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Abstract

Unlike B cells, CD8-positive and CD4-positiveT cells of the adaptive immune system do not
recognize intact foreign proteins but instead recognize polypeptide fragments of potential antigens.
These antigenic peptides are expressed on the surface of antigen presenting cells bound to MHC
class I and MHC class Il proteins. Here, we review the basics of antigen acquisition by antigen
presenting cells, antigen proteolysis into polypeptide fragments, antigenic peptide binding to MHC
proteins, and surface display of both MHC class I-peptide and MHC class I1-peptide complexes.

INTRODUCTION TO ANTIGEN PROCESSING

Major histocompatibility complex class | molecules (MHC-1) and class Il molecules (MHC-
I1) are trans-membrane glycoproteins that share the property of binding short peptides that
are produced by the cells that express them. The generation of peptides and their subsequent
association with MHC molecules is referred to as antigen processing. Antigen processing by
myeloid cells, particularly dendritic cells (DCs), and the presentation of antigen-derived
peptides to CD4* and CD8™ T cells by MHC-1 and MHC-I11 expressed on these cells are
critical steps for effective adaptive immune responses. However, the mechanisms involved in
antigen processing for MHC-I and MHC-I1 are different (Fig. 1). For recognition by mature
effector CD4* T cells MHC-Il-associated peptides are generated and bind within the
endolysosomal system, while for recognition by mature CD8* T cells MHC-I-associated
peptides are generated in the cytosol from newly synthesized proteins and bind to MHC-I
molecules in the endoplasmic reticulum (ER). For priming naive CD4* T cells, the MHC-I11
processing pathway used by DCs also relies on peptide generation and binding in the
endolysosomal system. However, priming CD8* T cells requires endocytosis of antigens by
the DCs followed by their transfer into the cytosol for proteolysis into peptides that
ultimately bind to MHC-I molecules, a process known as cross-presentation or cross-
priming. In this chapter we will discuss both general and myeloid-specific mechanisms of
both MHC-I-and MHC-II-restricted antigen processing and presentation, phenomena that
are intimately involved with the biosynthesis of the MHC glycoproteins.
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OVERVIEW OF MHC-II-RESTRICTED ANTIGEN PROCESSING

MHC-II is constitutively expressed on a subset of cells termed professional antigen-
presenting cells (APCs), which include most classes of DCs, B cells, and thymic epithelial
cells. MHC-11 expression is inducible, however, on most cell types, including monocytes and
macrophages, most notably by gamma interferon (IFN-y)-mediated activation. As discussed
below, enhanced MHC-I1 biosyn-thesis or regulated degradation of MHC-II is an important
way for APCs to focus their attention on pathogens that “alert” the immune system to an
infection.

MHC-II binds peptides generated by proteolysis of antigens in endosomal/lysosomal
“antigen-processing compartments.” Antigens gain access to these compartments by various
mechanisms, including receptor-mediated endocytosis, macropinocytosis, phagocytosis, and
autophagy. MHC-I1 molecules, which consist of a heterodimer of transmembrane a and B
subunits, gain access to these same compartments by association with an accessory protein
termed the invariant chain (l;) shortly after biosynthesis in the ER (Fig. 2). I; provides three
distinct functions for MHC-II: (i) it acts as a molecular chaperone and promotes proper
folding and movement of the MHC-I1-1; complex from the ER through the Golgi apparatus
(1, 2); (ii) it prevents peptides and unfolded proteins present in the ER from binding to the
peptide-binding site on the nascent MHC-I1 molecule (3, 4); and (iii) it contains targeting
signals in its cytoplasmic domain that direct the MHCII-I; complex to antigen-processing
compartments (5, 6). The precise pathway taken by MHC-11-I; complexes to access these
compartments (i.e., whether the complexes are delivered directly into the endosomal
pathway from the frans-Golgi network or whether they traffic to the plasma membrane and
are then internalized) has been a matter of considerable debate (reviewed in 7). However,
regardless of the pathway used, efficient movement of MHC-I1I into the late endocytic
pathway depends on I; association. The targeting signal in I; consists of two dileucine-based
internalization motifs (5, 6, 8). These motifs interact with clathrin-associated adaptor
proteins to drive MHC-11-I; complexes into the endocytic pathway (9, 10).

In principle, any endo/lysosomal compartment that generates antigenic peptides capable of
binding to MHCII can be considered an antigen-processing compartment, and MHC-11-
peptide complexes can indeed be generated throughout the endocytic pathway (11). The
findings that the MHC-11-I; complex can enter the earliest of endosomes by endocytosis
from the cell surface (12) and that all endosomes contain at least some proteinase activity
(13) are consistent with the idea that MHC-I1 is available throughout the endocytic pathway
for peptide loading.

