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ABSTRACT
T lymphocytes utilize a variety of
surface receptors to transmit environ-
mental signals across the plasma
membrane and initiate biochemical
events leading to responses such as
proliferation, anergy, cytokine secre-
tion, and death. The T cell receptor
complex, CD28, IL-2 receptor, and
CD95 each couple to distinct sets of
cytoplasmic signaling events to
modulate the biological responses of
T cells. Deficiency or defective func-
tion of proteins involved in signaling
through these receptors are associated
with murine and human disease.

Introduction
The recent revolution in molecular biol-
ogy has produced significant advances
in our understanding of the biochemical
basis for the responsiveness of numer-
ous vertebrate tissues, including immune
cells. The T lymphocyte serves as a
prime example of how techniques of iso-
lation and functional characterization of
individual cellular proteins have led to
improved knowledge of the mechanisms
behind such diverse responses as acti-
vation, cytokine secretion, proliferation,
induction of anergy, and programmed
cell death. Remarkable progress has also
been made in the understanding of how
specific interactions of external stimuli
(cytokines, cell surface proteins, or an-
tigens) with T cell surface receptor com-
plexes cause biochemical alterations
which can modulate processes such as
gene transcription and cell cycle progres-
sion.
Here we present an overview of current
thinking about the structure and function
of several types of T cell surface recep-
tors: the T cell antigen receptor/CD3
complex, and examples of co-stimula-
tory molocules, cytokine receptors, and
“death” receptors. Receptor links with
cytoplasmic signaling machinery and
examples of disrupted signaling result-
ing in disease will also be considered.

The T cell receptor
The T cell antigen receptor (TCR) is a
multimeric protein complex which plays
a critical role in the activation of numer-
ous cellular responses ranging from pro-
liferation to death. It is distinguished
from other surface receptors on T cells
by its vast clonal diversity, a property
which permits specific responses to a
universe of foreign peptide antigens.
Functionally, the TCR is composed of
both antigen-recognition and signaling
subunits (1). TCR α and β (or in a small
minority of T cells, γ and δ) proteins
comprise the antigen recognition mod-
ule. Members of the immunoglobulin
superfamily of proteins, TCR α and β
chains contain extracellular domains
which confer the ability to recognize
peptide antigen bound to self Major His-
tocompatibility Complex (MHC) mol-
ecules. The α and β chain cytoplasmic
domains are short and devoid of known
function.
TCR-mediated signaling across the plas-
ma membrane therefore depends upon
the proteins of the associated CD3 com-
plex (CD3-ε, -γ, -δ and -ξ) (2). The cy-
toplasmic domains of these invariant
CD3 proteins possess one or more short
sequences of central importance for TCR
signaling called immune receptor tyro-
sine-based activation motifs (ITAMs) (3)
[reviewed in (4)].
Activation of several families of protein
tyrosine kinases (PTKs) is the earliest
detectable biochemical event following
TCR ligation (5). With PTK activation,
tyrosine residues within the CD3 chain
ITAMs become phosphorylated upon
TCR engagement (6) (Fig. 1). Lck, a
membrane-associated PTK of the src
family, constitutively associates with the
co-receptor molecules CD4 and CD8 (7)
and is required for antigen-induced CD3-
ITAM phosphorylation (8, 9). The struc-
turally-related PTK, fyn, also associates
with the TCR complex (10), and appears
critical for the optimal TCR-mediated
proliferation of thymocytes (11). Phos-
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pho-tyrosine residues within ITAMs dis-
play high binding affinity for specialized
regions termed SH2 (src homology-2)
domains (12, 13). Cytoplasmic proteins
containing SH2 domains are inducibly
recruited into complexes with ITAM-
containing molecules. For example, fol-
lowing TCR ligation, ZAP-70 (Zeta-As-
sociated Phosphoprotein of 70 kilo-
daltons), a cytoplasmic PTK containing
two SH2 domains, associates with the
phosphorylated ITAMs of the CD3-ξ or
-ε chains at the plasma membrane (14,
15).
Several lines of evidence suggest that
ZAP-70 and the src family PTKs are
necessary for effective TCR signaling.
In mice made deficient in these mole-
cules by homologous recombination
(“knock-outs”), T cell development is
impaired, and thymocytes or T cells dis-
play marked abnormalities in signaling
after TCR ligation (16, 17). ZAP-70- and
lck-deficient transformed cell lines also
show severe blocks in TCR-mediated
signaling (8, 18). Finally, a rare human
immunodeficiency state has been linked
to the functional absence of ZAP-70 (Ta-
ble I). These patients lack CD8+ cells
and show profound CD4+ cell unrespon-
siveness, again suggesting that ZAP-70
is required both for development of T cell
subsets and for mature T cell signal trans-
duction (19-21).
Phosphatases also regulate TCR-induced
PTK activity. CD45 is an abundant trans-
membrane protein containing protein
tyrosine phosphatase (PTP) activity in its
cytoplasmic region (22). Given the
above observations that early PTK ac-
tivity correlates with T cell activation,
some investigators predicted that PTPs,
like CD45, would inhibit TCR signaling.

