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Abstract

Antigen cross-presentation is an adaptation of the cellular process of loading MHC-I molecules
with endogenous peptides during their biosynthesis within the endoplasmic reticulum. Cross-
presented peptides derive from internalized proteins, microbial pathogens, and transformed or
dying cells. The physical separation of internalized cargo from the endoplasmic reticulum, where
the machinery for assembling peptide—-MHC-1 complexes resides, poses a challenge. To solve this
problem, deliberate rewiring of organelle communication within cells is necessary to prepare for
cross-presentation, and different endocytic receptors and vesicular traffic patterns customize the
emergent cross-presentation compartment to the nature of the peptide source. Three distinct
pathways of vesicular traffic converge to form the ideal cross-presentation compartment, each
regulated differently to supply a unique component that enables cross-presentation of a diverse
repertoire of peptides. Delivery of centerpiece MHC-I molecules is the critical step regulated by
microbe-sensitive Toll-like receptors. Defining the subcellular sources of MHC-I and identifying
sites of peptide loading during cross-presentation remain key challenges.
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INTRODUCTION

Major histocompatibility complex class I (MHC-1) molecules are polymorphic glycoproteins
expressed at the cell surface of all nucleated cells. Their function is to bind short peptides 8-
10 amino acids long and present them to CD8 T cells bearing T cell receptors (TCRs) with
specificity to the presented peptide (1). An MHC-I molecule consists of a constant light
chain called p2-microglobulin that is noncovalently bound to an a chain (the heavy chain)
comprised of three domains, al, a2, and a3 (2). The a1 and a2 domains form four
antiparallel B strands and helical regions constituting the peptide-binding groove (3, 4).
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Within secondary lymphoid organs, peptide presentation by MHC-1 on dendritic cells (DCs)
either inactivates or primes naive CD8 T cells (5, 6). The decision is made based on the
concomitant DC expression of T cell costimulatory molecules. These molecules are
expressed on the DC surface as a result of cell-intrinsic signaling from pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs) (7-10), that have engaged microbial
components (11).

A viral or bacterial infection of cells within tissues leads to MHC-I presentation of foreign
microbial peptides through what is termed as the classical pathway of MHC-I presentation.
These peptides are recognized by TCRs on experienced antigen-specific cytotoxic CD8 T
cells, which target the infected cell for destruction (2, 12) (Figure 1). Cross-presentation
refers to the presentation of peptides derived from an extracellular source of proteins, which
can include those derived from internalized proteins, microorganisms, or dying cells (Figure
1). During cross-presentation, extracellular proteins delivered into endosomes and
phagosomes are physically located within a compartment distinct from the endoplasmic
reticulum (ER), where the cornerstone of MHC-I presentation, the peptide-loading complex
(PLC), primarily resides (Figure 1). This compartmentalization problem has instigated
enormous research into the cell biological and molecular mechanisms that enable cross-
presentation.

Different facets of cross-presentation have been the subjects of many recent reviews (13—
18). This review examines the cell-autonomous endocytic and vesicular trafficking pathways
that orchestrate cross-presentation, with a focus, when applicable, on how these pathways
are regulated by innate immune receptors. Understanding how cross-presentation is
orchestrated is important. Current licensed vaccines have yielded limited success in eliciting
CD8 T cell responses and generate mostly neutralizing or opsonizing antibodies effective
against pathogens that are extracellular or have a stable antigenic profile (19-22). Defining
the mechanisms and regulation of cross-presentation has direct implications for the urgent
need to develop T cell vaccines against infectious diseases and cancer (23).

THE CELLS THAT CONDUCT CROSS-PRESENTATION

Unique adaptations of the subcellular pathways of cross-presentation in DCs have
highlighted the specialization of this phagocytic subset in cross-presentation (24). Efficient
cross-presentation is carried out in vivo by CD24* conventional DCs requiring the
transcription factors IRF8 and BATF3, and by Ly6C*TremL4~ monocyte-derived DCs
requiring IRF4 but not BATF3 (25). Splenic CD8a*CD24* DCs and migratory tissue
CD103* DCs excel at cross-presentation under both inflammatory and noninflammatory
conditions (26). Langerhans cells, the singular DC type in the epidermis of mice and
humans, also cross-present (27). XCR1 and CLEC9A receptors have been proposed to
identify cross-presenting populations in humans and mice (28, 29). In humans, the BDCA3*
DCs present in blood and lymphoid and peripheral tissues express both of these receptors
and are efficient at cross-presentation (30, 31). Unlike mouse plasmacytoid DCs (pDCs),
human pDCs can also cross-present antigen (30, 32). Serpinb9, a serine protease inhibitor
that targets the effector molecule granzyme B and protects CD8 T cells from its activity, has
been proposed as a unique marker for the cross-presentation-competent CD8a* splenic DCs
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(33). However, significant differences in the inhibitory potential of Serpinb9 and the
substrate specificity of Serpinb9 between mouse and human cells lend to uncertainty in the
functional role of Serpinb9 in cross-presentation (33). In mice, different DC subsets may
cooperate to mediate cross-presentation in vivo. During viral infection, activated CD8 T
cells at the site of infection produce the chemokines CCL3 and CCL4 and recruit pDCs in a
manner dependent on the chemokine receptor CCR5 (34). They also produce the chemokine
XCL1 and recruit lymph node-resident XCR1* DCs (34). Such DC reorganization within
the lymph node enables the type I interferon produced by pDCs to optimize cross-
presentation by XCR1* DCs, thereby supporting an optimal CD8 T cell response (34). A
similar type of cooperation has been found between pDCs and conventional DCs in cross-
priming CD8 T cells specific to the adeno-associated viral capsid (35). TLR9 and its
signaling adaptor MyD88 in pDCs license conventional DCs in fransto cross-present capsid
antigen to CD8 T cells, and in a manner dependent on signaling through the type | interferon
receptor on conventional DCs (35).

Liver sinusoidal endothelial cells, Kupffer cells, and hepatocytes also contribute to cross-
presentation and expansion of CD8 T cells within the mouse liver during acute adenoviral
infection (36). Hepatocyte expression of collectrin, a membrane protein found to promote
vesicle fusion during insulin exocytosis by pancreatic B cells (37), has curiously been linked
to the expansion of virus-specific CD8 T cells and viral clearance after adenovirus infection
(38). Collectrin augmented hepatocyte and not hematopoietic cell cross-presentation and
cross-priming of antigen-specific CD8 T cells in vitro in response to either soluble antigen
or remnants of infected necrotic hepatocytes (38). Its role in cross-presentation in these cell
types may be related to facilitating vesicular fusion events important for cross-presentation
(37, 39).

Many of the cross-presentation pathways have been delineated in murine bone marrow—
derived DCs (BMDCs), which also have the ability to process exogenous antigens and cross-
present them to CD8 T cells. BMDCs are generated by culturing bone marrow progenitors in
the cytokine GM-CSF to yield bona fide DCs that share a transcriptional signature with in
vivo migratory DCs (40). GM-CSF-cultured DCs have also been proposed to model
inflammatory DCs (41), such as the DC-SIGN/CD209* monocyte-derived DCs, which
actively cross-present peptides derived from bacteria and are recruited to lymph nodes from
the blood in a TLR4-dependent manner in response to lipopolysaccharide (LPS) and gram-
negative bacteria (42). An important caveat to be aware of when using GM-CSF-cultured
BMDC:s is the concomitant presence of macrophages expressing the CD11c and MHC-II
proteins used to identify DCs within these cultures (40). Thus, delineation of cross-
presentation in human DCs and by different tissue-resident DC subtypes is an important goal
for future studies.

SECRETORY PATHWAY OF MHC-I TRAFFIC FROM THE ENDOPLASMIC
RETICULUM

The heavy chain of MHC-I is cotranslationally inserted into the ER membrane through the
ER translocon comprising three polypeptides (Sec61a,pB,y) that make up the Sec61 complex
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(43) (Figure 1). The molecular chaperones calnexin and immunoglobulin-binding protein
(BiP) aid in folding of the nascent heavy chain polypeptide prior to its association with p2-
microglobulin (44, 45). Heavy-chain/p2-microglobulin dimers are further stabilized by
binding to low-affinity peptides within the ER lumen, but their subsequent interaction with
components of the PLC, comprising the peptide transporter associated with antigen
processing (TAP), ERp57, calreticulin, and tapasin, enables the binding of high-affinity
peptides (2, 46, 47) (Figure 1). MHC-I molecules then associate with transport receptor
BAP31, accumulate at ER exit sites, and traffic via COPII-coated export vesicles to the ER-
Golgi intermediate compartment (ERGIC) (48-50), a subcompartment of the ER (51)
(Figure 1). All forms of heavy-chain/p2-microglobulin dimers, including empty,
suboptimally loaded dimers with low-affinity peptide, and optimally loaded dimers with
high-affinity peptide, can be exported out of the ER (52). It has been argued that this may
even occur with the same efficiency albeit with different exit rates, depending on binding to
the PLC (52). A rigorous quality control process follows first in the ERGIC, where certain
features are recognized, such as conformational flexibility and folding of the peptide binding
groove, and second in the c¢/s-Golgi, where suboptimally loaded dimers accumulate. MHC-I
molecules accumulate in the ERGIC when misfolded, for instance, in the absence of
peptides with good affinity of loading due to deficiency for TAP or calreticulin (53-55)
(Figure 1). Notably, the ERGIC harbors components of the MHC-1 PLC such as TAP and
calreticulin (56), and the presence of these molecules outside the ER ensures both peptide
loading and MHC-I folding (57) during MHC-I recycling between the ER and Golgi (53,
58). Quality control can be mediated by members of the PLC itself, tapasin and calreticulin,
which have been reported outside the ER proper, as well as the UDP-glucose:glycoprotein
glucosyltransferase (UGT1/UGGT1), which recognizes any conformationally unstable and
partly unfolded protein in the ER, ERGIC, and c¢/s-Golgi (52). The end result of quality
control is intracellular retention of unstable, empty, and suboptimally loaded dimers that are
prevented from reaching the plasma membrane. In resting mouse DCs, fully assembled
MHC-I H2-KP, detected by an antibody called AF6-88.5 (59), do not colocalize with
calreticulin, calnexin, TAP2 or the ERGIC-resident lectin ERGIC-53, suggesting that
successful export to the plasma membrane takes place after MHC-1 molecules have passed
the ERGIC quality control (60).