MHC-II is not able to bind antigenic peptides until I; is proteolytically degraded and
dissociates from the MHC-1I-I; complex (3). The degradation of MHC-1l-associated I;
occurs in a series of discrete steps catalyzed by different proteinases (14-16), leaving an I;-
derived polypeptide, termed CLIP (class ll-associated invariant chain peptides) (17),
associated with the MHC-I11 peptide-binding groove. CLIP is catalytically removed to make
room for lysosomally generated peptides, including those derived from internalized antigens,
by a homolog of MHC-II, termed HLA-DM in humans and H2-M or DM in mice (18).
Newly synthesized DM traffics to antigen-processing compartments by clathrin-mediated
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endocytosis after arrival at the plasma membrane. Unlike I;, however, the internalization
motif on DM is tyrosine based and preferentially sorts DM to mature endosomal antigen-
processing compartments (19). DM not only catalyzes CLIP release but also promotes the
dissociation of MHC-I1-bound peptides that possess an intrinsically fast off rate (20),
thereby serving as a “peptide editor” for MHC-II to foster the generation of high-affinity
immunodominant epitopes (21). Recent data have revealed that DM interacts with the MHC-
[1-CLIP complex near the P1 peptide-binding pocket on MHC-II and stabilizes an
intermediate conformation of MHC-I1 that permits dissociation of weakly bound peptides
(22, 23).

A second MHC-11 homolog, called HLA-DO in humans and H2-O in mice (referred to here
as DO), regulates the peptide-editing function of DM. DM binds tightly to DO in the ER and
serves to escort DO to lysosome-like antigen-processing compartments (24). DO is
expressed in both human and mouse B cells, thymic epithelial cells, and Langerhans cells
and is present in all CD11c" spleen DC subsets in the mouse (25, 26). DO expression is
suppressed during DC maturation (25, 27), while DM expression changes are modest (25,
26). Most published studies show that DO association suppresses DM activity (28). /n vitro
peptide-binding assays have demonstrated that DO inhibition of DM activity is pH
dependent: at pH of >5.5, DO completely abrogates DM activity, but at the pH of most
antigen-processing compartments (4.5 to 5.0), DO does not inhibit DM function (29).
Whether this is due to pH-dependent dissociation of DO from DM or conformational
alterations in the DO/DM complex remains undetermined.

OVERVIEW OF MHC-I RESTRICTED ANTIGEN PROCESSING

The pathways of MHC-I-restricted antigen processing are indicated in detail in Fig. 3.
MHC-1 presentation to effector CD8* T cells, or cytotoxic T lymphocytes, involves the
generation of peptides from newly synthesized cytosolic proteins, including, for example,
viral proteins produced during infection of a cell. These proteins are degraded by the
proteasome into peptides that, potentially after further processing by cytosolic
aminopeptidases, are translocated into the ER by a dedicated ATP-dependent transporter, the
transporter associated with antigen processing (TAP). TAP is composed of two MHC-
encoded subunits, TAP1 and TAP2, and is a member of the ATP-binding cassette family of
transporters (30). Once in the ER, the peptides can be further trimmed by ER-resident
aminopeptidases, called ERAP1 (ERAAP in the mouse) and ERAP2 (absent from the
mouse), to a length of 8 to 10 amino acids suitable for binding to newly synthesized MHC-I
molecules (31).

MHC-I molecules are heterodimers consisting of a glycosylated transmembrane heavy chain
of ~45 kDa, which is the polymorphic MHC-1 gene product, and a small subunit of ~12 kDa
called p,-microglobulin (Bom). The heavy chain-B,m dimers fold and assemble in the ER
with the assistance of a number of chaperones, but peptide binding occurs after
incorporation of the assembled dimers into the peptide loading complex (PLC). The PLC
consists of TAP, tapasin (a transmembrane glycoprotein also encoded in the MHC), a protein
disulfide isomerase homolog called ERp57, and the soluble chaperone calreticulin (CRT).
Stoichiometric analysis indicates that there are two tapasin molecules per PLC, each of
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which is permanently disulfide linked to an ERp57 molecule. MHC-1 molecules interact
directly with tapasin and also, via their N-linked glycans, with CRT (reviewed in 32).

