expressing only low
levels of Syk (this work),2 were observed in these Sykhi/ZAP-
702 T cells. Importantly, LAT, which associates with the CD4
itself and links the activation of proximal kinases with down-
stream events (20, 28), was phosphorylated in CD3-engaged
Sykhi/ZAP-702 T cells. Finally, in Sykhi/ZAP-702 T cells, CD3
stimulation induced the interaction of PLC-g1 and SLP76 with
a 36/38 Kd doublet, which is presumably LAT. Nevertheless, we
cannot exclude the possibility that the association of LAT with
other adapter proteins, such as Grb2, is defective in Sykhi/ZAP-
702 T cells. The interaction of LAT with Grb2 or Grb2-like
adapters, such as Grap or Gads, is thought to be crucial for the
recruitment of SOS, a guanine-nucleotide-exchange factor that
converts the GDP-bound form of Ras into an active GTP-bound
form (29). However, because Grb2 is expressed at very low
levels in primary T cells (in contrast with Jurkat T cells, in
which it is expressed at high levels), its association with LAT
could not be monitored. Further work will establish whether
the association of LAT with other adapter proteins such as
Grap or Gads may differ in T cells, in which there is an acti-
vation of Syk but not ZAP-70. Indeed, it is clear that differences
exist in T cells in which one or another of these kinases is
phosphorylated. Specifically, whereas the z chain of the TCR is
phosphorylated following TCR engagement of T cells express-

ing ZAP-70, z chain phosphorylation is severely attenuated in a
ZAP-70-deficient thymocyte line expressing high levels of Syk
(8), a Jurkat clone in which Syk was transiently expressed (15),
and the Sykhi/ZAP-702 T cells assessed here.4 As the interac-
tion of ZAP-70 with the phosphorylated z subunit is required
for appropriate downstream signaling, these data point to a
crucial difference between ZAP-70 and Syk. Thus, the propa-
gation of a TCR signaling cascade in T cells expressing either
Syk or ZAP-70 may already differ at the level of the TCR itself.

In this regard, it is important to note that although many
signaling intermediates appeared to be equivalently activated
in Sykhi/ZAP-702 and control T cells, proximal signaling in
these two cell types was not identical; the CD3-mediated in-
crease in intracellular calcium in Sykhi/ZAP-702 T cells was
more rapid and significantly higher in magnitude than that
detected in equivalently treated control T cells. This increase
may indeed be due to the higher level of PLC-g1 phosphoryla-
tion observed in Sykhi/ZAP-702 T cells. Interestingly, in the a
similar phenomenon has been reported in murine ZAP-70 de-
ficient thymocytes containing transgenic Syk, in which CD3
cross-linking resulted in increased calcium flux relative to
wild-type thymocytes (30). Together, these data strongly sup-
port our hypothesis that the activation of Syk is responsible for
the CD3-induced phosphorylation of signaling intermediates
and increased calcium mobilization observed in the Sykhi/ZAP-
702 T cells described here.

Recent work suggests that different levels of calcium flux can
lead to the propagation of distinct downstream signals. In B
cells, the amplitude and duration of dynamic calcium signals
has been shown to differentially activate the transcription reg-
ulators NFkB and NFAT, as well as the MAPKs Erk and JNK
(31). We now extend this observation to show that an increased
calcium flux is linked with a defective induction of all three
MAPK cascades in Sykhi/ZAP-702 T cells. This is the first
demonstration that stimulation of Syk is associated with a
distinct TCR signaling cascade involving decreased MAPK ac-
tivation. It is interesting to note that whereas we observed a
defective JNK activation in Sykhi/ZAP-702 T cells, Jacinto et al.
(32) found that Syk enhances the CD3/CD28-induced activa-
tion of JNK in the Jurkat T cell line. However, unlike the
experiments presented here, the aforementioned study was
performed in a transformed cell line that expresses ZAP-70.
Furthermore, Latour et al. (14) found that the introduction of
Syk into a ZAP-70-expressing murine T cell hybridoma en-
hanced T cell responsiveness. Thus, the presence of ZAP-70
appears to modulate the role of Syk in TCR signaling.