Table I. Disease associations with deficient T cell signaling molecules.

Signaling event affected Deficient protein Disease features

TCR signaling
Coupling of TCR to PTK activation ZAP-70 Severe immune deficiency; impaired T cell development in mice and humans.
Down-regulation of PTK activity SHP-1 “Moth-eaten” mice show autoimmunity and inflammatory lung disease.

IL-2R signaling
Coupling IL-2 binding to JAK activation Common gamma chain Severe immune deficiency, impaired lymphocyte development in mice and humans
Phosphorylation of STAT proteins JAK3 Severe immune deficiency in humans.

CD95 signaling
Membrane recruitment and activation CD95 lpr and gld mice and patients with ALPS show glomerulonephritis,
   of protease activity    anti-DNA antibodies, hemolytic anemia.

Fig. 1. Membrane-proximal events in TCR signaling. The tyrosine phosphatase CD25 dephosphorylates
the negative regulatory tyrosine residue on the co-receptor-associcated PTK lck, maintaining lck in the
active form (1). Engagment of the TCR α and β brings activated lck into proximity with ITAM-bearing
CD3 chains. Lck phosphorylates the ξ chain (2). The phosphorylated ξ chain interacts with the tandem
SH2 domains of the cytoplasmic PTK ZAP-70 (3), allowing activation of ZAP-70 and the phosphoryla-
tion of downstream substrates.

Surprisingly, studies in T cell clones,
tumor lines, and CD45 deficient mice
revealed the opposite: TCR signaling is
abolished in the absence of CD45 (23-
25). An explanation for this paradox is
suggested by work showing that CD45
can dephosphorylate a negative regula-
tory tyrosine residue on src family kin-
ases such as lck, thereby maintaining the
kinases in a state poised for activation
(26-28) (Fig. 1). In contrast to CD45, the
cytoplasmic PTP SHP-1 behaves as a
negative regulator of TCR signaling (29-
31). SHP-1 deficiency causes lympho-
proliferative and autoimmune disease in
an inbred mouse strain known as “moth-
eaten” (32-34). Recent work suggests

that SHP- 1 associates with and inhibits
the activity of ZAP-70 after TCR liga-
tion, supplying a possible mechanistic
link between SHP-1 deficiency and auto-
immunity (29).
In addition to CD3 ITAMs, TCR-stimu-
lated PTKs phosphorylate a number of
cytoplasmic proteins. Among the TCR-
dependent PTK substrates implicated in
signal transduction are the Linker pro-
tein of Activated T cells (LAT) (35),
SH2-containing Leukocyte Protein of 76
kD (SLP-76) (36), and Cbl (37). LAT
appears important for coupling TCR sti-
mulation to activation of phospholipase
C-γl(PLC-γ1) (35). SLP-76 is absolutely
required for thymocyte development;
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SLP-76-deficient mice have no periph-
eral T cells due to a block in thymocyte
ontogeny at an early stage (38, 38b).
Moreover, a SLP-76-deficient variant of
a human leukemic cell line displays a
profound block in TCR-induced calcium
signaling (39). Cbl likely plays an inhibi-
tory role in TCR signaling (40). Recent
work suggests that Cbl recruits a protein
complex implicated in the induction of
T cell anergy to the plasma membrane
(41).
Downstream of PTK activation, TCR
stimulation results in the activation of
several well-defined signaling cascades
which ultimately modulate gene tran-
scription and cellular responses (Fig. 2).
PLC-γl, a prominent substrate of the
TCR-stimulated PTKs (42-44), is an
early component in one such signaling
cascade. When activated, PLC-γ1 hydro-
lyzes phosphatidyl inositol 4,5-bisphos-
phate (PIP2). The “second messengers”
diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3) are products of PIP2
hydrolysis. IP3 stimulates a rapid in-