CRT is a lectin with specificity for a single terminal glucose residue transiently present on
the glycans of newly synthesized glycoproteins. Such glycoproteins are subjected to a
folding cycle in which CRT (or the related chaperone calnexin) also cooperates with ERp57
via a glycan-independent, noncovalent interaction to facilitate their correct folding and
disulfide bond formation (33). After dissociation of glycoproteins from CRT, the glycan is
enzymatically deglucosylated. However, if the glycoprotein remains improperly folded, it
can be reglucosylated by the enzyme UDP-glucose glycoprotein transferase-1 (UGT-1),
allowing reentry into the folding cycle (34). The covalent association of ERp57 with tapasin
in the PLC provides a secondary anchor via CRT to cooperatively maintain the association
of newly synthesized MHC-I with the PLC in an adaptation of the normal glycoprotein
folding cycle. UGT-1 is used to maintain monoglucosylation of MHC-I molecules that lack
associated high-affinity peptides. CRT, ERp57, and UGT-1 are all required for optimal
MHC-I peptide loading (35-37). This is even more dependent on tapasin, which has a
similar peptide-editing role for MHC-1 that DM has for MHC-I11, promoting the association
of high-affinity peptides at the expense of low-affinity ones (38—40). Our molecular
understanding of how tapasin does this is less advanced, but when peptides of sufficiently
high affinity are bound, the completed MHC-1—peptide complexes permanently dissociate
from the PLC and are transported to the cell surface.

Cross-presentation, or cross-priming, involves the binding of peptides derived from
extracellular antigens with MHC-1 and the recognition of these complexes by naive CD8* T
cells. Most data are consistent with a role for components of the conventional MHC-I
processing pathway in cross-presentation (reviewed in 41); however, the precise cell
biological mechanisms regulating this process are still not well understood. The most
favored mechanism involves antigen internalization into endosomes, translocation of the
antigens (or large fragments of them) from the endocytic pathway into the cytosol by an
undetermined mechanism, and finally antigen proteolysis by proteasomal degradation.
Cytosolically generated peptides are then translocated into either the ER, where they bind
MHC-I molecules in a PLC-mediated fashion as in conventional MHC-I processing, or back
into an endocytic or phagocytic compartment. Here they bind either to MHC-I molecules
recycling between the plasma membrane and this compartment or to MHC-I molecules
recruited to that compartment from the ER, along with PLC components. Some data in the
literature argue that cross-presented peptides are generated by lysosomal proteolysis, much
as they are for MHC-I1. Data showing that DCs lacking the lysosomal enzyme cathepsin S
are deficient in cross-presentation of certain antigens support this model (42). However, the
mechanism underlying this observation is undefined, and the principle that cross-presented
antigens undergo proteasomal processing in the cytosol prior to transport into MHC-I-
containing compartments is generally accepted.

Although a number of cell types have been shown to be capable of cross-presentation /n
vitro, DCs are the major cell type that primes CD8" T-cell responses /in vivo (41).
Considerable evidence indicates that in mice a particular subset of DCs, characterized by
expression of the surface molecule CD8a,, is the dominant cross-priming cell (43).
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Curiously, surface expression of CD8a. is not believed to have any functional significance in
this process. Whether a dominant cross-priming DC subset exists in humans is less clear.
Human DCs expressing the marker CD141, or BDCAS3, have been suggested to be the
homolog of CD8* mouse DCs (44, 45), but a recent study of human tonsillar DCs found that
all subsets, identifiable by expression of a variety of surface markers, were competent to
cross-present exogenous antigens via MHC-I (46).

DELIVERY OF ANTIGENS INTO ANTIGEN-PROCESSING COMPARTMENTS

Cross-presentation by MHC-1 and successful antigen presentation by MHC-11 share the
requirement that protein antigens must gain access to the endocytic pathway. Here we
discuss the various mechanisms used by DCs to mediate this process, illustrated in Fig. 4.

Macropinocytosis

One process used to capture extracellular material is macropinocytosis (47), an endocytic
process that is responsible for the nonspecific uptake of extracellular material that can vary
in size from small molecules to intact bacteria and protozoa. Macropinosomes are generated
from plasma membrane ruffles that extend from the cell, fold back onto themselves, and
then fuse with the plasma membrane. Macropinosomes ultimately fuse with early
endosomes, delivering extracellular material to the endolysosomal pathway for antigen
processing. Resting DCs are capable of internalizing large amounts of fluid by constitutive
macropinocytosis (up to 2 fl/cell/min) (48), and this pathway is thought to represent a major
mechanism of antigen acquisition by DCs.

