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Abstract

T cell recognition of antigen presenting cells depends on their expression of a spectrum of

peptides bound to Major Histocompatibility Complex class I (MHC-I) and class II (MHC-II)

molecules. Conversion of antigens from pathogens or transformed cells into MHC-I and MHC-II-

bound peptides is critical for mounting protective T cell responses, and similar processing of self

proteins is necessary to establish and maintain tolerance. Cells use a variety of mechanisms to

acquire protein antigens, from translation in the cytosol to variations on the theme of endocytosis,

and to degrade them once acquired. In this review we highlight the aspects of MHC-I and MHC-II

biosynthesis and assembly that have evolved to intersect these pathways and sample the peptides

that are produced.
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INTRODUCTION

The T cell arm of the adaptive immune response has evolved to recognize the products of

partial intracellular proteolysis. CD8+ T cells recognize protein-derived peptides in

association with Major Histocompatibility Complex (MHC) class I molecules (MHC-I)

while CD4+ T cells recognize peptides bound to MHC class II molecules (MHC-II). There

are also T cells that recognize lipid antigens associated with CD1 molecules (1), but CD1

functions and the processing mechanisms that regulate their interaction with lipids will not

be considered here.

All vertebrates possess an MHC, a large multigenic region with many conserved genes in

addition to MHC-I and MHC-II molecules. Some of these encode products essential to
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MHC-I and MHC–II function. In many species the MHC encodes multiple MHC-I and

MHC-II molecules, presumed to have arisen by gene duplication. For example, in mice,

depending on the strain, there are two to three genes encoding ‘classical’ MHC-I molecules,

called H2-D, -K and –L, within the H2 complex, and most strains have two MHC-II

molecules, called I-A and I-E. Humans have three ‘classical’ MHC-I genes within the HLA

complex, called HLA-A, -B, and –C, and there are three MHC-II molecules, called HLA-

DR, -DQ, and –DP. In both mice and man there are other class I genes present in the MHC.

These are known as class Ib genes and are discussed elsewhere in this volume (2).

Multiple structures of MHC-I and MHC-II molecules have been determined, and a

schematic structure of each is presented in Figure 1. MHC-I and MHC-II genes exhibit

enormous allelic polymorphism, and amino acid sequence variation is heavily concentrated

in the part of each structure that interacts with peptides, allowing different alleles to bind a

different range of peptides. The peptide-binding structure consists of a membrane-distal

groove formed by two anti-parallel α-helices overlaying an eight-strand β-sheet. In the case

of MHC-I the groove corresponds to a contiguous amino acid sequence formed by the N-

terminal region of the single MHC-encoded subunit, or heavy chain, while for MHC-II it is

formed by the juxtaposition of the N-terminal regions of two MHC-encoded α- and β-

chains. For both molecules the membrane-proximal region consists of two conserved

domains that are homologous to Ig constant region domains. For MHC-I, one is provided by

the heavy chain and the other is a separate protein, β2-microglobulin (β2m), a soluble

product of a non-MHC-linked gene. For MHC-II one conserved domain is part of the α-

subunit and the other part of the β-subunit. The MHC-I heavy chain and the MHC -II α- and

β-subunits are transmembrane glycoproteins with short cytoplasmic domains. The theme

that emerges is that MHC-I and -II molecules each have a structurally homologous platform

capable of binding peptides with very high affinity that can engage the T cell receptor. A

significant difference is that for MHC-I the peptide is confined by binding groove

interactions at both the N and C-termini, while for MHC-II each end of the peptide can

overhang the binding groove.

Peptides are the products of proteolysis, and there are two major proteolytic systems

operating within the cell that contribute to MHC-dependent T cell recognition (Figure 2). In

the cytosol the vast majority of proteolysis is mediated by the proteasome. The proteasome

(reviewed in (3)) will not be discussed extensively, but in brief its core is a barrel-shaped

20S structure consisting of four stacked rings of seven subunits each. The outer rings are

composed of α-subunits and the middle two of β-subunits, three of which, β1, β2 and β5,

constitute the active proteolytic components. Variants of the active β-subunits are induced

by interferon-γ (IFN-γ) and replace the constitutive versions. These were historically called

LMP1, LMP2 and MECL1, and the genes encoding LMP1 and LMP2 are MHC-linked.

Commonly the IFN-γ–inducible subunits are now called β1i, β2i and β5i, and proteasomes

that contain them are called immunoproteasomes. The cleavage specificities of standard

protaseomes and immunoproteosomes differ. The 20S core is capped at each end by an

additional 19S multi-subunit complex that recognizes ubiquitin-conjugated proteins targeted

for degradation. The 19S component has deubiquitinase activity and an unfoldase activity

that allows the targeted proteins to enter the channel in the center of the barrel where the β-

subunit active sites reside. The unfolding function, in particular, necessitates that proteolysis
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by the capped (26S) proteasome is ATP-dependent. There is an alternative capping structure

(11S) comprised of a different set of IFN-γ-inducible proteins that allow a level of ATP-

independent proteolysis of peptides but not of folded proteins. The end products of

proteolysis by the 26S proteasome (20S plus 19S) form the dominant source of peptides for

MHC-I binding.

Proteins that are internalized by a cell from exogenous sources are degraded by lysosomal

proteolysis (Figure 2). In brief, endocytosed proteins enter a vesicular pathway consisting of

progressively more acidic and proteolytically active compartments classically described as

early endosomes, late endosomes and lysosomes (4). Particles internalized by phagocytosis

follow a similar path, terminating in phagolysosomes that are formed by the fusion of

phagosomes and lysosomes. Lysosomes and phagolysosomes have a pH of 4 to 4.5, and

contain a number of acid pH-optimum proteases generically called cathepsins (5). In highly

degradative cells such as macrophages, successive cleavages by these enzymes result in very

short peptides and free amino acids that are translocated into the cytosol to replenish tRNAs

for new protein synthesis, but in less proteolytically active antigen presenting cells (APCs),

larger intermediates form the dominant source of peptides for MHC-II binding.

The trafficking of exogenous and endogenous proteins for antigen processing and

presentation are summarized in Figure 2. In general, MHC-I molecules bind peptides

generated by proteasomal proteolysis and they bind them in the endoplasmic reticulum (ER)

after the peptides are translocated from the cytosol. Peptide binding by MHC-I is integrated

into the assembly pathway of the heavy chain-β2m dimer. MHC-II molecules generally bind

peptides generated by lysosomal proteolysis in the endocytic and phagocytic pathways.

However, both can access peptides from endogenous and exogenous antigens. For example,

MHC-II binds peptides derived from endogenous membrane proteins that are degraded in

the lysosome. In addition, MHC-I can bind peptides derived from exogenous proteins

internalized by endocytosis or phagocytosis, a phenomenon called cross-presentation.

Specific subsets of dendritic cells (DCs) are particularly adept at mediating this process,

which is critically important for the initiation of a primary response by naïve CD8+ T cells

when it is termed cross-priming.

PEPTIDE BINDING TO MHC-I MOLECULES

Peptides generated in the cytosol are translocated into the ER by the Transporter associated

with Antigen Processing (TAP), which is a member of the ATP-Binding Cassette (ABC)

family of transporters (6). TAP is a heterodimeric protein, and the TAP1 and TAP2 subunits

are encoded by closely linked genes in the MHC. These are widely distributed in both

prokaryotes and eukaryotes and transfer a variety of molecules across membranes.

Biochemical evidence combined with molecular modeling suggests that each TAP subunit

consist of a central core domain of 6 transmembrane α-helices, which constitute the channel,

that is immediately N-terminal to the Nucleotide Binding Domain (NBD) (7). The NBD

structure is known for TAP1 and it is similar to that of other ABC family members, with the

classical Walker A and B motifs present in many ATPases (8). Cytosolic loops in the core

domains that are proximal to the NBDs constitute the peptide recognition site, and ATP

hydrolysis mediates the translocation event (7). Both subunits have additional N-terminal
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domains (N-domains), comprising 4 transmembrane segments for TAP1 and 3 for TAP2,

which have no counterparts in other members of the ABC family of transporters (7).

