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Presidential AddressPresidential Address

TCR Signal Transduction: Opening the Black Box1

Arthur Weiss2

I t has been a great honor and privilege to serve as your Pres-
ident of the American Association of Immunologists
(AAI). I have enjoyed interacting with the membership,

the AAI staff, particularly its Executive Director, Michele
Hogan, and my colleagues on the council. I thank you all for
your support and inspiration.

The past several years have been challenging times for all of us
in immunology and in science, in general. However, over my
30-plus years as a scientist it has been quite evident that such
challenging times are cyclical, and better times are undoubtedly
just around the corner. Indeed, it is encouraging that our new
government administration has made science and technology
one of the engines on which to build our economic recovery.

So, it is important to focus on the positive and why we enjoy
and have committed ourselves to scientific discovery in the field
of immunology. In this address, I would like to focus on my
career in the last quarter of a century, during which time I have
had the opportunity to participate in a tidal wave of scientific
discovery, mentored a number of extremely talented students
and postdoctoral fellows who have trained in my lab, and had
the good fortune to collaborate with a large number of talented
and inspirational colleagues.

Stumbling into the black box of signaling

For those of you who know my current focus of work, it may be
hard to imagine that I trained as a cellular immunologist when
I was an MD/PhD student with Frank Fitch at the University of
Chicago studying the cellular mechanisms of rat renal allograft
enhancement, a form of specific immunologic tolerance. Many
of you know Frank because he was a former President of the
AAI and the Editor-in-Chief of The Journal of Immunology. In
addition to exposing me to the complexity, elegance, and im-
portance of the immune system and its regulation, the most im-
portant things Frank taught me were to think critically of the
work of others and of my own work as well as to solve problems
independently. I cherish those days in Hyde Park at the Uni-
versity of Chicago when I interacted with a very inspiring group
of immunology faculty members (Frank Fitch, Don Rowley,
Frank Stuart, Bob Hunter, Jose Quintans, and Heinz Kohler)
and fellow students (Tom McKearn, Andy Glazebrook, Charlie
Lutz, Morris Daley, Terry DuClos, and Tony Meyer).

After a short, but stimulating and delightful postdoctoral fellow-
ship in Lausanne, Switzerland with Teddy Brunner and Jean-
Charles Cerottini, I did my clinical training in internal medicine at
the University of California at San Francisco (UCSF). There, I de-
veloped an interest in autoimmune diseases and rheumatologic dis-
eases, in particular for the “fascinomas” (clinical puzzles) they pre-
sented. I was drawn to the laboratory of Jack Stobo who was Chief
of Rheumatology. Jack inspired me with his enthusiasm for sci-
ence, scientific insights, and encouragement to think out of the
box. But, the “black box” of signaling is exactly what I fell into.

In Stobo’s lab, in 1982, I set out with a rather modest goal: to
discover the T cell Ag receptor, TCR, by raising mAbs that were
clone specific. Identifying the TCR had been a major target for
immunologists in the 70s and had been elusive even into the
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early 80s. But within months of entering the Stobo lab, three
groups (Jim Allison’s, Ellis Reinherz’s, and John Kappler and
Pippa Marrack’s) accomplished precisely this; they identified
Abs that reacted with a clone-specific ��-chain heterodimer,
referred to as Ti (1–3). A key finding that had come from the
work of the Reinherz group was there was an uncharacterized
association of CD3 (then called T3) chains with the TCR het-
erodimer (3). At the time, I had obtained from Kendall Smith
the human Jurkat T cell leukemic line that could be stimulated
with mitogenic plant lectins (i.e., Con A or PHA) to produce T
cell growth factor (which was later named IL-2). I had charac-
terized Jurkat and found that it could express CD3 and be ac-
tivated to produce IL-2 by anti-CD3 mAbs (mAbs) plus phor-
bol esters (such as PMA) (4). I realized that Jurkat cells might
express a TCR. Moreover, because CD3 chains were expressed
on all mature cells and a mAb against CD3 could activate Jurkat
cells or T cells much like an Ag, I hypothesized that the CD3
might be the signal-transducing element of the TCR. To test
this, I was inspired to do a somatic cell genetic experiment from
some ongoing work in the Fitch lab.

