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T CELL RECEPTORS DO NOT ACT ALONE

A large body of information about antigen receptors on the surface of T
lymphocytes has been gathered in the last five years (1, 2). T cell receptors
use a variable region gene pool that is completely distinct from the variable
genes of immunoglobulins. Indeed, T cells recognize different antigenic
entities than do B lymphocytes. The latter notion was most dramatically
demonstrated by the many observations that led to the conclusion that T
cell receptors corecognize processed nominal antigen and a gene product
of the MHC (3). Since T cell receptors (TCR) and MHC products are
anchored 1n the plasma membrane of T lymphocytes and antigen-pre-
senting cells, respectively, the TCR /antigen/MHC recognition takes place
on the interface between the two cells. A localized and TCR-independent
adhesion provides a stabilizing environment for the subtle ternary inter-
action, which 1s dependent upon the fine recognition of all three of its
participants. From model studies with human cytotoxic T cells, it appears
that this transient adhesion event is initiated prior to the interaction of
TCR with antigen and MHC (4).

The T cell receptors for antigen and MHC consist of two disulfide-
linked variable glycoproteins whose genes rearrange in T cells: the T cell
receptor (TCR) o and f chains (1, 2). The T cell receptor so defined
subserves both antigen and MHC recognition. Cell fusion experiments (5)
and transfection of TCR-a and -f chain cDNAs of defined specificities
between T cell clones (6) confirm that the «/f heterodimer confers both
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antigen and self-MHC specificity upon the cell that expresses it. Recently,
human and murine T cell clones have been described that express other
receptor molecules, TCR-y/o (1, 2, 7, 8) or TCR-y/y (9) on their surfaces.
Although some of those cells have natural killer (NK)-like activities, the
function of TCR-y™ /0™ lymphocytes has not been elucidated and their
target antigens (TCR-y/0 ligands) are unknown. None of the TCR-y/d or
TCR-y/y killer T cell clones acts in an MHC-restricted fashion; the current
hypothesis therefore 1s that only TCR-a/f receptors corecognize MHC
and antigen.

The molecular basis of the recognition of MHC and MHC/antigen is
not yet established. A large body of experimental evidence now favors the
notion that the final T cell repertoire is selected from a pool of randomly
generated TCRs based on MHC recognition (10, 11). Hedrick and col-
leagues (12) recently examined TCR-a and -f gene expression in a series
of class I MHC alloreactive T cell clones and in antigen-specific clones
restricted by the same class IT MHC elements. They found that the same
Va and V[ gene segments were used. Apparently, TCRs mediating allo-
recognition of Ia antigens are homologous or identical to TCRs involved
in recognition of the same Ia antigens in association with nominal antigen.
This suggests that MHC-restricted recognition and alloreaction are not
distinct events but rather represent differences in the affinity of TCR/MHC
interactions.

Since recognition of nominal antigen and MHC by TCR most likely
takes place after an adhesion occurs between a T cell and an antigen
presenting cell, several T cell surface glycoproteins formerly called *‘acces-
sory molecules” have turned out to be adhesion structures. Primary
adhesion molecules on the surface of T lymphocytes are the cell surface
proteins CD2 and LFA-1 (13). Convincing experimental evidence supports
the 1dea that CD2 molecules on the T cell bind with high affinity to LFA-
3 embedded in the plasma membrane of the juxtaposed antigen-presenting
cell. A molecule termed [-CAM is probably one of the cell-bound ligands
for the LFA-1 structure. CD8 and CD4 most likely interact with a non-
polymorphic region of the class I and class I MHC molecules, respectively
(1, 14). Not only are the postulated interactions between CD4/CD8 and
MHC structures worthy of in-depth molecular studies, so is the implied
proximity of CD4 or CD8 and TCRs. The latter type of transient inter-
actions may be of crucial importance for the triggering of T cell functions
(I5:815a):

Interactions of the adhesion molecules with their respective ligands not
only stabilize cell/cell contact, they also send either positive or negative
signals to the T cell proliferative pathway induced by TCR /antigen/MHC
interactions. The appropriate antibodies directed at CD2 can induce T cell
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Figure I The TCR/CD3 complex indicates N-linked glycosylation. S-S indicates sulfhydryl
bridges. P indicates sites of phosphorylation.

proliferation even in cells that do not express the TCR on their cell
surface. By contrast, antibodies directed at CD4 and CD8 only cause T cell
activation in combination with anti-TCR/CD3 reagent (15).

TCRs do not appear to act alone in the complex pathways of antigen-
driven T cell proliferation. Instead, they operate within a network of
interactions that 1s only partially understood. TCRs are thought to trans-
mit the signal provided by ligand/receptor interaction across the plasma
membrane. To chis end, the variable, or clonotypic, TCR «o/f or y/o
heterodimers may relay that signal through the invariant CD3 proteins
(CD3-y, 0, ¢, and (). Together, these polypeptide chains form the
TCR/CD3 complex (Figure 1). Since this TCR/CD3 complex transiently
associates with other proteins like CD3-p21 and perhaps with CD4 or
CD8, the TCR/CD3 complex operates as a dynamic ensemble of proteins
whose members differ depending on its functional state. Our current

knowledge of its structure, assembly, and function are discussed in this
rEVIEW.

CURRENT VIEWS ON THE STRUCTURE OF THE
T CELL RECEPTOR/CD3 COMPLEX

The TCR/CD3 Complex on the Cell Surface

Antigen receptors on the surface of human and mouse T lymphocytes
have been discovered through two lines of experimental research. First,
monoclonal antibodies (M Abs) specific for functionally competent in vitro
cultured T cell clones were made (16, 17). These clone-specific or clonotypic
antibodies were shown to affect the function of their respective T cell
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clone and were used to characterize these antigen receptors biochemically.
Second, genes were sought that specifically rearrange only in T cells.
The T-cell-specific, rearranging, variable gene families give rise to a large
number (>10"") of different T cell receptors for antigen (1, 2, 18, 19) and
the gene families code for those structures recognized by the clonotypic
antibodies. Although clonotypic antibodies react with TCR heterodimers
(a/p or y/o) or homodimers (y/y), under mild extraction conditions they
can be used for isolation of the TCR/CD3 complex from the plasma
membrane. The same complement of CD3 proteins is associated with
TCR-o/p and TCR-y/d heterodimers (9, 20-23).