The TAP heterodimer associates with a number of other proteins to form the Peptide

Loading Complex, or PLC (Figure 3). The transmembrane glycoprotein tapasin, which is

encoded by an MHC-linked gene (9), interacts within the membrane with the N- domains

(10-13). Tapasin has a bridging function, recruiting MHC-I-β2m dimers and the chaperone

calreticulin (CRT) to the PLC (14). Recent experiments have confirmed that there are two

tapasin molecules in the PLC, one associated with each TAP subunit (13, 15). Tapasin in

turn is stably linked via a disulfide bond to a second molecule, the protein disulfide

isomerase homologue ERp57, and the structure of the lumenal region of human tapasin

conjugated to ERp57 has been solved (16). The N-terminal domain of tapasin consists of a β
barrel fused to an Ig-like domain, and, as for the MHC-I and -II proteins, the membrane

proximal domain is Ig-like. ERp57 has a slightly twisted U-shaped structure and tapasin is

inserted into the U in a way that results in extensive protein-protein interactions with ERp57,

particularly with the a and a’ domains, each of which contains a double cysteine ‘CXXC’

motif that constitute its two redox active sites. As predicted by earlier biochemical

experiments (17) a disulfide bond connects cysteine 95 of tapasin with cysteine 57 of

ERp57, which is the N-terminal cysteine residue of the a domain CXXC motif. Normally,

disulfide bonds involving cysteine 57 are transiently formed during the reduction of a

disulfide-containing ERp57 substrate protein, and reduction of this enzyme-substrate bond

by the second cysteine in the motif releases the substrate. The interactions of tapasin with

the a domain and a’ domains appear to trap the disulfide linked species, explaining the

stability of the tapasin-ERp57 disulfide bond.

ERp57 assists the folding of newly synthesized glycoproteins in the ER by mediating

disulfide bond isomerization. Its specificity for glycoproteins results from its ability to

associate via its b’ domain with CRT and a second lectin-like ER chaperone, the

transmembrane CRT homologue calnexin (CNX). Both CNX and CRT are important in

MHC-I assembly (Figure 3). CNX and CRT normally function in a quality control cycle that

depends on their interactions with the N-linked glycans of the glycoproteins (18). They then

recruit ERp57, which mediates proper disulfide bond formation in the folding glycoprotein.

Glycan binding to CNX or CRT is dependent on the precise structure of the N-linked

glycan, which must bear a single terminal glucose residue and is a biosynthetic intermediate

maintained in this form by the competing actions of two enzymes. One, glucosidase II,

removes the glucose and the other, UDP-glucose glycoprotein transferase-1 (UGT1),

replaces the glucose only if the glycoprotein bearing the glycan is partially unfolded (19-21).

This cycle does play a role in MHC-I peptide loading (Figure 3), but the one step that does

not appear to be involved is the reduction-oxidation cycle mediated by ERp57 (see below).

Cells that lack TAP1 or TAP2 do not form MHC-I-peptide complexes because no peptides

are imported into the ER. There are a few published exceptions to this rule, some of which

lead to CD8+ T cell recognition (22, 23), but the only major one, in terms of quantitative

effects on MHC-I assembly, is the unusual and specific ability of HLA-A2 molecules to

bind peptides derived from signal sequences of certain ER-targeted molecules (24). Because

of the inherent instability of ‘empty’ MHC-I molecules, and because they do not fold into a
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transport-competent structure in the ER, TAP-negative cells express very little surface

MHC-I. Cells that lack tapasin also exhibit reduced surface MHC-I, but the defect is much

less drastic than in TAP-negative cells and the magnitude of the effect depends on the

individual MHC-I allele expressed (25, 26). Data from tapasin knockout mice showed an

essential function for tapasin in generating CD8+ T cell responses, and data based on T cell

recognition demonstrated that tapasin plays a ‘peptide editing’ role, mediating the binding of

high affinity peptides at the expense of peptides with lower but still significant affinity, and

that because of this surface MHC-I molecules on tapasin-negative cells are less stable than

those on tapasin-positive cells (27-29). Subsequently, in vitro data produced using

recombinant tapasin-ERp57 conjugates confirmed that tapasin facilitates high affinity

peptide binding and further showed that its association with ERp57 is essential (30). The

addition of tapasin-ERp57 conjugates to extracts of human tapasin-negative cells expressing

HLA-B8 was found to facilitate the binding of added high affinity peptides to HLA-B8-β2m

dimers. Lower affinity peptides were much less successful competitors for binding in the

presence of the conjugate than in its absence, indicative of a peptide editing effect. The

tapasin-ERp57 conjugate was also found to mediate peptide binding to purified, soluble,

recombinant HLA-B8-β2m dimers provided the HLA-B8 molecules expressed a

monoglucosylated N-linked glycan (31). While this reaction depended on the addition of

recombinant CRT, presumably to provide a bridge between MHC-I and the tapasin-

associated ERp57, no other components were required. In a more simplified in vitro system

neither CRT nor tapasin-associated ERp57 were needed for peptide binding when the MHC-

I heavy chain and tapasin were artificially coupled by the addition of leucine zippers to their

C-termini (32).

ERp57-negative cells, as well as CRT-negative cells, also have reduced numbers of MHC-I

molecules on the cell surface (33, 34). The initial identification of ERp57 in the PLC led to

considerable speculation suggesting that its redox activity was important for generating

stable MHC-I-peptide complexes. However, the structural data indicated that tapasin

obstructs both of the ERp57 active sites, rendering this unlikely. In fact, when the second

active site cysteine in the a domain and both active site cysteine residues in the a’ domain

were mutated to serine residues, the combined substitutions had no effect on the ability of

tapasin to reconstitute MHC-I cell surface expression when it was introduced into an

ERp57-deficient cell line (35). This triply mutated ERp57 was still disulfide-linked to

tapasin. However, further analysis in both cell-free systems and intact cells using ERp57

mutated in the b’ domain showed that the ability of ERp57 to bind CRT is essential for

MHC-I recruitment to the PLC and normal MHC-I peptide loading (31). In addition to the

CRT-dependent interactions with the MHC-I glycan and ERp57 that mediate MHC-I

binding to the PLC, there is also a direct interaction between MHC-I and tapasin.

Mutagenesis of specific tapasin residues and expression of the mutants as recombinant

tapasin-ERp57 conjugates revealed a ‘patch’ on the surface of tapasin that binds to the

MHC-I molecule, and there was a positive correlation between the relative abilities of

different mutants to bind MHC-I and their efficiency in mediating peptide binding to MHC-I

in vitro (16). In addition, a tapasin mutant that was non-functional in cell-free assays also

failed to function when expressed as a full-length protein in a tapasin-negative cell.
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The PLC consists of the TAP heterodimer and two tapasin-ERp57 conjugates, and up to two

CRT molecules and MHCI-β2m dimers can be recruited (Figure 3). The MHC class I glycan

must be in the monoglucosylated form, consistent with the CRT requirement (31). Cellular

expression of UGT1 is essential for optimal MHC-I peptide loading and, in vitro, the

enzyme can discriminate between MHC-I molecules bound to high affinity peptides and

those associated with lower affinity peptides (36). This suggests a mechanism that resembles

the normal CRT/CNX quality control cycle. A plausible model is that there are two

discriminatory events that regulate peptide editing (Figure 3). First, after peptide-free MHC-