The goal was to separate the Ti chains from the CD3 chains
on Jurkat by selecting for mutants that would be deficient in
CD3. I did not yet have a mAb for the Ti chains on Jurkat. After
treating Jurkat cells with a chemical mutagen, it was quite easy
to select for CD3-deficient mutants. However, once I had them
I was not sure whether they still expressed Ti chains on the plasma
membrane, because we did not yet have a probe for the Ti protein
on Jurkat. However, I decided to ask whether the mitogenic lec-
tins (PHA or Con A) that stimulated T cells or Jurkat cells could
still induce the CD3-deficient mutants to produce IL-2. They
could not, but I wondered whether mutagenesis altered Jurkat
so that it lost the ability to produce IL-2. I decided that we had
to bypass the cell surface stimuli and somehow stimulate Jurkat
cells via other means to see whether they still retained the ability
to produce IL-2.

Some work was just beginning to show that calcium iono-
phores could bypass receptors to stimulate mitogenesis in T
cells and in other cells. In fact, I was inspired by work from a
graduate student in Peter Nowell’s lab, Gary Koretzky (who was
later to become a postdoc in my lab), who had found that cal-
cium ionophores could induce T cell proliferation under appro-
priate circumstances (5). I asked whether a calcium ionophore
could synergize with phorbol esters (frequently used to provide
a second signal to boost proliferative or mitogenic responses
back in those days) to induce the Jurkat CD3-deficient mutants
to produce IL-2. Indeed it did! This was an eye-opening exper-
iment that stimulated a lot of discussion in the Stobo lab. We
began to hypothesize that the TCR and/or CD3 might induce
biochemical changes leading to calcium elevation that might
somehow control IL-2 gene transcription. Very little was gen-
erally known about biochemical signaling downstream of any
receptor, let alone the TCR. So, our studies were leading us into
a “black box.”

John Imboden, another postdoc in the Stobo lab, told his
wife Delores Shoback, an endocrinologist studying calcium reg-
ulation via parathyroid hormone, about the our studies. Do-
lores provided a means toward a key experiment. A calcium-
sensitive dye, Quin-2, had just been synthesized by Roger Tsien
(6). Dolores suggested that it could be used to measure changes
in Jurkat cells following CD3 or PHA (or Con A) stimulation.
John and Delores did the experiment in her lab that indeed

demonstrated that CD3 or PHA stimulation could induce cal-
cium elevation within seconds in Jurkat cells but not in the
CD3-deficient mutants (7). However, only calcium ionophores
could induce calcium elevation in the Jurkat mutant cells.
These were the first experiments to demonstrate that stimula-
tion of components of the TCR could induce calcium eleva-
tions in T lineage cells.

I followed this work up by producing a mAb (C305) that
reacted with the clone-specific, disulfide-linked heterodimer on
Jurkat and found that Jurkat could be activated to produce IL-2
by stimulating it with either anti-CD3 or C305 in the presence
of phorbol esters. We showed that stimulation of the Ti com-
ponent of the TCR could also induce calcium elevations (8).
John later showed that this was due to TCR-mediated activa-
tion of the inositol phospholipid pathway (9). A few years later,
Terri Kadlecek, my technician and long-time collaborator,
showed that the TCR activated the inositol phospholipid path-
way by inducing the tyrosine phosphorylation of phospholipase
C�1 (10).

These experiments opened the “black box” and introduced
me to the field of signal transduction that has subsequently
dominated my career. However, there is one other theme that
also has long captured my interest and converges on the signal-
ing theme: how the structural complexity of the TCR relates to
its function. Others had shown that the CD3 and Ti chains
cointernalized from the cell surface. As I mentioned, I had gen-
erated a mAb against the Ti ��-chain heterodimer on Jurkat
cells and once again tried to select for Ti �� or CD3-deficient
mutants but was unable to separate these structures from each
other, regardless of the selections strategy (11). We subse-
quently showed, in collaboration with Pam Ohashi, Tak Mak,
and Cox Terhorst, that all of these Jurkat mutants, whether se-
lecting for Ti or CD3 deficiency, lacked either the Ti �- or
�-chains and contained CD3 chains trapped intracellularly
(12).