The CD3 antigen was first identified as a 20-kd glycoprotein, present on
the surtace of all human T lymphocytes, by immunoprecipitation with the
monoclonal antibody OKT3 (24). As different labeling and immuno-
precipitation methods were used, the structure of the CD3 antigen
appeared more complex. Thus, soon after, the CD3 antigen was found to
be expressed as a complex composed of the major glycoprotein of 20 kd,
a 25-28 kd glycoprotein, and two minor glycoproteins of 37 and 44 kd
(25, 26). The existence of a 20 kd nonglycosylated protein was suspected,
since upon treatment with endoglycosaminidases H and F (Endo H and
F), a portion of the 20-kd proteins remained undigested (26—28). Definitive
proof for a second 20-kd protein was obtained when tryptic peptide maps
and partial N-terminal sequences of both proteins were compared (29) and
when monoclonal antibodies were raised that distinguished between the
two 20-kd CD3 proteins by immunoblotting (30). At this point the largest
CD3 proteins, the 44-kd and 37-kd polypeptides, were identified as
the TCR-o and -f chains (31, 32). The 25-28 kd glycoprotein was there-
fore termed CD3-y; the 20-kd glycoprotein, CD3-9; and the 20-kd non-
glycosylated protein CD3-¢ (28, 29).

Several lines of evidence support the concept that the TCR-a/f hetero-
dimer 1s associated with the CD3 proteins (Figure 1). First, coprecipitation
of the CD3 proteins with anti-TCR reagents and vice versa indicated a
close proximity of these cell surface structures. Second, incubation of T
cells with MAbs directed against either TCR or CD3, or incubation of
antigen-specific cloned T cells with antigenic peptides, leads to ““‘co-modu-
lation” or simultaneous disappearance from the cell surface of both struc-
tures (33, 34). Third, several mutants that do not express the TCR/CD3
complex on their surface have been analyzed and found to lack the TCR-
o or TCR-f mRNA’s. Upon gene transfer of either TCR-« or TCR-f,
cDNA’s cell surface expression of the TCR/CD3 complex could be

restored to normal levels (35, 36).
More recent studies of the murine TCR/CD3 complex added new mem-

bers to the CD3 family (Figure 1 and Table 1). Murine TCR-associated
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CD3 proteins were 1solated with anti-TCR MAbs (37, 38). Thus, a complex
of five CD3-like proteins has been identified, consisting of two N-glyco-
sylated proteins of 21 and 28 kd, one glycoprotein which may contain O-
linked oligosaccharides (25 kd) (38a), one nonglycosylated phosphoprotein
(21 kd), and a nonglycosylated disulfide-bridged homodimer (17 kd) (37,
38). The 28-kd glycoprotein reacts with an antibody raised against a
peptide deduced from the cDNA sequence of murine CD3-0 (38) and is
therefore the murine equivalent of CD3-0. The 25-kd non—N-glycosylated
protein was assigned as the murine counterpart of human CD3-¢ by reac-
tion with SP6, a monoclonal antibody raised against human CD3-¢ (30;
B. Alarcon, C. Terhorst, unpublished) and by transfection experiments
(38a). The 21-kd glycoprotein was assigned as the murine equivalent of
CD3-y, by comparison with the molecular weight and the single N-linked
oligosaccharide predicted from the amino acid sequence. The 34-kd non-
glycosylated homodimer is a protein not previously found in human cells
and 1s called CD3-{ (37, 38). An antibody raised against this murine protein
detected a human CD3-(, which comodulated with the TCR a/f chains.
However, human CD3-{ could not be isolated by co-immunoprecipitation
with anti-TCR or anti-CD3 reagents (39).

An additional 21-kd nonglycosylated murine protein (CD3-p21), phos-
phorylated at a tyrosine residue, 1s sometimes disulfide-linked to CD3-(
(40, 41). This contrasts with the 21-kd glycoprotein (CD3-y) and 25-kd
CD3-¢ which are phosphorylated at serine residues upon treatment with
PMA and antigen (38). Thus, studies of the murine TCR/CD3 complex
have contributed substantially to our knowledge of this multicomponent
membrane protein system. It 1s possible that other membrane proteins
weakly associated with the known TCR/CD3 complex may be discovered.
More importantly, it remains to be determined which cytoplasmic proteins
are—albeit transiently—associated with the TCR/CD3 complex.

Structure of the Individual Polypeptide chains

TCR-z/f 'The molecular weights of the human TCR-a and -f chains vary
in size (« from 43 kd to 49 kd; p from 38 to 44 kd) (1, 2) (Table 1). Both
TCR-o and -f are heterogeneously charged glycoproteins; TCR-a contains
N-linked oligosaccharides of the complex type, whereas TCR-f contains
both high mannose and complex N-linked glycan side chains (1, 27, 28).
The polypeptide backbones for TCR-« and -f are 32 kd to 34 kd, respec-
tively. The murine TCR-«/f is also a heterodimer composed of 40- to 50-
kd TCR-x and -f glycoproteins which do not resolve well by SDS-PAGE.
The murine TCR-a and TCR-f chains contain N-linked oligosaccharides
attached to polypeptide backbones of 28 and 32 kd respectively (1). As in
humans, the murine TCR-a chain contains only complex type glycans,
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whereas the TCR-f chains contain two or three high mannose glycans
(15 2):

The primary amino acid structure of the TCR-a and TCR-f (2) proteins
shows an immunoglobulin-like organization (Figure 2). A variable region
(V) and a constant region (C) are linked by a short joining segment (J);
in some of the genes, D segments are used. The TCR proteins have a
transmembrane region and a short cytoplasmic tail (5-12 amino acids).
Two cysteine residues in the V and C regions indicate an intrachain di-
sulfide loop 1n each region. TCR-a and TCR-f have cysteine residues,
proximal to the transmembrane region, that form an interchain disulfide
bond. Using X-ray crystallographic data of immunoglobulins, predictions
for the secondary structure of the V and C domains of TCR-a and B
suggest that they have a basic Ig fold structure (42).

Secondary structure predictions also suggest that the transmembrane
domain of the TCR-« and -f chains may be in the a-helical configuration.
Assuming an amphipathic a-helix, two positive charges can be accom-
modated in the putative 20 amino acid transmembrane segment. Since the
TCR-f transmembrane domain has a lysine and the CD3-y, -4, and -¢ each
contains either aspartic acid or glutamic acid in that domain, interactions

between these membrane proteins may be stabilized by salt bridges between
the charged amino acid residues.

TCR-y/6 Although the TCR-y gene was found to be rearranged and tran-
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Figure 2 Schematic outlines of TCR-«, f, 7, and -0 polypeptide chains derived from Kabat

(90) and Chien et al (50). Boxed areas represent hydrophobic regions. L, leader sequence,
TM, transmembrane region.
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scribed in mouse (43, 44) and human (45) T lymphocytes, the nature of
the TCR-y protein product has been a mystery for some time. A number
of human CD4", CD8 ", CD3" T cell clones with NK activity lack reac-
tivity with WT31, a monoclonal antibody that recognizes a common
epitope on human TCR-a/f chains (7, 8, 9, 46). A heterodimer composed
of a 55-kd and a 40-kd protein was coprecipitated with anti-CD3
antibodies. Since the cells expressed neither TCR-« nor TCR-f mRNA
but did express TCR-y mRNA, the new CD3-associated proteins were
candidates for a TCR-y gene product. By immunoprecipitation with an
antipeptide anti-TCR-y antibody, the 55-kd protein was demonstrated to
be the TCR-y product, while the 40-kd protein was a new TCR-like
polypeptide termed TCR-6 (46). The CD3", WT31 ,CD4 ,CD8 . TCR-
y/0" lymphocytes were demonstrated to constitute a small subpopulation
of normal human peripheral lymphocytes (0.5%—-10%) and thymocytes
(0.2%-0.9%) (20).

