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Summary
T lymphocytes respond to foreign antigen by forming specialized junctions with antigen-presenting
cells (APC) or target cells. A hypothesis is presented, illustrating the similarity between the T-cell
recognition-activation process and the cell communication processes found in other organ systems,
especially the nervous system. Based on data showing that a major neuronal protein, Thy-1, is also
a mitogenic site on T cells, and based on predictions for the structures of the T-cell receptor (TcR)
and Ia proteins, an activation model is presented as follows. 1) The T-cell receptor initiates cell-cell
contact with the APC by interacting with Ia and antigen, forming an antigen-binding site. 2) Sets of
adhesion molecules then bind, focusing the interacting proteins to the junctional site. One binding
protein, L3/T4, binds Ia and concentrates the Ia molecules to the contact site. 3) The two-chain TcR
then links together the TcR-Ia-antigen complexes, forming a linear chain of receptors which will
self-associate once reaching a critical length, forming a cluster. This cluster juxtaposes associated
channel subunits, the T3 membrane molecules, creating an ion channel, stimulating the T cell. 4)
The MHC molecule is structurally a part of this activation complex, and therefore also forms a cluster
on the APC surface, possibly activating the presenting cell. 5) Secretory products are then released
into the synaptic site allowing for efficient and directed cell-cell communication. Cytolytic class-I-
restricted cells use a similar pathway to focus the effect of cytolytic proteins.

This analogy views neuronal communication and lymphoid recognition as evolutionary descendents
of a primordial lymphocytic type of cell interaction.
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Introduction
The activation of T cells involves a multistep process which begins with the recognition of
antigen in association with major histocompatibility complex (MHC) proteins and results in
the expression of specific immunological functions such as the secretion of regulatory factors
or the expression of cytolytic activity. The initiation of this pathway is mediated by cell surface
structures which regulate membrane contact and cell surface interactions as well as transduce
signals to the cell interior. Although a number of structures have been described which
participate in the early phases of T-cell recognition and activation, the actual physical
mechanisms of how these proteins collectively interact and function is not fully understood.
For several years, I have been involved in the study of T-cell activation using antibodies to the
Thy-1 glycoprotein as an activation model. These studies describe mechanisms of receptor-
mediated cell interaction which regulate T-cell activation and are now common to other T-cell
activation models. In view of the high concentration of Thy-1 in the brain, especially in the
neuronal cell-cell contact regions, the synapses, the interesting possibility can be raised that
this molecule has a similar function in both the nervous and immune systems. In fact, as more
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functional cell surface structures become known, a striking resemblance in the forms of cell
communication and interaction between these systems emerges. The model to be presented in
this paper views the cell interaction complexes formed between T cells and antigen-presenting
cells (APC) or target cells as evolutionary relatives of synaptic junctions in the nervous system
and gap junctions in other systems. The lymphoid synaptic regions are formed by multiple
adhesion proteins which stabilize the contact site and provide a focus for the formation of ion
channels from independent protein subunits associated with the T-cell antigen receptor (TcR).
Because the MHC proteins are structurally a part of the T-cell activation complex, they also
simultaneously form a cluster which can transduce signals into the presenting cell. The
junctional apparatus thus formed permits the focused secretion of labile mediators into synaptic
spaces between the interacting cells, thereby creating an efficient method for cell-cell
interaction and directed factor secretion. Although this relationship between immune
recognition and neuronal communication is only a functional analogy, it is likely that many of
the proteins which make up the interacting structures are structurally homologous and relatives
of the immunoglobulin supergene family. This view of T-cell activation is derived from the
Thy-1 model and from recent predictions for the three-dimensional structures and mechanisms
of interaction of the MHC class II molecules and the T-cell antigen receptor. The Thy-1 system
will first be briefly reviewed to illustrate the basic principles of receptor coupling and activation
now consistent with recent findings in other systems. With these principles in mind, the
structures implicated in the T-cell recognition of antigen will be discussed and then a hypothesis
presented for the sequence of events which form the lymphocytic synapse, thus permitting cell
coupling and signal transmission.

The Thy-1 molecule as an activation site on T cells
One of the first findings to suggest that T-cell activation involved synaptic structures was the
demonstration that a major synaptic protein, Thy-1 [1], was not only a predominant T-cell
surface structure, but also had the functional property of mediating T-cell activation. In fact,
the first mitogenic antibodies [2] to Thy-1 were generated against mouse brain and, once
absorbed to remove anti-mouse activity, bound to T cells and immunoprecipitated the classical
25,000-dalton species of Thy-1 [3]. This antibody was a potent mitogen for heterogeneous
populations of cells from either spleen or lymph node, but failed to stimulate purified T cells
at concentrations of antibody optimal for spleen cells. If B cells [2] or, as later found, a variety
of Fc receptor (FcR)-bearing cells [3] were added to the T cells with antibody, the T-cell
proliferative response was restored. Proliferation was dependent on an intact Fc portion of the
antibody, suggesting the requirement for Fc-FcR binding in cell-cell interaction. This was also
confirmed by blocking of the response with monoclonal antibodies against the FcR. Cell
cooperation between the T cell and the FcR-positive cell was not MHC-restricted or dependent
on the presence of Ia on the accessory cell. A clue to the role of FcR-bearing cells was the
ability to substitute for their activity by adding to the culture a second antibody against the first
antibody [3]. The second antibody cross-linked the Thy-1-bound antibody into stable large
patches and caps on the T-cell surface which then initiated cell activation. This suggested that
the FcR on the accessory cell was modifying or inducing the cross-linking of the T-cell-bound
anti-Thy-1.