ENDOCYTOSIS, RECYCLING, AND DEGRADATION OF MHC-I MOLECULES

Most of our knowledge of the trafficking of fully assembled MHC-1 molecules comes from
studies in cells other than professional phagocytes. The cytoplasmic domain of MHC-1 lacks
the signals that confer clathrin/AP2 localization of proteins such as transferrin receptor and
low-density lipoprotein receptor through clathrin-mediated endocytosis (CME) (61, 62). In
HelL a cells, MHC-1 molecules are internalized through clathrin (and dynamin)- independent
endocytosis (CIE), a process known to mediate the internalization of proteins such as CD59
and pl-integrin (63, 64) and to be regulated by the ADP ribosylation factor 6 (ARF6) (65,
66) (Figure 2). Endocytosis through either CME or CIE delivers proteins intracellularly into
early sorting endosomes (67), after which they are routed either to lysosomes for
degradation or back to the plasma membrane for recycling.
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The intracellular location of endocytosed MHC-1 molecules has been studied in different cell
types. In HelLa cells, a fraction of these molecules converges with clathrin-dependent cargo
such as transferrin receptor within an early sorting EEA1* endosome (68) (Figure 2). MHC-
I molecules are then diverted to late endosomes and lysosomes, a localization also noted in
different types of DCs and presumably reflecting the location of MHC-I molecules that had
been internalized from the plasma membrane (Figure 2). A small fraction (10%) of MHC-I
molecules colocalize with LAMP-1* late endosomal/lysosomal compartments in
unstimulated BMDCs (60). MHC-1 molecules colocalize extensively with LAMP-1 in
splenic DCs matured with GM-CSF and TNF-a (69). MHC-I molecules within CD34*
precursor—derived human Langerhans cells colocalize with HLA-DM and HLA-DR in late
endosomal and lysosomal compartments termed MIIC (70) (Figure 2). Ultrastructural
studies revealed the presence of MHC-1 on intraluminal vesicles and limiting membranes of
multivesicular structures (70, 71), which also contained MHC-11 (71), and late endosomal
markers CD63 and mannose-6-phosphate receptor (70). Internalized proteins destined for
degradation, exocytosis, or storage are usually incorporated into intraluminal vesicles of
multivesicular bodies (72), but the fate of MHC-1 molecules that localize to late endosomal/
lysosomal compartments in DCs has not been investigated.

Cargo internalized through either CIE or CME to be recycled back to the plasma membrane
is routed to sorting endosomes for either fast or slow recycling (Figure 2). Slow recycling
entails transport into a transitory endocytic recycling compartment (ERC) (73-77), under
control of the small GTPase RAB11a (78, 79) (Figure 2). RAB11a plays a role in
transporting proteins to the trans-Golgi network (TGN) in close proximity to the ERC (80).
Fast recycling skips the transport step into the ERC and returns endocytosed cargo to the
plasma membrane directly from the sorting endosome under control of RAB4 (81-83) or
RAB35 (84) (Figure 2). Proteins that enter the slow recycling pathway and transit through
the ERC must exit the ERC to return to the plasma membrane. Exit of transferrin receptor
from the ERC to the plasma membrane is thought to require GTP hydrolysis of RAB11a,
explaining why expression of a constitutively active form of Rabl1a (Rab11aQ70L) in CHO
cells leads to cargo accumulation in the ERC rather than increased exit back to the plasma
membrane (78). In contrast, expression of a dominant negative allele of RAB11a diminished
colocalization of transferrin with the ERC (78) and inhibited recycling of p1-integrin (85)
and MHC-I molecules in HeLa cells (86).

In HeLa cells, approximately 50% of internalized MHC-I molecules divert into ARF6*
ellipsoidal tubules devoid of transferrin receptor (65, 66, 68). These tubules may be
components of long tubular recycling endosomes (TRESs), which mediate traffic from the
ERC to the plasma membrane (66, 87-90). They might also carry MHC-I molecules from
sorting endosomes to ERCs, based on the finding that TREs preferentially facilitate
trafficking of CIE cargo and that some TREs originate from sorting endosomal membranes
(91). A number of C-terminal Eps15 homology domain (EHD) proteins have been
implicated in the generation and fission of TREs (92). TRE formation requires generation of
phosphatidic acid (93), which recruits molecules interacting with CasL-like 1 (MICAL-L1)
and Syndapin 2 to the endosomal membrane to mediate bending and tubulation (88, 89).
EHD1 mediates recycling of transmembrane proteins that have been internalized by CME
and CIE (87, 94, 95) and has been reported to promote recycling of MHC-1 molecules to the
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plasma membrane (87) (Figure 2). The small GTPase RAB22a has also been associated with
MHC-1* TREs in HelLa cells, and its inactivation is required for final fusion of these tubules
with the plasma membrane (86) (Figure 2). In mouse DCs, Rab22a was described to be
distributed ubiquitously in endosomes, lysosomes, and Rab11a* ERCs, to colocalize with
intracellular MHC-1 molecules as well as internalized soluble antigen, latex beads, and
Toxoplasma gondii parasites (96). Rab22a silencing reduced the recycling of MHC-I
molecules to the plasma membrane and negatively affected the cross-presentation of soluble
and phagocytic antigens (96).

Trafficking of MHC-I molecules from endosomal compartments to the plasma membrane
can be controlled by inflammatory signals. CD34* precursor—derived human Langerhans
cells accumulate MHC-1 molecules in endolysosomal compartments that mobilize MHC-I to
the plasma membrane upon activation of the cells with LPS (70). Over 50% of MHC-I
molecules in immature human monocyte-derived DCs are intracellular, and this percentage
is reduced to almost 25% following stimulation with LPS (97). In human monocyte-derived
DCs, TLR stimulation induces tubulation of late endosomes, but not ERCs unless MHC-1
and ICAM-1 molecules on DCs are also ligated by the TCRs and LFA-1 on CD8 T cells
(98). ERC tubulation in these human DCs is mediated by MICAL-L1 (99).

INTRACELLULAR STORAGE OF MHC-I MOLECULES IN ENDOSOMAL
RECYCLING COMPARTMENTS

An intracellular pool of MHC-I molecules was reported in earlier studies examining mouse
BMDCs, a DC-like human cell line, and primary human peripheral blood—derived DCs (97,
100). These MHC-I molecules did not colocalize with tapasin or KDEL motif-containing
ER proteins (97, 100). Later work in mouse BMDCs revealed that intracellular MHC-I
molecules are concentrated within ERCs marked by Rabl1a and the vesicle-associated
membrane proteins VAMP3/cellubrevin and VAMP8/endobrevin (60). The ERC pool of
MHC-1 molecules is also notable specifically within cross-presentation-competent CD8a*
but not CD8a.~ splenic DCs. A small fraction of intracellular MHC-I molecules also
colocalize with Rab11a to the ERC-proximal TGN (60), and with transferrin receptor, which
undergoes slow recycling through the ERC (78, 79). In murine BMDCs, MHC-I molecules
did not colocalize with EEA1*/Rab5™" early/sorting endosomes or with ERGIC markers,
indicating that these MHC-I molecules had passed quality control (60). Expression of the
constitutively active Rab11aQ70L in BMDCs led to ERC accumulation of MHC-I
molecules, while short-hairpin RNA (shRNA)-mediated silencing of RAB11 abrogated these
stores (60). RAB11a is thus important for maintaining the ERC pools of MHC-I molecules
in DCs (60).