In contrast with the TCR-a/f polypeptides, the TCR-y proteins are
apparently expressed in several forms. The 55-kd TCR-y glycoprotein has
a 29-kd polypeptide backbone and is the product of the Cy2 gene that
lacks cysteine residues outside the transmembrane domain (47). Another
human constant region gene, Cyl, encodes a protein that can form disulfide
bridges. The products of this gene indeed form covalently linked TCR-y/6
heterodimers. In addition to two types of TCR-y/d heterodimers, a 7/y
disulfide-linked homodimer has been found in human T cell clones (8, 9
48). The TCR-y-0 or TCR-y/y structures are functional, since anti-CD3
antibodies stimulate the production of IL-2 in immature human thymo-
cytes, and inhibit NK activity mediated by the TCR-y/6 CD3 complex
(9, 21). Highly purified NK cells isolated from unmanipulated mice and
propagated in culture with recombinant interleukin-2 for short periods
of time did not express mRNA coding for TCR-a, f8, y or CD3-y, 6, ¢
(48a).

TCR-y/o polypeptide chains have also been found in murine CD4
CD8" thymocytes (22, 23, 49) (Table 1). The TCR-y protein is a 35- kd
glycoprotein with a polypeptide backbone of 32 kd, which is disulfide-
linked to a 45-kd TCR-6. The polypeptide backbone of the TCR-6 glyco-
protein 1s 31 kd (49, 50). The TCR-y and -0 polypeptide chains are similar
to the TCR-u/f proteins (50). Again V and C regions are found to have
weak but significant homologies to Ig domains (Figure 2). The C, and C;
sequences have a lower degree (9-18%) of homology to the members of
the Ig superfamily than do the C, and C; constant regions (~40%). Like
that of C,, the C; transmembrane region probably forms an amphipathic
helix with one or two positively charged residues. An estimate of the size
of the TCR-y/d repertoire will have to await further sequence analyses.
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More importantly, the class of antigens recognized by TCR-y/é or TCR-
v/y needs to be determined.

The CD3 Polypeptide Chains

The primary structures of the human and murine CD3-y, -9, and -¢ chains
have been derived from nucleotide sequences of the respective cDNAs (51—
56). An outline of the structure of these protein molecules is given in Figure
3. Each contains an N-terminal extracellular domain, a transmembrane
segment, and a cytoplasmic domain. In the case of the CD3-y and -6
glycoproteins, the presence of a consensus sequence for N-linked glyco-
sylation in the amino-terminal segment indicates that this segment is
located extracellularly (Figure 3). The vectorial organization of CD3-¢ in
the plasma membrane 1s derived from experiments with antipeptide
reagents directed at the N-terminus of the mature protein. In the case of
both the human and the murine CD3-¢, these anti-N-terminal peptide sera
stain T lymphocytes in an indirect immunofluorescence assay. In the case
of the human CD3-¢, the antibody is mitogenic for peripheral blood T
lymphocytes. (H. Clevers, C. Terhorst, unpublished.)

The transmembrane region of all known CD3 proteins contains a nega-
tively charged amino acid which may be one of the components that

L ™
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Figure 3 Schematic outline of the protein sequences of human and mouse CD3 proteins.
(Legends, see Figure 2.)
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stabilize intersubunit interactions in the TCR/CD3 Complex (Figure 4).
The proposed transmembrane segments of most of the CD-3 proteins have
a predicted a-helix configuration and form therefore amphipathic helixes.
In human and murine CD3-0 and CD3-¢ chains, the transmembrane
domain contains half cystine residues. Although fatty acid residues have
often been found in covalent linkage to Cys residues in transmembrane
segments of cell surface proteins, this posttranslational modification has
never been observed in the case of the CD3-0 or CD3-¢ proteins, but
the possibility that a fatty acid chain is attached to the murine CD3-¢
polypeptide cannot be excluded. Interestingly, a cDNA which does not
contain a transmembrane region caused by an alternative splicing event
has been 1solated from a variant of the JURKAT cell line (56a). Whether
this form of CD3-9 1s secreted or whether i1t assembles into the TCR/CD3
complex remains to be determined. Since the cytoplasmic regions of the
CD3 polypeptide chains are considerably longer than those of the TCR-
o, -f, -y, and -0 chains, these portions of the molecules presumably play an
important role in the interaction with cytoplasmic components that are
directly involved in the transduction of the antigen-binding signal: The
available amino acid sequences do not reveal any homologies with phos-
phokinases or other enzymes known to be involved in transmembrane
signal amplification pathways. Since the CD3-¢ cytoplasmic tail is com-
pletely different from its CD3-y and CD3-6 counterparts (Figure 4), CD3-
¢ may have a distinct function in the signal transducing process. The area
immediately C-terminal to the transmembrane region in CD3-¢ contains
an exceptionally high number of basic amino acids followed by a short
stretch of prolines (Figure 4). This sequence arrangement was also found
in the much longer cytoplasmic tail of CD2 and could suggest that CD?2
and CD3-¢ may interact with the same proteins on the cytoplasmic side of
the plasma membrane. Although the cytoplasmic tails of CD3-y and -6
are highly homologous (Figure 4), a unique functional role of the cyto-
plasmic tail of CD3-y 1s indicated by the phosphorylation of one or two
of 1ts serine residues (see below).

Much less 1s known about the structure of the CD3-{ and -p21 proteins
(Table 1). CD3-{ occurs as a nonglycosylated homodimer of 17 kd. In
several instances, a heterodimer consisting of this 17-kd protein and a 15-
kd nonglycosylated polypeptide chain has been detected (38). The 15-kd
polypeptide might be a proteolytic fragment of the 17-kd CD3-({ that exists
in vivo or that arose during the isolation procedures. Part of the CD3-(
proteins (~10%) were found to be disulfide-bridged to CD3-p21. The
possibility that this disulfide-bridge formation is induced by activation of
the TCR/CD3 complex and links the receptor to the proliferative pathway
needs to be investigated. Isolation of cDNA clones encoding CD3-{ and
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CD3-p21 1s of crucial importance to further our knowledge about the
structure/function relation of these molecules.