The early days in the Weiss lab: how the TCR induces signaling

I set up my own lab at UCSF just as Jack Stobo left to become
Chair of Medicine at Johns Hopkins. One of my first postdocs,
Lee Tan, did what I considered to be a rather elegant experi-
ment. We were interested in how the Ti ��-chains and CD3
chains are associated. Others had pointed out the unusually po-
sitioned acidic and basic residues in the transmembrane of these
proteins. We had previously tried to test the importance of these
residues via mutagenesis but did not get very far (13). Lee de-
cided to transfer the whole transmembrane domains of Ti �� to
a heterologous protein not associated with CD3. She did this
and was able to rescue cell surface CD3 expression of a Jurkat Ti
�-chain mutant with CD8/Ti �-chain and CD8/Ti �-chain
chimeras (14). Moreover, stimulation of these chimeric recep-
tor complexes with CD8 mAbs activated the cells. This was de-
finitive evidence that the CD3 chains carried the signal-trans-
ducing function of the TCR.

Lee’s work inspired a new graduate student, Bryan Irving, in
my lab to suggest a new experiment to test the function of the
CD3 chains and the TCR-associated �-chain, which had re-
cently been discovered. It had been thought that the �-chain
only modified the quality of the TCR signal but did not contain
signal-transducing capacity itself (15). Bryan constructed
CD8/� chimeras, separating these chimeras from the endoge-
nous TCR by eliminating the �-chain transmembrane domain.
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Not only could anti-CD8 mAbs induce signaling in Jurkat T
cells, they could do so in Jurkat TCR mutant cells that did not
express an endogenous TCR (16). Thus, the �-chain was suffi-
cient to confer signaling capability to a heterologous receptor
expressed in T cells. Similar work was done simultaneously in
Brian Seed’s lab (17). Then, what was the function of the CD3
chains? Work from Bernard Malissen’s lab subsequently
showed that not only could the �-chain confer such signaling
capacity, but so could the cytoplasmic domain of CD3� (18).
The basis for this redundancy was ultimately explained by mu-
tagenesis studies performed in many laboratories that identified
a motif common to the CD3 chains, �-chain, Ig �- and
�-chains, FcR� �- and �-chains, DAP-12, etc. (Fig. 1). This
motif, first noted by Michael Reth, was ultimately dubbed the
immunoreceptor tyrosine-based activation motif or ITAM
(19).

But how does a simple peptide sequence motif without cat-
alytic function transduce signals? Here, multiple approaches led
to the answer. Two approaches in my lab at the time involved
somatic cell genetics and protein purification.

Mark Goldsmith, my first graduate student, was interested in
how the TCR signaled. He was impressed with our approach in
developing Jurkat CD3- and Ti-deficient mutants. Mark de-
cided he would use a mutagenesis screen to isolate Jurkat mu-
tants that failed to flux calcium. He used flow cytometry to iso-
late cells that failed to increase calcium but still expressed a
TCR. Mark isolated three mutants, J.CaM1–3, in three
complementation groups (20–22). This approach has yielded

many more mutants (Table I) generated by others in my lab and
Bob Abraham’s lab as well as in other labs. These mutants have
proven invaluable in helping to identify key components in the
TCR signaling pathway and demonstrate the power of somatic
cell genetics to address such questions.

Although Mark did not identify the defects in his three
J.CaM mutants, they ultimately provided critical reagents for
our understanding of signaling events downstream of the TCR.
Work from Carl June and Larry Samelson suggested that ty-
rosine phosphorylation was initiated downstream of the TCR
and that the TCR �-chain was inducibly phosphorylated fol-
lowing receptor stimulation (23–25).

This led us to study inducible tyrosine phosphorylation by
the TCR in our mutants. Terri Kadlecek first noted defective
tyrosine phosphorylation in all three mutants (unpublished
data). But, David Straus, a postdoctoral fellow in the lab, dis-
covered that J.CaM1 was deficient in Lck protein expression
and had abnormal transcripts (26). The clue was the absence
of the constitutive tyrosine-phosphorylated 56-kDa band in
Western blots of whole cell lysates made from unstimulated
cells. David showed that in J.CaM1 there was no inducible phos-
phorylation of the TCR �-chain or downstream proteins fol-
lowing TCR stimulation and that a tyrosine kinase activity as-
sociated in the TCR �-chain was lost. All of the lost signaling
events were restored by reconstitution with normal Lck. Nicolai
van Oers, a postdoc who joined the lab later, showed that Lck is
required for TCR ITAM phosphorylation in Jurkat and that
Lck plays the predominant role in thymocytes and T cells (27).
Thus, David identified Lck as the most proximal tyrosine ki-
nase associated with TCR signaling.