I-β2m dimers bearing a monoglucosylated N-linked glycan are recruited to the PLC by CRT,

there is a direct interaction of the MHC-I molecule with tapasin. This interaction is sensitive

to the peptide occupancy of the MHC-I molecule such that when a peptide is bound the

affinity of the MHC-I interaction with tapasin is reduced, perhaps by a conformational

change in the MHC-I heavy chain similar to that proposed to explain the ability of DM

molecules to regulate peptide binding to MHC-II (Figure 4, see below). Thus peptide

binding induces dissociation of the MHC-I molecule from tapasin, and because the affinity

of the CRT interaction with the monoglucosylated MHC-I glycan is low, the glucose residue

becomes accessible to the enzyme glucosidase II, which removes it. If the peptide affinity is

sufficiently high, the MHC-I molecule can be transported from the ER through the Golgi

apparatus and ultimately to the cell surface. If the affinity of the peptide is low there are two

possible scenarios for the second stage. Either the peptide dissociates and the transiently

‘empty’ MHC-I molecule now becomes a substrate for UGT1 and glucose is added back to

the N-linked glycan, or the UGT1 can recognize that the conformation of the MHC-I-

peptide complex is in some way imperfect and re-glucosylates the glycan. In either case the

consequence of the addition of the glucose residue is that the MHC-I molecule re-associates

with CRT, re-integrates completely into the PLC, and is subjected to further rounds of

tapasin-mediated peptide binding and selection. Ultimately the MHC-I molecule will escape

with a high affinity peptide, or, in common with other glycoproteins that are subject to the

CRT/CNX/ERp57 quality control cycle, enzymatic removal of mannose residues from the

N-linked glycan will render it unsusceptible to re-glucosylation by UGT1. This acts as a

‘timer’, leading to irreversible dissociation of the MHC-I from the PLC and its degradation

by the ER-associated degradation (ERAD) pathway (37).

One other ER luminal component that is critically important for the proper generation of

MHC-I-peptide complexes is an aminopeptidase, in the mouse called ER Aminopeptidase

associated with Antigen Processing (ERAAP) and in humans called ER Aminopeptidase-1

(ERAP1) (Figure 3) (38, 39). A second aminopeptidase, ERAP2, is present in humans but

not in mice and can also play a role (40). Peptides associated with MHC-I are generally 8-10

amino acids in length, but TAP can translocate peptides into the ER that are significantly

longer (41). These peptides can be amino-terminally trimmed in the ER by ERAAP/ERAP1

to yield peptides of the appropriate length for MHC-I binding. A structural change required

for cleavage that can only be induced by a longer peptide prevents ERAP1 from

‘overtrimming’ TAP-translocated peptides to a length that would eliminate their ability to

bind MHC-I (42). Many of the peptides associated with MHC-I molecules expressed on

cells derived from ERAAP knockout mice are elongated, and the MHC-I molecules are

relatively unstable (43-45) The absence of ERAAP results in such a severe alteration in the
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range of bound peptides that wildtype and knockout mice on the same background are

actually histo-incompatible, with wildtype mice able to generate CD8+ T cell responses, and

even antibody responses, against knockout cells (44). The antibodies generated recognize

the MHC-I molecules complexed with elongated peptides and can block recognition of

ERAAP-negative cells by the ERAAP-positive CD8+ T cells.

PEPTIDE BINDING TO MHC-II MOLECULES

MHC-II molecules assemble within the ER, followed by functional maturation in endosomal

compartments rich in antigenic peptides. Upon ER translocation MHC-II α and β subunits

associate in a process facilitated by a specific chaperone, the invariant chain (I chain) or

CD74 (Figure 4). Studies using I chain-deficient cells and animals have shown that I chain

promotes MHC-II αβ folding, protects the MHC-II ligand binding groove, and directs

MHC-II molecules to endosomal compartments for ligand capture. I chain is a non-

polymorphic, type II transmembrane glycoprotein not encoded in the MHC. Several forms

of I chain exist due to alternative splicing and the use of alternate start codons (46).

Nomenclature for the variants is based on their molecular mass, with the shortest form, p33,

being most abundantly expressed. A larger splice variant p41 contains a glycosylated

domain, homologous to domains present in thyrogloblulin, which can inhibit the activity of

the protease cathepsin L (47). All forms of I chain contain a conserved di-leucine motif in

the N-terminal cytoplasmic domain required for targeting I chain and associated MHC-II to

late endosomal compartments (48, 49). In humans an alternate upstream translational start

site gives rise to two additional forms of I chain, p35 and p43, each with an N-terminal 16

amino acid extension. This extended cytoplasmic domain encodes an ER retention motif,

which may facilitate ER accumulation and the folding of nascent MHC-II αβ. A limited

number of I chain molecules are also modified via linkage of a chondroitin sulfate chain;

these molecules reach the cell surface and facilitate cell-cell adhesion (50, 51). Several other

molecules involved in antigen presentation or transport have been reported to associate with

I chain, including CD1, MHC-I, and the neonatal Fc gamma receptor (52-54). While I chain

expression is not required for the function of CD1 or MHC-I, it may enhance antigen

presentation by these molecules (55, 56). I chain expression negatively regulates DC

motility in vitro, but it is unknown whether this facilitates antigen presentation or if it is

related to the role of I chain as a receptor for the macrophage and stem cell chemoattractant

migration inhibitory factor (MIF) (54, 55).

Newly synthesized I chain variants form homo- or mixed trimers, involving p33, p35, p41

and p43 in humans, which accumulate in the ER (57). These multimers act as a nucleus for

MHC-II α and β assembly giving rise to nonamers with 3 α, 3 β and 3 I chains (Figure 4)

(58). Distinct MHC-II alleles have different affinities and requirements for I chain binding

that can influence their expression and function. In the absence of I chain, some MHC-II αβ
complexes are unstable, resulting in their aggregation, retention in the ER, and failure to

reach cell surface (59-61). Association of I chain with MHC-II αβ dimers prevents antigenic

peptide binding, consistent with minimal peptide acquisition early in MHC-II biosynthesis

(62, 63). After assembly the MHC-II-I chain complexes leave the ER and are routed to the

endocytic pathway by the I chain di-leucine motifs (46). This may occur by direct targeting
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from the Trans Golgi Network (TGN) or by endocytosis from the plasma membrane (Figure

4) (64).

I chain release is initiated by progressive proteolysis in acidic endosomes (65). This

culminates in a variably extended peptide of roughly 20 residues that is associated with the

MHC-II binding groove (Figure 4). This is called CLIP, for class II-associated invariant

chain peptide (66, 67). The structure of CLIP bound to HLA-DR3 is virtually identical to the

structure of MHC-II bound to antigenic peptides indicated in Figure 1. (68). There are some

MHC-II alleles with a low affinity for CLIP and they are genetically associated with the

development of autoimmunity (69). This may reflect a role for MHC-II-CLIP complexes in

regulating thymic selection, or skewing of T helper cell subset differentiation (70, 71).

Alternatively, premature release of CLIP from these disease-associated MHC-II alleles may

favor the selection of epitopes from autoantigens or the capture of self peptides within

distinct endosomal compartments (72, 73).

CLIP release from MHC-II is facilitated by another MHC-encoded heterodimeric

glycoprotein, DM, which is highly homologous to conventional MHC-II (Figure 4) (74, 75).

In humans DM is known as HLA-DM and in mice as H2-DM. The DM α and β subunits

display limited genetic polymorphism and the assembled dimer lacks an open or accessible

ligand binding groove (76, 77). The cytoplasmic domain of the DM β chain contains a

tyrosine motif which is responsible for sorting assembled DM molecules to late endosomes;

DM may also bind I chain which may facilitate but is not required for DM assembly and

stability (78-80). DM interaction with MHC-II-CLIP complexes occurs in late endosomes

where DM acts to promote a conformational change that induces CLIP dissociation (Figure

4), analogous to the role of tapasin in MHC-1 peptide editing discussed above (Figure 3).