BIOSYNTHESIS AND ASSEMBLY OF THE
TCR/CD3 COMPLEX

A T cell cannot recognize an antigen unless the TCR/CD3 complex is
correctly assembled and transported to the plasma membrane. Early evi-
dence that the processes of assembly and transport are complex comes
from the demonstration that T cell mutants lacking one of the TCR or
CD3 chains fail to transport the remaining chains to the cell surface (57,
58, 59; B. Alarcon, unpublished). The experiments indicate that the T cell
has a mechanism to prevent incomplete receptors from arriving at the cell
surface. An analogous situation arises during intrathymic differentiation.
The genes encoding the known members of the TCR/CD3 complex are
expressed sequentially during the final stages of T cell maturation. CD3-
y, €CD3-0, and CD3-¢ are synthesized by the earliest recognizable thymo-
cytes, but the proteins remain inside the cell (see below). Upon further
maturation, T cells begin to express TCR-f chains intracellularly. The
TCR/CD3 complex 1s only transported to the plasma membrane after
synthesis of the TCR-a chain. Whilst CD1", CD4", CD8" thymocytes
express low levels of the TCR/CD3 complex on their cell surface, “‘single
positive” cells CD4™ or CD8™ express high levels of the receptor complex.
The environment of the thymus gland may therefore influence the assembly
process.

Taken together these observations suggest that T cells exploit an intra-
cellular transport pathway that prevents surface expression of incomplete
receptors during biosynthesis. The timing of the appearance of the
TCR/CD3 complex at the cell surface during T cell maturation can thus
be controlled by the expression of a single chain of the complex. To
understand this pathway we have started to study assembly and transport

of the receptor in detail.

Posttranslational Modification of CD3 Proteins

The protein backbones of the human CD3-y and -6 chains have been
calculated from their predicted amino acid sequences to be 16 kd. Both
chains receive two N-linked high-mannose oligosaccharides (Table 1).
The glycosylated human CD3-0 chain migrates as a 20-kd molecule. In
contrast, the human CD3-y chain appears as a 23-kd band early during
biosynthesis, which in chase-labeling experiments matures to a protein of
25-28 kd (38a, 58). Removal of the two N-linked glycans from human
CD3-0 yields a protein backbone of 14 kd. This is at variance with its
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predicted molecular weight of 16 kd. It was proposed that this discrepancy
was caused by proteolytic processing of the C-terminus. This hypothesis
has been refuted recently since antibodies directed at the extreme C-
terminus of the predicted amino acid sequence recognized the 14-kd CD3-
o chain (B. Alarcon, unpublished). The nature of the processing event
that reduces the apparent molecular weight of CD3-0 to 14 kd remains
unknown. The human CD3-¢ chain does not appear to undergo any
posttranslational modification.

The protein backbones of murine CD3-y, -9, and -¢ are 16 kd, 16 kd,
and 17 kd, respectively. Again, the CD3-y and -0 chains are glycoproteins
and addition of one or three N-linked oligosaccharide raises their apparent
molecular weights to 20 kd and 25 kd, respectively.

These molecular weights have been confirmed by transfecting COS-cells
with the cDNAs encoding the human and murine proteins (38a). In T cells
and in transfected COS cells, the murine CD3-¢ migrates as a 25 kd protein.
However, the predicted molecular weight, confirmed by in vitro translation
experiments, 1s only 18 kd (54). Therefore, we conclude that murine CD3-
¢ undergoes an as-yet-unidentified posttranslational modification.

The CD3-vy, -0, and -¢ Chains Form a
CD3 ““Subcomplex” (Figure 5)

Several experiments show that a CD3-y, -0, -¢ core can form in the absence
of TCR-a and/or TCR-f chains. The earliest complex of proteins that can
be observed during pulse-chase labeling experiments 1s one composed of
CD3-y, -0, and -¢. The independent assembly of the CD3 chains has also
been demonstrated in T cell lines that lack TCR-a or TCR-f chains (58),
and in COS cells transfected with the relevant cDNAs. It 1s interesting that
CD3 chains are not transported to the plasma membrane of COS cells. By
virtue of the high sequence homologies between human and mouse CD?3
proteins, heterologous associations between these chains in COS cells
could be demonstrated (38a). Similarly, heterologous CD3 complexes can
form following the transfection of human CD3-¢ into a murine T-T hyb-
ridoma (H. Clevers, unpublished).

[t is likely that the CD3 proteins form a core to which the TCR chains
bind. It now seems clear from studies using T cell mutants and variants,
that TCR-a and TCR-f are independently associated with CD3. In human
TCR-a~ lines and TCR-«~ mutants, a subcomplex of CD3-yoe with TCR-
B can be detected. Similarly, CD3-yde-TCR-a was found in a TCR-f~
mutant (58). The binding of TCR-« and TCR-f to CD3 might be a
prerequisite for disulfide-bridged heterodimer formation. The T cell
clone HY-827-P19 does not synthesize CD3 mRNAs but does produce
considerable amounts of TCR-o and -f chains. No TCR heterodimers are
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Figure 5 The assembly pathway of the TCR/CD3 complex (see text).

formed, even though they are found in the parent cell line HY-827

(B. Alarcon, unpublished).
Based on the types of analyses described here, we favor a model of

hierarchy of assembly in which the CD3-y, 4, € chains form a core structure
to which TCR-a/f chains bind. At this point, an alternative model in which
the TCR-o/f and CD3-y, 0, ¢ chains randomly associate in the mature T

lymphocyte cannot be ruled out.

The TCR-o/p—CD3-y, 0, ¢ Complex Is Formed Within the
Endoplasmic Reticulum (Figure 5)

Regardless of the hierarchy of assembly described above, pulse-chase
labeling experiments have shown that the CD3-y, d, ¢ proteins form a
complex with the TCR-o/f heterodimer while residing in the endoplasmic
reticulum. The evidence for this centers on the observation that complete
assembly takes place before the N-linked oligosaccharides of the com-
ponent chains have been modified by enzymes known to reside in the Golgi
apparatus. Moreover, the additign of monensin, an inhibitor of Golgi
functions, prevented the maturation of the oligosaccharides attached to
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the various polypeptide chains, but did not affect the TCR-CD3 assembly
(58). Although the assembly of the TCR and CD3 chains 1s a rapid process,
the export of the complex from the ER to the Golgi is slow, requiring
3 hr for the processing of half the complexes from the Endo-H-sensitive
to the Endo-H-resistant forms (58). This confirms earlier results of Borst
et al (26), who showed that complete sialylation of the CD3 complex, a

modification that occurs in the trans-elements of the Golgi, 1s also a slow
process.

The factors that control the export of the complex from the ER to the
Golgi stacks are unknown. The loosely associated CD3-{ may play a
crucial role (59). However, it 1s apparent that association of TCR/CD?3 1s
not rate-limiting in driving export, since the assembly of CD3-{ with the
rest of the complex is very rapid (B. Alarcon, unpublished).