The ERC is typically perinuclear and localized near the microtubule-organizing center (74).
By confocal microscopy with a resolution of ~300 nm, it appears as a compact perinuclear
region, suggesting a structure enclosed by a single limiting membrane. The closely packed
nature of the RAB11a-labeled structures making up the ERC was confirmed by three-
dimensional structured illumination microscopy (SIM) at ~110 nm resolution (91).
Observation of the ERC by SIM revealed a complex combination of endosomal membranes

Annu Rev Immunol. Author manuscript; available in PMC 2019 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blander

Page 7

and independent structures linked by connections up to 500 nm long (91). Direct stochastic
optical reconstruction microscopy imaging at ~10 nm precision of CME cargo transferrin
and CIE cargo CD59, chased from the sorting endosomes into the ERC, revealed segregation
of these two cargos en route from the sorting endosomes and even within the ERC (91).
These data show that while both CME and CIE cargos are internalized into the ERC, they
may enter through different routes and remain within distinct subdomains of the ERC (91).
It will be important to conduct similar studies on MHC-I molecules in DCs to track their
internalization from the plasma membrane into sorting endosomes, their entry into the ERC,
and the kinetics of this process. CD1a, a glycoprotein structurally related to MHC-I proteins,
is unique among the other CD1 family members in its internalization by CIE (101). Like
MHC-I molecules, it has been shown to colocalize with RAB11a in the ERC and not sorting
endosomes within freshly isolated human epidermal Langerhans cells (102). Similar to
MHC-I molecules, CD1a molecules undergo Rab22a-dependent recycling in HeLa cells
(101).

Recycling endosomes and the ERC contribute endomembranes to incoming phagosomes in
order to facilitate phagocytosis, especially of large phagocytic cargo, which would otherwise
consume a significant portion of the plasma membrane (103). A distinct ERC is lacking in
murine macrophages, and the localization of Rab11a to nascent phagosomes in these cells
along with the impairment of Fc-yR-mediated phagocytosis upon expression of a dominant
negative allele of Rabllahas led to the proposal that phagosomal Rabl1a delivery reflects
endomembrane contribution from recycling endosomes to facilitate phagocytosis (104). On
the other hand, the absence of Rabl11a does not affect phagocytosis in BMDCs (60), which
could reflect differences between macrophages and DCs or simply the ability of other
endomembranes, perhaps ERGIC derived (56), to compensate in DCs. Indeed, the first
observations of ER membrane recruitment to phagosomes in macrophages were attributed to
a contribution of endomembranes to forming phagosomes (105).

SURFACE RECEPTOR ENGAGEMENT DURING ANTIGEN
INTERNALIZATION AFFECTS CROSS-PRESENTATION

Antigens are delivered into DCs via multiple routes, including macropinocytosis,
endocytosis, and phagocytosis. Because cross-presentation involves the presentation of
exogenous antigens, it is subject to regulation by extracellular cues perceived through cell
surface receptors. The impact on cross-presentation varies depending on the particular
receptor or combination of receptors engaged during antigen internalization (106). Receptor-
mediated potentiation of cross-presentation might involve intracellular delivery of
exogenous antigen and its targeting to subcellular compartments most amenable to cross-
presentation (107). Signal transduction during internalization might positively regulate
cross-presentation through the induction of costimulation, inflammatory cytokine
production, or biogenesis of the peptide—-MHC-I complexes on the cell surface (108). All
these events affect CD8 T cell activation in response to cross-presented peptide, a process
called cross-priming (109).
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Understanding the mechanistic basis for the superiority of certain endocytic receptors over
others in cross-presentation has important therapeutic applications, particularly in cancer
immunotherapy (110-112). Experimental evidence demonstrates that cross-presentation is
favored when endocytic receptors deliver antigen into early/late endosomes and not
degradative lysosomes. For example, mannosylation of proteins enhances their cross-
presentation, a property attributed to engagement of the mannose receptor (113). Use of the
antigen ovalbumin (OVA) as a model for mannosylated proteins (114) revealed that unlike
pinocytosis, the mannose receptor specifically delivers OVA into an early EEA1*Rab5*
endosomal compartment, which correlates with the ability of mannose receptor—delivered
and not pinocytosed OVA to cross-prime antigen-specific CD8 T cells (115, 116). The
intracellular trafficking of OVA can be altered through addition of the carbohydrate structure
LewisX, which targets the LeX receptor of the murine macrophage galactose-type lectin 1
(MGL-1) (117). MGL-1 has endocytic dileucine-like and Y XX@ motifs (X representing any
amino acid and @ representing an amino acid with a bulky hydrophobic side chain) found in
transmembrane proteins that undergo internalization from the plasma membrane (118).
MGL-1 shuttles OVA from EEA1*Rab11* to Rab11* compartments (that are curiously also
LAMP1*) where OVA persists, a condition favoring cross-presentation (117).

A number of C-type lectin receptors have been shown to affect cross-presentation. For
example, cross-presentation by human DCs is enhanced when antigen is targeted to the C-
type lectin receptors langerin, on Langerhans cells (119); CLEC9A, on BDCA3* DCs (120);
DCIR (CLEC4A) (121); and DC-SIGN or DEC-205 on monocyte-derived DCs or dermal
DCs (119, 122, 123). In mice, the C-type lectin Clec9a (DNGR-1) detects filamentous actin
exposed upon necroptosis (124-126) and is essential for cross-presentation of dying,
vaccinia virus—infected cells and protection from viral infection (127-129). In the presence
of an adjuvant, Clec9a-targeted antigen is cross-presented in vivo and elicits a cytotoxic
CD8 T cell response (130). The change in pH and ionic strength that DNGR-1 encounters
upon endocytosis triggers a conformational change mediated by its neck region that is
necessary but not sufficient for the function of DNGR-1 in cross-presentation (131). There
are also reported differences in the outcome of targeting antigens to C-type lectin receptors
in vitro versus in vivo, and in human versus mouse cells. The C-type lectin domain family
12, member A (CLEC12A), is broadly expressed by all human DC subsets and monocytes as
well as mouse CD8a* DCs and pDCs (132). In vitro targeting of antigen to CLEC12A
enhances cross-presentation by human DCs because of its ability to retain antigen in early
endosomes, and for periods longer than those for DEC-205-targeted antigen (133). Targeting
Clec12A in vivo elicits inferior immune responses in mice, which are only moderately
improved by the administration of LPS as an adjuvant (132, 134). Similarly, a side-by-side
comparison of antigen targeting to murine Clec12A with Clec9A in vitro showed that
despite similar levels of surface expression, Clec12A was surprisingly superior to Clec9A in
delivering antigen into splenic CD8a* DCs (135). Antigen targeted to either Clec9A or
Clec12A in vitro was poorly cross-presented by murine CD8a* DCs, and cross-priming was
noted only when Clec12A was targeted on mature, previously activated CD8a* DCs (135).
This poor performance in vitro contradicts in vivo performance, which may reflect the
ability of Clec9A and Clec12a to work with other factors in vivo in order to cross-prime a
CD8 T cell response (135).
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Targeting the same antigen with high-affinity antibodies to either mannose receptors, CD40,
or DEC-205 on human BDCA1* and monocyte-derived DCs shows differences in antigen
localization and subsequent cross-presentation (136). Mannose receptors and CDA40 target
antigen to early endosomes, whereas DEC-205 targets antigen to late endosomes (136).
These observations are consistent with those reported for mannose receptors and DEC-205
in mouse BMDCs, which had been attributed to the cytosolic domains of these receptors
(137). Despite its lowest rate of endocytosis, CD40 is more efficient at inducing cross-
presentation by human DCs compared to mannose receptors or DEC-205 (136), perhaps
reflecting CD40-dependent activation of NF-xB-inducing kinase (NIK), a central mediator
of noncanonical NF-xB signaling (138). DC-specific deletion of NIK in mice impairs CD8
T cell cross-priming, apparently because of intracellular defects in antigen processing and
presentation by cross-presenting CD8a* splenic DCs (139).

Targeting y chain—containing activating 1gG Fc receptors (FcyRs) on DCs is an effective
strategy for augmenting the cross-presentation of antigens complexed with 1gG (140). In
vivo and in vitro studies have shown that this effect is mediated through Fc receptor-
associated y-chain immunoreceptor tyrosine—based activation motif (ITAM) signaling (141).
In mice, cross-presentation of peptides derived from immune complexes is impaired in DCs
lacking all four FcyRs (i.e., quadruple negative for FcyRI-1V), a defect that can be
overcome in vitro by the addition of the complement component C1g—IgG binding to C1q
promotes the uptake of immune complexes and activates the classical complement pathway
(142). Tracking the internalization and cross-presentation of immune complexes formed in
vivo demonstrated an unexpected prominent role for C1q over FcyR (142). These studies
suggest a relevant role for C1q targeting in the optimization of CD8 T cell cross-priming.

Complexing antigens with heat shock proteins (HSPs) has also been a strategy to optimize
cross-presentation by targeting scavenger receptors on DCs such as SREC1/SCARF1,
LOX-1, and SR/CD204 (143, 144). HSPs are transcriptionally induced during cell stress,
and dying cells express elevated HSP levels (145). Intracellular HSPs such as HSP70 and
HSP90 can participate in cytosolic translocation of endosomal antigens or associate with the
proteasome, positioning them to receive peptides as they are generated, and chaperoning
them to TAP (144). Extracellular HSPs such as gp96 participate in targeting antigen to
relevant innate receptors, such as CD91, on the surface of DCs (144, 146, 147). Recognition
of membrane-bound HSPs on the surface of dying cells by the lectin-like oxidized LDL
receptor 1 promotes cross-presentation of cellular antigen from these dying cells (148).
Chaetocin, a small-molecule thiodioxopiperazine produced by Chaetomium fungi, triggers
apoptosis of myeloma cells and their expression of high levels of HSP90 (149). As such,
loading of DCs with chaetocin-treated apoptotic myeloma cells elicits potent activation of
tumor-specific cytotoxic CD8 T cells (149).