The major function of the accessory cell was to aid in the production of IL-2 [4]. Adding IL-2
to the T cells with antibody could replace the accessory cell requirement, indicating that
antibody alone, even at low concentrations, induced the expression of IL-2 receptors, but was
insufficient for IL-2 production. In the absence of exogenous IL-2, further cross-linking either
by cell surface contact with the FcR accessory cell or by anti-Ig then initiated the production
of IL-2, providing the growth stimulus for cell proliferation. These studies were extended with
clones of EL-4 IL-2-producing T-cells, which responded to anti-Thy-1 with similar activation
requirements [5]. In this system, antibody was found to bind to the surface of the cell and be
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partially endocytosed and shed without capping [6], and without stimulating IL-2 production.
When anti-Ig was added to these anti-Thy-1-coated cells, surface stabilization of the primary
antibody was seen, followed rapidly by membrane potential changes [6] and then, in 4-6 h, by
the secretion of IL-2. Many of the above phenomena have now been confirmed in several
laboratories using both polyvalent and monoclonal antibodies against Thy-1 [7,8].

The Thy-1 model provides a simple model for receptor-mediated cell-cell coupling and surface
focusing, and demonstrates a number of requirements for T-cell activation.

1) Cross-linking of specific sites on the T-cell surface initiates T-cell activity. This has now
been found for antibodies directed against the T3 proteins [9] and for the putative anti-T-cell
antigen receptor antibodies [9,10]. Both the anticlonotypie antibodies and the anti-T3
antibodies trigger T-cell activation when presented in a multivalent form. Usually, this is
accomplished by immobilizing the antibody on the surface of sepha-rose beads, allowing it to
activate IL-2 receptor expression, IL-2 secretion and proliferation in T-cells and T-cell clones
without accessory cells. Because of the biochemical and functional similarity between Thy-1
and T3 molecules, it was proposed that Thy-1 may actually be one of the T3 proteins [5,6,8],
as will be discussed later. Therefore, it appears that of all the T-cell surface structures known
to which antibodies have been made and tested, only a few can directly induce activation.
Included in this set are the T-cell antigen receptor, the T3 proteins and the Thy-1 glycoprotein.

2) Regulation of T-cell activation is controlled by the level of receptor cross-linking or
aggregation. Clustering of receptors is a universal event associated with receptor-mediated cell
activation in a variety of biological systems [11,12]. The final physiological effect depends
directly on the number of receptors which are bound or occupied and then subsequently cross-
linked. Low levels of cross-linking, usually with antibody alone as shown with anti-Thy-1,
anti-T3 and anti-clonotypic antibodies, activates only IL-2 receptor expression, while higher
levels are required for IL-2 production [4,13,14]. Regulation of activation can therefore be
accomplished by controlling the amount of cross-linking. This can be done directly, either by
changing the T-cell surface antigen or receptor concentration, or by modifying the dose of
activating antibody or ligand. In the Thy-1 system, the production of IL-2 in response to anti-
Thy-1 antibody was proportional to the surface concentration of Thy-1 on clones of EL-4 cells.
Cells with lower Thy-1 expression also required higher antibody concentrations to produce
equivalent amounts of IL-2. In addition to the concentration of the reactants, the formation and
stability of aggregates should also be dependent on the affinity of the receptor or stimulating
antibody.