Recently, a new type of immune deficiency has been described that 1s
characterized by the lack of TCR/CD3 expression on the surface of peri-
pheral T lymphocytes, which were CD2" and expressed normal levels of
CD4 or CD8 (60). The TCR/CD3 complex was assembled in the endo-
plasmic reticulum as in normal T cells, but the complex was not exported
to the Golgi apparatus (B. Alarcon, B. Regueiro, A. Arnaiz, and C. Terhorst,
submitted). Although the reasons for this export defect are unknown,

naturally occurring variants such as these may be helpful in elucidating
the export mechanisms.

Incompletely Assembled Receptor Complexes
Do Not Reach the Plasma Membrane

Many T cell mutants and T cell variants that lack one or more chains of
the TCR/CD3 complex have been described. In the cases analyzed to date,
the proteins that are synthesized assemble into “‘subcomplexes,” but they
remain inside the cell. Transport of the complex to the plasma membrane
can be reconstituted by transfer of the cDNA encoding the missing chain
into the mutants. Similarly, in COS cells, transfected CD3-y, -0, and -¢
assemble but remain inside the cell. These observations are consistent
with the notion that complete assembly of the TCR/CD3 complex 1s a
prerequisite for export from the endoplasmic reticulum.

Not all the newly synthesized polypeptide chains appear to become
incorporated into the receptor (58, 60a). A major question posed by these
results is the site of degradation. As degradation of polypeptide chains
does not occur in the endoplasmic reticulum and since the TCR/CD3
complex is formed in the endoplasmic reticulum, a transport pathway
from this organelle to a lysosomal (sub-)compartment has to exist. Studies
using T cell mutants and variants and COS cell transfections show that the
N-linked glycans of the chains of partial complexes remain unprocessed. It
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seems likely, therefore, that they move directly from the endoplasmic
reticulum to the degradative compartment via a pathway that avoids the

distal stacks of the Golgi.
Site-directed mutagenesis experiments that introduce charged amino

acids into the transmembrane domains of viral surface glycoproteins have
resulted in retention of the protein inside the cell and interestingly, rapid

degradation of the mutant protein within lysosomes (61, 62). It is possible
that the charges within the transmembrane domains of the TCR/CD3

proteins (Figures 2 and 3) are responsible for their retention in the cell prior
to assembly and may even direct unassembled chains and “‘subcomplexes™
along a degradative pathway. During assembly, the negative charges of
the CD3 proteins may be neutralized by the positive charges of the TCR.
Regardless of mechanism, a series of mutagenesis experiments directed at
the transmembrane regions of the TCR/CD3 proteins will define their

particular role in assembly and transport. Other retention signals may,
however, exist in the polypeptide chains that compose the TCR/CD3

complex.

CD3-w Plays a Role in Assembly (Figure 4)

Pulse-chase biosynthetic labeling experiments detect a nonglycosylated
polypeptide chain of 28 kd (CD3-w) that associates with the CD3 complex
early during biosynthesis but does not travel with the receptor to the
plasma membrane (63). CD3-w could be detected in human peripheral T
lymphocytes, human T leukemia cell lines (58, 63) and murine T-T hyb-
ridomas (B. Alarcon, unpublished). More recently, we have provided evi-
dence that CD3-w also associates with single TCR-« and -f chains. Associ-
ations with CD3-w occur before the N-linked glycans of the receptor
complex have been processed and probably take place in the endoplasmic
reticulum (58). Based on partial N-terminal sequence data and on the lack
of cross-reactivity with any of the anti-TCR or -CD3 reagents, CD3-w
appears to be distinct from the other members of the complex (63 and B.
Alarcon, unpublished).

What role does CD3-w play in assembly and transport? The export of
individual chains of the CD3/TCR complex and the fully assembled re-
ceptor 1tself from the ER i1s slow. Given that approximately half of the
membrane of the ER vesicularizes and moves to the Golgi every 10 min
(64), 1t seems probable that the polypeptides of the receptor are actively
retained within the ER. CD3-w may retain partially assembled complexes
at the site of assembly until the process is completed. In a comparable
system, Ig heavy chains assemble with a protein termed BiP. Assembly
takes place in the ER, displacing BiP from the Ig heavy chain (64).

Unfortunately, a retention model cannot be completely reconciled with
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the observed rapid degradation of individual chains and incomplete recep-
tors. Such observations require that the chains in question leave the ER.
It 1s hikely that retention and targeting for degradation are coupled. The
CD3-w chain may be involved in the transport of receptor-‘‘subcomplexes’
from the ER to lysosomes. This notion 1s supported by the observation
that the CD3-y, -0, and -¢ complexes are stabilized by treatment with
monensin (63). Pulse-chase biosynthesis experiments show that CD3-w
dissociates from the TCR/CD3 complex early during biosynthesis. The
mechanisms that control this dissociation remain unknown. It could be
that CD3-w is displaced during the final stages of assembly. Alternatively,
CD3-w could act as a catalyst of assembly, which, for instance, could be
necessary to provide for a microenvironment in the membrane which
would be destabilized by the charged residues in the transmembrane seg-
ments. On the other hand, no CD3-w has been detected in COS cell
transfectants. It is therefore possible that CD3-w may not be necessary for
the CID3-y, 0, & core assembly.

In conclusion, the role of this newly detected CD3-w protein could be
in: (a) retention of unassembled subcomplexes in the endoplasmic retic-
ulum; (b) guiding unassembled chains and subcomplexes towards the
degradative pathway: (¢) facilitating assembly.

SIGNAL TRANSDUCTION TRIGGERED VIA
THE TCR/CD3 COMPLEX

Numerous studies have made it clear that occupancy of the TCR/CD?3
complex results in a series of early metabolic events that lead to T cell
activation (65). While the cytoplasmic domains of the TCR polypeptide
chains are extremely short, CD3 polypeptide chains contain substantially
longer intracellular domains (Figure 3) and are therefore likely to mediate
signal transduction upon antigen recognition by the TCR heterodimer.
None of the CD3 genes cloned so far contains kinase domains or GTP
binding sites, although these have been found in growth factor receptors.
Signal transduction through the TCR/CD3 protein ensemble will therefore
probably involve currently unidentified membrane or cytoplasmic pro-
teins.

Early changes observed after triggering of the TCR/CD3 complex with
either antigen of MAD are: a rise in intracellular Ca*", a stimulated K™
efflux (66), increase of the turnover of phosphoinositides, activation of
protein kinase C, and a rise of the intracellular pH by activation of a
Na*/H* antiporter. In addition, poorly defined secondary signals pro-
vided by accessory cells like macrophages act synergistically in the induc-
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tion of T cell proliferation. This discussion is confined to several early
events 1n T cell activation via the TCR/CD3 pathway and the role of

phosphorylation of the TCR/CD3 complex.