Numerous studies have demonstrated that besides inducing the surface expression of T cell
costimulatory molecules, TLR signals can control multiple facets of the assembly and
surface delivery of cross-presented peptide—-MHC-1 complexes. The internalization of
microbial antigens by DCs engages TLR signaling and augments antigen cross-presentation
(150, 151). Based on studies in BMDCs, the outcome of regulation of cross-presentation by
TLRs appears to be dependent on the stage of DC maturation. Immature BMDCs deficient
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in the expression of TLR signaling adaptors TRIF and MyD88 are significantly impaired in
the cross-presentation of antigens from TLR ligand* cargo (60). Single deficiencies in either
MyD88 or TRIF showed that MyD88, and not TRIF, is critical (60). Intermediate-stage
BMDCs, at 3-16 h after LPS stimulation, exhibit increased in vitro and in vivo cross-
presentation of antigen-antibody complexes that engage FcyRs (152, 153), as well as
phagocytic bead-bound, endotoxin-free antigen (153). Mature BMDCs that have been
treated with LPS in vitro for a longer period of 24-40 h are unable to cross-present 1gG-
complexed antigens (152), likely a reflection of their shutdown in antigen uptake (152, 154).
Stimulation of human DCs by TLR3 or TLR4 ligands prior to encountering virally infected
apoptotic cells, inhibits their subsequent cross-presentation of viral antigens derived from
such cells (155). Similarly, systemic pre-treatment of mice with bacterial and viral TLR
ligands or infection with a malaria parasite inhibits subsequent cross-priming to cell-
associated antigen as a mechanism that might underlie the immunosuppression associated
with chronic blood infections (156). It has been proposed that the downregulation of cross-
presentation after DC maturation is important for ensuring that only those antigens initially
encountered with the signals that activate DCs are favored for cross-presentation (156, 157).

Besides TLRs, other innate immune signaling receptors also affect the outcome of cross-
presentation. Recent studies show that protection against adenoviral hepatitis is conferred by
vaccination with triphosphate RNA, which mimics viral RNA and serves as the ligand for
the cytosolic RNA helicase retinoic acid—-inducible gene | (RIG-I) (158). CD8 T cell cross-
priming is augmented via signaling through the RIG-I adaptor MAVS and induction of a
type | interferon response (158). Deficiency in STATZ2, a transcription factor critical in the
response to type 1 interferon, impairs the upregulation of MHC-1 and costimulatory
molecule expression by DCs in response to TLR ligands, and consequent type | interferon
production and cross-priming of CD8 T cells (159).

LOGISTICS OF PROCESSING AND CROSS-PRESENTING
EXTRACELLULAR PROTEINS

Two major antigen-processing pathways, vacuolar and cytosolic, have emerged to explain
how MHC-I molecules are loaded by peptides derived from extracellular sources (Figure 3).
The vacuolar pathway is resistant to proteasome inhibitors and proceeds independently of
the cytosolic proteasomal degradation of polypeptides (160). Proteins internalized through
either endocytosis or phagocytosis are degraded by endosomal or phagosomal proteases,
respectively, and resultant peptides are loaded onto MHC-I molecules independently of
cytosolic proteasomal degradation and TAP function (161) (Figure 3). The cytosolic
pathway of antigen processing is blocked by proteasome inhibitors, suggesting that
internalized proteins from endosomes or phagosomes are translocated to the cytoplasm,
where they undergo proteasomal degradation (160, 162). Proteasome-generated peptides are
imported back into the phagosomes/endosomes to be loaded onto MHC-1 molecules. In
mouse and human DCs, cross-presented peptides are trimmed by insulin-regulated
endopeptidase (IRAP) related to the ER-resident aminopeptidases ERAP1 and ERAP2
(Figure 3) (163, 164). ERAP1 and ERAP2 in humans and an ERAP1 homolog in mice are
responsible for trimming proteasome-generated peptides that are translocated by TAP into
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the ER lumen (164) in preparation for their loading onto newly synthesized MHC-I
molecules with the aid of the PLC (2). Notably, the substrate specificity of IRAP is similar
to that of ERAP1 and ERAP2, enabling the vacuolar generation of a set of ligands
comparable to that generated in the ER by ERAP1 and ERAP2 (164).

Because phagosomes and endosomes are physically separated from the ER, where many
components of the MHC-I PLC are located (Figure 1), vesicular traffic from the ER to
phagosomes/endosomes recruits these components to the sites of antigen internalization
(Figure 3) (161). The MHC-I PLC, including TAP, is delivered to phagosomes/endosomes
by vesicular traffic from the ERGIC through pairing of the ER soluble A-ethylmaleimide-
sensitive factor attachment receptor (SNARE) Sec22b with the plasma membrane SNARE
syntaxin 4, which is present on phagosomes and presumably also endosomes (Figure 3) (56,
60, 165, 166). Delivery of the ERGIC to phagosomes originated with observations in
macrophages that ER proteins such as calnexin and calreticulin were enriched in
phagosomes, and reticular structures staining with the ER enzyme glucose-6-phosphatase
were observed connected to phagosomes regardless of their cargo---inert beads, Salmonella
typhimurium, Leishmania parasites, or red blood cells (105). These structures were visible
when phagocytosis was slowed down with inhibitors of phosphatidylinositol 3-kinase or
phagosome acidification (105). A subsequent study contested these findings, showing that
ER-phagosome fusion in macrophages is a rare event (167). Nonetheless, multiple lines of
evidence in diverse contexts other than cross-presentation, including phagosome biogenesis,
calcium signaling within phagosomes, phagolysosomal fusion, and infection with
intracellular pathogens, now strongly support communication between the ER and
phagosomes (168).

Cross-presentation is designed to ensure priming of a CD8 T cell response to viral or tumor
antigens by DCs that are not themselves infected or transformed. However, it also underlies
the priming of CD8 T cells to microbial antigens derived from intracellular pathogens
residing within intracellular compartments distinct from phagosomes. As such, a protective
CD8 T cell response to cross-presented antigens has been demonstrated for pathogens such
as Brucella abortus, Lefshmania major, T. gondii, Trypanosoma cruzi, and Mycobacterium
tuberculosis, all of which establish a specialized intracellular niche within cells (169-174).
CD8 T cell responses to these pathogens are clinically relevant. For example, healing lesions
in cutaneous leishmaniasis are characterized by the presence of CD8 T cells and their
production of IFN-y (175). In humans, M. tuberculosis infection generates specific CD8 T
cell responses, and cytokine-producing CD8 T cells are present in tuberculosis granulomas
in the Rhesus macaque model where CD8 T cell depletion reverses protection after bacillus
Calmette-Guérin vaccination (176).

ERGIC components have been noted around B. abortus-containing phagosomes (177). The
ER has been reported to be important for the cross-presentation of 7. gondii~derived
antigens to CD8 T cells (178, 179), where actively infected host cells are required for
mobilizing a CD8 T cell response (179, 180). Recruitment of host ER membranes to live
parasite-containing parasitophorous vacuoles (PV) that actively avoid fusion with the
endolysosomal pathway of infected cells (181), directly correlated with CD8 T cell cross-
priming (179). This process was later shown to be dependent on Sec22b-mediated TAP
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delivery to 7. gondii PVs (56). Since these studies, experimental evidence has shown that
Sec22b-mediated vesicular traffic to phagosomes emanates from the ERGIC and not the ER
proper. TAP, calnexin, and calreticulin are also present in the ERGIC and can be detected
along with Sec22b and ERGIC-53 in protein extracts from phagosomes containing latex
beads (56, 60). In contrast, the ER-resident protein ERp72 or the ¢/s-Golgi-resident ER-
Golgi SNARE YKT®6 could not be detected in phagosomal proteins, indicating that the
presence of ER-associated proteins on phagosomes is selective (60). Only ER proteins that
are also in the ERGIC, and not proteins from the ER proper, have been detected on
phagosomes (60).

The MHC-I PLC is delivered to phagosomes from the ERGIC within the first few hours
following phagocytosis (Figure 3), coinciding with the time when cross-presentation in vitro
reaches a plateau, within 3 h (182, 183). TAP is functional on those phagosomes, as shown
by the ability to import peptides into purified phagosomes in vitro. A-glycosylation of the
peptides in purified phagosomes demonstrated that besides TAP, the ER A-glycosylation
machinery was recruited to those phagosomes (182). Silencing Sec22b in BMDCs abrogates
cross-presentation (56, 60). Notably, generation of mice where Sec22b is specifically deleted
in CD11c* DCs have shown conflicting results, with either impairment (184)—consistent
with the silencing data—or no impairment (185) in cross-presentation of soluble or
phagocytic antigen to antigen-specific CD8 T cells in vitro and in vivo (184, 185). The basis
for this discrepancy potentially relates to technical differences (186). While the reduction in
DC cross-presentation upon Sec22b knockdown has been consistent in independent studies
(56, 60, 184, 185), discrepancy in cross-presentation by Sec22 knockout DCs versus Sec22b
knockdown DCs has been narrowed down to varying effects of Sec22b shRNA targeting on
23 genes (185). Some of these genes are involved in phagosome biology and could
potentially harbor new modulators of cross-presentation (185). A similar strategy of Cre-lox-
mediated deletion of Sec22b specifically in DCs validated the critical role of Sec22b in
cross-presentation and extended that role to impaired cross-presentation of cell-associated
antigen derived from virus-infected or necroptotic cells, as well as impaired priming of
tumor-specific CD8 T cells leading to exacerbation of tumor growth (184). A notable
observation in this study was the importance of Sec22b expression by DCs for successful
anti-PD1 treatment against a tumor model that is well controlled by such checkpoint
blockade immunotherapy (184). Thus, while contradictory, each study offers new insight:
potential new modulators of cross-presentation (185) and an unexpected Sec22b-dependent
function for anti-PD1 in cross-priming (184).