At the same time that Brian Irving was working on TCR �
chimeras and David was working on J.CaM1 and Lck, the work
of two other postdoctoral fellows in the lab converged on an-
other protein. Makio Iwashima was trying to identify the TCR-
associated tyrosine kinase using transfection approaches. Andy
Chan was trying to purify a 70-kDa phosphoprotein that Terri
Kadlecek had found in TCR � immunoprecipitates from TCR-
stimulated Jurkat cells. We named this protein ZAP-70. With
the help of Chris Turck, who ran the Howard Hughes Medical
Institute protein core facility, Andy was able isolate sufficient
CD8/� chimera-associated ZAP-70 to get a peptide sequence.
Together with Makio, who had superb molecular biological
skills, Andy isolated a cDNA clone for ZAP-70 and we discov-
ered that it was a cytoplasmic tyrosine kinase with two SH2
domains.

With the identification of the importance of the TCR
�-chain and CD3 chain ITAMs, the identification of Lck as an

FIGURE 1. ITAMs of the immunoreceptors and some pathogens
known to usurp hematopoietic cell signaling machinery are depicted in red
rectangles and their sequences are shown.

Table I. Somatic cell mutants of the Jurkat T cell line have identified
key molecules and events in TCR signaling pathway

Molecule Functiona Cell Ref.

TCR chains Receptor Many 11, 12
Lck Cytoplasmic PTK J.CaM1 22, 26
LAT Adaptor J.CaM2 20, 44
ZAP-70 Cytoplasmic PTK P116 40
CD45 RPTPase J45.01 55, 56
SLP-76 Adaptor J14.01 48
Vav1 GEF J.Vav1 60
RasGRP1 GEF J.PRM 61

a GEF, Guanine nucleotide exchange factor; PTK, protein tyrosine kinase; RPT-
Pase, receptor-like protein tyrosine phosphatase.
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initiating kinase required for the phosphorylation of the TCR �
ITAMs, and the identification of ZAP-70, a kinase recruited to
the stimulated and tyrosine phosphorylated TCR �-chain, a
model (Fig. 2) for the initiation of TCR signaling that also in-
corporated the function of coreceptor was at hand and has
largely held up over the years (28). This was probably the most
exciting and stimulating time in my scientific career. The con-
vergence of multiple discoveries by several very talented indi-
viduals was remarkable and extremely exciting. The discussions
in the lab at that time were not to be missed out on. I hope that
all of you have the opportunity to experience such a “scientific
rush.”

Although we had developed a model for how the TCR initi-
ated signaling, the importance of ZAP-70 was not clear. At this
point a lesson from “bedside to the bench” provided convincing
evidence for the importance of ZAP-70. Melissa Elder, a pedi-
atric immunology fellow with Tris Parslow, was taking care of a
patient with an unusual SCID syndrome characterized by nor-
mal numbers of remarkably nonfunctional CD4 T cells in her
blood but a paucity of CD8 T cells. The patient had been re-
ferred to UCSF for a bone marrow transplant. Strangely, I had
in my freezer blood samples sent by Lisa Filopovich from an-
other group of Canadian Mennonite patients with a similar
syndrome. Melissa came over to our lab frequently to try to un-
derstand the basis for her patient’s apparently signaling-defec-
tive CD4 T cells. She had ruled out Lck, and because we had
just discovered ZAP-70 she decided to take a long shot with a
Western blot. Amazingly, the patient’s T cells failed to express
ZAP-70, as did those of the Canadian Mennonite patients
whose blood had been in my freezer for years (29, 30). Stimu-
lation of the TCR in these patients failed to increase calcium or
downstream tyrosine phosphorylation. Chaim Roifman and his
colleagues made a similar discovery in different patients (31).
Thus, we had evidence that ZAP-70 function is critical for TCR
signaling.