The Role of Ca** and Phosphatidyl Inositol in
1" Cell Activation

Historically, many investigations have shown that Ca** ions play a crucial
role in T cell activation. The induction of T cell proliferation and cytotoxic
activity is blocked reversibly by Ca** chelators. Several groups have shown
that triggering of the TCR/CD3 complex of resting T cells, T cell clones,
and T leukemic cell lines by MAbs, mitogenic lectins, or appropriately
presented antigen results in a rise in intracellular free Ca** [(Ca®")]. In
the leukemic cell line Jurkat, an initial rise in (Ca**), is mediated by the
transient release of Ca** from intracellular stores: a sustained elevation
of (Ca’*); occurs only if extracellular Ca®* is available. Similarly, in
resting human or murine T cell lines (64a) and in T cell clones, the major
component of the rise in (Ca**), is caused by an influx of Ca®* from the
extracellular milieu (see 65 for review).

Recently, Kuno et al identified mitogen-dependent Ca’* channels in
human T cells using a patch clamp technique (69). The authors recorded
opening of putative Ca** channels in cloned human T helper cells after
addition of PHA or anti-CD3 MADb outside the patch pipette. It was
argued that the gigaohm seal of the patch pipette prevented the entry of
the inducing reagent into the patch area where the changes were recorded.
pointing to the requirement for an intermediary metabolic event. The
nature of one such metabolic intermediate is discussed below.

In a rapidly growing number of receptor activation models, Ca®* mobi-
lization results from ligand-induced signaling through the phosphatidyl
inositol (PI) pathway. This bifurcated second messenger mechanism
involves the hydrolysis of PI 4,5 bisphosphate into the biologically active
substances inositol 1,4,5 trisphosphate (IP;) and diacylglycerol (DAG)
upon receptor activation. IP, subsequently indues a rise in (Ca’*).; DAG
activates a key enzyme in cellular activation, protein kinase C (67). Most
of the biochemical parameters associated with ligand induced PI hydrolysis
have indeed been observed in T cells stimulated through the TCR/CD3
complex. The formation of IP; has been measured upon activation of the
TCR/CD3 complex by MAD (65) and by antigen (68). Moreover, IP, has
been shown to mediate the release of Ca’* from saponin-permeabilized
Jurkat cells (65), indicating that IP; indeed mobilizes Ca’* in T cells. This
notion is corroborated by a recent study demonstrating the presence of
[P;-activated Ca’* channels in the T cell membrane (69). The direct
involvement of protein kinase C in T cell activation is evidenced by its
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translocation from cytosol to the membrane upon perturbation of the
TCR/CD3 complex (70).

Given the observations described, it could be hypothesized that coupling
of phospholipase C to the TCR/CD3 complex 1s mediated via G proteins.
Some indirect evidence for the involvement of GTP-binding proteins in T
cell activation has recently been obtained (71). However, definitive proof
for such a coupling will require more detailed biochemical studies.

CD3 Phosphorylation Accompanies T Cell Activation

Human T lymphocytes exposed to phorbol esters, ionomycin, the mitogen
PHA, or antigen and cultured in the presence of **P phosphate contain a
phosphorylated CD3-y chain. Some experiments involving induction of a
phosphorylated human CD3-6 or CD3-¢ have been reported (72, 73).

Further analysis of the CD3-y chain showed that a single site (serine
126) was phosphorylated when T lymphocytes were stimulated by PHA
or PMA. In contrast, two sites (serines 123 and 126) were phosphorylated
in response to the Ca’* ionophore ionomycin (72). Thus, these phos-
phorylation events may reflect the regulation of phosphorylation by two
independent pathways.

Many cell surface structures have the ability to recycle. In particular
receptor molecules that deliver ligands to the cell, e.g. transterrin receptor
or LDL-receptor, are endocytosed and reappear on the cell surface rather
rapidly. It had been observed that antibodies directed at human TCR or
CD3 are endowed with the ability to induce TCR/CD3 internalization
(74). When it was found that phorbolesters similarly could induce inter-
nalization, a careful study of the relationship between phosphorylation of
the TCR/CD3 complex and endocytosis was conducted by Krangel (75).
Phosphorylated forms of the CD3-y protein were shown to be con-
stitutively endocytosed, while nonphosphorylated forms of the molecule
were excluded from that pathway. Similar results were obtained in mouse
T lymphocytes (37, 38). It thus appears that the phosphorylation of CD3-
y mediates a down regulation of the TCR/CD3 complex. How this down
regulation is coordinated with antigen-specific T cell activation needs to
be resolved.

In a series of studies, Samelson et al have provided strong evidence for
antigen-induction of tyrosine phosphorylation of a polypeptide (CD3-p21)
associated with the antigen receptor on murine T cells (40, 41, 76). The
isolated TCR/CD3 complex does not appear to have tyrosine kinase
activity and must therefore be coupled to an as-yet-unknown kinase. In
contrast to the antigen-induced tyrosine phosphorylation in helper T cell
lines, T cells of some immunodeficiency mice (gld and lpr) contain a
constitutively tyrosine phosphorylated CD3-p21 (41). Since the lpr and




648 CLEVERS ET AL

gld T cells are inert in terms of their responses to antigen or lectins, it is
possible that the CD3-p21 phosphorylation causes desensitization of the
TCR/CD3 complex resulting in a decreased efficacy of signal transduction.

The disulfide linkage of CD3-p21 and CD3-{ may be a prerequisite for
phosphorylation of CD3-p21. Thus, both CD3-p21 and CD3-{ may turn
out to play a pivotal role in the TCR/CD3 transduction mechanism.

Interactions Between the TCR/CD3- and
Antigen-Independent Activation Pathways

All of the biochemical changes accompanying TCR/CD3 triggering occur
in purified T cell populations or in single T lymphocytes. However, the
proliferative response to anti-TCR/CD?3 reagents and the production of
the lymphokines Il-2 and y-interferon require the presence of macrophages
capable of interacting with the activating MAb through their surface Ig

receptors.
In an attempt to circumvent the macrophage-dependency of T cell

proliferation, a number of manipulations have been defined that, in concert
with anti TCR/CD3 monoclonal antibodies, result in T cell proliferation
and lymphokine production. Some groups have observed that the mono-
kine IL-1 can function as an additional signal for T cell activation, although
this could not be confirmed by others. Furthermore, the phorbol ester
PMA, an irreversible activator of protein kinase C, at low concentrations
synergizes strongly with anti-TCR/CD3 Mabs in the induction of T cell
proliferation (65). However, despite the studies described above and
numerous others on this subject, the nature of the elusive secondary signal
1s not understood.