Macropinocytosis is controlled by the Rho GTPase Cdc42 and Rac-mediated reorganization
of the cortical actin cytoskeleton (49, 50). Activation of DCs /n vitro, for example, by
lipopolysaccharide, reduces active Cdc42 levels and profoundly suppresses
macropinocytosis (49); however, some studies have shown that unlike their /n vitro -
activated counterparts, DCs activated /n vivo retain the ability to internalize, process, and
present soluble exogenous antigens to CD4 T cells (51-53). /n vitro activation of
macrophages does not alter their capacity for macropinocytosis (54); however, activation
does reprogram the endocytic machinery from receptor-mediated phagocytosis to
macropinocytosis (55), thereby increasing their ability to internalize and destroy infectious
agents in an inflammatory environment.

Receptor-Mediated Endocytosis

APCs possess a variety of different surface receptors that mediate antigen internalization.
Fcy receptors on macrophages and DCs bind immune complexes and efficiently deliver
them to antigen-processing compartments (52). DCs also possess lectin receptors, such as
the mannose receptor and DEC-205, that recognize carbohydrate residues on self-proteins
and some pathogens and target them for internalization via receptor-mediated phagocytosis.
Conjugation of antigens to ligands for specific APC surface receptors can dramatically
enhance the efficiency of processing and presentation to antigen-specific T cells (56). By
following different endocytic routes, different receptors deliver their cargo to distinct classes
of endosomes in DCs (57). For example, targeting antigens to the mannose receptor leads to
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their delivery to early endosomes (which can be useful for MHC-I cross-presentation),
whereas targeting antigens to Fcy receptors or DEC-205 leads to their delivery to late
endosomes/prelysosomes for efficient antigen processing and presentation by MHC-11 (52).

Phagocytosis

Perhaps the most important mechanism of antigen up-take in macrophages and DCs is
phagocytosis. This process allows these cells to internalize a wide variety of insoluble
particulate antigens including necrotic/apoptotic cells, bacteria, and viruses (58). Unlike
nonspecific macropinocytosis, phagocytosis generally involves recognition of particles by
specific phagocytic receptors on APCs. There are a wide variety of such receptors on DCs
and macrophages, including diverse Fc receptors, complement receptors, and C-type lectin
receptors. Al though /n vitro activation suppresses phagocytosis in DCs, in vivo activation
does not significantly alter the ability of DCs to capture antigens by phagocytosis and
stimulate antigen-specific CD4 T cells (52). Sustained phagocytosis after maturation could
be important to generate MHC-I1 complexes with pathogen-derived peptides and perhaps for
prolonging cross-presentation by MHC-I.

Phagocytosis requires large amounts of membrane to generate a developing phagosome.
Proteomic analysis of phagosomes has revealed the presence of ER proteins on phagosomes
(59). This initially led to the suggestion that the ER is a major source of membrane during
phagocytosis, although more-recent data suggest that the amount of ER recruitment to the
phagosome, while significant, is actually quite small. This observation also led to
considerable speculation that the mechanisms responsible for ER-associated degradation
(ERAD), the process by which misfolded proteins in the ER are translocated into the
cytosol, are adapted for transfer from the phagosome to mediate cross-presentation.
Although some components, such as the AAA-ATPase p97, do appear to be involved in
both, evidence that the ERAD retrotranslocation apparatus is involved has been difficult to
come by. Curiously, components of the ER-associated MHC-I PLC (including TAP and
tapasin) are present on phagosome membranes, allowing the phagosome to function as a
“surrogate ER” for peptide loading onto phagosome-associated MHC-I during cross-
presentation (60-62). Although recent studies have shown that recycling surface MHC-I
enters phagosomes (63), it remains to be determined how significantly these MHC-I
molecules contribute to phagosome-dependent cross-presentation.

Initially phagosomes are minimally proteolytic and therefore do not generate large amounts
of antigenic peptides. Internalized cargo is only degraded during the process of phagosome
maturation, in which phagosomes fuse with late endosomes/lysosomes to generate
phagolysosomes (58). The comparative lack of proteolysis within early phagosomes makes
them the organelle of choice for mediating cross-presentation because premature
degradation of internalized proteins can actually destroy potential MHC-I epitopes prior to
antigen entry into the cytosol. More extensive proteolysis is critical for MHC-I1 function,
however, and the fusion of a phagosome with a late endosomal MHC-I1-positive
compartment leads to formation of a hybrid organelle that possesses all the components
necessary to generate MHC-11 complexes with peptides derived from phagocytosed cargo.
Phagosome maturation is stimulated by Toll-like receptor (TLR) signaling in macrophages
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Autophagy