This reaction can be replicated using purified MHC-II-CLIP and DM, and displays

Michaelis-Menten kinetics and an acidic pH optimum (75, 81, 82). CLIP removal facilitates

MHC-II loading with antigenic peptides, which influences the repertoire of CD4+ T cells

selected in the thymus (83, 84). DM can remove any low affinity peptides from MHC-II,

and, analogous to the role of tapasin in MHC-I peptide editing discussed above, repetitive

interactions with DM lead to the accumulation MHC-II complexes with high affinity

peptides (85). While MHC-II binding to peptides derived from endocytosed antigens is

inefficient in the absence of DM, there is a slow release of CLIP from MHC-II even in DM-

negative APCs. As a consequence synthetic peptides bind efficiently to surface MHC-II in

these cells and presentation of endogenous antigens can be detected, while in B cells BcR-

mediated targeting of antigens can overcome the loss of DM, presumably by increasing the

amount internalized over a critical threshold (86-88).

The function of DM is modulated by another MHC-encoded MHC-II-like αβ heterodimer,

DO, and it is generally accepted that that DO inhibits DM function (89, 90). DO is expressed

in B cells and thymic epithelium and at low levels in select DC subsets, where there is

evidence that it is regulated by Toll-like receptor (TLR) agonists (91-94). DO αβ dimers

associate tightly with DM molecules, and are retained in the ER in the absence of DM,

suggesting that in DO-positive cells DM and DO move in concert to endosomes (Figure 4)

(95). Studies using Förster (Fluorescence) Resonance Energy Transfer (FRET) and

mutational analysis that defined the DM/DR interface suggested that that DO and DR bind
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to the same region of DM (96). Recently the crystal structure of the DO/DM complex

confirmed this, and demonstrated an apparent displacement of a segment of the DO α-chain

α-helix compared with that of this α-helix in MHC-II-peptide complexes, which may reflect

the conformational alteration that DM imparts to induce the dissociation of low affinity

peptides (97).

A precise biological function for DO has been hard to define. Studies in mice deficient in

DO have revealed subtle defects in MHC-II antigen presentation, although the effects

observed were influenced by the genetic background of the mice and MHC-II allele

examined (90, 98). In vivo, over-expression of DO in dendritic cells can impair MHC-II

presentation of antigenic epitopes and, presumably because of this, reduce type I diabetes

development in NOD mice (99, 100).

ANTIGEN INTRODUCTION AND PROTEOLYSIS IN THE ENDOCYTIC

PATHWAY

Exploiting conserved pathways established for nutrient and growth factor uptake, APCs

sample soluble and particulate matter from extracellular fluids. Many pathogens, including

viruses, bacteria and fungi use these same pathways as conduits into cells, favoring immune

recognition and antigen presentation. Pathogen driven disruption of these pathways allows

immune evasion (101-103). Among these transport pathways three routes, clathrin-mediated

endocytosis, phagocytosis, and macropinocytosis, efficiently promote antigen internalization

and sorting to vesicular organelles for processing and presentation by MHC molecules

(Figure 2). During clathrin-mediated endocytosis, cell surface receptor-ligand complexes,

membrane proteins and soluble macromolecules are internalized. Regulated capture of

particulate antigens and pathogens is mediated by phagocytosis, a process which

synchronizes engulfment with delivery into a microenvironment containing reactive oxygen

species (ROS), proteases, and anti-microbial agents to promote pathogen destruction. The

non-selective process of macropinocytosis captures larger quantities of extracellular

material, including proteins, bacteria, and viruses, via plasma membrane ruffling and

folding. All of these pathways exist in DCs, macrophages and B lymphocytes, although

there are variations in efficiency and regulation. For example, B cells are less efficient at

fluid phase endocytosis than DCs or macrophages (104). However, soluble antigen uptake

and MHC-II presentation by B cells can be detected in vivo using antibodies recognizing

specific MHC-II-peptide complexes (49). Surface Ig as a component of the BcR promotes

rapid and efficient internalization of antigens, enhancing the potency of antigen-specific B

cells 103-104 fold as stimulators of CD4+ T cells (105).

APCs in general display multiple cell surface receptors that can capture antigens or intact

pathogens to promote internalization and processing. Enhanced antigen presentation by

MHC-II has been observed following antigen uptake via several receptors that cluster in

clathrin-coated domains, including the BcR, Fc receptors and the C-type lectin family

receptor DEC205, as well as mannose and transferrin receptors (106-110). MHC-I cross-

presentation was also increased following the internalization of ovalbumin (OVA) via the

mannose receptor on DCs and macrophages (111). DEC205 can promote efficient antigen
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internalization and presentation by both MHC-I and MHC-II, and conjugation of antigens to

antibodies recognizing DEC205 has been used to induce tolerance (108). APCs also express

receptors for self and microbial heat shock proteins (HSP) such as Hsp70, Hsp90, and gp96,

which promote endocytic uptake of these chaperones and associated ligands (including

peptides and antigens) for MHC-I and MHC-II presentation (112-115).

Receptors on the surface of APCs promote the phagocytosis of bacteria, fungi, select

viruses, and apoptotic or necrotic cells (116-118). Macrophages and DCs are well-

established phagocytes but this process can also be observed in B cells, which can present

phagocytosed antigens to CD4+ T cells (119-121). MHC-I cross-presentation as well as

MHC-II presentation of opsonized antigens is enhanced by receptor engagement upon

phagocytosis, which may reflect intracellular receptor signaling rather than simply enhanced

uptake of these particles. Thus, IgG-coated bacteria were effectively presented to CD8+ T

cells while complement C3 opsonization of bacteria facilitated phagocytosis but not antigen

presentation (122). Signaling by receptors such as the C-type lectin family receptor DNGR-1

promotes MHC-I and MHC-II presentation of antigens from phagocytosed necrotic cells

(123, 124). Internalization and presentation of self-antigens associated with necrotic cells

may contribute to autoimmunity or allograft rejection. Indeed, while all the above pathways

promote uptake of extracellular antigens by APCs, internalization and recycling of the

plasma membrane also delivers endogenous proteins for processing; peptides derived from

membrane proteins, such transferrin receptor and MHC-I heavy chain, are abundantly

associated with MHC-II molecules (125).

Endocytic Compartments in Antigen Processing and Presentation

Internalized antigens enter organelles with microenvironments favoring protein denaturation

and proteolysis. While these pathways permit MHC-II access to exogenous antigens, MHC-I

molecules also use these routes to acquire antigens for cross-presentation (Figure 2).

Electron microscopy initially revealed an abundance of MHC-II molecules distributed in the

endocytic pathway, concentrated in late endosomal vesicles, originally defined as MHC-II

compartments, or MIICs (Figure 2), in contrast to only limited amounts of MHC-I

(126-128). The role of this MHC-I in cross-presentation has been debated. Disrupting

expression of HS-1, a modulator of endocytic invaginations, demonstrated that endocytosis

delivers extracellular antigens for presentation by MHC-I as well as MHC-II in DCs (129).

However, in DCs antigens can transit from within endosomes to the cytoplasm or the ER,

raising questions as to the role of endocytosed MHC-I in antigen cross-presentation (130). A

tyrosine motif in the cytoplasmic tail of MHC-I heavy chain facilitates recycling of low

levels of these molecules from the cell surface into endosomes, but direct delivery of

immature MHC-I from the ER may also occur in DCs, possibly facilitated by associated I

chain (56, 131-134).

Early endosomes mature into late endosomes and lysosomes driven in part by processes

such as increased luminal acidification and fusion with TGN-derived vesicles delivering

enzymes that promote antigen denaturation and proteolysis. Low temperature (18°C) can

block the maturation step and disrupts the presentation of several exogenous antigens by

MHC-II (135). However, MHC-II presentation of select antigenic epitopes processed within
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early endosomes can be detected (136, 137). MHC-I-restricted cross-presentation via the

mannose receptor was favored by its delivery of antigen into early endosomes (111).