3) A major pathway for physiological regulation of cross-linking is through receptor-mediated
cell surface focusing. With anti-Thy-1, the FcR-bearing accessory cell binds to the Fc portion
of the antibody and induces the aggregation of the antibody. Thus, the aggregation of the FcR
simultaneously co-aggregates the Thy-1 molecule via an antibody bridge. A similar FcR-
bearing accessory cell requirement has also been shown for the mitogenic anti-T3 antibody
[15,16]. This demonstrates two important principles of interactions at membrane interfaces.
First is that the clustering of a set of receptors on one cell can influence the aggregation of an
attached set of receptors or molecules on a second cell. This represents a simple coupling
mechanism which is later postulated to be similar to the coupling between the T-cell receptor
and MHC proteins. Secondly molecular interactions occurring between membrane interfaces
favour a flow of receptors into the contact areas, because the free energy of binding stabilizes
the molecules in these regions, as discussed by Bell [17]. This provides a focusing mechanism,
which concentrates interacting proteins to contact sites. This concept is critical to the
multipoint-multiprotein interaction for T-cell activation in response to antigen.
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4) The final effect of receptor clustering can be regulated by controlling the cell activation «
threshold » or sensitivity. The activation threshold represents a critical level of message such
as Ca++, cyclic nucleotides, or phospholipid metabolite, required to trigger the cell. Usually
this activation barrier is overcome by occupying or engaging a certain number of cell surface
receptors. Thresholds can be modified either by controlling the intracellular resting state
concentration of the inducer, for example, the intracellular Ca++ concentration, or by changing
the reactivity of the intracellular target of this inducer. Because cellular growth regulation is
also a complicated multistep process, its control may occur at a number of sites within the cell.
In excitable cells, « thresholds » represent electrical potentials which, when reached, lead to
rapid ion fluxes generating membrane potential spikes. Now that it appears that lymphoid cells
may use membrane potential changes for cellular regulation [6,18,19], it is possible that
threshold regulation may be similar to mechanisms involved in neuronal threshold control. The
effects of IL-1 may be to modify the cell threshold by some of the above mechanisms. Overall,
the sensitivity of the cell to stimulation will be determined both by the internal threshold setting
and by the total number and affinity of cell surface receptors.

The question remains as to why receptor cross-linking or clustering is vital to the activation of
not only T cells hut of any cell. Possibilities include the formation of ion channels from separate
components, the formation of binding sites for other linkage or transducing proteins, and the
formation of an active enzyme such as a kinase. In this context, how can the cross-linking of
Thy-1 transduce a signal to the cell interior? The Thy-1 protein has been sequenced [20] and
corresponding cDNA cloned [21,22]. The amino acid sequence has homology with both
variable region sequences and β2 microglobulin (β2m). The two cDNA clones for Thy-1
suggest that two forms may exist on the T-cell surface. One has no membrane extension and
is actually shorter than the previously sequenced brain Thy-1 molecule, possibly representing
a peripheral membrane molecule similar to β2m. The other cDNA clone has a hydrophobic
stretch of C-terminal amino acids with a central aspartic acid residue suggesting a membrane-
associated region. This hydrophobic sequence has striking homology with the membrane
spanning region of surface IgM, indicating a possible structural overlap in the mechanism of
signal transduction. However, the Thy-1 hydrophobic region is devoid of extensive charge
residues characteristic of other channel-forming proteins and is not totally transmembrane.
Therefore, it may not directly mediate membrane transduction or form a channel structure. To
stimulate activation it must be associated with another protein or proteins to generate an
activation complex. Since Thy-1 is a V-region-like domain, it may interact with itself, forming
a V- to V-like dimer and thereby create an active site for another transducing protein.
Alternatively, Thy-1 could associate with another complex such as the T3 and T-cell receptor
proteins to generate a transmembrane signal through this apparatus.

The Thy-1 model was presented because it illustrates a mechanism of cell interaction which is
postulated to be similar to the coupling of T cells and APC in the presence of antigen. The
components necessary to the antigen specific activation pathway will next be presented.

Lymphocyte synaptic proteins
The main distinction between lymphoid synapse formation and synaptic junctions in the
nervous system is that lymphocytes and their targets are mobile and separate before contact.
In contrast to the synapses between neurons, which are stable fixed structures that transmit
rapid intercellular communications, the lymphoid counterparts use mobile independant cell
surface proteins which are brought together and focused in the presence of antigen to form
junctional complexes. The cell structures in this model may themselves be evolutionary
relatives and are classified as forms of cell adhesion and interaction molecules.
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The synaptic model begins with independent molecules on the cell surface of both the T-cell
and the APC or target cell. These molecules form sets of complementary binding proteins with
one of each set localized to either the T cell or the APC.

Cell Adhesion and Binding Molecules
The first set of binding proteins is found on lymphoid cells and monocytes without cell subset
distinction. An example of these molecules is the LFA-1 glycoprotein [23]. The LFA-1
glycoproteins are large MW non-covalently-linked dimers of 95 kDa and 160 kDa chains.
Antibodies against these proteins block cell adhesion in class-I and-class-II-restricted functions
by blocking at an early Mg++-dependent binding step. These structures are functionally
analogous to the cell adhesion molecules (N-CAM) [24] described in nervous system
development. N-CAM are large molecular weight glycoproteins which function in neuronal
cell adhesion, especially during the development of synaptic pathways. They have the property
of forming self-aggregates depending on the amount of protein glycosylation. It is possible
that LFA proteins also change in binding properties with changes in glycosylation, thereby
providing a mechanism for adhesion regulation. Although the binding sites for LFA molecules
have not been described, it is possible that other LFA-related molecules on the presenting cell
surface serve this purpose. Functionally related to LFA-1 are the more recently described
LFA-2 and LFA-3 molecules [25]. Antibodies against these structures also block cytolysis,
possibly at the adhesion stage [26].