and DCs (64, 65), providing these cells with a mechanism to increase MHC-II-restricted
antigen processing during phagocytosis of pathogens bearing TLR ligands. Given the
importance of antigen integrity for translocation from phagosomes, cross-presentation by
MHC-I is actually reduced during phagosome acidification. For this reason, DCs that are
specialized in cross-presentation have adopted mechanisms to control the proteolytic activity
of phagosomes. Cross-presenting CD8* DCs recruit the NADPH oxidase NOX2 to the
phagosomal membrane, a process that results in the alkalinization of the lumen of the
phagosome by the reactive oxygen species generated by NOX2 (66, 67). This reduces the
activity of cathep-sins, which have acidic pH optima, thereby suppressing antigen
proteolysis in DC phagosomes.

Autophagy is a process in which cytosol is encapsulated in a double-membrane structure
termed an autophago-some (68). Like conventional phagosomes, autophagosomes are not
highly proteolytic; however, fusion with a lysosome-like, MHC-I1-positive antigen-
processing compartment forms a hybrid autophagolysosome that contains all of the
machinery required to degrade antigens and generate MHC-I1-peptide complexes (69).
Since the protein precursors of MHC-I-associated peptides are already cytosolic, autophagy
may not be important for conventional MHC-I-restricted antigen processing. However,
~25% of MHC-Il-associated peptides in DCs are derived from cytosolic and/or nuclear
proteins, highlighting the importance of this pathway for MHC-1I function (70). Genetic
disruption of the process of auto-phagy severely compromises positive and negative
selection of CD4 T cells by thymic epithelial cells (71, 72), pointing to a prominent role for
autophagy in the function of APCs in the thymus.

APCs also possess an alternative autophagy pathway termed chaperone-mediated autophagy
(CMA) (73). CMA is distinct from macroautophagy in a number of ways. Whereas
macroautophagy is induced rapidly upon cell stress (such as nutrient deprivation) and wanes
within 24 h, CMA increases as macroautophagy decreases. Unlike macroautophagy, CMA
does not generate double-membrane autophagosomes, but instead results in the formation of
a macromolecular complex containing the late endosome/lysosome-associated membrane
protein LAMP2A and the heat shock proteins Hsc70 and Hsp90. This molecular
translocation complex results in the delivery of cytosolic proteins into the endosome/
lysosome lumen for degradation.

REGULATION OF PROTEOLYSIS IN ANTIGEN-PROCESSING
COMPARTMENTS

Optimal MHC-II function requires proteolytic digestion of antigens in late endosomal/
lysosomal antigen-processing compartments. However, a delicate balance must be
maintained in APCs that allows the generation of immunodominant, antigenic peptides but
does not result in their complete destruction (74). Lysosomal enzyme activity in DCs is ~50
times lower than it is in macrophages (75), and this leads (in part) to prolonged antigen
retention and MHC-I1 stability in DCs compared to macrophages. Lysosomes are less acidic
in DCs than in macrophages, in part because of reduced accumulation of the vacuolar
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ATPase (V-ATPase) that pumps protons into these compartments (76), thereby reducing their
proteolytic activity. Similarly, phagosomes of DCs are less acidic (and less proteolytic) than
phagosomes in macrophages. Recent work has shown that a major difference in the
lysosomal and phagosomal properties of DCs and macrophages results from their
differential expression and activation of transcription factor EB (TFEB), which is a master
regulator of lysosomal function (77, 78). Transcription of a number of cathepsin genes, as
well as genes encoding the subunits of V-ATPase, is regulated by TFEB, and DCs express
significantly less TFEB than macrophages (104). Notably, CD8* DCs in the spleen, which
are the primary mediators of cross-presentation, express significantly less TFEB than other
DC subsets in the mouse. It is therefore not surprising that overexpressing TFEB in DCs
results in a reduction of cross-presentation, while suppressing TFEB expression with a short
hairpin RNA in macrophages allows them to effectively mediate cross-presentation.
Reciprocal effects were observed on MHC-I11 function: MHC-I11-restricted antigen processing
was increased in DCs overexpressing TFEB while it was decreased in macrophages with
reduced TFEB. As noted above, the selective association of the ROS-generating enzyme
NOX2 with phagosomal membranes in CD8" DCs also increases the pH of developing
phagosomes, thereby limiting antigen degradation and prolonging cross-presentation by
MHC-I (66).

