lymphoid lineage, expression of these class II genes is constitutive on
B cells and inducible on human T cells. Most endothelial and epithelial
cells in the body, including the vascular endothelium and the intestinal
epithelium, are also inducible for class II gene expression, and some cells
show specialized expression, such as HLA-DQA2 and HLA-DQB2 on
Langerhans cells. While somatic tissues normally express only class I and
not class II genes, during times of local inflammation, they are recruited
by cytokine stimuli to express class II genes as well, thereby becoming
active participants in ongoing immune responses. Class II expression
is controlled largely at the transcriptional level through a conserved
set of promoter elements that interact with a protein known as CIITA.
Cytokine-mediated induction of CIITA is a principal method by which
tissue-specific expression of HLA gene expression is controlled. Other
HLA genes involved in the immune response, such as TAP and LMP, are
also susceptible to upregulation by signals such as interferon γ.

MHC STRUCTURE AND FUNCTION
Class I and class II molecules display a distinctive structural architecture, which contains specialized functional domains responsible for the
unique genetic and immunologic properties of the HLA complex. The
principal known function of both class I and class II HLA molecules is
to bind antigenic peptides in order to present antigen to an appropriate T cell. The ability of a particular peptide to satisfactorily bind to
an individual HLA molecule is a direct function of the molecular fit
between the amino acid residues on the peptide with respect to the
amino acid residues of the HLA molecule. The bound peptide forms
a tertiary structure called the MHC-peptide complex, which communicates with T lymphocytes through binding to the TCR molecule.
The first site of TCR-MHC-peptide interaction in the life of a T cell
occurs in the thymus, where self-peptides are presented to developing
thymocytes by MHC molecules expressed on thymic epithelium and
hematopoietically derived antigen-presenting cells, which are primarily responsible for positive and negative selection, respectively (Chap.
372e). Thus, the population of MHC–T cell complexes expressed
in the thymus shapes the TCR repertoire. Mature T cells encounter
MHC molecules in the periphery both in the maintenance of tolerance
(Chap. 377e) and in the initiation of immune responses. The MHCpeptide-TCR interaction is the central event in the initiation of most
antigen-specific immune responses, since it is the structural determinant of the specificity. For potentially immunogenetic peptides,
the ability of a given peptide to be generated and bound by an HLA
molecule is a primary feature of whether or not an immune response
to that peptide can be generated, and the repertoire of peptides that a
particular individual’s HLA molecules can bind exerts a major influence over the specificity of that individual’s immune response.

CLASS I STRUCTURE
(Fig. 373e-2B) As noted above, MHC class I molecules provide a
cell-surface display of peptides derived from intracellular proteins,
and they also provide the signal for self-recognition by NK cells.
Surface-expressed class I molecules consist of an MHC-encoded 44-kD
glycoprotein heavy chain, a non-MHC-encoded 12-kD light chain
β2-microglobulin, and an antigenic peptide, typically 8–11 amino acids
in length and derived from intracellularly produced protein. The heavy
chain displays a prominent peptide-binding groove. In HLA-A and -B
molecules, the groove is ∼3 nm in length by 1.2 nm in maximum
width (30 Å × 12 Å), whereas it is apparently somewhat wider in
HLA-C. Antigenic peptides are noncovalently bound in an extended
conformation within the peptide-binding groove, with both N- and
C-terminal ends anchored in pockets within the groove (A and F pockets, respectively) and, in many cases, with a prominent kink, or arch,
approximately one-third of the way from the N-terminus that elevates
the peptide main chain off the floor of the groove.
A remarkable property of peptide binding by MHC molecules is the
ability to form highly stable complexes with a wide array of peptide
sequences. This is accomplished by a combination of peptide sequence–
independent and peptide sequence–dependent bonding. The former
consists of hydrogen bond and van der Waals interactions between
conserved residues in the peptide-binding groove and charged or polar
atoms along the peptide backbone. The latter is dependent upon the
six side pockets that are formed by the irregular surface produced by
protrusion of amino acid side chains from within the binding groove.
The side chains lining the pockets interact with some of the peptide side
chains. The sequence polymorphism among different class I alleles and
isotypes predominantly affects the residues that line these pockets, and
the interactions of these residues with peptide residues constitute the
sequence-dependent bonding that confers a particular sequence “motif”
on the range of peptides that can bind any given MHC molecule.
CLASS I BIOSYNTHESIS
(Fig. 373e-3A) The biosynthesis of the classic MHC class I molecules
reflects their role in presenting endogenous peptides. The heavy chain is
cotranslationally inserted into the membrane of the endoplasmic reticulum (ER), where it becomes glycosylated and associates sequentially with
the chaperone proteins calnexin and ERp57. It then forms a complex
with β2-microglobulin, and this complex associates with the chaperone
calreticulin and the MHC-encoded molecule tapasin, which physically
links the class I complex to TAP, the MHC-encoded transporter associated with antigen processing. Meanwhile, peptides generated within the
cytosol from intracellular proteins by the multisubunit, multicatalytic
proteasome complex are actively transported into the ER by TAP,
where they are trimmed by enzymes known as ER aminopeptidases. At
this point, peptides with appropriate sequence complementarity bind
specific class I molecules to form complete, folded heavy chain–β2microglobulin–peptide trimer complexes. These are transported rapidly
from the ER, through the cis- and trans-Golgi where the N-linked oligosaccharide is further processed, and thence to the cell surface.
Most of the peptides transported by TAP are produced in the
cytosol by proteolytic cleavage of intracellular proteins by the multisubunit, multicatalytic proteasome, and inhibitors of the proteasome dramatically reduce expression of class I–presented antigenic
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LINKAGE DISEQUILIBRIUM
In addition to extensive polymorphism at the class I and class II loci,
another characteristic feature of the HLA complex is linkage disequilibrium. This is formally defined as a deviation from Hardy-Weinberg
equilibrium for alleles at linked loci. This is reflected in the very low
recombination rates between certain loci within the HLA complex.
For example, recombination between DR and DQ loci is almost never
observed in family studies, and characteristic haplotypes with particular
arrays of DR and DQ alleles are found in every population. Similarly,
the complement components C2, C4, and Bf are almost invariably
inherited together, and the alleles at these loci are found in characteristic haplotypes. In contrast, there is a recombinational hotspot between
DQ and DP, which are separated by 1–2 cM of genetic distance, despite
their close physical proximity. Certain extended haplotypes encompassing the interval from DQ into the class I region are commonly
found, the most notable being the haplotype DR3-B8-A1, which is
found, in whole or in part, in 10–30% of northern European whites. It
has been hypothesized that selective pressures may maintain linkage
disequilibrium in HLA, but this remains to be determined. As discussed
below under HLA and immunologic disease, one consequence of the
phenomenon of linkage disequilibrium has been the resulting difficulty
in assigning HLA-disease associations to a single allele at a single locus.

When a TCR molecule binds to an HLA-peptide complex, it forms
intermolecular contacts with both the antigenic peptide and with the
HLA molecule itself. The outcome of this recognition event depends
on the density and duration of the binding interaction, accounting
for a dual specificity requirement for activation of the T cell. That is,
the TCR must be specific both for the antigenic peptide and for the
HLA molecule. The polymorphic nature of the presenting molecules,
and the influence that this exerts on the peptide repertoire of each
molecule, results in the phenomenon of MHC restriction of the T cell
specificity for a given peptide. The binding of CD8 or CD4 molecules
to the class I or class II molecule, respectively, also contributes to the
interaction between T cell and the HLA-peptide complex, by providing
for the selective activation of the appropriate T cell.

