molecules of activated T lymphocytes in microdomains has suggested 372e-19
that T cell-APC interactions can be considered immunologic synapses,
analogous in function to neuronal synapses.
After TCR-MHC binding is stabilized, activation signals are transmitted through the cell to the nucleus and lead to the expression of
gene products important in mediating the wide diversity of T cell functions such as the secretion of IL-2. The TCR does not have intrinsic
signaling activity but is linked to a variety of signaling pathways via
immunoreceptor tyrosine-based activation motifs (ITAMs) expressed
on the various CD3 chains that bind to proteins that mediate signal
transduction. Each of the pathways results in the activation of particular transcription factors that control the expression of cytokine
and cytokine receptor genes. Thus, antigen-MHC binding to the TCR
induces the activation of the src family of PTKs, fyn and lck (lck is
associated with CD4 or CD8 co-stimulatory molecules); phosphorylation of CD3ζ chain; activation of the related tyrosine kinases ZAP-70
and syk; and downstream activation of the calcium-dependent calcineurin pathway, the ras pathway, and the protein kinase C pathway.
Each of these pathways leads to activation of specific families of transcription factors (including NF-AT, fos and jun, and rel/NF-κB) that
form heteromultimers capable of inducing expression of IL-2, IL-2
receptor, IL-4, TNF-α, and other T cell mediators.
In addition to the signals delivered to the T cell from the TCR
complex and CD4 and CD8, molecules on the T cell, such as CD28
and inducible co-stimulator (ICOS), and molecules on DCs, such as
B7-1 (CD80) and B7-2 (CD86), also deliver important co-stimulatory
signals that upregulate T cell cytokine production and are essential for
T cell activation. If signaling through CD28 or ICOS does not occur,
or if CD28 is blocked, the T cell becomes anergic rather than activated (see “Immune Tolerance and Autoimmunity” below). CTLA-4
(CD152) is similar to CD28 in its ability to bind CD80 and CD86.
Unlike CD28, CTLA-4 transmits an inhibitory signal to T cells, acting
as an off switch.
T cell exhaustion in viral infections and cancer In chronic viral infections such as HIV-1, hepatitis C virus, and hepatitis B virus and in
chronic malignancies, the persistence of antigen disrupts memory T
cell function, resulting in defects in memory T cell responses. This
has been defined as T cell exhaustion and is associated with T cell programmed cell death protein 1 (PD-1) (CD279) expression. Exhausted
T cells have compromised proliferation and lose the ability to produce
effector molecules, like IL-2, TNF-α, and IFN-γ. PD-1 downregulates
T cell responses and is associated with T cell exhaustion and disease
progression. For this reason, inhibition of T cell PD-1 activity to
enhance effector T cell function is being explored as a target for immunotherapy in both viral infections and certain malignancies.
T cell superantigens Conventional antigens bind to MHC class I or II
molecules in the groove of the αβ heterodimer and bind to T cells via
the V regions of the TCR-α and -β chains. In contrast, superantigens
bind directly to the lateral portion of the TCR-β chain and MHC class
II β chain and stimulate T cells based solely on the Vβ gene segment
used independent of the D, J, and Vα sequences present. Superantigens
are protein molecules capable of activating up to 20% of the peripheral T cell pool, whereas conventional antigens activate <1 in 10,000
T cells. T cell superantigens include staphylococcal enterotoxins and
other bacterial products. Superantigen stimulation of human peripheral T cells occurs in the clinical setting of staphylococcal toxic shock
syndrome, leading to massive overproduction of T cell cytokines that
leads to hypotension and shock (Chap. 172).