Immature DCs can retain intracellular antigens for extended periods of time, and acute
stimulation of antigen-loaded DCs leads to rapid antigen degradation, the formation of
MHC-I1-peptide complexes, and their accumulation on the surface of the now activated DCs
(79, 80). The DC activation process leads to increased association of the ATP-dependent
vacuolar proton pump with antigen-processing compartments (76), increasing their
acidification, and also induces the redistribution of cathepsins from conventional lysosomes
into antigen-processing compartments (81). Taken together, these activation-induced
changes promote the generation of MHC-11-peptide complexes in activating DCs that are
required for effective antigen processing and presentation to CD4 T cells.

MOVEMENT OF MHC MOLECULES TO THE PLASMA MEMBRANE

Like most cargo internalized from the plasma membrane, internalized MHC-11-I; complexes
enter early endosomes and eventually sort into late endosomal antigen-processing
compartments that have the properties of multivesicular bodies (MVBs). MHC-I1-I;
complexes reside primarily on the intraluminal vesicles (ILVs) of MVBs in DCs (82);
however, the signals present on the MHC-11-I; complex that are required for sorting into
these vesicles remains to be determined. It is likely that peptide loading onto MHC-II occurs
when MHC-I1 is present on these ILVs, since MHC-I1 bound to the I; degradation product
CLIP (83) as well as other MHCII-peptide complexes are readily observed on these internal
membranes by immunoelectron microscopy (84). MHC-I1-I;, MHC-11-CLIP, and peptide-
loaded MHC-11 molecules are also found on the peripheral, limiting, membrane of MVBs,
but it remains to be determined whether or not MHC-11-CLIP or peptide-loaded MHCI|I are
actually generated on these membranes. To be competent for insertion into the PM, the
MHC-II must leave the ILV and be deposited into the limiting membrane of the MVB in a
process that has been termed “back-fusion” (84). Whether back-fusion actually occurs
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remains unknown, and it is also unknown how MHC-II moves to the limiting membrane of
the MVB for eventual transport to the plasma membrane.

When an intact MVB directly fuses with the plasma membrane, the MHC-I1-bearing ILVs
are released from the cell and these cell-free vesicles are termed exosomes (85). Exosomes
are secreted from most cell types in the body, and DC-derived exosomes contain antigenic
MHCII-peptide complexes, as well as costimulatory and adhesion molecules that allow
exosomes to function as “mini-APCs” that are capable of directly activating T cells or
indirectly activating T cells (after acquisition by other APCs) (86, 87). While the
physiological role of DC-derived exosomes remains unknown, data showing that
engagement of DCs with CD4* T cells promotes exosome release (88) has led to the
speculation that exosomes are able to help propagate T-cell activation.

The membrane transport pathways and molecular mechanisms that allow newly generated
MHC-I1-peptide complexes to move from intracellular antigen-processing compartments to
the APC surface are poorly understood. Activation of DCs with TLR ligands (89) or
interaction of antigen-loaded DCs with antigen-specific CD4* T cells (90) results in the
formation of elongated tubules that emanate from antigen-processing compartments toward
the DC plasma membrane (90). Whether tubules or vesicles derived from tubules are
responsible for the direct delivery of MHC-I1 to the cell surface remains to be conclusively
demonstrated. MHC-II-containing vesicles have been observed to fuse with the surface of
MHC-I1-expressing melanoma cells (91), and even in professional APCs, these vesicles
travel in a stop-and-go pattern along microtubule tracks in an actin-dependent manner from
antigen-processing compartments to the plasma membrane (92). More-recent studies have
identified a variety of actin-based molecular motors and GTPases that regulate MHC-I1
transport to the plasma membrane in DCs; however, the mechanisms used by these proteins
to regulate vesicle movement are unknown. Once on the plasma membrane, MHC-I1-
peptide complexes are present in small microclusters (93). This has been attributed to the
association of MHC-1l-peptide complexes with lipid raft membrane microdo-mains (94),
thereby locally concentrating small numbers of specific MHC-11-peptide complexes for
efficient activation of CD4* T cells.