The second set of adhesion molecules are the cell class-specific binding proteins. These
structures are usually correlated with the specific MHC restriction element recognized by the
effector T cells, irrespective of effector function. The cytolvtic class-I-restricted cells express
the Lyt2,3 (30 kDa, 33 kDa disulphide-linked dimers) [23,27] or Leu2/T8 (33 kDa) [28]
molecules, while class-II-restricted cells express the L3/T4(50 kDa) [29] molecule. Antibodies
to these structures also block at an early cell binding step. However, not all cells expressing
these structures can be blocked with antibody, and some Ia-restricted hybridomas totally lack
the L3/T4 molecule [30], indicating that these proteins are not an absolute requirement for T-
cell activation. This variation in the functional participation of these molecules in recognition
has been proposed to be related to the affinity of the T-cell receptor for the MHC and antigen
complex [30,31]. This was shown by experiments in which in vivo primed CTL-cloned cells
to virus plus self-class-I MHC were resistent to Lyt2 blocking when tested for anti-virus killing,
but was sensitive to blocking when tested on a cross-reactive allogeneic target [31]. Blocking
effector function with anti-LFA-1 has also revealed some heterogeneity, possibly for similar
reasons of affinity. The target ligands for the Lyt2 and L3/T4 proteins may be a portion of the
specific MHC protein because of the correlation with T-cell restriction [27,31]. Binding
therefore would appear to be independent of polymorphic residues, suggesting that
monomorphic sites are used. If this is the case, then domain-domain interactions similar to C
or V domain binding may occur between the N-terminal domains of, for example, the L3/T4
molecule and an external face of one of the Ia domains. The discovery of these adhesion proteins
and their relationship to apparent affinity led to the view that T-cell binding and activation was
a result of multi-protein binding collectively contributing to the final avidity required for cell
stimulation.

The T-cell receptor for antigen and MHC proteins
The last set of binding proteins provides molecular specificity and is associated with the signal
transducers for T-cell reactions. The set includes the T-cell antigen receptor and MHC
glycoproteins, for our discussion, the class II molecule or Ia. In contrast to B cells, which use
immunoglobulin as a membrane receptor and can bind antigen directly, the T cell classically
appears not to take up or specifically bind native or degraded antigen, a phenomenon which
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has long puzzled immunologists. Instead, antigen recognition requires the simultaneous co-
recognition of allelic determinants on MHC proteins. Although both single and dual receptor
models have been previously proposed to explain this dual requirement, recently, because of
a number of functional studies and with the published sequence of one chain of the T-cell
receptor, the model of a single receptor composed of two chains expressing one functional site
for antigen and MHC complexes is favoured. However, with one binding site, basically a
monovalent receptor, the nature of the binding mechanism and the events which provide for
receptor cross-linking, especially with univalent small peptides, are difficult to explain. An
alternative to the single site model which provides for recognition and cross-linking has
recently been proposed [32] and will briefly be described. This model relies upon the
predictions for the three-dimensional structures of the Ia molecule and the T-cell receptor. The
model states that the T-cell receptor has two chains with physically separated variable regions.
One chain functions as only half of the antigen recognition unit, which, in the presence of
antigen and a first domain of Ia, forms a stable antigen-binding site analogous to an antibody-
combining site. The other chain of the T-cell receptor also has a V region and interfaces with
the other Ia first domain on a separate Ia molecule, again similar to VH and VL. One T-cell
receptor dimer therefore bridges two molecules of Ia only in the presence of antigen.

This proposed structure of the T-cell receptor was derived from a number of facts.
Biochemically, the clonotypic receptor consists of two disulphide-linked chains, a basic β chain
and an acidic α chain, both of which have a molecular weight between 40 and 50 kd [33-35].
By peptide mapping, these chains differ from each other and appear to have variable and
constant sequence properties [34,36]. In addition, the T-cell receptor complex has at least three
« T3 » molecules [37]. Antibodies to the T3 proteins bind only to the 20 kd glycosylated form
which, when precipitated, brings down the other two non-covalently associated molecules, the
25-28 kd glycosylated protein and the 20 kd non-glycosylated molecule. The non-glycosylated
20 kd protein may be mostly membrane-associated, since it is the only T3 molecule that is
heavily labelled with lipid photo-affinity probes [38]. T3 appears to be required for the
expression of the T-cell receptor [39] and, when quantitated, exists in numbers roughly
equalling the clonotypic receptor number, 30-40,000 molecules. Antibodies to T3 co-modulate
the receptor, and reciprocally, the anti-receptor antibodies modulate the T3 antibody
specificities [39], suggesting that these molecules are tightly associated. The number of non-
glycosylated 20 kDa or 25-28 kDa T3 molecules on the cell surface is not known because
antibodies have not been reported which bind these proteins uniquely. The biochemical
similarity and the functional property of mitogenicity led to the proposal that Thy-1 was
analogous to one of the T3 molecules, possibly the 25-28 kd species [6]. Because there are
100-200,000 Thy-1 molecules on the mouse T-cell surface, it is unlikely that the T3 molecule
recognized by anti-T3 and associated with the T-cell receptor is the Thy-1 equivalent. In
addition, anti-Thy-1 antibody does not cap or consistently block T-cell effector function
(unpublished results). For these reasons, I view the Thy-1 molecule and its possible human
equivalent, the T3 25-28 kd species, as couplers between the T-cell receptor-T3 unit and the
20 kd T3 membrane (T3m) component.