Whether this is due to limited antigen processing in these vesicles, favoring epitope recovery

by endocytic MHC-I, or enhanced translocation of antigens into the cytoplasm for re-

direction via TAP to MHC-I, is not clear. Co-localization of MHC-I in endosomes with the

insulin-regulated aminopeptidase (IRAP), potentially a substitute for ERAP1, also promoted

antigen cross-presentation (138). MHC-I presentation was also facilitated by liposome-

mediated antigen delivery into early but not late endosomes, and neutralization of the acidic

pH in the latter enhanced antigen presentation by MHC-I. By contrast, antigens delivered via

liposomes into early or late endosomes were processed for MHC-II presentation (139).

Mature or late endosomal vesicles are heterogeneous in morphology and content, and

include translucent and electron dense vesicles, multi-vesicular bodies (MVB) containing

intra-lumenal vesicles (ILV), multi-lamellar vesicles, and pre-lysosomes. Antigen

processing in these vesicles is influenced by their pH, which regulates the activity of

resident proteases and other relevant enzymes, such as gamma interferon inducible

lysosomal thiol reductase (GILT, Figure 4) (140-142). Differences in the ability of distinct

APCs to regulate endocytic processing have also been documented. For example, the limited

protease content and higher pH of DC endocytic compartments may enhance their capacity

for presenting antigens via MHC-I and MHC-II compared with macrophages (143). The

precise steps in I chain processing vary between APC types, consistent with their differential

expression of cathepsins. Studies using protease inhibitors and protease-deficient mice

revealed that several enzymes including cathepsins (S, L, F) and asparaginyl endopeptidase

(AEP) mediate I chain cleavage (5). While cathepsin S plays a key role in the late stages of I

processing in DCs and B cells, in macrophages cathepsin F is required. Cathepsin L or V is

necessary for terminal I chain proteolysis in cortical thymic epithelial cells. Disruptions in I

chain processing can impede MHC-II binding to peptides as well as the transit of the

complexes to the cell surface (144).

While it is well established that I chain guides MHC-II to endosomes, the regulation of

MHC-II transport within and out of endosomal compartments is not well understood and

may differ between APC types. Myosin II, an actin-based motor, may modulate this process

in B cells, while in DCs MHC-II internalization is mediated by ubiquitination of the

cytoplasmic tail of the β chain; DC maturation promotes the expression of MHC-II-peptide

complexes on the cell surface (145, 146). Recently down-regulation of the MIR family

ubiquitin ligase MARCH-1 has been implicated in the reduction of MHC-II ubiquitination

and retention of surface expression (147, 148). Sub-compartments within mature endosomes

may also regulate MHC-II acquisition of peptides. In MVB, the interaction of DM and DO

favors their co-localization with HLA-DR in the outer or limiting membrane of these

endosomes, whereas DM without DO migrates into internal vesicles which can be shed from

cells as exosomes (149, 150). At the cell surface MHC-II peptide presentation is greatly

enhanced by the clustering in lipid raft microdomains (151).
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Phagocytosis and Macropinocytosis and Antigen Presentation

MHC-I as well as MHC-II is detectable within phagosomes (131, 152, 153). Phagosomal

antigen processing and MHC-II presentation are well established and newly formed MHC

II-peptide complexes can be detected in these organelles (154). In contrast with endocytosed

antigens, MHC-II presentation of phagocytosed antigens was impaired in DCs lacking the

cytoplasmic adaptor, AP-3, due to defective transit of MHC-II-peptide complexes to the cell

surface (155). Recent studies have revealed the importance of phagocytosis in cross-

presentation (116), which typically leads to antigen translocation into the cytoplasm for

processing and subsequent delivery for presentation by MHC-I (Figure 2). Processing of

phagocytosed antigen by cathepsins has been observed to promote MHC-I cross-

presentation, in some cases by a vacuolar peptide exchange pathway (116, 156). In DCs,

antigen cross-presentation by MHC-I is enhanced within newly formed phagosomes, which

maintain a neutral pH by regulated delivery of NADPH oxidase to the phagosomal

membrane (156). In contrast, phagosome maturation and acidification can facilitate MHC-II

presentation of pathogen-associated antigens (157).

Exposure of APCs to TLR ligands and pro-inflammatory cytokines can influence the

microenvironment within phagosomes by reducing protease content, controlling luminal pH,

and modulating the binding of cytoplasmic regulatory proteins such as LC3 and GTPases

which mediate phagosome maturation (158-161). In macrophages, phagosome maturation

was found to be independent of TLR2 or TLR4 signaling (162), while in DCs, TLR4

activation within a specific phagosome drives maturation and MHC-II-restricted antigen

presentation within the organelle (163). The pH is higher and the protease content lower

within DC endosomes and phagosomes than in macrophages, which preserves epitopes and

favors antigen presentation (143). Macrophages, on the other hand, are more proficient in

killing engulfed pathogens, at least partly because of their higher phagosomal protease

content and more acidic phagosomal pH (164).

Macropinocytosis does not rely on receptors (Figure 2), but nevertheless captures large

antigens and extracellular material into vesicles termed pinosomes (165). These vesicles

share features with early and late endosomes but are distinct, although pinosomes eventually

fuse with lysosomes (166). TLR ligands can promote a rapid burst of macropinocytosis in

DCs which then abruptly halts, stimulating preferential MHC-I and MHC-II presentation of

the bolus of internalized antigen (167). A lack of specific inhibitors has limited analysis of

macropinocytosis in APC, although studies suggest a role for this pathway in MHC-II

presentation of the autoantigen type II collagen and liposome-coupled antigen presentation

via MHC-I (168, 169).

Autophagy and Antigen Presentation

Between 10-30% of the peptides bound to MHC-II are derived from cytoplasmic and

nuclear proteins (170). Within APC, three routes of autophagy promote the delivery of

proteins and peptides from the cytoplasm and nucleus into the endosomal network (170,

171). In macroautophagy, nuclear and cytoplasmic material, including mitochondria,

peroxisomes, and some intracellular bacteria, are engulfed by isolation membranes to form

autophagosomes. These fuse with endosomes and lysosomes, facilitating antigen
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presentation by MHC-II (Figure 4) as well as the delivery of nucleic acids to TLRs. MHC-II

presentation of Epstein Barr virus nuclear antigen I as well as ectopically expressed

recombinant viral and bacterial antigens, was perturbed in APCs deficient in

macroautophagy (172). Macroautophagy is readily detected in thymic epithelial cells and

disruption of Atg5, a regulator of this process, perturbed the selection of thymic CD4+ but

not CD8+ T cells, implying an effect on MHC-II but not on MHC-I processing (173). The

induction of macroautophagy in macrophages and DCs also enhanced MHC-II presentation

of mycobacteria, likely due to more efficient phagosome maturation (174). In B cells,

chaperone-mediated autophagy also promoted MHC-II presentation of autoantigens to CD4+

T cells (170). In this pathway, cytoplasmic chaperones such as Hsc70 and Hsp90, together

with the lysosomal transmembrane protein LAMP-2A, selectively deliver epitopes to MHC-

II (Figure 4). Proteins may also be captured by microautophagy for delivery into endosomes

via Hsc70 and the ESCRT system, although whether this contributes to antigen presentation

is unclear (171).

APCs readily acquire and present antigens from target or dying cells for MHC-I and MHC-

II, promoting graft rejection and autoimmunity as well as immune responses to pathogens.

In APCs, MHC-II presentation of cytoplasmic antigens derived from target cells with

diminished TAP, ERAAP, and proteasome activity was enhanced, suggesting a role for

these molecules in subverting cross-presentation of cytoplasmic antigens (175). In addition,

induction of macroautophagy in tumor or target cells can enhance their phagocytosis and

MHC-I cross-presentation to CD8+ T cells (176). By contrast in DCs, MHC-II direct

presentation of membrane antigens from influenza virus required TAP and proteasome

activity (177). A requirement for proteasomal processing of some cytoplasmic antigens and

a role for ERAAP in MHC-II presentation has been documented, but the mechanisms by

which these components influence the MHC-II pathway remain unclear (175, 178-180).