The Erk, JNK, and p38 MAPK pathways have all been
implicated in T cell mitogenesis and IL-2 secretion (27, 33, 34).
Indeed, inhibition of any of these three pathways has been
found to result in decreased IL-2 secretion (33, 34). It was
therefore not surprising to observe a decreased level of CD3-
induced IL-2 secretion in the Sykhi/ZAP-702 T cells described
here. The importance of IL-2 production in T cell mitogenesis is
underscored by the finding that CD3-induced proliferation is
severely impaired in murine and human T cells that cannot
secrete IL-2 as a result of mutations in the IL-2 gene (35–37).
However, in contrast with these IL-2-deficient cells in which
CD3-induced proliferation increases to normal levels in the
presence of recombinant IL-2, the profound proliferation defect
in CD3-induced Sykhi/ZAP-702 T cells could not be alleviated
by the addition of exogenous IL-2. In this regard, it is notable
that IL-2, although required for optimal T cell growth and
survival, sensitizes cells to TCR activation-induced cell death
(38, 39). Indeed, we find a significantly higher level of activa-

4 N. Noraz and N. Taylor, unpublished observations.

FIG. 7. Defective TCRzCD3-induced proliferation in Sykhi/ZAP-
702 cells. Sykhi/ZAP-702 T cells derived from both ZAP-70-deficient
patients and control T cells were stimulated with either immobilized
aCD3 mAb (1 mg/ml) or a combination of exogenous IL-2 (100 U/ml) and
aCD3 mAbs. After 3 days of culture, cells were pulsed with 1 mCi of
[3H]thymidine and harvested 18 h later. Values shown are the mean 6
SD of data obtained in one of three representative experiments. The
stimulation index was determined as described under “Experimental
Procedures.”
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tion-induced cell death in Sykhi/ZAP-702 T cells stimulated by
an anti-CD3 mAb in the presence of IL-2 than in equivalently
treated control T cells.5 Thus, it is likely that the balance
between apoptosis and growth is weighted toward the former in
these Sykhi/ZAP-702 T cells, accounting for the decreased level
of TCR-induced proliferation. Importantly, our recent finding
that CD3-mediated proliferation of Sykhi/ZAP-702 T cells can
be corrected by introduction of the wild-type ZAP-70 gene dem-
onstrates that in these cells, all effector molecules required for
T cell activation, with the exception of ZAP-70, are functional.6

The down-regulation of Syk expression between the double
negative and double positive stage of thymocyte development
appears to be more pronounced in mice than in humans (40)
and may explain why, in the absence of ZAP-70, CD41 T cells
develop in the latter but not in the former. It is important to
note that in contrast with Syk, ZAP-70 levels do not change
during T cell ontogeny. It is likely that the mature CD41 T
cells in the periphery of ZAP-70–/– patients cannot respond to
mitogens because Syk is further down-regulated (Ref. 7 and
this work). In this regard, it is notable that Syk is apparently
not down-regulated in all human T cells; a rare subpopulation
of normal ab T cells expressing high levels of Syk has been
discussed in a recent review (40). Although these cells have not
been characterized and their physiological relevance is not
clear, it is tempting to speculate that this subpopulation also
exists in ZAP-70-deficient patients and represents the poly-
clonal population that proliferated in response to the extensive
mixture of mitogenic agents used in this study. As the Sykhi/
ZAP-702 T cells described here demonstrated a distinct re-
sponse to TCR engagement, it will be important to determine
whether there are functional differences between normal ZAP-
701 T cells expressing high Syk and the vast majority of ZAP-
701 T cells that express low or undetectable levels of Syk.
Further work will help to elucidate whether the fate of normal
thymocytes and T cells is modulated by the relative activation
of ZAP-70 and Syk.
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