We now know from studies performed by many labs that
ZAP-70 function is critical for TCR signaling transduction in
many contexts. ZAP-70 function is required during thymic de-
velopment and in peripheral T cells. Mouse models have shown
us that the absence of ZAP-70 results in a severe block in thy-
mocyte positive selection (32–34). Hypomorphic alleles of
ZAP-70 have been associated with autoimmunity, at least in
mice (35, 36). ZAP-70 may also play a critical role in very early
B cell development (37). In the most common form of leuke-
mia in the adult, chronic lymphocytic leukemia (a B cell leuke-
mia), ZAP-70 expression is associated with a poor prognosis

(38). Perhaps this is related to the increased BCR signaling in
ZAP-70-expressing cells (39).

What does ZAP-70 do? It was pretty clear that Lck phosphor-
ylates the TCR ITAMs to initiate signaling and to recruit
ZAP-70 to the TCR. Based on the ZAP-70 SCID patients as
well as studies of the P116 mutant Jurkat line that Bob Abra-
ham’s lab isolated (40), it was apparent that ZAP-70 is necessary
for downstream signaling events. Work from many labs, in-
cluding those of Larry Samelson and Gary Koretzky (41–43),
led to the identification of two critical ZAP-70 substrates, LAT
and SLP-76, which are adaptor molecules that are phosphory-
lated by ZAP-70. Two of our Jurkat signaling mutants (J.CaM2
and J14.01) proved to be LAT and SLP-76 deficient. Work
from the Samelson and Koretzky labs and others, as well as the
studies of Tim Finco, Joe Lin, Debbie Yablonski, Greg Ku, and
Jen Liou in my lab, has shown that these adaptor molecules help
to nucleate and assemble a signaling complex (Fig. 3), which is
critical for TCR signaling leading to activation of PLC �1, Ras,
Rac, and HPK1 (44–48). These downstream events are critical
for the many complex functions of T cells.

What have we done lately?

As critical molecules in the TCR signaling pathway have been
identified, understanding the regulatory pathways including
positive and negative feedback loops has become a focus of our
activity. One major focus has been to understand how ZAP-70
is regulated.

Recent studies from Tomas Brdicka and Terri Kadlecek fol-
lowed up on observations of Qihong Zhao focusing on the par-
adoxical role of two tyrosines, Y315 and Y319, which are phos-
phorylated by Lck and recruit downstream effector molecules
(49). Studies by Tomas and Terri suggested that in the nonphos-
phorylated state these two tyrosines are involved in the autoin-
hibition of ZAP-70 (50). Conversely, when phosphorylated,
the active state is stabilized. Insights from these studies provided
us with a strategy to “trap” ZAP-70 in its inactive conforma-
tion, which permitted the crystallization of full-length auto-
inhibited ZAP-70 in collaborative studies with Sebastian
Deindl and John Kuriyan (51). The crystal structure reveals

FIGURE 2. Model for the initiation of the activation of TCR signaling
in a CD4 T cell via the sequential actions of Lck and ZAP-70.

FIGURE 3. Schematic depiction of the LAT and SLP-76 signalosome
that is required for PLC �1, Ras, Rac, and HPK1 activation.
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that in the nonphosphorylated state Y315 and Y319 partic-
ipate in hydrophobic interactions with residues in the inter-
SH2 segment and the back of the catalytic domain, includ-
ing the hinge region (Fig. 4). Moreover, the structure
suggests that the binding of a doubly phosphorylated ITAM
sequence may induce or stabilize a conformational change
that contributes to the activation of the ZAP-70 catalytic
function. Current collaborative studies with the Kuriyan lab
are aimed at testing this structural model.