Recently, two reports of the gene sequences of one chain of the T-cell receptor were published
and demonstrated a striking resemblance between the TcR and immunoglobulin (Ig) by
sequence homology [40,41]. This chain has two domains, an N-terminal variable region
domain and a constant region domain. A number of cysteines were found in addition to the
four cysteines used for domain stabilization. One was at position 260 between the membrane
spanning region and the constant region thought to be in a position homologous to the Ig light
chain cysteine which binds the heavy chain. These sequences were analysed for amino acid
and DNA homology with Ig and verified the reported homologies, except for a few critical
findings [32]. First, the cysteine at position 260 in the T-cell receptor is in a position
homologous to the hinge region in Ig heavy chains and not where heavy and light chains bind.
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Secondly, on the DNA level, the only significant homology found was between the T-cell
constant region and the α3 region of class I molecules. Since this area in class I molecules binds
to (β2m and the T-cell receptor is co-associated with and may require the T3 complex for
expression, it was proposed that this region of the T-cell chain binds one of the T3 molecules.
Knowing that the T-cell receptor has a hinge region and molecules which could function to
stabilize isolated chains leads to the most likely conclusion that the T-cell receptor chains and
at least the V-regions of the receptor are separated much like heavy chains in antibody. In order
to form active binding sites, these T-cell V regions must interact with other V-region-like
domains. The V-like domains which complement the T-cell receptor first domains are pro
posed to be the N-terminal domains of Ia. Our model of the T-cell receptor is presented in
figure 1. The two chains of the T-cell receptor are connected at the hinge and stabilized by the
T3 glycoproteins. The V regions are facing in opposite directions and are separated. The Thy-1,
T3 and TcR constant domains bind to each other by domain stacking similar to the mechanism
by which constant regions and variable regions bind. The Thy-1 (T3 25-28 kd species)
hydrophobic region with central negative charge would bind both to the positive charge in the
T-cell receptor β chain transmembrane region by ionic bridging and to the T3 membrane
component. The T3m is most likely the transducing component of this complex and is
postulated to be one subunit of an ion channel.