ROLE OF MHC-1I BIOSYNTHESIS/TURNOVER FOR APC FUNCTION

While all APCs can ultimately stimulate antigen-specific CD4* T cells, expression of MHC-
Il in resting and activated states differs among different APC subtypes. For example, MHC-
I MRNA is expressed in resting B cells, thymic epithelial cells, and DCs, whereas,
particularly in the mouse, monocytes and macrophages do not constitutively express MHC-
I1. However, treatment with IFN-y promotes the expression of the class Il trans-activator
(CHTA) that induces MHC-II transcription and protein expression in monocytes,
macrophages, and other IFN-y-responsive cells (95). Activation of DCs leads to a burst in
MHC-II transcription and protein synthesis; however, this increase is short-lived and DC
activation eventually leads to a profound reduction in MHC-I1 biosynthesis that has been
observed both /n vitroand in vivo (96, 97). Activation of either DCs or IFN--y-treated
macrophages with TLR ligands (such as lipopolysaccharide or CpG DNA) ultimately
terminates CIITA expression and MHC-I1 synthesis (98, 99). Indeed, injection of the TLR
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ligand CpG into mice results in a near complete cessation of MHC-11 biosynthesis within 16
h (97). This increase in MHC-11 synthesis followed by a rapid decline serves to enhance the
surface expression of MHC-11 complexes with pathogen-derived peptides.

Under steady-state conditions, the continuous input of newly generated MHC-11-peptide
complexes on the surface of DCs is accompanied by their rapid turnover. Without a
mechanism to protect MHC-11 from degradation, termination of MHC-II synthesis upon DC
activation would be accompanied by a reduction in total MHC-11 on the cell surface. The
rapid turnover of MHC-II in immature DCs is mediated by ubiquitination of MHC-I1I by the
E3 ubiquitin ligase March-I (100, 101). March-I is only expressed in immature DCs, and
termination of March-1 expression upon DC activation results in long-lived MHC-11-peptide
complexes on the surface of activated DCs (100, 101). Taken together with the data showing
regulated synthesis of MHC-11 upon DC activation (96, 102), these findings have led to a
widely accepted model in which DCs respond to activating pathogens by transiently
increasing MHC-I1 synthesis and generating pathogen-derived MHC-I1-peptide complexes
that have enhanced stability on the surface of the pathogen-activated DC.

CONCLUDING REMARKS

As is clear from the foregoing narrative, antigen processing requires dedicated accessory
components, such as tapasin and TAP for MHC-I and |; and DM for MHC-II, that interact in
sophisticated ways with evolutionarily ancient “housekeeping” functions that exist in all
eukaryotic cells. These include proteasomal proteolysis in the cytosol (for MHC-I) and
cathepsin-mediated proteolysis and pH control in the endocytic pathway (for MHC-11), as
well as chaperone-mediated glycoprotein folding and assembly processes that are required to
produce functional MHC molecules. These general housekeeping functions are adopted and
modified in myeloid cells to work in concert with specific modulators of antigen processing
to produce an optimal outcome for the immune system, namely, the efficient and appropriate
generation of MHC-peptide complexes that result in effective T-cell immunity.
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FIGURE 1.

Overview of MHC-peptide complex biogenesis. Cytosolic proteins are degraded by the
proteasome into small peptides that are imported into the lumen of the ER by TAP, where
they bind to nascent MHC-I molecules. ER peptides can be trimmed to 8 to 10 residues by
the action of ERAAP/ERAP1 and ERAP2. Fully assembled MHC-I-peptide complexes
leave the ER and are delivered to the plasma membrane by recognition by CD8* T cells.
Proteins internalized into endosomes by a variety of mechanisms are degraded into peptides
in late endosomes rich in proteinases, classically called cathepsins, active at acidic pH.
MHC-II molecules are transported to these compartments from the ER by virtue of its
association with a chaperone termed the invariant chain (not shown). The MHC-I1-positive
compartment is indicated as MIIC/late endosome in the figure. Invariant chain is also
proteolytically degraded in late endosomes, thereby making the MHC-II molecules available
for peptide binding. Following a series of peptide-editing processes, immunodominant
MHC-II-peptide complexes move to the plasma membrane for recognition by CD4* T cells.
In specialized APCs, particularly DCs, proteins that enter the cell by endocytosis/
phagocytosis are retrotranslocated into the cytosol for subsequent proteasomal degradation
and binding to MHC-I in a process termed cross-presentation. The retrotranslocation
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mechanism is currently undefined, but here it is depicted as a channel responsible for ERAD
that may be recruited to the phagosome from the ER. This hypothesis remains unproven.
Reprinted from reference 32, with permission.