Epitope Selection and Guided Antigen Processing

Proteins can contain multiple sequences capable of binding MHC molecules, but only a

handful of peptides are selected for presentation to T cells. T cell responses are influenced

by the diversity of the T cell repertoire but the steps in antigen processing and presentation

play a major role. The concept that a hierarchy of antigenic epitopes is recognized by the

immune system is well established; the strongest are called immunodominant, and there are

subdominant and cryptic epitopes. Immunodominant epitopes are important for immunity to

tumors and pathogens, while a shift in the hierarchy of T cell responses to subdominant

epitopes is associated with autoimmune disorders (181, 182). Multiple factors contribute to

the process of epitope selection by MHC-I and MHC-II molecules. In the case of MHC-I,

the specificity of the proteasome, ERAAP/ERAP1, tapasin, and TAP can influence epitope

generation and transport to receptive MHC-I molecules (181). For MHC-II, antigen

unfolding and proteolysis influence processing and epitope presentation (183, 184). Multiple

endocytic proteases have been implicated in processing antigens for MHC-II, including

cathepsins B, D, L, S and AEP, and several of these enzymes also function in I chain

processing (5). Antigen reduction facilitates protease access for processing, influencing the

generation of antigenic epitopes, and GILT is the key enzyme implicated in this process

(141). In melanoma cells, the hierarchy of epitopes presented by MHC-II is GILT dependent
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(142). GILT expression also influences autoantigen processing and the development of

experimental autoimmune encephalomyelitis and tolerance development to melanocyte

antigens (185, 186). MHC-I and MHC-II epitopes can also be destroyed by proteases, which

may result in differential epitope presentation by different APC types as well as tissue

specific differences in presentation (5, 187).

The open groove of MHC-II allows large fragments of antigen to bind (Figure 1) (188). This

led to the concept of guided antigen processing, in which MHC-II binding to epitopes within

antigens shapes proteolytic cleavage (189, 190). In B cells the specific interaction of

antigens with the Ig component of the BcR also influences processing and presentation by

MHC-II (191). An in vitro system reconstituting antigen binding to the BcR followed by

digestion with the enzyme AEP favored epitope capture by proximal MHC-II (190).

Similarly MHC-II binding to immunodominant epitopes from an intact protein was

reconstituted in vitro using soluble purified components, including cathepsins to yield

peptides and DM to promote editing of the resulting MHC-II-peptide complexes (192).

Epitopes may bind MHC-II in an unstable conformation, and editing of these complexes by

DM alters the hierarchy of peptides displayed to CD4+ T cells (193). Notably, DM-

independent epitope conformations can persist, particularly when the antigen is available to

APCs as a peptide rather than an intact protein, and may induce unusual CD4+ T cells (so-

called Type B T cells) that can lead to autoimmunity (73, 194). Far less is known about the

endosomal factors that influence epitope selection for MHC-I cross-presentation, although

GILT expression is required for cross-presentation of a disulfide-containing glycoprotein

antigen from herpes simplex virus 1 (195). Notably, during cross-presentation innate

signaling via TLRs appears to influence antigen presentation, as suggested by a shift in the

dominant CD8+ T cell epitopes during LCMV infection (196).

ANTIGEN INTRODUCTION AND PROTEOLYSIS IN THE CYTOSOL

Protein antigens are conventionally introduced into the cytosol by the cellular protein

synthetic machinery. When a virus infects a cell the viral genes are transcribed into mRNAs

and these are translated on host ribosomes to generate viral proteins. While autophagic

mechanisms can give them access to the MHC-II pathway, cytosolic antigens are the prime

source of MHC-I-associated peptides. Their proteolysis generates peptides that are

translocated into the ER by TAP, and ultimately bind to MHC-I molecules (Figure 3). If

they are too long they are trimmed in the ER by ERAAP/ERAP1 as described above. This

process is not specific for viral proteins; host proteins are similarly degraded and generate

peptides that bind to MHC-I. In fact, in the case of autoimmunity or tumor immunity MHC-

I-associated, host protein-derived peptides can be recognized by CD8+ T cells. For example,

CD8+ T cell-mediated killing of melanoma cells, which is exploited for immunotherapy,

often involves the recognition of MHC -I-associated peptides derived from melanocyte-

specific glycoproteins (197). These proteins are found in melanosomes, the pigment-

containing organelles of melanocytes from which melanomas originate. In an infected cell

viral proteins must compete with host proteins for representation in the peptide profile

presented to CD8+ T cells.
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Protein sources of MHC-I-associated peptides

Epitopes from viral glycoproteins, as well as melanosomal glycoproteins, can be recognized

by CD8+ T cells. These peptides are generally derived from parts of the antigen that are

luminal, not cytosolic (198, 199). Nevertheless, the generation of these MHC-I-peptide

complexes is virtually always TAP- and proteasome-dependent. This implies that, in spite of

the presence of a signal sequence and the potential for translocation into the ER, the

processing mechanisms at work are no different from those involved in the generation of

peptides from exclusively cytosolic antigens. These observations have contributed to the

hypothesis that intact, folded, cytosolic proteins are not the major source of peptides that

bind to MHC-I. Instead the sources are proteins that are either incomplete, perhaps because

of premature termination, or misfolded because cytosolic chaperones are not 100% effective

in mediating the folding of newly synthesized proteins. In mammalian cells approximately

30% of total proteins are degraded extremely rapidly following synthesis (Figure 3) (200).

Yewdell has been a strong advocate of the hypothesis that this rapidly degraded pool is the

primary source of MHC-I-associated peptides, and coined the acronym DRiP, for Defective

Ribosomal Product, to describe them, and has recently reviewed the evidence supporting the

hypothesis (201). Briefly, very early experiments showed that expression in cells of

truncated proteins, which are unstable, generated MHC-I-peptide complexes as effectively

as full-length proteins. In fact, the experiments that mapped and defined the first MHC-I-

restricted epitope, an influenza nucleoprotein-derived peptide that binds to H2-Db, relied on

the expression of truncated proteins (202). Work by Neefjes and co-workers suggested that

newly synthesized proteins are the primary source of TAP-translocated peptides (203). They

showed by FRAP (Fluorescence Recovery After Photobleaching) analysis that the lateral

mobility of TAP in the ER membrane decreases when active peptide translocation is

occurring, and that inhibiting protein synthesis by cycloheximide addition rapidly enhanced

TAP mobility. Kinetic analysis of the synthetic rates of cytosolic antigens versus the rates at

which complexes of MHC-I and peptide derived from them are generated confirmed a

general principle that the accumulation of the protein lags considerably behind the

acquisition of the complexes (204). Using the SILAC (Stable isotope labeling with

aminoacids in cell culture) technique, in which cellular proteins, and the peptides derived

from them, are labeled with specific isotopic variants of amino acids upon synthesis and

identified by mass spectrometry, it has been observed that there is no clear relationship

between the abundance of MHC-I-bound peptides and the abundance of the proteins from

which they derive (205). In fact, some MHC-I-associated peptides are derived from proteins

that are undetectable in the cell.

Exactly what the mechanisms are that drive DRiP formation are still not entirely clear,

although there are increasing suggestions that one component may involve modifications to

normal translational processes. Work by Fahraeus and co-workers adapted the phenomenon

of nonsense mediated decay, in which mRNA with a premature stop codon is degraded after

only a single round of translation, to show that an epitope encoded by such an mRNA is

produced with high efficiency for T cell recognition (206, 207). More recently, Granados et

al. (208) used the SILAC method to analyze MHC-I-associated peptides in human EBV-

transformed B cell lines and made the intriguing observations that, first, many of the

peptides were derived from proteins associated with B cell differentiation rather than more
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abundant house-keeping proteins, and second, that the peptides were preferentially derived

from proteins encoded by transcripts that were the targets of microRNAs (miRNAs), which

are known to regulate transcript stability. Analysis of literature data covering multiple

epitopes and their sources determined that this is a general phenomenon, not specific for

transformed B cell lines. The precise mechanistic connection between mRNA instability and

the generation of MHC-I-associated peptides remains unknown.