ADVERSE EFFECTS OF VACUOLAR ACIDIFICATION ON CROSS-
PRESENTATION

Vacuolar acidification is the result of regulated assembly of a large multiprotein proton
pump, the vacuolar (v)-ATPase comprising the transmembrane Vg sector that forms a proton
channel and the cytosolic V1 sector responsible for ATPase activity (Figure 3) (187).
Efficient cross-presentation necessitates protection of antigens from excessive degradation
by lysosomal enzymes, many of which have low-pH optima (13). Compared to
macrophages, DCs have limited lysosomal proteolysis, preventing internalized antigens from
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being degraded prior to encountering antigen-specific T cells in lymph nodes (188).
Increased phagosomal acidification and proteolysis induced by overexpressing the master
regulator of lysosome biogenesis transcription factor EB (TFEB) (189, 190) in immature
BMDCs reduce cross-presentation in vitro and in vivo (191). Notably, TFEB expression is
lower in splenic CD8a* DCs compared to other splenic DCs and macrophages (191).
Besides decreased antigen uptake, the blockade in cross-presentation by mature DCs can
also be due to the LPS-dependent upregulation in the levels of TFEB (191). The
glucocorticoid-induced leucine zipper (GILZ) protein is expressed by many DC subsets, but
its highest expression is in CD8a* DCs, where it limits soluble antigen degradation, perhaps
accounting for its ability to augment cross-presentation (192).

Activity of the v-ATPase is countered by the NADPH oxidase 2 complex (NOX2)
comprising four cytosolic proteins, p47P1X p40PhoX pg7PhoX and the small GTPase Rac,
and membrane-integral cytochrome 5sg, which is a heterodimer of p22P"X and gp91Phox
proteins (Figure 3) (193). Human monocyte-derived DCs and cross-presentation-competent
CD8a* murine DCs assemble a functional NOX2 complex on phagosomal membranes
through recruitment of p47Pho% gp91P"oX and Rac2 (194-196). NOX2 leads to the
production of reactive oxygen species (ROS) and alkalinization of the phagosomal pH
(Figure 3) (194, 195, 197, 198). ROS have several other effects on the phagosomal
compartment that aid in antigen preservation; ROS inhibit lysosomal proteases with low-pH
optima (194, 197, 199) and reversibly oxidize lysosomal proteases of the cysteine cathepsin
family (200-202).

Several reports have demonstrated that TLR engagement increases CD8 T cell activation by
cross-presented peptide (150, 151, 203, 204). Early work showed that TLRs control cross-
presentation by increasing the efficiency of MHC-I peptide loading in human monocyte-
derived DCs through promotion of NOX2 activity (205), which counteracts the v-ATPase
and contributes to the preservation of peptides as explained above (194, 198, 199). The
cross-presentation of phagocytic antigen by BMDCs that had been stimulated with LPS 3—
16 h earlier (so-called intermediate DCs, in reference to their state of maturation) is
dependent on TLR4-mediated preservation of phagosomal antigen due to a slower rate of
phagolysosomal fusion (and thus slower acidification) (153). This contrasts with the TLR-
inducible rate of phagolysosomal fusion during phagocytosis of bacteria by macrophages
(206), or the LPS-induced increase in v-ATPase assembly and lysosomal acidification in
BMDC:s driven by increased V; sector recruitment to lysosomal membranes (Figure 3)
(207). The GTPase RAB34 (208, 209) mediated reorganization and clustering of lysosomes
in intermediate DCs, preventing their fusion with phagosomes (153). These in vitro
observations led to the proposal that activated DCs enter a TLR-induced surveillance state
that allows continuous sampling of the tissue microenvironment and efficient cross-
presentation in vivo even after maturation (210). This presumably happens during the initial
phases of infection before tissue destruction and release of self-antigens, thereby posing no
risk of autoreactivity.

DCs from mice deficient in gp91P"°X Rac2, and VAMPS, and human DCs knocked down
for VAMPS, all show defects in cross-presentation (194, 195, 211, 212). Leishmania
promastigotes remodel their phagosomes by selectively cleaving VAMPS to block NOX2
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assembly and evade subsequent cross-presentation (212). During intracellular infection with
Listeria monocytogenes, Siglec G, a member of the sialic acid—binding immunoglobulin-like
lectin family, recruits the phosphatase SHP-1 to phagosomes through interaction with its
cytosolic immunoreceptor tyrosine-based inhibitory motif (ITIM) (213). Phagosomal SHP-1
dephosphorylates p47phox, inhibits phagosomal NOX2 activation, and impairs the
formation of specific peptide-MHC-I complexes on CD8a* DC (213). These effects were
independent of the reported ability of Siglec-G to suppress type | interferon production
(214), as both Siglec G-sufficient and Siglec G—deficient splenic DCs produced similar
levels of type I interferon upon infection with L. monocytogenes (213). Monocyte-derived
DCs from patients with chronic granulomatous disease (CGD), who have a genetic
deficiency in gp91P°X, also show defects in cross-presentation (198). The rare X-linked
immunodeficiency Wiskott-Aldrich syndrome is caused by loss-of-function mutations in the
hematopoietically expressed Wiskott-Aldrich syndrome protein (WASP), which promotes
nucleation of branched actin filaments (215). Murine DC-specific deletion of WASP leads to
increased Rac?2 activation and cross-presentation (216). This effect was specific to soluble
antigen and not immune complexes, and to CD8a.~ and not CD8a.* DCs, likely reflecting
the already high cross-presentation capacity of CD8a.* DCs (216). Increased cross-
presentation was attributed to increased localization and activation of Rac2 to phagosomal
membranes in WASP-deficient CD8a~ DCs, and increased ROS production preventing
endosomal/phagosomal acidification (216, 217).

ROLE OF CYTOSOLIC TRANSLOCATION IN CROSS-PRESENTATION

The preservation from proteolytic degradation necessary for cross-presentation does not
exclude proteolysis by vacuolar proteases that function best under alkaline conditions, most
notable among which is cathepsin S, with a pH optimum between 6.0 and 7.5 (Figure 3)
(218, 219). The cytosolic proteasome is also involved in generating peptides for cross-
presentation, and this adds to the repertoire of peptides that can be cross-presented by MHC-
I molecules. For internalized antigens to be accessible to the cytosolic proteasome,
translocation from phagosomes or endosomes is necessary (Figure 3), and this has been
experimentally demonstrated mainly through assays using luciferase, p-lactamase, or
cytochrome cdesigned to trigger a specific readout once they access the cytosol in cross-
presenting DCs—and notably in the absence of bacterial pore-forming toxins or other
virulence factors (56, 220-222).

Cytosolic translocation of antigen can be regulated by surface receptor ligation. Upon
binding to OVA, the mannose receptor undergoes polyubiquitination of the single lysine
residue in its cytoplasmic domain, an event that mediates cytosolic transport of endocytosed
OVA into the cytoplasm and enables cross-presentation (223, 224). ROS production by
NOX2 can also induce leakage of antigens from endosomes into the cytosol as a result of
endosomal lipid peroxidation and disruption of endosomal membranes (Figure 3) (225).
Translocation to the cytosol during cross-presentation might involve the Sec61 translocon,
which imports newly synthesized proteins into the ER (Figure 3), but also mediates reverse
transport (retrotranslocation) of misfolded proteins from the ER to the cytosol for
degradation by the proteasome (226, 227), a process called ER-associated degradation
(ERAD) (228, 229). siRNA-mediated knockdown of Sec61 or its entrapment within the ER
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reduces cross-presentation (230, 231), and closure of the Sec61 translocon by exotoxin A
(232) inhibits cytosolic transport of antigen (230, 233). Notably, endosomal recruitment of
Sec61 and subsequent cytosolic translocation of antigen depend on signaling from the TLR
adaptor TRIF (Figure 3) (231). The AAA ATPase p97, which serves as the final force in
pulling ERAD substrates into the cytosol through the translocon (234), has been shown to
play an important role in mouse BMDC cross-presentation of mannose receptor—
endocytosed soluble antigen and monocyte-derived human DC cross-presentation of a
melanoma CD8 T cell epitope derived from a long synthetic peptide (223, 235). Notably,
cross-presentation of the same melanoma epitope was not affected by exotoxin A treatment,
suggesting a dominant role for p97 over Sec61 during processing of long peptides (235).