Fig. 2. Signaling pathways activated by TCR engagement. TCR ligation results in activation of PTKs
such as ZAP-70 (see Fig. 1). The lipid modulator PLC-γ1 becomes phosphorylated and activated by
membrane-proximal PTKs. Hydrolysis of phosphatidyl-inositol bis-phosphate (PIP2) by PLC-γl releases
diacylglycerol (DAG) and inositol tris-phosphate (IP3). IP3 stimulates an increase in the intracellular
calcium concentration, which activates the phosphatase calcineurin. Calcineurin dephosphorylates NFAT,
thereby signaling NFAT translocation to the nucleus.
TCR-stimulated PTK activity also enhances Ras activity. Active Ras binds and stimulates the kinase
Raf1, which phosphorylates and activates a cascade of serine/threonine kinases. Upon phosphorylation
and activation, the most membrane-distal component in the cascade, MAPK, translocates to the nucleus.
Transcription factors activated by MAPK cooperate with NFAT proteins to upregulate the transcription
of IL-2 and other cytokine genes.

crease in intracellular free calcium, and
DAG causes protein kinase C activation,
both of which lead to transcriptional ac-
tivation and cellular responses. The cy-
toplasmic serine phosphatase calcineur-
in is activated by the intracellular cal-
cium increase (45). Calcineurin acts to
enhance the translocation of members of
the nuclear factor of activated T cells
(NFAT) family of transcription factors
(46). Optimal transactivation of the IL-
2 gene following TCR stimulation re-
quires NFAT binding to response ele-
ments in the IL-2 promoter (47). The
dependency of IL-2 upregulation upon
calcineurin function has been exploited
clinically in organ transplantation. Cur-
rent immunosuppressive regimens often
include FK506 or cyclosporin, two drugs
which selectively inhibit calcineurin
phosphatase activity (48).
In addition to the phosphotidylinositol-
derived “second messengers”, TCR liga-
tion initiates signaling events along a
second major pathway - the Ras/Mitogen
Activated Protein Kinase (MAPK) cas-

cade. Ras is a membrane-associated pro-
tein which inducibly associates with and
activates Raf-1, a serine/threonine kinase
(49). Raf-1 in turn phosphorylates and
activates a series of kinases, culminat-
ing with the activation of MAPK (50,
51). MAPK translocates to the nucleus
upon phosphorylation, and there acti-
vates transcription factors implicated in
IL-2 and other cytokine gene expression
(52).