The structure of class II molecules
Ia glycoproteins are composed of non-covalently-linked dimers of β chains of 28 kDa and α
chains of 33 kDa (see review [42]). Each chain has two external domains, a membrane-proximal
Ig-homologous-constant-region-like domain (β2, α2) and an N-terminal polymorphic domain
(β1, α1). The three-dimensional structure of Ia is not known. Recently, using a sensitive local
sequence homology program, the β1 domains were found to show low but significant homology
with Cκ and V κ domains, suggesting that they also are structurally members of the Ig-supergene
family [32]. These sequence homologies were supported by a striking similarity in
hydrophobicity profiles. These facts together with results of analysis using computer programs
which predicted regions of β-pleated sheets in the molecule allowed the modeling of the β1
domain into an Ig-like folded sandwich of two anti-parallel β-pleated sheets. The polymorphic
regions were then located and found to be present mostly, but not totally, on bends between
strands, and juxtaposed in two areas on opposite ends of the domain. One region fell in a
position which interfaced with the α1 domain at the N-terminal most peripheral edge of the
molecule, while the other was on the opposite β-pleated sheet on the external face of the β1
domain pointing toward the membrane. This external face was postulated to have a structure
which complements the T-cell receptor V-region. The polymorphic regions on this face
therefore function similarly to hypervariable regions in Ig providing for both antigen and
interdomain contacts. The α1 domain of the Ia heavy chain had lower homology with Ig, but
because of the Ig relationship of the α chain membrane proximal region, it was assumed to
have a structure similar to the β1 domain for the purposes of this model. A schematic model
of the Ia molecule is shown in figure 1 on the APC membrane. The two membrane proximal
domains are constant region-like and are tightly associated. The connecting peptides between
the membrane and the second domains provide for flexibility at the base of the molecule to
accommodate membrane-associated antigens. The Ia-β1 and −α1 domains bind to each other
and provide surfaces for the TcR interaction. There are 3 main sites of Ia polymorphism on
this molecule (indicated by the thick domain edge). One on the external face of β1, another
site in an analogous position in the α1 domain and finally a site in a region where the β1 and
αl domains interact. This last site is in a position similar to an Ig-combining site and is referred
to as an Ia idiotype (Ia-Id). Functionally, the Ia-Id may not be involved in antigen binding,
because it does not directly complement the TcR chains. It may play a role in MHC restriction,
possibly by interacting with the TcR α chain or, alternatively, it may function as a site for
suppressor cell or factor binding.
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The interaction of the T-cell receptor with MHO is shown in figure 1. The V domain of one
T-cell chain (TcR-Vβ) binds to the β1 domain external surface and is stabilized in this example
by antigen bridging the gap between the TcR and Ia amino acids in « hypervariable »
polymorphic regions. The site of antigen binding is analogous to the combining site of antibody,
since it is formed by the interaction of a TcR V-region domain and a V-like Ia domain. The
actual binding of TcR-Vβ and Ia-β1 is through multiple contacts between polymorphic and
non-polymorphic framework regions of both domains similar to the binding between VII and
VL in antibody. The TcR-Vα domain on the other chain is proposed to bind to the α1 domain
on a separate Ia molecule, resulting in the bridging of two Ia molecules by one TcR complex.
This TcR-V α and α1 interaction is, in principle, similar to the TcR-V β and β1binding, except
that it binds without antigen. The TcR-Vα domain may already have a high affinity for the Ia-
α1 domain or be induced to bind because of a conformational change in the α1 domain
secondary to the stable TcR-Vβ and β1 interaction with antigen. With other antigens, the
situation may be reversed and antigen will bridge the TcR-Vα with α1 instead of interacting
with the β1 domain. In general, due to thymic selection, the TcR V regions have low but definite
affinity for the Ia first domains in the absence of antigen.

Formation of T-cell activation complexes and ion channels
The model for TcR binding to Ia and antigen shown in figure 1 now provides a mechanism for
generating receptor cross-linking and makes a clear prediction as to the, molecular events which
lead to signal transduction. Following the binding of the TcR to the b1 domain with antigen,
the TcR-α-chain then links these units by binding to the Ia-α1 domain (fig. 2). These complexes
will not branch; instead, once reaching a critical length [43], will self-associate to form a ring.
During the circularization step, the TcR-associated T3 and Thy-1 structures are forced to the
center of this ring. These structures are then secondarily stabilized and juxtaposed, thereby
creating a multi-subunit transducing complex. The T3m may exist as one subunit of an ion
channel which, when stabilized as diagrammed, becomes a functional channel for either
Ca++[44] or monovalent ions. The formation of an ion channel from multiple identical but
separate subunits is not unprecedented, as a similar process may occur with the Fc receptor for
IgG [45] and possibly with the IgE receptor. Purified FcR, when inserted into synthetic
membranes, will mediate ion influx when aggregated by antibody-antigen complexes or
monoclonal anti-FcR [46]. Once the TcR channels start functioning, the intracellular
concentration of Ca++ increases until a threshold level is reached, activating the growth
cascade.

As a consequence of TcR clustering and channel formation, a ring of Ia molecules will also
form on the APC. If Ia has a transducing subunit associated with it, then it follows that a similar
channel would form on this membrane permitting ion flux and thereby stimulating the
macrophage or B cell. For instance, the macrophage could be triggered to release IL-1 through
this mechanism while the B cell would undergo cell cycle progression and differentiation
[48]. With this receptor coupling mechanism, activation of the presenting cell would be
mediated directly by the TcR and Ia channel coupling and would not require other inducer
factors from the T cell. Activation of both cells would be a simultaneous process driven by the
formation of juxtaposed channels. In fact, the implicated close association of these channels
raises the possibility that, in some interactions, actual direct cytoplasmic connection may occur,
resembling a gap-type junction.

The synaptic T-cell activation casecade
Based on the above cell interaction molecules and the transducing cell coupling device, a
sequence of events leading to cell activation for class-II-restricted recognition is postulated as
schematically illustrated in figure 3.
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1) The pathway begins when the APC, either a macrophage, B cell or dendritic cell, takes up
antigen and, either through lysosomal or cell surface processing [49], degrades the antigen to
a small amphipathic peptide [50] of roughly 15-20 amino acids. This immunogenic peptide is
then expressed on the cell surface with the hydrophobic groups associated with the plasma
membrane and the hydrophilic groups exposed to solvent. These processed peptides are mobile
on the cell surface and usually do not interact with class II MHC proteins.