Other evidence argues against a role for Sec61 as a retrotranslocon in cross-presentation.
Treatment of immortalized mouse DCs with mycolactone, a polyketide-derived macrolide
produced by Mycobacterium ulcerans that was recently found to potently inhibit Sec61
(236-239), suppressed both cross-presentation and classic presentation (240). Mycolactone
blocked protein import into the ER, but surprisingly it had no effect on protein export to the
cytosol from either endosomes or the ER lumen (240). Accessory factors that associate with
Sec61, the ERAD ubiquitin ligase HMG-coA reductase degradation 1 homolog (Hrd1) and
the pseudorhomboid protease Derl, do not play a role in cross-presentation (228, 235).
Other ER-derived translocons may exist, given that Sec22b-mediated ERGIC recruitment to
the internalization pathway is critical for export of antigens into the cytosol (56). One
candidate is IRGM3, a member of the 47-kDa immunity-related GTPases (p47 GTPases)
that resides in both the ER and lipid bodies thought to derive from the ER and that is
important for cross-presentation likely by facilitating access of internalized antigens to the
cytosol (241). IRGM3 has been proposed to disrupt 7. gondii PVs (242, 243), but direct
evidence for IRGM3-dependent cytosolic antigen translocation is lacking (241).

Several principles related to the cytosolic pathway of antigen processing have emerged from
studying cross-presentation of 7. gondi~derived antigens. Secreted proteins such as SAG1,
released from 7. gondii tachyzoites into PVs, are potent inducers of a CD8 T cell response
(244). Infection of mice with 7. gondiitachyzoites engineered to express CD8 T cell
epitopes within either intracellular or secreted antigens, favored a CD8 T cell response
specific to secreted antigens (245, 246) and suggested escape of the secreted antigen from
the PVs to the cytosol. Interestingly, the requirement for Sec22b-dependent host ERGIC
recruitment differs for cross-presentation of different antigens as demonstrated by
comparing the soluble SAG1 antigen to another immunodominant 7. gondiif GRAG6 antigen.
GRAG is secreted into the PV but inserts into the PV membrane through its hydrophobic
domain, and only the membrane-bound GRAG is presented by MHC-1 molecules (247).
GRAG cross-presentation is independent of Sec22b, which might indicate that Sec22b-
dependent recruitment of ERGIC components does not deliver the AAA ATPase p97
necessary for the proteasomal degradation of integral membrane proteins such as GRA6
(248). p97 may thus be recruited to PVs independently of Sec22h. TAP-independent cross-
presentation of Lefshmania major-derived antigen and protection of mice had suggested
vacuolar confinement of L. majorantigens (249), although Sec22b recruitment to L. major
PVs was later shown (250). These observations are an example where vacuolar cross-
presentation independently of TAP can coexist with ERGIC recruitment to phagosomes, and
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both pathways contribute to cross-presentation to broaden the repertoire of peptides
presented to CD8 T cells.

THE SITES OF PEPTIDE LOADING ONTO MHC-I MOLECULES DURING
CROSS-PRESENTATION

The ER is the primary residence of the MHC-I PLC, but ERGIC recruitment to phagosomes
and endosomes delivers all the components necessary for potential loading of MHC-I
molecules at those non-ER locations (161). Several lines of evidence support phagosomal/
endosomal loading: Detection of the MHC-1 PLC in phagosomes or endosomes (56, 182,
183, 251); the presence of specific peptide—-MHC-I complexes within the phagosomal lumen
containing peptide from a parent protein opsonized onto beads (182, 183); demonstration of
the phagosomal origin of cross-presented peptide-MHC-I complexes based on their
resistance to the secretory pathway inhibitor brefeldin-A (70, 173, 183); and successful
reconstitution of peptide loading in vitro using purified phagosomes (182). These studies
argue against loading of MHC-I molecules in the ER and subsequent export to nascent
phagosomes. Collectively, the evidence implicates phagosomes as both the source of peptide
(derived from phagocytosed cargo) and the site of peptide loading during cross-presentation.

Evidence supporting the entry of exogenously derived proteasome-generated peptides into
the ER for loading onto MHC-I molecules through the conventional secretory pathway of
MHC-I presentation is limited. It would entail experimental demonstration of direct access
of internalized antigen to the ER proper, which has been difficult given the reported Sec22b-
dependent recruitment of proteins from the ERGIC (some of which are also in the ER) to
endosomes/phagosomes (56). An ultrasensitive flow cytometry—based assay, which relies on
loading of semipermeabilized cells with fluorescein-labeled reporter peptides and
monitoring of their ER compartmentalization in real time in the presence of ATP (functional
TAP) or ADP (inactive TAP) (252), might be adapted to track whether proteasome-generated
peptides from exogenous sources can enter the ER via TAP (252). This assay has revealed
that among human immune cells, subsets within the peripheral blood, monocytes, and
dendritic cells have the highest levels of TAP expression and capacity for TAP-dependent
peptide translocation (252).

Nevertheless, there are reports describing intracellular trafficking of exogenous antigens to
the ER in DCs, a scenario that might be dependent on the nature of the antigenic cargo and
the surface receptors it engages during internalization. The molecular chaperone function of
HSPs (discussed above) and glucose-regulated proteins (GRPs), which maintain proteostasis
during cellular stress, has been exploited in enhancing cross-presentation (143, 253). GRPs
are related to HSPs in function but differ in their unique possession of ER localization
KDEL signals (253). Inclusion of GRP170 as a chaperone in a gp100 melanoma antigen-
based cancer vaccine controls its cross-presentation by directing the antigen into EEAL* or
transferrin receptor* endosomes, which transiently acquire Sec61 and KDEL and are
dependent on TAP and the ERAD machinery for optimal induction of a CD8 T cell response
(254). These data were interpreted to support a model where GRP170-gp100 complexes
access the ER proper after endocytosis and before the steps of retrotranslocation, cytosolic
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proteasomal degradation, and TAP-mediated import into the ER for loading MHC-I
molecules (254). A similar pathway of retrograde transport where exogenous antigen can
access the ER has been described specifically during DC cross-presentation of soluble and
not particulate antigen (255). These pathways might use the same machinery that proteins,
lipids, certain viruses, and bacterial toxins use in retrograde transport from endosomes to
secretory compartments such as the Golgi and ER (256).

Finally, there may be compartmentalization constraints that favor entry of peptides into the
endosomes or phagosomes where their parent polypeptide was originally present. The
cytosolic subunits of the proteasome have been detected on phagosomes and found to
transiently associate with phagosomal membranes during a distinct time window after
phagosome biogenesis (Figure 3) (182, 183). Ubiquitinated proteins, including those that
had been phagocytosed by macrophages, were also detected on the cytoplasmic side of
phagosomes, and their amount increased with time upon the inhibition of proteasome
activity linking peptide ubiquitination (presumably by E1, E2 and E3 ligases) to proteasomal
degradation (Figure 3) (183). TAP has been localized to endosomes and phagosomes; thus,
peptides generated by proteasomal degradation could potentially gain access to the
phagosomal/endosomal lumen (Figure 3) (183, 257). The ability to block cross-presentation
by targeted inhibition of TAP specifically on endosomal but not ER membranes has
implicated endosomes as the sites of MHC-I loading, with cross-presented antigen being
transported to the plasma membrane from those endosomes (257). Import of peptides into
phagosomes has also been demonstrated by measuring not only intraphagosomal
accumulation of peptides in isolated phagosomes (albeit crude preparations) but also their
binding directly to beads inside isolated phagosomes, which makes the contribution of TAP
from contaminating ER membranes less likely (258). In these assays, TAP mediates peptide
import, although some peptides, as exemplified by the SIINFEKL peptide derived from
OVA, can also enter phagosomes through a second TAP-independent step that is presently
undefined (258).

SUBCELLULAR SOURCES OF MHC-I MOLECULES FOR CROSS-
PRESENTATION

While the generation of peptides by vacuolar or cytosolic processing would not be expected
to have bearing on the subcellular source of MHC-I molecules used for peptide loading,
definitive evidence for this is lacking, in part because of the difficulty in pinpointing where
peptide loading occurs. The latter is presently associated primarily, but not exclusively, with
the sites where TAP is present, and because ER-resident TAP can also be recruited to
endosomes and phagosomes, pinpointing the sites of loading of MHC-1 molecules becomes
tricky. Loading in the ER would involve newly synthesized MHC-I molecules, while loading
within vacuolar compartments would be predicted to involve MHC-I molecules trafficking
between the plasma membrane and endocytic recycling compartments. However, this is not
necessarily always the case, as discussed below.