CD28 mediated co-stimulation
Optimal T cell activation requires a “sec-
ond signal” in addition to TCR engage-
ment. Receipt of an isolated TCR stimu-
lus by a resting T cell induces long-term
unresponsiveness to antigen known as
anergy (53). CD28 serves to block an-
ergy induction and mediate the co-stimu-
lation of T cells (54). CD28 is constitu-
tively expressed as a homodimer on the
majority of T cells. Its physiologic li-
gands include CD80 and CD86 (also
known as B7-1 and B7-2) which are ex-
pressed on B cells and other antigen pre-
senting cells (55, 56). In addition to pre-
venting anergy in TCR-activated cells,
CD28 mediates a number of effects, in-
cluding cooperation with TCR signals to
induce IL-2 gene transcription (57, 58),
the prevention of apoptosis (59), and the
promotion of Th2 responses (60).
CD28 may couple to a number of sig-
naling pathways to mediate these effects.
Like the TCR, CD28 possesses no in-
trinsic enzymatic activity, but a tyrosine-
based motif within its cytoplasmic tail
becomes phosphorylated upon CD28
ligation (61). Inducible phospho-tyro-
sine-mediated associations of CD28 with
the adapter protein Grb2 (62), the PTK
Itk (63), and PI3-kinase (61) have been
reported. In a T cell hybridoma trans-
fected with mutant CD28 molecules, the
inability to bind Grb2 correlates with
marked impairment in the ability of
CD28 to co-stimulate IL-2 production
(64). CD28 may require src family PTK
(e.g. fyn) to induce thymocyte prolifera-
tion, but not to induce cytokine gene
transcription (65).
CD28 has also been implicated in the
activation of the spingomyelinase/Jun
kinase (JNK) signaling cascade. Mice
deficient in SEK1, a kinase immediately
upstream of JNK, exhibit impaired IL-2
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production and proliferation mediated by
CD28 ligation. This suggests that CD28
may utilize JNK activation for optimal
co-stimulation of cytokine upregulation
(66).
CD28 may modulate cytokine gene tran-
scription through the removal of inhibi-
tory influences on TCR-stimulated sig-
naling cascades. TCR-mediated activa-
tion of Rap 1, a Ras family member with
GTPase function, has been correlated
with inhibition of the MAPK cascade
and with the induction of anergy in T
cells (41). TCR stimulation of T lym-
phocyte blasts causes robust Rap1 acti-
vation. However, combining anti-CD28
stimulus with TCR ligation completely
abrogates the Rap1 activation, while si-
multaneously enhancing TCR-mediated
MAPK activity (67). These data suggest
a model for Rap1 acting as a molocular
switch capable of potentiating or inhib-
iting activating signals emanating from
the TCR. CD28 regulation of Rap1 ac-
tivity may determine whether a TCR sti-
mulus will lead to anergy or to produc-
tive stimulation.
CD28 also augments T cell proliferation,
through both the upregulation of growth
factors and the induction of anti-apop-
totic proteins. Early work suggested that
CD28 ligation causes stabilization of IL-
2 messenger RNA (68). Recent work
revealed that CD28 co-stimulation ren-
ders cells much less susceptible to
CD95-mediated apoptosis (see below).
This effect correlates with the upregu-
lation of Bcl-XL, an anti-apoptotic pro-
tein (59).
The CD28 cognate ligands CD80 and
CD86 also bind with high affinity to
CTLA-4 (69), a T cell surface protein
homologous to CD28 which acts to
down-regulate proliferation (70). The
cross-reactivity of CTLA-4 with CD28
ligands has been exploited therapeuti-
cally using a fusion protein containing
the extracellular domain of CTLA-4.
Blockade of CD28 function with a
CTLA-4 fusion protein prolongs the ac-
ceptance of pancreatic xenografts (71)
and ameliorates the disease activity in
lupus-prone NZB mice (72). T cell
inhibitory signaling via CTLA-4 may
proceed through recruitment of the ty-
rosine phosphatase SHP-2 to the receptor
(73).

Fig. 3. Prominent intermediates in IL-2 signaling. IL-2 binding to the T cell results in oligomerization of
combinations of α, β, and γ surface receptor components. The β- and γ-associated PTKs JAK1 and JAK3
phosphorylate and activate each other. The JAKs phosphorylate STAT family members, which then di-
merize, translocate to the nucleus, and bind response elements in the promoters of target activation genes.
Growing evidence suggests that additional signaling pathways triggered by the activation of enzymes
such as Phosphatidyl-inositol-3 kinase and lck also contribute to IL-2 effects on gene transcription.

IL-2 receptor
The capacity to become activated and
proliferate in response to IL-2 is a defi-
ning feature of T lymphocytes. The ef-
fects of IL-2 upon T lymphocytes are me-
diated by at least three surface-expressed
gene products: the α, β, and γ subunits
of the IL-2 receptor (IL-2R). The β and
γ subunits can each bind IL-2 when ex-
pressed alone, but the IL-2R with the
highest affinity for IL-2 contains all three
proteins (74).
Like the TCR, IL-2R complexes contain
no intrinsic enzymatic activity. In con-
trast to the TCR α and β chains, how-
ever, the IL-2R-β and -γ chains each con-
tain both ligand recognition and signal
transduction domains. The large cyto-
plasmic region of IL-2R-β confers the
ability to associate with a number of en-
zymes: the src family PTKs lck (75) and
fyn (76), the active subunit of the lipid
modulator PI-3 kinase (77), and the Ja-
nus family kinases JAK1 and JAK3 (78).
The adaptor protein Shc, which has been
implicated in the activation of the Ras/
MAPK cascade in other receptor signal-