2) The T cell bearing the MHC-restricted, antigen-specific T-cell receptor with two spatially
separated V regions binds using one V domain, in this example from the β chain, to the N-
terminal domain of the Ia β chain in the presence of antigen, thus forming a trimolecular
complex. As individual receptors bind with Ia and antigen, the membranes from these cells are
brought into close proximity.

3) The cell adhesion molecules, the LFA series and L3/T4, and possibly others then interact
with their target ligands on the presenting cell and a flow of interaction molecules occurs into
the contact (synaptic) region. The L3/T4 molecule binds to Ia and migrates to the contact site,
actually increasing the local concentration of Ia.

4) This creates a focus for T-cell receptor migration resulting in the binding of additional TcR-
Ia-antigen complexes. The TcR can compete for Ia binding with the L3/T4 molecule because
of a higher binding affinity. L3/T4 may also remain attached to the Ia molecule if it doesn’t
interfere with TcR and Ia binding. The T-cell receptor with one chain bound to the Ia-β1 domain
and antigen then uses the other TcR α chain Lo bind to a second Ia molecule interacting with
sites on the Ia-α1 domain. This becomes a nucleating focus for the sequential binding of TcR,
Ia, and antigen, creating a linear chain of receptor-Ia-antigen complexes.

5) Once reaching a critical length, I his chain then binds to itself, forming a circular cluster
(fig. 2). The T-cell-receptor-associated T3m-transducing subunits then become physically
juxtaposed into a multi-subunit active complex, most likely a Ca++ ion channel. These channels
then continually form until a critical level of Ca++ is reached, driving the metabolic processes
of cell activation. Low levels of Ca++ or orther mediators induce the early expression of IL-2
receptors, possibly from a preformed pool.

6) As a consequence of TcR binding, Ia is simultaneously clustered, activating APC for the
secretion of IL-1 or other APC factors. The accessory cell products could be secreted directly
into the junctional space.

7) The intracellular Ca++ level then accumulates, secondary to further channel activation and
possibly to the contribution of other hormones such as IL-1 stimulating the production of
lymphokines, including IL-2. IL-2 then promotes the proliferation of the T cells with expressed
IL-2 receptors.

8) The activation complex is then removed by endocytosis and shedding [6,9], a down
regulatory effect, turning off the receptor-generated signal and producing a refractory state to
further antigen driven activation. If the antigen stimulus or Ia concentration is raised to high
levels [51], responses can be generated from the few remaining or newly expressed T-cell
receptors. Although these cells are depleted of antigen receptors, they may continue to express
the IL-2 receptor and respond to IL-2 either generated by the same cell or from another source.

In the model presented, the synapse, is initiated by the TcR-MHC-antigen binding and recruits
other binding molecules to the contact site. The adhesion molecules probably have no
transducing function alone but set the stage for the completion of the TcR and MHC antigen
complexes which form the transducing apparatus. The formation of a synaptic structure by the
focusing of interaction molecules may then provide for the local directed secretion of
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interleukins or other factors which would increase the effectiveness of the secretory
mechanism. Effector molecules, many of which are extremely labile, would then be
concentrated to synaptic spaces allowing for both efficient and specific intercellular
communication. Some of these molecules have autostimulatory capacities and, once secreted
into the junction, would feed back to the producer T cell. IL-2 may function by this pathway
[14].

A more striking example of this synaptic process is clearly seen in the interactions between
cytolytic T cells and target cells. CTL form conjugates with target cells in a manner similar to
that described above for the Ia-restricted cells. However, the effect of this interaction is to
specifically kill only the attached target cells and no others, suggesting a focused directed
cytolytic process. Electron micrographs of cell conjugates demonstrate extensive «
interdigitations » in the contact sites between the T cell and target cell reminiscent of synaptic
foci [52,53]. In fact, the lysosomal granules which contain the cytolytic mediators rearrange
in the T-cell cytoplasm to directly underlie this region and granules are often seen releasing
their contents into the junctional space. Following this release, channel formation and rings on
the surface of target cells have been seen by a number of investigators and are thought to be
created by the cytolytic secretory products [54,55]. These channels are heterogeneous in size,
with some similar to the channels created during complement-mediated cell lysis. The
involvement of the T-cell receptor or MHC class I proteins in these channels has yet to be
described. What is known is that some of the cytolytic proteins found in the CTL granules are
unstable in Ca++ and serum-containing medium [55], suggesting that the transport of these
substances to the target cells occurs either in an isolated environment or directly by membrane
contact. In this case, the analogy of a presynaptic vesicle or granule releasing its contents which
then insert into the postsynaptic membrane forming an ion channel, can easily be envisioned.