In BMDCs, the ERC serves as a source of MHC-I molecules for cross-presentation of
peptides derived from phagocytic cargo (60). Human pDCs have been reported to contain a
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major intracellular pool of MHC-I molecules that colocalizes exclusively with the transferrin
receptor. Because transferrin receptors can also recycle through the ERC, the colocalization
of MHC-I molecules with transferrin receptors suggests their presence within the ERC
(259). This pool may underlie the ability of pDCs to serve as primary mediators of antiviral
responses by allowing prompt cross-presentation of peptides derived from internalized
viruses (259). Based on the recycling paths of CIE cargo reviewed above, the most likely
source of MHC-1 molecules within the ERC of DCs is the plasma membrane. ERC-derived
MHC-I molecules were found to be enriched specifically on phagosomes carrying TLR
ligand™* cargo, peaking at 4.5 h after phagocytosis and dependent on MyD88 but not TRIF
expression in the DC (60). The differential reliance of phagosomal Sec22b and MHC-I
accumulation on TLR signaling along with the inability to colocalize MHC-I molecules
within the ERGIC of DCs (60, 97, 100) supported the notion that MHC-1 molecules were
recruited from a source other than the ERGIC. Concomittant accumulation of Rab11a, and
the ERC SNAREs VAMP3 and VAMP8 (261), but not the non-ERC SNAREs VAMP2 and
VAMP7, provided experimental support for the ERC origin of the MHC-I molecules
associated with TLR ligand—bearing phagosomes (60). An intact ERC is critical for the
positive edge that TLR signals impart on cross-presentation (60). Dispersion of the ERC
from its perinuclear region with nocodazole as well as lentiviral-mediated silencing of
Rab11la severely impair cross-presentation of peptides derived from phagocytic cargo (60).
Disintegration of the tubular ERC in human DCs with nocodazole also reduces their ability
to activate antigen-specific CD8 T cells (98). On the other hand, increasing MHC-I traffic to
the ERC via expression of a constitutively active Rab11a in BMDCs shows enhanced
kinetics of MHC-I recruitment to TLR ligand* phagosomes, but it fails to rescue MHC-I
recruitment and cross-presentation in the absence of TLR signals (60). Therefore, while
RAB11a expression is critical for TLR-regulated cross-presentation, its role is primarily to
traffic MHC-I molecules into the ERC and not to phagosomes (79). A similar scenario may
apply to the reported Rab11a-dependent trafficking of TLR4 to Escherichia coli~carrying
phagosomes (262), which likely relates to the dissolution of the ERC source of TLR4 rather
than a direct impairment of TLR4 trafficking to phagosomes upon Rabl11a suppression.
Collectively, the evidence from these studies suggests that coregulated trafficking of TLR4
and MHC-I molecules from the ERC to bacteria-containing phagosomes might serve to
further remodel cross-presenting phagosomes for additional functions such as TRIF-
dependent type I interferon production (262), which further stimulates CD8 T cell cross-
priming (263).

Directed trafficking of MHC-1 molecules from the ERC to TLR ligand* phagosomes is
orchestrated in two steps (Figure 2). First, MyD88 signals from phagosomes carrying TLR
ligands phosphorylate the inhibitor of NF-xB kinase subunit 2 (IKK2, also known as IKKp),
a subunit of the IxB kinase (IKK) (60). Second, activated IKK2 phosphorylates phagosomal
SNAP23, which serves as a docking site for recruitment of ERC SNARES to phagosomal
membranes (60) and when phosphorylated stabilizes SNARE complexes to mediate
membrane fusion (264, 265). Vesicular trafficking from the ERC delivers to phagosomes the
critical numbers of MHC-I molecules once TLRs signal infection and the increased need for
cross-presentation (60) (Figure 3).
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The cytoplasmic tail of the MHC-I1 protein contains a conserved tyrosine residue at position
320 that is part of a YXXA motif reminiscent of the tyrosine-based Y XX@ endocytic motifs
(118). Y320 is responsible for trafficking MHC-I molecules into the endolysosomal pathway
in both murine bone marrow— and spleen—derived cultured DCs (69). Its replacement by
phenylalanine disrupts cross-presentation in vitro and in vivo during vesicular stomatitis
virus or Sendai virus infection, and without affecting classical MHC-1 antigen presentation
(69). Based on the shared roles of Y320 in the MHC-I protein and YXX@ in other
transmembrane proteins in the endocytosis of these proteins, the MHC-I molecules that
undergo peptide exchange within endolysosomal compartments are most likely recycled
from the plasma membrane (Figure 3). Curiously, however, the Y320 mutation reduces
surface MHC-1 levels and leads to the accumulation of MHC-I molecules in a giantin* Golgi
compartment (69). This suggests delivery of MHC-1 molecules to endolysosomes from a
Golgi-like compartment (69), with the possibility of either the stalling of MHC-1 molecules
in this compartment en route to the plasma membrane or their endocytosis into this
compartment prior to routing to cross-presenting endolysosomes (Figure 3). Lending support
to these possibilities, immature primary monocyte-derived human DCs and a DC-like cell
line KG-1 have been reported to contain intracellular stores of MHC-I molecules that
colocalize with the Golgi marker GM-130 (97), and some MHC-I localization with the TGN
marker TGN38 has been noted in unstimulated BMDCs (60). Absence of TGN38 from
phagosomes in BMDCS has excluded the TGN as a likely source of MHC-1 molecules that
are recruited to phagosomes (60).

Rab43a is a small GTPase selectively expressed by BATF3-dependent CD8a.* DCs and
CD103* DCs, where it colocalizes with TGN38 and the Golgi marker giantin (266). CD8a.*
DCs from Rab43-deficient mice showed defects in the cross-presentation of cell-associated
and soluble antigens in vivo and in vitro (266). The cross-presentation of cell-associated
antigen by GM-CSF- and IL-4—cultured, monocyte-derived, Rab43-deficient DCs, on the
other hand, was unaffected, highlighting distinct mechanisms of cross-presentation in these
two DC subsets (266). In HelL a cells, overexpression of the E3 ubiquitin ligase membrane-
associated RING-CH 9 (MARCH?9), which mediates ubiquitination of lysine residues within
the MHC-I cytoplasmic tail, leads to the appearance of MHC-1 within endosomes marked by
syntaxin-6 (267), a protein involved in vesicular trafficking from the TGN to endosomes
(268) (Figure 3). MARCHO transcript levels are upregulated over time after treatment by
LPS (267). The consequences of this remain to be formally tested, but it may serve to
increase TGN export of newly synthesized MHC-1 molecules to cross-presentation-
competent endosomes. This possibility is consistent with the observations that murine
MARCH9-deficient DCs are impaired in the cross-presentation of soluble antigen (267). On
the other hand, MARCH9 overexpression also led to the appearance of MHC-I molecules in
a smaller fraction of endosomes marked by secretory carrier membrane protein 3 (SCAMP3)
(267), which in HeLa and baby hamster kidney (BHK) cells has been shown to sort
epidermal growth factor receptor (EGFR) to multivesicular endosomes for eventual
lysosomal degradation (269) (Figure 3). The delayed kinetics for peak MARCH9 induction
with LPS (267) may also serve to divert TGN traffic of MHC-I molecules to multivesicular
bodies through SCAMP3* endosomes, perhaps for MHC-I degradation and downmodulation
of CD8 T cell activation.
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Another trafficking route of MHC-I to endolysosomes that does not involve the plasma
membrane or recycling compartments is mediated by CD74 (also known as the invariant
chain). CD74 associates with MHC-11 molecules in the ER to prevent peptide binding and
chaperones MHC-I1I from the ER to endosomal compartments (270, 271) (Figure 3). Older
studies had reported colocalization and association of CD74 with MHC-I molecules (71,
272, 273), and MHC-1 and CD74 interact intracellularly within BMDCs, forming a protein
complex within a pre-Golgi compartment (274). MHC-I internalization from the plasma
membrane was unaffected upon CD74 deficiency, whereas endolysosomal localization was
reduced leading to profound defects in cross-presentation in vitro and diminished virus-
specific CD8 T cell responses to vesicular stomatitis virus infection (274). Deletion of the
cytosolic CD74 endosomal trafficking motif abrogated soluble antigen cross-presentation
(274), suggesting that trafficking of the MHC-1/CD74 complex is dictated by CD74. Fewer
peptide-loaded MHC-I molecules colocalized with LAMP-1* endolysosomal compartments
in CD74-deficient splenic DCs (274), but whether MHC-I molecules are loaded in these
LAMP-1* endolysosomal compartments and exit from these compartments to the plasma
membrane is unknown.

EMERGING PORTRAIT OF THE CROSS-PRESENTATION COMPARTMENT

The studies reviewed here collectively paint the picture of a cross-presentation compartment
created de novo, and most possibly at the delivery sites of extracellular antigen. Depending
on the nature of the cargo, be it a bacterium, parasite, immune complex, apoptotic cell,
necroptotic cell, or other, specific interactions between cargo ligands and cellular receptors
further control remodeling of the maturing phagosome. This is most rapidly achieved by
transcription-independent phosphorylation of key components that govern communication
among cellular organelles—for example, the phosphorylation of SNARE components, like
SNAP23, that stabilize SNARE pins and orchestrate vesicular fusion. Other than cellular
receptors, microbial virulence factors also shape phagosome maturation as a means of
establishing an intracellular microbial niche while evading lysosomal degradation and
antigen presentation. Thus, the cross-presentation compartment that emerges is one that is
dynamic and multifaceted, where no one pathway prevails or applies. Experimental evidence
from multiple labs point to the convergence of three vesicular trafficking pathways coming
together to remodel the cross-presentation compartment (Figure 4). These pathways are
defined here as the ERGIC pathway, the ERC pathway, and the lysosome-related organelle
(LRO) pathway (Figure 4). They differ by origin, molecular mediators, and signal
requirements that dictate their recruitment, as well as the type of component they bring to
the cross-presentation compartment.