Chaperones and cytosolic peptide generation

While DRiPs are a significant, perhaps major, source, MHC-I-associated peptides can be

derived from intact proteins. Proteins introduced directly into the cytosol of a cell, for

example proteins such as listeriolysin and other proteins secreted by Listeria monocytogenes

after its internalization by macrophages (209), can be processed and recognized by CD8+ T

cells. What then are the intracellular processing steps that proteins, or DRiPs, follow before

they degenerate into the peptides that are translocated into the ER by TAP? Shastri and co-

workers developed exceptionally clever techniques to identify the cytosolic precursors of

MHC-I binding peptides and have shown that they are associated with cytosolic chaperones.

The approach draws on the ability of exogenous MHC-I-binding peptides to sensitize cells

for recognition by CD8+ T cells. In the most refined version of the method, the epitope,

derived from OVA, is flanked with lysine residues and embedded in a protein that is then

expressed in cells. The precise epitope (SIINFEHL, a modification of the classical H2-Kb-

associated SIINFEKL epitope with histidine substituted for the normal internal lysine

residue) is released from any cytosolic precursor of the peptide by digestion with trypsin,

which produces the correct N-terminal amino acid, and carboxypeptidase B, which removes

the C-terminal lysine. The exceptional sensitivity of a T cell hybridoma recognizing this

epitope allowed the identification of precursors which co-immunoprecipitated with anti-

chaperone antibodies, assaying the proteolytically released epitope by sensitization of an

H2-Kb-positive target cell. Large intermediate degradation fragments of the protein were

found in association with the chaperone Hsp90α (210). shRNA-mediated knockdown of

Hsp90α inhibited accumulation of the fragments and processing of the antigen, as well as its

recognition by CD8+ T cells, as did knockdown of a co-chaperone, CHIP, which

ubiquitinates Hsp70 or Hsp90α-associated proteins and delivers them to proteasomes for

degradation. This suggests that these fragments are pre-proteasomal. Consistent with this,

the addition of a proteasome inhibitor to the cell increased the amounts of the fragments, and

they were extended at the C-terminus beyond the actual epitope; the C-terminal residue of

peptides translocated by TAP and associated with MHC-I is generally generated by

proteasomal cleavage (211). Other fragments were associated with another chaperone, the

Tailless Complex Polypeptide-1 (TCP-1) Ring Complex or TRiC (212). These fragments

were N-terminally extended but not C-terminally extended, i.e. all of them ended with the

precise epitope sequence that was originally embedded in the protein. This indicates that

they are post-proteasomal. Thus the pathway that has emerged is that a cytosolic protein,

usually a recently synthesized or somehow defective one (a DRiP), associates with Hsp90α,

is ubiquitinated by CHIP, and is degraded by the proteasome to yield truncated fragments

which then associate with TRiC. Cytosolic aminoterminal trimming, for example by leucine

aminopeptidase (213), can then reduce them to an appropriate size for TAP mediated

transport into the ER. For individual epitopes, cytosolic peptidases, including leucine
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aminopeptidase and/or tripeptidyl peptidase II, may facilitate or inhibit their generation

(214).

Nonconventional sources of MHC-I-associated peptides

The extraordinary sensitivity of T cell recognition is well established. Very low numbers of

MHC-I peptide complexes are required; even a single complex may be sufficient to trigger a

T cell (215). Possibly because of this some MHC-I-associated peptides have origins that do

not depend on conventional translation. There are examples of antigenic peptides that are

out of frame with regard to their proteins of origin and others derived from sequences

embedded in introns (216). There are peptides that derive from translation initiated at

codons other that the conventional methionine codon, ATG. Shastri and co-workers have

identified a novel translational mechanism that involves leucine-tRNA-mediated initiation of

translation at a CUG codon and suggest that other codons may be functional (217). These

experiments constitute recent examples of a historically common phenomenon;

immunological studies often enhance our understanding of molecular biological processes.

There are also examples of peptide epitopes derived from non-contiguous sequences in

proteins. Many of these have derived from studies of human epitopes recognized by patient-

derived tumor specific CD8+ T cells. Vigneron et al. (218) described an HLA-A32-

associated epitope derived from the melanosomal glycoprotein gp100 (or pmel17) that was a

nonamer but was derived from a 13 amino acid precursor by removal of four internal

residues. They showed that this excision/splicing event was mediated by the proteasome and

involved a mechanism in which the hydrolysis of a bond between the peptide and a

threonine residue in the active site of the proteasome β-subunit, normally the final step of

proteolysis, is replaced by reaction with the N-terminal amino group of a second peptide

instead of water. A number of other examples of this have been described, including one

peptide in which the N-terminal sequence of the peptide is actually C-terminal to the N-

terminal peptide sequence in the intact protein (219).

Another example of an epitope that does not represent the primary sequence of a protein also

involves a melanosomal glycoprotein. In this case, an asparagine residue present in the

melanosomal enzyme tyrosinase was replaced by an aspartic acid residue in a tyrosinase-

derived HLA-A2.1-associated nonameric peptide (220). This occurs because the peptide is

generated from the protein after its signal sequence-mediated entry into the ER and

subsequent degradation following retrotranslocation into the cytosol. This is the

conventional mechanism for disposal of misfolded proteins and glycoproteins and is known

as ER-associated degradation, or ERAD (221). The proteasome is the normal destination for

such retrotranslocated proteins. A component of the pathway for glycoproteins involves

their cytosolic deglysosylation by an N-glycanase that converts the glycan-bearing

asparagine residue to an aspartic acid (222); the epitope encompassed a glycosylated

sequence in tyrosinase that was deglycosylated in the cytosol.

Implications of ERAD for cross-presentation

A pathway in which proteins that enter the ER are retrotranslocated into the cytosol and

generate peptides that are potentially available for MHC-I-restricted T cell recognition has a

Blum et al. Page 17

Annu Rev Immunol. Author manuscript; available in PMC 2014 May 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



clear parallel to the dominant mechanism involved in cross-presentation. Here the

compartment is an endosome or phagosome rather than the ER, but the underlying principle

is the same (Figure 3). A luminal protein internalized by a DC must enter the cytosol and be

degraded by the proteasome to generate the relevant peptide, in principle the same peptide

that would be generated by a normal cell expressing the protein as an endogenously

translated protein. Thus a CD8+ T cell induced by cross-presentation of a viral protein would

recognize the epitope generated in the infected cell, allowing its destruction. The seductive

logic of this argument has led to a considerable body of work suggesting, although not

without controversy, that the mechanisms responsible for cross-presentation are an

adaptation of ERAD (Figure 2). This was first suggested by the work of Desjardin and

coworkers, who identified ER-derived proteins in phagosomes purified from a macrophage

cell line (223), with the implication that the ERAD retrotranslocation machinery could be

recruited to phagosomes from the ER. Experimental evidence supporting this rapidly

followed. DCs and DC-like cell lines were found to be capable of transferring proteins into

the cytosol from endosomes or phagosomes, including enzymes such as luciferases, as well

as cytochrome C (224-226). The addition of cytochrome C to DCs and its entry into the

cytosol caused apoptosis, mimicking the effect of cytochrome C released from mitochondria

in conventionally induced apoptosis (225). Processing and presentation of soluble,

exogenous OVA by H2-Kb expressed in a human DC-like cell line, KG-1, could be blocked

by a cytosolically expressed dominant-negative, ATPase-defective, mutant version of the

AAA-ATPase p97, which normally mediates the extraction of proteins from the ER during

ERAD. In addition, phagosomes derived from KG-1 were capable of extruding luciferases

that were internalized along with the phagocytic substrate, a latex bead, into the external

milieu, topologically equivalent to the cytosol (224). This was ATP-dependent, could be

enhanced by recombinant p97, and inhibited by recombinant dominant-negative p97, all of

which is consistent with an ERAD-like mechanism. TAP and other PLC components were

also identified in purified phagosomes, and they were capable of internalizing peptides via

TAP and assembling them with MHC-I molecules present in the phagosome (131, 153).