ing systems, also binds IL-2R-β (79).
The IL-2R-γ chain, also known as the
“common γ chain” because it participates
in receptor complexes for at least four
other cytokines beside IL-2, is structur-
ally related to IL-2R-β and constitutive-
ly associates with JAK3 (80).
Heterodimerization of the IL-2R-γ and
IL-2R-β chains occurs upon IL-2 bind-
ing, and several signaling pathways are
activated. First, the IL-2R-associated
JAK3 becomes activated (81, 82), an
event critical for the rapid tyrosine phos-
phorylation of several members of a fam-
ily of transcription factors known as
STATs (Signal Transducers and Activa-
tors of Transcription) (Fig. 3). IL-2 in-
duced phosphorylation permits homo- or
heterodimerization of STAT3 and
STAT5. Heterodimerized STAT proteins
translocate to the nucleus and bind con-
sensus response elements within the pro-
moters of a number of genes involved in
cell cycle progression and differentiation
(83). A recent study also suggested that
PI-3 kinase-dependent activation of the
Ras/MAPK cascade occurs after IL-2R
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engagement (77).
Murine and human disease states have
been attributed to defects in several IL-
2R signaling molecules (Table I). Defi-
ciency of functional common γ chain
causes human X-linked severe combined
immunodeficiency (XSCID), character-
ized by the complete absence of T cells
and defective humoral and cellular im-
mune responses (84). γ chain defects
account for an estimated 50% of primary
human SCID. However, the loss of γ
chain participation in IL-2 signaling is
likely not responsible for absent T cell
development in XSCID, as other patients
deficient in IL-2 itself develop normal T
cell populations (85). Interleukin-7 and
its receptor are unique among the cyto-
kine receptor complexes containing the
common γ chain in that their function is
absolutely required for T cell develop-
ment (86). Thus, γ chain defects likely
block T cell development due to de-

Fig. 4. CD95 signals result in cysteine protease activation and apoptosis. Trimerized CD95 ligand induces oligomerization of CD95 at the T cell surface.
Cytoplasmic Death Domains (DD) borne by CD95 proteins aggregate and stimulate the homotypic association of a DD within FADD. FADD also contains a
Death Effector Domain (DED) which mediates the recruitment of another DED-containing protein, Caspase-8. Upon relocalization to the CD95-FADD com-
plex, Caspase-8 undergoes auto-catalysis, cleaving the protease-containing p20/p10 regions away from the DEDs. Enzymatically-active Caspase-8 tetramers
derived from the p20 and p10 regions can then activate additional Caspase family members. Numerous cytoplasmic proteins serve as Caspase substrates in a
prologue to apoptosis. Caspases may also play a role in the activation of endonucleases which cleave DNA.

pressed IL-7 receptor function (87). An-
other subgroup of SCID patients exhibit
absent or defective JAK3, the primary
kinase associated with the common γ
chain (88).
Paradoxically, mice lacking the IL-2R-
α (89) or -β (90) chains or IL-2 (91) dis-
play autoimmunity. For example, IL-2R-
β knockout mice display inappropriate
T cell activation, massive infiltration of
tissues by myeloid cells, and early death
due to autoimmune hemolytic anemia
(90). One model proposed to explain
these findings holds that IL-2R signaling
results not only in the well-characterized
endpoint of cellular proliferation, but si-
multaneously activates the genes respon-
sible for programmed cell death (74).

CD95 signaling
Prevention of host tissue damage caused
by activated, proliferating T lymphocytes
responding to antigen challenge requires