B cells Mature B cells constitute 10–15% of human peripheral blood
lymphocytes, 20–30% of lymph node cells, 50% of splenic lymphocytes, and ~10% of bone marrow lymphocytes. B cells express on their
surface intramembrane immunoglobulin (Ig) molecules that function
as B cell receptors (BCRs) for antigen in a complex of Ig-associated α
and β signaling molecules with properties similar to those described in
T cells (Fig. 372e-8). Unlike T cells, which recognize only processed
peptide fragments of conventional antigens embedded in the notches
of MHC class I and class II antigens of APCs, B cells are capable of
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fragments derived from protein antigens taken up or produced in
APCs. Foreign antigens may be taken up by endocytosis into acidified
intracellular vesicles or by phagocytosis and degraded into small peptides that associate with MHC class II molecules (exogenous antigenpresentation pathway). Other foreign antigens arise endogenously in
the cytosol (such as from replicating viruses) and are broken down into
small peptides that associate with MHC class I molecules (endogenous
antigen-presenting pathway). Thus, APCs proteolytically degrade
foreign proteins and display peptide fragments embedded in the MHC
class I or II antigen-recognition site on the MHC molecule surface,
where foreign peptide fragments are available to bind to TCR-αβ or
TCR-γδ chains of reactive T cells. CD4 molecules act as adhesives
and, by direct binding to MHC class II (DR, DQ, or DP) molecules,
stabilize the interaction of TCR with peptide antigen (Fig. 372e-7).
Similarly, CD8 molecules also act as adhesives to stabilize the TCRantigen interaction by direct CD8 molecule binding to MHC class I
(A, B, or C) molecules.
Antigens that arise in the cytosol and are processed via the endogenous antigen-presentation pathway are cleaved into small peptides by
a complex of proteases called the proteasome. From the proteasome,
antigen peptide fragments are transported from the cytosol into the
lumen of the endoplasmic reticulum by a heterodimeric complex
termed transporters associated with antigen processing, or TAP proteins. There, MHC class I molecules in the endoplasmic reticulum
membrane physically associate with processed cytosolic peptides.
Following peptide association with class I molecules, peptide-class I
complexes are exported to the Golgi apparatus, and then to the cell
surface, for recognition by CD8+ T cells.
Antigens taken up from the extracellular space via endocytosis
into intracellular acidified vesicles are degraded by vesicle proteases
into peptide fragments. Intracellular vesicles containing MHC class II
molecules fuse with peptide-containing vesicles, thus allowing peptide
fragments to physically bind to MHC class II molecules. Peptide-MHC
class II complexes are then transported to the cell surface for recognition by CD4+ T cells (Chap. 373e).
Whereas it is generally agreed that the TCR-αβ receptor recognizes
peptide antigens in the context of MHC class I or class II molecules,
lipids in the cell wall of intracellular bacteria such as M. tuberculosis
can also be presented to a wide variety of T cells, including subsets of
TCR-γδ T cells, and a subset of CD8+ TCR-αβ T cells. Importantly,
bacterial lipid antigens are not presented in the context of MHC class I
or II molecules, but rather are presented in the context of MHC-related
CD1 molecules. Some γδ T cells that recognize lipid antigens via CD1
molecules have very restricted TCR usage, do not need antigen priming to respond to bacterial lipids, and may actually be a form of innate
rather than acquired immunity to intracellular bacteria.
Just as foreign antigens are degraded and their peptide fragments
presented in the context of MHC class I or class II molecules on APCs,
endogenous self-proteins also are degraded, and self-peptide fragments are presented to T cells in the context of MHC class I or class II
molecules on APCs. In peripheral lymphoid organs, there are T cells
that are capable of recognizing self-protein fragments but normally are
anergic or tolerant, i.e., nonresponsive to self-antigenic stimulation,
due to lack of self-antigen upregulating APC co-stimulatory molecules
such as B7-1 (CD80) and B7-2 (CD86) (see below).
Once engagement of mature T cell TCR by foreign peptide occurs
in the context of self-MHC class I or class II molecules, binding of
non-antigen-specific adhesion ligand pairs such as CD54-CD11/CD18
and CD58-CD2 stabilizes MHC peptide-TCR binding, and the expression of these adhesion molecules is upregulated (Fig. 372e-7). Once
antigen ligation of the TCR occurs, the T cell membrane is partitioned
into lipid membrane microdomains, or lipid rafts, that coalesce the key
signaling molecules TCR/CD3 complex, CD28, CD2, LAT (linker for
activation of T cells), intracellular activated (dephosphorylated) src
family protein tyrosine kinases (PTKs), and the key CD3ζ-associated
protein-70 (ZAP-70) PTK (Fig. 372e-7). Importantly, during T cell
activation, the CD45 molecule, with protein tyrosine phosphatase
activity, is partitioned away from the TCR complex to allow activating phosphorylation events to occur. The coalescence of signaling