This led to the concept that phagosomes in DCs are compartments specialized for MHC-I-

restricted antigen processing, later extended to endosomes (227). This is an interesting but

not essential element of a coherent hypothesis involving ER recruitment to phagosomes. The

critical step is the role of ERAD in mediating cytosolic access; after that proteolytic

degradation and TAP-mediated transport of peptides into the ER would be sufficient.

However, as mentioned earlier the ERAP1-like aminopeptidase IRAP is present in DC

phagosomes and can facilitate cross-presentation, which is consistent with the idea that they

may be dedicated cross-presenting organelles (138).

Vesicular fusion events in cells are regulated by the interactions of SNARE proteins present

on the vesicles involved. Recently it has been shown that recruitment of ER resident proteins

to the phagosome, and cross-presentation, in DCs is dependent on Sec22b, a SNARE

localized to the ER-Golgi intermediate compartment (ERGIC), that interacts with a partner

SNARE, syntaxin 4, normally present on the plasma membrane but present on phagosomes

in DCs (228). This appears to have resolved some of the controversies surrounding the

connection of ERAD and cross-presentation, although the nature of the channel that
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mediates the translocation of internalized antigens into the cytosol of the cross-presenting

cell remains unknown.

CONCLUDING REMARKS

The study of antigen processing is now over three decades old, yet novel findings continue

to surprise and delight those of us working in the field. For MHC-I the mechanisms of cross-

presentation and the precise mechanisms that regulate DRiP formation and the cytosolic

generation of peptides are areas in need of clarification. For MHC-II the mechanisms that

regulate the formation of the peptide complexes recognized by Type A and Type B CD4+ T

cells, in particular the role of DM in the process, and the precise function of DO remain to

be uncovered. In addition, recent demonstrations of phagocytosis in B cells underlines the

need for additional work to determine how this modulates MHC-I and -II functions in these

cells, given the clear differences in the process between B cells, DCs and macrophages.

Applications of mechanistic insights to vaccine development are likely to be important. For

example, how do we best incorporate immunogenic epitopes into recombinant vaccines and

how can they be moved into the cytosol for effective sensitization of CD8+ T cells? Over the

next few years many of these problems will be solved, and questions not yet asked will

undoubtedly be answered.
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Acronyms and Definitions

TAP transporter associated with antigen processing composed of two subunits

TAP1 and TAP2

Peptide
Loading
Complex

protein complex which facilitates MHC-I peptide loading consisting of

the MHC-I heavy chain and β2microglobulin, TAP, tapasin, and ERp-57

ERp57 an endoplasmic reticulum resident homologue of protein disulfide

isomerase

ERAD endoplasmic reticulum-associated degradation pathway which promotes

the translocation of mis-folded proteins into the cytoplasm for proteolysis

ERAP murine endoplasmic reticulum aminopeptidase associated with antigen

processing also known as ER aminopeptidase-1/2 in humans

CLIP class II-associated invariant chain peptide

BcR B cell receptor for antigen

GILT gamma interferon inducible lysosomal thiol reductase
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DRiP defective ribosomal product include peptides and truncated proteins

which arise as a result of pre-mature termination of translation in host

cells
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Figure 1.
Three dimensional structures of MHC-I and MHC-II molecules with peptide ligands. A and

B) Structure of the MHC-I molecule (HLA-A2 complexed with residues 58-66 of the

influenza matrix protein, (229)). MHC-I heavy chain, blue; β2m, grey; peptide, red. C and

D) Structure of the MHC-II molecule (HLA-DR1 complexed with residues 306-318 of

influenza haemagglutinin, (230)). MHC-II α chain, grey; MHC-II β chain, blue; peptide,

red. Ribbon diagrams were generated with the Protein Workshop software available from

the RSCB Protein Data Bank (http://www.rcsb.org). Highly polymorphic residues of HLA-
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A (B) and HLA-DR (D) proximal to the peptide binding groove (http://hla.alleles.org) are

highlighted in yellow. Note that polymorphism of the MHC-II alpha chains is limited, and

they are essentially non-polymorphic for HLA-DR alpha chains.
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Figure 2.
Trafficking of antigens for processing and presentation with MHC molecules: basic

pathways and exceptions to the “rules”. Cytosolic proteins are processed primarily by the

action of the proteasome. The short peptides are then transported into the ER by TAP for

subsequent assembly with MHC-I molecules. In certain antigen presenting cells, particularly

dendritic cells, exogenous proteins can also be fed into this pathway by retrotranslocation

from phagosomes, a phenomenon known as cross-presentation. The retrotranslocation

channels may be recruited from the ER, where they are used for ER-associated degradation,

or ERAD, of misfolded transmembrane or secretory proteins. Exogenous proteins, however,

are primarily presented by MHC-II molecules. Antigens are internalized by several

pathways, including phagocytosis, macropinocytosis, and endocytosis, and eventually traffic

to a mature or late endosomal compartment where they are processed and loaded onto

MHC-II molecules. Cytoplasmic/nuclear antigens can also be trafficked into the endosomal

network via autophagy for subsequent processing and presentation with MHC-II molecules.

Blum et al. Page 34

Annu Rev Immunol. Author manuscript; available in PMC 2014 May 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
MHC-I biosynthesis and antigenic peptide binding in the ER. Trimming of the N-linked

glycan by glucosidases I and II (GlsI/ GlsII) to a single terminal glucose residue (“G”)

permits the interaction of the MHC-I heavy chain with lectin-like chaperones at several

stages during folding and assembly. The initial folding events involve the chaperone

calnexin (CNX) and allow subsequent assembly with β2m. The empty heterodimer, which is

inherently unstable, is then recruited by calreticulin (CRT) via the monoglucosylated N-

linked glycan to the PLC. The association of MHC-I/β2m heterodimers with the PLC both
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stabilizes the empty MHC-I molecule and maintains the binding groove in a conformation

that favors high affinity peptide loading. These functions are mediated by direct interactions

between the MHC-I heavy chain and tapasin and are supported by coordinating interactions

with CRT and ERp57 in the PLC. MHC-I molecules with suboptimal peptides are substrates

for UGT1 which reglucosylates the heavy chain glycan, allowing re-entry of the MHC-I into

the PLC and exchange for high affinity peptides. Peptides translocated into the ER by TAP

originate primarily from the proteasomal degradation of endogenous proteins or DRiPs.

These proteins may arise from the translation of either self or foreign (i.e. viral) RNA or, in

the case of cross-presentation, by translocation into the cytosol from endosomes or

phagosomes. Many of the peptides that are delivered into the ER are longer than the 8-10

residues preferred by MHC-I molecules and undergo trimming by ER aminopeptidases

known as ERAAP/ERAP1 and ERAP2. Finally, high affinity peptides bind preferentially to

MHC-I molecules in the PLC by a tapasin-mediated editing process, MHC-I-peptide

complexes are released and then transit to the cell surface for T cell recognition by CD8+ T

cells.
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Figure 4.
MHC-II biosynthesis and antigenic peptide binding in the endocytic pathway. MHC-II α
and β associate with I chain trimers to form nonamers. These complexes transit to mature

endosomes either via the TGN or by recycling from the cell surface. Within endosomes, I

chain is sequentially proteolyzed to yield the residual I chain fragment, CLIP. Displacement

of CLIP from the ligand groove of MHC-II αβ is mediated by DM and blunted by DO.

Expression of DO and regulation of DM function involves the assembly of DM-DO

complexes in the ER and co-transport to endocytic compartments. Antigens delivered to late
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endosomes by phagocytosis, pinocytosis, endocytosis, and autophagy, are processed by

cathepsins and the thiol oxidoreductase GILT, and acquisition of high affinity peptides by

MHC-II is facilitated by DM. The MHC-II-peptide complexes are subsequently transported

to the cell surface for T cell recognition by CD4+ T cells.
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