that such cells be rapidly removed after
the antigenic stimulus has been eradi-
cated. In the past decade, major advances
in our knowledge of the molecular un-
derpinnings of cellular disposal proc-
esses have occurred. One major route
whereby activated peripheral T cells may
be deleted is through the specific ligation
of one of a family of “death receptors”
on the cell surface and the induction of
programmed cell death, or apoptosis
(92).
At least five surface receptors capable
of engaging a cytoplasmic death-induc-
ing signaling machine have been cloned
from human cells. All are members of
the tumor necrosis factor receptor
(TNFR) family, and share homologous
cytoplasmic domains responsble for cou-
pling to downstream signaling events
(92). CD95 (fas/APO-1) is one such
TNFR family member which has been
implicated in both murine and human
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autoimmune disease and in activation-
induced cell death (AICD) (93).
The cognate ligand for CD95, CD95L
exists as a trimer, and probably induces
CD95 oligomerization upon binding (94)
(Fig. 4). A 70-amino acid region of the
CD95 cytoplasmic domain is required
for apoptotic signaling and is thus termed
the “death domain” (95-97). The CD95
death domain mediates association with
an homologous region within the cyto-
plasmic protein FADD (Fas-associated
death domain-containing protein) (98).
FADD contains an additional region
termed the “death effector domain”
(DED) which mediates inducible asso-
ciation between FADD and Caspase-8
(FLICE) (99, 100). Caspase-8 belongs
to a superfamily of cytoplasmic cysteine
proteases which cleave other proteins
after aspartate residues (101). FADD
association likely induces the homo-oli-
gomerization of Caspase-8, leading to
autocatalysis and conversion to the ac-
tive form of the protease (102). Active
Caspase-8 can in turn cleave and acti-
vate additional caspases, each capable of
cleaving numerous cellular substrates
(103). The resulting widespread cleav-
age of cytoplasmic proteins by caspases
represents a prologue to apoptotic cell
death.
CD95 signaling defects cause autoim-
mune disease (Table I). The MRL lpr/
lpr and gld strains of inbred mice have
long served as models for human sys-
temic lupus erythematosus (SLE). Re-
cently, the autoimmune syndromes of
massive lymphadenopathy, splenome-
galy, glomerulonephritis, and production
of anti-DNA antibodies observed in
these mice were explained by inactivat-
ing mutations in CD95 (lpr) or CD95 lig-
and (gld) (104, 105). Patients suffering
from Autoimmune Lympho-Proliferative
Syndrome (also known as Canale-Smith
disease) exhibit clinical features similar
to those seen in mice; they also bear in-
activating mutations in the CD95 gene
(106, 107). CD95/CD9SL function has
been studied in human SLE. One SLE
patient with a mutation in the CD95 lig-
and gene has been reported (108); how-
ever, the vast majority of SLE patients
have intact CD95/CD95 ligand function
(109).
Recent work has implicated CD95 as a

critical mediator of the phenomenon of
“immune privilege” (110, 111). Immune
privileged sites such as the testes and the
posterior chamber of the eye are notable
for the absence of inflammatory cellular
infiltrates after infection or trauma. The
eyes of lpr/lpr mice, however, appear to
have lost the ability to inhibit infiltra-
tion of activated T lymphocytes after
viral challenge. Interestingly, lpr mice
which have been lethally irradiated and
reconstituted with immune progenitors
from syngeneic, but non-lpr mice show
reconstitution of ophthalmic immune
privilege (110). This finding suggested
a model for CD95 mediation of immune
privilege: in the normal, immune-privi-
leged eye, CD95 ligand is expressed con-
stitutively. When CD95-expressing, ac-
tivated T lymphocytes enter the eye they
undergo apoptosis.

Conclusion
Optimal antigen-specific vertebrate im-
mune responses require tightly regalated
T cell function. T cells depend upon re-
ceptors such as TCR, CD28, IL-2R, and
CD95 to transduce environmental sig-
nals across the plasma membrane. The
integration of signals emanating from
these and other receptors further depends
upon a complex network of cytoplasmic
enzymes, adaptor proteins, and transcrip-
tion factors. These signaling molecules
ensure that the T cell can respond with a
biologic outcome - proliferation, activa-
tion, cytokine secretion, or apoptosis -
appropriate to the environmental stimu-
lus. Functional defects in components of
surface-receptor coupled signaling cas-
cades may cause either immune defi-
ciency or autoimmunity. Pharmacologic
targeting of receptor-coupled signaling
events has allowed the recent develop-
ment of increasingly specific and effec-
tive therapies for autoimmune conditions
and for transplant rejection. Further ba-
sic investigations into the mechanisms
of T cell signal transduction will prob-
ably contribute more to the understand-
ing of T cell biology and ultimately, im-
proved diagnosis and treatment of T cell-
related disease.
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