Considerable data suggest that ZAP-70 would be an attrac-
tive therapeutic target in clinical transplantation and for auto-
immune diseases. Yet, after 15 years and considerable effort by
the biotech and pharmaceutical industry, no specific inhibitor
for ZAP-70 has been developed. Recently, we have used a
chemical/genetic system developed by our colleague Kevan
Shokat at UCSF (52) to set up a model system for ZAP-70 in-
hibition. Susan Levin, a former graduate student in the lab, mu-
tated the methionine gatekeeper residue in the catalytic site of
ZAP-70 to alanine to enlarge the catalytic site. As a conse-
quence, the mutant ZAP-70 could bind to bulkier ATP-com-
petitive inhibitors that would not be able to inhibit the wild-
type ZAP-70 kinase or other kinases expressed in T cells. This
allowed Susan to screen a panel of PP1 analogues and identify
some that inhibit the “analog-sensitive” mutant of ZAP-70.
One such inhibitor, 3-methylbenzyl-PP1, specifically inhibits
all TCR functions in Jurkat cells expressing the analog-sensitive
mutant but not the wild-type ZAP-70 kinase (53). Thus, this
system is specific and is genetically controlled. Recently, Byron
Au-Yeung, a postdoc in my lab, has extended the use of this
inhibitor to ZAP-70-deficient mice that have been reconsti-
tuted with a Bac transgene expressing the ZAP-70 analog-sen-
sitive mutant. This system allows for the inhibition of normal T
cells in a chemically/genetically controlled model and offers the
promise of not only validating the preclinical therapeutic po-
tential of ZAP-70 inhibition but also of revealing new insights
into TCR signal transduction. Studies to date show promising
results ex vivo in the specific inhibition of naive and effector T
cell functions using T cells expressing the analog-sensitive mu-
tant of ZAP-70 but not wild-type cells.

With the importance of tyrosine phosphorylation for TCR
signaling, a second major focus for the lab is the study of the
reversibility and dynamics of this posttranslational modifica-
tion by studying not only the kinases but also the protein ty-
rosine phosphatases. Our lab currently focuses on two receptor-
like protein tyrosine phosphatases expressed on hematopoietic
lineage cells, CD45 (PTPRC) and CD148 (PTPRJ). CD45 is
more important in T cells, and I will focus on those studies here

(reviewed in Ref. 54). CD45 is expressed at very high concen-
trations on T cells, perhaps as high as 25 �M in the two dimen-
sions of the plasma membrane. CD45 transcripts undergo
highly regulated alternative splicing, resulting in high m.w. iso-
forms that are extensively O-glycosylated on naive T cells, but
smaller isoforms with reduced O-glycosylation on activated T
cells. Deficiencies and mutations that specifically affect the
splicing of CD45 result in immunodeficiency and autoimmu-
nity, respectively.

Many years ago, Gary Koretzky and Joel Picus, who were
then postdoc fellows in my lab, showed that Jurkat T cells re-
quire CD45 expression to initiate signaling, including tyrosine
phosphorylation (55, 56). This is a consequence of the negative
regulatory site of the tyrosine phosphorylation of Src family ki-
nases, including Lck and Fyn in T cells, being a proximal sub-
strate of CD45 catalytic function. Recent work by previous lab
members Ravi Majeti, Michelle Hermiston, and Zheng Xu has
focused on the regulation of CD45 by dimerization, which
seems to inhibit CD45 function (54, 57–59). Julie Zikherman,
a postdoc fellow in the lab, presented work at this AAI meeting
addressing why so much CD45 is expressed on the cell surface.
Julie used an allelic series of mice expressing different levels of
CD45 and showed that rather low levels of CD45 are sufficient
to restore inducible signaling by the TCR, but very high levels
are necessary to dephosphorylate the negative regulatory site of
Lck and restore basal signaling and development. Moreover, the
high levels dampen TCR inducible signaling, which may
broaden the sensitivity of the TCR signaling apparatus during
thymocyte development.

The action of CD45 on the negative regulatory site of Src
family kinases is opposed by the cytoplasmic kinase Csk (Fig.
5). Due to the embryonic lethality of mice deficient in Csk, it
has been difficult to manipulate or study the dynamic equilib-
rium of the actions of CD45 and Csk in regulating Lck. Jamie
Schoenborn, a postdoc fellow currently in the lab, has tackled
this difficult problem by creating an analog sensitive mutant of
Csk. Her work with this system, presented at the AAI meeting,
shows great promise and reveals a dynamic system of basal sig-
naling regulated by feedback control.

TCR signaling remains a fascinating topic in the science of
the immune system. It has engaged my interest for many years,
and there is still so much to understand. I look forward to the
work ahead with delight and anticipation. Thank you once
again for the opportunity and privilege of serving as your Pres-
ident of the AAI and for allowing me to tell you about our stud-
ies that have helped open up the “black box” of signaling in T
cells.

FIGURE 4. Schematic depiction of the autoinhibited structure of ZAP-
70. Key features of the structure are labeled. FIGURE 5. Depiction of the opposed actions of CD45 and Csk in reg-

ulating Src family function.
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