Conclusions
The functional similarity between neuronal synapses and lymphocyte junctions may represent
more than just an analogy. Both systems involve extensive cell interaction and communication,
many of which are mediated by small peptides. Recently, a number of neuropeptides were
found to have effects on the immune system [56,57]. Receptors once thought to be localized
to the brain and nervous system have now been found on a variety of immunologically related
cells, and some neuropeptides can modulate immune function both in vivo and in vitro. Even
the predicted structures for many of these peptides [58] is remarkably similar to the amphipathic
peptide antigens recognized by Ia-restricted T cells in some systems. Monovalent
neuropeptides and other polypeptide hormones also induce receptor aggregation, by unknown
mechanisms. To explain this cross-linking effect, a variety of mechanisms have been proposed,
usually involving conformational changes induced in the receptor molecule secondary to
binding, which then facilitates self-aggregation. Alternatively, I would suggest that the binding
sites for these hormones may potentially only form when the peptide bridges receptor units, in
a manner analogous to the T-cell receptor/Ia interaction with antigen. One receptor molecule
would carry half of the binding site, and only in the presence of the peptide hormone would
two subunits be brought together to form a recognition unit. This could be a simple mechanism
for both recognition and the simultaneous cross-linking of receptors for monovalent peptides.

This view of receptor function could explain why many receptors and surface structures exist
as subunit dimers [59]. In this scheme, the dimers would be back-to-back subunits with the
potential binding (half) sites facing in opposite directions. Hormone binding would bridge the
receptors into chains and then rings forming channels similar to the T-cell receptor complex.
Alternatively, receptor clusters could either function as binding sites for coupling proteins or
enzymes, or directly have enzymatic activity such as the kinase activity associated with growth
factor receptors.
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Stable ion channels like the acetylcholine receptor (AChR) may also function in this manner.
Instead of separate independent channel sub-units, the AChR has five stably attached
homologous chains [60]. The actual binding site for acetylcholine is thought to be in a region
with β-pleated sheet characteristics [61] suggestive of a domain-like structure. Although the
exact nature of this binding is unknown, it is possible that the binding site may be between two
domains like the binding suggested above for T cells, and that this binding pulls together these
domains resulting in a receptor conformational change, opening the channel. The
conformational change would involve a shift in subunit alignment similar to that demonstrated
for a Ca++ gap junction [62], rather than gross intramolecular conformational changes.

The structural building blocks for many of the proteins discussed in this paper may be related
to the Ig domain. In the immune system, the Ig-supergene family provides structural
mechanisms for creating fine specificity reactivity as well as allowing for the stable formation
of large multidomain proteins. It is therefore likely that other molecules involved in cellular
recognition, especially in the nervous system, will also have Ig domain-like characteristics.
The apparent coincidental existence of the Thy-1 molecule on both lymphocytes and neurons
may represent just the beginning of an extensive structural overlap possibly evolving from a
primordial lymphocvtic type of interaction. With the advent of rapid molecular biological
techniques for gene analysis and gene transfection, including the potential for generating large
quantities of proteins for crystallographic analysis, together with biochemical and biophysical
techniques for studying protein interactions, the above hypotheses for receptor structures and
interactions should be testable and resolved in the near future.
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Glossary
AChR  

acetylcholine receptor

APC  
antigen-presenting cell

CTL  
cytolytic T lymphocyte

FcR  
Fc receptor

IL-2  
interleukin-2

MHC  
major histocompatibility complex

N-CAM  
neuronal-cell-adhesion molecule

TcR  
T-cell receptor
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T3m  
T3 membrane
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Fig. 1. The T-cell antigen/MHC receptor complex and class II molecules
The oval structures represent Ig-like domains and the abbreviations are as follows. For the T-
cell receptor shown on the T-cell membrane (above): Tvβ = β-chain variable region; Tcβ =
β-chain constant region; Tvα = α-chain variable region; Tcα = α-chain constant region; T3 =
20 kDa glycosylated T3 peripheral protein: Thy – Thy-1 or T3 25-28 kDa molecule; T3m =
T3 membrane component. For the Ia molecules: β1 = β-chain polymorphic first domain; β2 =
β-chain membrane proximal domain; α1 = α-chain first domain; α2 = α-chain second domain;
Ia-Id = Ia idiotype. The thickened areas represent polymorphic regions in the domain. The
antigen fragment depicts the proposed α-helical cylochrome c fragment [50] with carboxy
terminal positively charged lysine residues interacting with the recognition unit.
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Fig. 2. T-cell activation complexes; ion channel formation
The complexes are viewed from above with the plane of the paper in the plane of the membrane.
β and α represent the first domains of the Ia molecules. TcR.Vβ and Vα are the two variable
regions. The Thy-1 molecule (T1) is attached to the TcR constant region via the T3(20 kDa)
molecule (not shown) and to the T3 membrane component labelled as T3. The linear chain will
self-associate to form a ring juxtaposing the T3 membrane proteins forming the ion channel.
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Fig. 3. The T-cell synaptic-junctional complex
The sequence of binding events is described in the text. LFA-1 is shown binding to another
LFA-like molecule on the APC which is not specifically LFA-1.
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