Microbiol Spectr. Author manuscript; available in PMC 2018 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

ROCHE and CRESSWELL Page 19

W

Peptide-MHC class I @

—

v i
Clathrm# I Microdomain
{g& ( \
i
"

Exosome —

li-MHC class Il

Nz

Transport
vesicle
. & N— =2
Golgi \

Early endosome
Recycling endosome
O O \ Antigen processing compartment
Intraluminal §
vesicle _‘ @
N\ o CLIP é
\ O/—\
\ ‘*ﬁﬂ ﬂ
% li-MHC class I

Peptide—
Nucleus { CLIP-MHC class Il o DM HLA DO MHC class Il
FIGURE 2.
Biosynthesis of MHC-I1-peptide complexes. MHC-II ap dimers associate with I; in the ER,
and the assembled MHC-11-I; complexes traffic through the Golgi apparatus and are

delivered to the plasma membrane. The complexes are internalized by clathrin-mediated
endocytosis and are transported to late endosomal multivesicular antigen-processing
compartments. Some of these complexes sort onto the ILVs of these compartments, where
sequential I; proteolysis leads to persistence of a derived fragment (termed CLIP) in the
MHC-II peptide-binding groove. CLIP is removed from CLIP-MHC-II complexes by DM
molecules that are present on the ILV and limiting membrane of antigen-processing
compartments, thereby allowing peptide binding onto nascent MHC-II. The activity of DM
is regulated by DO; however, the mechanism of regulation remains unknown. It is likely that
ILV-associated MHC-II is transferred to the limiting membrane and endo/lysosomal tubules
that either directly fuse, or give rise to transport vesicles that fuse, with the plasma
membrane. MHC-I1-peptide association with lipid microdomains first occurs in antigen-
processing compartments and allows clustering of MHC-I1—peptide complexes on the cell
surface. If an entire antigen-processing compartment fuses with the plasma membrane, the
ILV can be released from the cell in the form of exosomes. Surface-expressed MHC-11-
peptide complexes can internalize using a clathrin-independent endocytosis pathway and are
targeted for lysosomal degradation or may be recycled back to the plasma membrane.
Reprinted from reference 103, with permission.
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FIGURE 3.
MHC-1 biosynthesis and peptide binding. The proteasome generates short antigenic peptides

capable of binding to MHC-I molecules. These peptides are derived from native cytosolic
proteins, defective ribosomal products (DRIPs), or, in the case of cross-presentation,
exogenous proteins that enter the cell by phagocytosis and are translocated into the cytosol,
either intact or as large proteolytic fragments. In cross-presenting mouse CD8* DCs, the
presence of NOX2 on the phagosomal membrane neutralizes acidification and reduces
proteolytic activity, preserving protein integrity. Nascent MHC-1 heavy chains initially
interact with the molecular chaperone calnexin (CNX) and, after binding gom, are recruited
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to the PLC by simultaneous noncovalent CRT interactions with a monoglucosylated N-
linked glycan on the heavy chain and ERp57 disulfide linked to tapasin in the PLC. Peptide-
free MHC-I molecules and those possessing suboptimal ligands are subject to a series of
“editing” steps mediated by interaction with tapasin within the PLC as well as maintenance
of the monoglucosylated N-linked glycan by the opposing actions of the enzymes
glucosidase 2 (Glsll), which removes the terminal glucose residue, and UGT1, which adds
back glucose to preserve the CRT interaction. MHC-I molecules containing high-affinity
peptides ultimately leave the ER and are transported to the plasma membrane. Reprinted
from reference 32, with permission.
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FIGURE 4.

Pathways of antigen entry into the processing compartments of myeloid cells. Pathogens as
well as soluble and particulate antigens access the endolysosomal pathway of antigen-
processing cells by a variety of mechanisms. Clathrin-mediated endocytosis generally
involves the binding of ligands to one of a variety of endocytic receptors that deliver
endocytosed cargo to early endosomes. Macropinocytosis is a nonspecific form of
endocytosis that involves actin-dependent membrane ruffling that leads to solute
encapsulation in structures that give rise to macropinosomes. Like early endosomes,
macropinosomes are not highly proteolytic and antigen degradation only occurs following
their fusion with acidic late endosomal/lysosomal compartments containing lysosomal
proteinases. Pathogens and large particles that possess specific binding sites for surface
receptors are internalized by phagocytosis, an endocytic process that combines the features
of macropinocytosis and receptor-mediated endocytosis. Phagosomes are not acidic nor
proteinase rich; however, maturation of phagosomes by fusion with late endosomes or
lysosomes gives rise to proteolytic phagolysosomes that degrade phagocytosed material.
Autophagy also provides material for endolysosomal degradation by sequestering cytosol
into a double-membrane encapsulated autophagosome that, like a conventional phagosome,
undergoes maturation upon fusion with lysosomes to generate proteolytic
autophagolysosomes. Reprinted from reference 103, with permission.
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