Several antigens like CD2, CD28, CD4 and CDS8 and Thy-1 have been
identified that, upon triggering with Mabs synergize with anti-TCR/CD3
monoclonal antibodies to induce functional responses in T cells. Anti-
bodies to the adhesion molecule CD2 specifically block T cell functions.
Different CD2 epitopes have been defined that either block (CD2-1) or
activate (CD2-2 plus 3) T cell proliferation or killer function (92, 93). As
does the CD3 pathway, activation of T cells via CD?2 utilizes the hydrolysis
of PI phosphates for its signal transduction (94). The CD2 pathway pro-
ceeds normally in CD3-negative NK cells (95). However, anti-CD3 Mabs
block the CD2 pathway in thymocytes (96). Also, modulation of the
TCR/CD3 complex from cloned T cells abolishes their response to anti-
CD2 Mabs. It has been hypothesized that the interaction between the CD?2
and the TCR/CD3 pathways accounts for the elimination of autoreactive
cells in the thymus. In this model it is proposed that thymocytes are
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activated to grow via the CD2 pathway. Whenever the TCR/CD3 complex

1s triggered simultaneously by autoantigens, the growth of such thymocytes
1s blocked and they eventually die (97).

Similarly a large body of data supports the notion that CD4 and CD8
act 1n concert with the TCR to optimize responses to TCR-antigen inter-
actions. Both transfection studies (98-101) and experiments with mono-
clonal antibodies (15a) support the idea that the signal transduction path-
ways of TCR/CD3 and CD4 synergize. Suggestions that TCRs can form
transient complexes on the cell surface with CD4 have not yet been sup-
ported by biochemical studies.

CD28, initially identified by the Moab 9.3, is expressed on a subset of
mature T cells (102). The 9.3 antibody is mitogenic for resting T cells in the
presence of macrophages or the phorbol ester PMA. Like the TCR/CD3
complex, CD28 possibly signals through the PI pathway, since cross-
linking of this antigen on the T cell surface mobilizes Ca** (103). Moretta
et al recently 1solated variants of Jurkat cells that lacked CD3 but expressed
CD28. These variant cells failed to produce IL-2 after triggering with 9.3
(104), indicating that activation via CD28 requires the presence of the
TCR/CD3 complex.

The 1solated murine Thy-1.2 gene has been transfected into Jurkat
cells (a human T leukemic cell line) and into murine B cell lines (105).
Transfectant cells that expressed the Thy-1.2 antigen demonstrated a rapid
rise of intracellular Ca** upon addition of anti-Thy-1 antibodies. This
could also be done in the B lymphoma cell lines. The induction of a rise
in intracellular Ca’* was therefore thought to be independent of the
presence of the TCR/CD3 complex on the surface of Thy-1 expressing
cells.

Mutant Jurkat cell lines that lack surface expression of TCR/CD3 and
their revertants were recently used for transfection of the Thy-1.2 gene
(106). Normal TCR/CD3™ Jurkat cells responded to anti-Thy-1 antibodies
with a rise in (Ca**), and, in the presence of phorbolesters, with IL-2
secretion. TCR/CD3 ™ variants responded to anti-Thy antibodies with the
rise in Ca™ " but did not secrete IL-2 in the presence of phorbolester. The
anti-Thyl-induced IL-2 secretion was restored in TCR/CD3™ ““revertants”
transfected with the TCR « or fcDNA (106). Similar results were obtained
by Schmitt-Verhulst and colleagues (107) who selected variants of a murine
CTL clone that had lost expression of the TCR « chain mRNA and which
expressed normal amounts of Thy-1 on its surface. Antibodies to Thy-1
did not cause activation as measured by interferon y secretion. These
data demonstrate unequivocally that Thy-1 mediated T-cell activation, as

measured by IL-2 or interferon-y production, requires coexpression of the
TCR/CD3 complex.
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THE STRUCTURE AND REGULATION OF THE
CD3 GENES

Expression of the TCR/CD3 Genes During
Thymic Maturation

The T lineage pathway of differentiation represents one of a few such
pathways that are initiated during fetal development and persist in the
adult animal. Bone marrow—derived prothymocytes go through several
stages of differentiation in the thymus to give rise to immunocompetent T
lymphocytes. The mechanisms governing this process are incompletely
understood, but center around the generation of diversity of TCR-speci-
ficity followed by the selection of a limited number of mature T cells to be

added to the immune system (see 1 and 77 for review).
During fetal development in the mouse the first detectable population

of thymocytes 1s a CD4~, CD8 (‘*double-negative’) subset at day 14 of
gestation (78). At days 16 and 17, double-positive and mature single-
positive T cells begin to be detectable and increase in proportion. A
distribution of the different thymocyte-subsets similar to that found 1n the
adult thymus is reached by day 19 of fetal life. To demonstrate putative
precursor/progeny relationships, experiments of adoptive transfer, organ
culture, and culture of 1solated cells have been performed. The double-
negative subset has been demonstrated to generate all the other subsets
(79, 80). On the contrary, 1t has not been possible to generate single-
positive mature thymocytes from the double-positive subset. Whether
this subset represents an intermediary stage or an end point in T cell
differentiation (see Figure 6) is still controversial.

The T cell receptor genes are rearranged and expressed sequentially
during maturation in both thymic ontogeny and adult thymus (see 1 and
77 for review). The first gene to be rearranged is TCR-y at day 14 of murine
fetal development (81), followed by TCR-f gene rearrangement. TCR-«
gene rearrangements are first detected at day 16. Levels of detectable
transcripts of the TCR genes parallel the occurrence of their respective
rearrangements.

Appearance of the TCR/CD3 complex on the surface of thymocytes
requires transcription of the genes of all of its members. In two exhaustive
studies of normal thymocytes as well as of a series of human leukemias it
was reported that all cells analyzed expressed CD3-transcripts and CD3-
proteins (82—-84, 91). Thymocytes or leukemic cells that contain TCR-
transcripts do express the TCR/CD3-complex on the cell surface, whereas
the ones lacking at least TCR-2 mRNA accumulate CD3-y, T3-0, and T3-
¢ chains intracellularly, in the perinuclear envelope. In addition, thymo-
cytes of the double-negative subset lack TCR-f transcripts yet have
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intracellular CD3 proteins (83). The transcription and translation of the
CD3 genes must therefore be a very early phenomenon in the maturation
of thymocytes. It 1s at present unknown whether the transcription of CD?3
genes is initiated before or after entering the thymus.

A small percentage of double-negative thymocytes (0.2%—-0.9%) express
the CD3 complex on the cell surface. This population does not have TCR-
o nor TCR-f messages but does express TCR-y and TCR-0 gene products.
The presence of TCR-y/0 heterodimers precedes that of TCR-a/f hetero-
dimers during mouse thymic ontogeny. TCR-y/0- and TCR-a/f-expressing
T cells presumably constitute different lineages since TCR-y/o-expressing
cells have been demonstrated in peripheral organs and appear to be func-
tionally mature (20, 22, 23, 49) (see Figure 6).

The CD3 Genes

As a first step towards the understanding of the coordinate expression of
the CD3 chains during T lymphocyte maturation, a detailed analysis of
the structure and the regulation of the genes encoding the CD3-y, CD3-0,
and CD3-¢ chains has been initiated. All three genes were originally
mapped to band 1123 in human and to mouse chromosome 9 (85—
87). More recently pulsed-field DNA electrophoresis has been applied to
demonstrate that the CD3 genes are clustered within a 300 kd-region on
human chromosome 11 (87; H. Clevers, S. Dunlap, H. Saito, T. Wileman,
C. Terhorst).

The genes for CD3-y and CD3-0 are closely linked in both mouse and
human; the genes are separated by approximately 1.5 kb and organized in
a head-to-head configuration (87, 88). The CD3-0 gene 1s split into five
exons; the CD3-y gene contains 7 exons. Exon-intron boundaries are
located at homologous positions in the two genes with the exception that
the CD3-y gene contains an additional 24 bp coding exon (exon 2) and a
separate 3" untranslated exon (see Figure 7A). Given this similarity of gene
organization, physical linkage, and the high sequence homology of the
CD3-y and CD3-0 genes, it 1s highly likely that these two genes arose
through a duplication event. A very close linkage of genes with divergent
transcription is rare, and in several of those instances regulatory elements
do exist in the area between the transcription start sites (88).

The CD3-¢ gene consists of eight exons two of which are unusually
small, encoding 6 and 5 amino acids of the N terminus of the protein (see
Figure 7B). The overall homology between CD3-¢ and the CD3-y/CD3-0
gene pair is relatively low, being confined to areas around the Cys-residues
in the extracellular domains of the chains. Upon comparison of the gen-
omic sequences the short stretch of high homology located directly N-
terminal of the transmembrane segment (53, 55) was found to coincide
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Figure 7B 'The murine CD3-¢ gene (H. Clevers, S. Dunlap, H. Saito, T. Wileman, and C.
Terhorst, submitted). UT, untranslated; LP, leader peptide; EX, extracellular: TM, trans-

membrane: IN. intracellular.

with the presence of a conserved boundary (H. Clevers, S. Dunlap, H.
Saito, T. Wileman, and C. Terhorst, submitted). This observation strongly
suggests that all genes in the CD3 gene cluster are derived from a common
ancestral gene.

A series of sequence comparisons suggests an evolutionary relationship
between the various CD3 sequences and the Ig superfamily. Among the
Ig-superfamily sequences, the CD3 sequences (in particular CD3-¢) may
fit best with the N-CAM domains, at about the same level of significance
as those seen between f2-microglobulin and IgG domains (54, 108).

Transcription of eukaryotic genes 1s mediated by control regions com-
posed of complex combinations of promoter and enhancer elements (cis-
acting elements), arrayed in tandem, that allow multiple distinct trans-
acting factors to regulate RNA synthesis. This mosaic arrangement of
regulatory sequences provides genes with the possibility of using sets of
common elements. The unique expression pattern of any given gene is
obtained through the composition and spatial organization of such com-
nmion elements, acting in concert with elements that bind inducible or tissue-
specific factors.

Based on the evolutionary relationship and on the coordinate expression
of the CD3 genes, the T cell-specificity of these genes is likely to be governed
by overlapping sets of regulatory factors. This notion is corroborated by
the recent characterization of the T cell mutant HY-827-P19. This cell line
expresses the TCR-a and TCR-f chains but, unlike its parent cell line,
lacks all of the CD3 polypeptide chains (B. Alarcon, in preparation). Since
in this mutant all CD3 genes are silenced simultaneously, it is most likely
that not the CD3 genes themselves but the gene encoding a common
regulatory factor has been damaged. Moreover, this cell line demonstrates
that the expression of the CD3 genes can be uncoupled from TCR gene

exXpression.
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Table 2 Chromosome location of T cell receptor/CD3 genes

Human chromosome Mouse chromosome

TCR

o 14qll 14 C-D
p 7 q 32-35 6B

¥ Tp 15 13 A 2-3
0 — 14 C-D
CD3

Y 11 q23 9

0 11 q 23 9

£ 1“qi23 9

All CD3 genes are transcribed from non-TATA promoters (56a, 87-89,
H. Clevers, S. Dunlap, H. Saito, T. Wileman, C. Terhorst, submitted).
Because of the close proximity of the divergently transcribing CD3-y and
CD3-0 promoters, single regulatory factors acting on the intervening gene
segment potentially affect transcription of both genes. In vitro gene regu-
lation analysis has revealed the presence of a T cell-specific enhancer
element directly 3" of the CD3-0 gene. The location of this enhancer
element coincides with the presence of a T cell-specific DNase I hyper-
sensitive site. Interestingly, the sequence of this element is repeated in the
CD3-y/CD3-0 intergenic segment (K. Georgopoulos, P. Van den Elsen, E.
Bier, A. Maxam, and C. Terhorst, submitted). Furthermore, a similar
motif 1s present directly upstream from the CD3-¢ gene promoter.
Sequence comparison of the region upstream of the CD3-¢ gene with the
CD3-y/CD3-0 1ntergenic region revealed the presence of another homo-
logous motif. These two motifs are excellent candidates for T cell-specific
cis-acting elements. While the three known CD3 genes are closely linked
to each other, no linkage exists with the TCR genes (Table 2).

CONCLUSION

Despite rapid progress in the molecular anatomy of the TCR/CD3
complex, much needs to be learned about its function. Several new poly-
peptide chains (in addition to CD3-p21, CD4 and CDS8) will probably be
found coupled to this dynamic protein ensemble. Our current knowledge
would predict that they are either G-proteins or tyrosine kinases. Yet,
completely different pathways may be found. A rapidly increasing number
of functional and structural mutants of T cell lines combined with trans-
fection of normal and modified genes coding for all the members of the
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ensemble will facilitate these new discoveries. However, even if the
molecular interactions of the TCR/CD3 complex are worked out, the syner-
gism with other T cell surface structures in the induction of T lymphocyte

proliferation needs to be understood.
Future studies of assembly of the TCR/CD3 complex will answer major

questions about retention in the endoplasmic reticulum, the existence of a
hitherto unknown intracellular transport pathway, and the regulation of
the level of cell surface expression during thymic differentiation. Future
studies of the coordinate regulation of transcription of the TCR and
of the CD3 genes will be of interest as a model of T cell-specific gene
exXpression.

Thus, principles of signal transduction by the TCR/CD3 complex, of its
assembly, and of the regulation of its genes will not only be of great interest
to T cell biologists but will have general implications in the fields of

developmental and cell biology.
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