The ERGIC pathway of vesicular traffic originates from the ERGIC, is mediated by the
SNARE Sec22h, and delivers components of the MHC-I PLC, most notably TAP, in
preparation for cross-presentation (56) (Figure 4). This pathway likely also delivers Sec61,
present not only in the ER but also in the ERGIC (275). MyD88 signaling from TLR4 has
been reported to increase localization of TAP to Rab5* endosomes and to compartments
staining for endocytosed soluble antigen, thus stimulating endocytic antigen cross-
presentation (257). As mentioned above, TRIF signaling has been reported to deliver Sec61
to endosomes (231). In the case of phagosomes, ERGIC recruitment was found to be
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independent of TLR signals, as demonstrated by the abundance of Sec22b, ERGIC-53, and
calnexin on DC phagosomes regardless of their content of TLR ligands and irrespective of
the ability of DCs to conduct TLR signaling (60). The role of Sec22b in cross-presentation
(56, 60) is linked to its ability to mediate delivery of the MHC-1 PLC to phagosomes/
endosomes and equip these compartments for cytosolic translocation (56).

The ERC pathway of vesicular traffic originates from the ERC, and its recruitment to
phagosomes is controlled by compartmentalized TLR signals that uniquely phosphorylate
SNAP23 on phagosomes carrying TLR ligands, to mediate stable fusion between that
specific phagosome and the ERC (Figure 4). The ERC pathway serves a purpose different
from the ERGIC pathway. The ERC is the source of MHC-I molecules that are recruited to
microbial antigen-carrying phagosomes (60). While there were no notable differences in the
patterns of Sec22b staining around phagosomes with or without TLR ligands, MHC-I
molecules colocalized with Sec22b on phagosomes only when phagosomes concurrently
carried TLR ligands (60). Unlike the role of Sec22b in cross-presentation, Rab11a silencing
impairs cross-presentation because it destroys the ERC stores of MHC-I molecules (60).

The LRO pathway of vesicular traffic originates from LROs and serves a third purpose in
cross-presentation (Figure 4). It delivers to phagosomes the membrane-integral component
of the NOX2 complex, cytochrome bssg, comprising gp91PNo% and p22PoX to ensure the
protection of antigens from lysosomal proteases and their preservation for cross-
presentation. The existence of this pathway can be deduced from studies that have examined
the subcellular localization of components of the NOX2 complex. gp91P"°X has been
colocalized with the ERC marker Rab11a in CHO and RAW 264.7 murine macrophage cell
lines, and a tagged version of p22P"°% was localized in primary bone marrow-derived
macrophages to recycling endosomes labeled with transferrin (276). However, in resting
DCs, gp91PhoX is present in LAMP-1/2* LROs (60, 199) and not Rab11a* ERCs (60).
gp91PhoX js initially recruited to nascent phagosomes from the plasma membrane (196),
followed by replenishment from LROs (196, 199) with the aid of the small GTPase Rab27a
(199) and the Ca2*-sensing protein synaptotagmin 11 (277). gp91P"X recruitment to
phagosomes in murine BMDCs is dependent on the SNARE VAMP8/endobrevin (212), and
formation of a stable SNARE complex comprising VAMP8, SNAP23, and syntaxin-7
mediates fusion of gp91PN°%-containing LROs with phagosomes/endosomes (196, 211). The
delivery of TAP1 and MHC-I proteins to endosomes appears to be independent of VAMP8
(211), highlighting the LRO pathway as distinct from the ERGIC and ERC pathways.
Furthermore, while Rabl1a and MHC-I proteins colocalize in BMDCs, NOX2 colocalizes
with neither and instead colocalizes almost completely with LAMP-1 in resting BMDCs and
LAMP-1* phagosomes irrespective of the TLR ligand content of those phagosomes (60).
These findings highlight the differences between macrophages and DCs (24), but they also
reveal that trafficking of MHC-I and trafficking of NOX2 to phagosomes are subject to
different rules.

The ERGIC, ERC, and LRO pathways of vesicular traffic coexist with the vacuolar and
cytosolic pathways of cross-presentation such that ERC-derived MHC-I molecules can be
loaded by peptides generated through the activity of vacuolar proteases such as cathepsin S
(the vacuolar pathway) and/or be loaded by proteasome-TAP-dependent peptides (the
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cytosolic pathway), as described above (Figure 4). Longer peptides, such as those derived
from melanoma antigens gp100 and MelanA/MARTL, appear to have a preference for
vacuolar processing based on the lack of involvement of Sec22b and TAP (278), although
the ERAD component p97 indicating retrotranslocation and cytosolic processing—has been
reported to be important for their cross-presentation (235). Nevertheless, the use of peptides
generated through both the vacuolar and the cytosolic pathways allows MHC-I molecules to
be loaded by a broader repertoire of peptides that contribute to a diverse CD8 T cell
response. The ERC pathway adds one more significant dimension to cross-presentation. It is
critical for the positive edge that TLR signals impart on cross-presentation by delivering
rate-limiting molecules of MHC-I. Instead of assembling new correctly folded MHC-I
molecules in the ER, the ERC maintains preassembled stores of MHC-I molecules that can
readily be recruited to phagosomes containing microbial cargo under the guidance of TLR
signals.

CONCLUDING REMARKS

As the review comes to its conclusion, it is worthwhile noting the knowledge gaps that
remain in our understanding of cross-presentation: (&) defining the subcellular sources of
MHC-I molecules used for cross-presentation of soluble versus phagocytic antigens, (6)
pinpointing the subcellular sites where MHC-1 molecules are loaded by peptides from
exogenous sources and defining the biochemistry of loading at these sites, (¢) dissecting the
regulation of cross-presentation according to the extracellular and tissue-specific cues at
steady state and during infection. Continued research into the mechanisms of cross-
presentation in BMDCs as well as DCs isolated from both mouse and human tissues should
close these gaps and pave the way for the therapeutic exploitation of these pathways to cure
different types of cancer and infectious diseases, such as tuberculosis, HIV, and malaria.
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Figurel.
The spatial challenge of loading MHC-1 with peptide from an extracellular source. Cross-

presentation entails loading MHC-I molecules with peptides derived from extracellular cargo
such as bacteria, viruses, and dying cells that are internalized through either phagocytosis or
endocytosis. Endosomes and phagosomes carrying these cargos are physically distinct from
the endoplasmic reticulum (ER), where MHC-I molecules are synthesized, folded, and
loaded with peptides. The MHC-I heavy chain polypeptide is cotranslationally translocated
into the ER lumen through the Sec61 complex. Its first interaction is with the chaperone
calnexin and is followed by assembly with 2-microglobulin (8,m). The MHC-I heavy
chain/B,m heterodimer is unstable at this stage and is recruited by calreticulin to the peptide-
loading complex (PLC) as part of its folding. Direct association of the empty MHC-I
molecules with tapasin along with supporting interactions with calreticulin and ERp57 in the
PLC stabilizes the empty MHC-I molecule and favors a conformation of the binding groove
that is receptive to binding high-affinity peptides in the ER. Within the PLC, the transporter
associated with antigen processing (TAP) translocates into the ER cytosolic peptides that are
generated by proteasomal degradation of endogenous proteins, such as those derived from
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the translation of cellular proteins or viral proteins when cells are virally infected. These
peptides are further trimmed by the ER aminopeptidases ERAP1 and ERAP2 to
accommodate the peptide length preferred by MHC-1. After peptide loading, MHC-I
molecules traffic to the ER-Golgi intermediate compartment (ERGIC) via COPII-coated
export vesicles, where they are subjected to quality control (QC) by calreticulin, tapasin, and
UDP-glucose:glycoprotein glucosyltransferase (UGT1). MHC-1 molecules with low-affinity
peptides (depicted as gray ovals bound to MHC-I) accumulate in the ERGIC when peptides
with good affinity of loading are absent (for example, viral peptides depicted as green or
cellular peptides depicted as orange). MHC-1 molecules with suboptimal low-affinity
peptides (gray ovals) serve as substrates for UGT1, and some accumulate in the ERGIC and
reenter into the PLC for another cycle of peptide loading. Stable optimally loaded MHC-I
molecules that pass QC are released and exported to the plasma membrane for recognition
by CD8 T cells. The schematic depicts events in human cells. Slight variations, not shown
here, apply to mouse cells. The classical pathway of MHC-I presentation takes place in all
nucleated cells, whereas cross-presentation is a specialized function conducted
predominantly by dendritic cells.
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Subcellular trafficking routes of MHC-I molecules. Plasma membrane MHC-1 molecules
undergo clathrin-independent endocytosis (CIE) mediated by the small GTPase ARF6. After
endocytosis, MHC-I-carrying endosomes fuse with sorting endosomes marked by RAB5 and
EEAL. Once in sorting endosomes, MHC-I molecules can be routed to endolysosomal
compartments or the plasma membrane. Other molecules such as transferrin receptors
undergo clathrin-mediated endocytosis (CME) once bound to their ligand transferrin. Cargo
internalized by CME is also delivered into RAB5*EEAL* sorting endosomes where it can
colocalize with cargo internalized by CIE. A small fraction of MHC-I molecules are routed
to RAB7*LAMP1* late endosome-lysosome compartments in resting bone marrow—derived
dendritic cells (DCs). MHC-I molecules have been reported in multivesicular bodies
(MVBs), specifically MIIC, because of their colocalization with MHC-11 molecules in
human Langerhans cells are you pointing out “late endosome-lysosome” as labeled in Fig?.
MHC-1 molecules recycle back to the plasma membrane through either the fast recycling
route, regulated by RAB4 and RAB35, or the slow recycling route, regulated by RAB11a,
whose activity is important for trafficking MHC-1 molecules to a transitory perinuclear
compartment called the endocytic recycling compartment (ERC). The ERC comprises a
network of tubular and endosomal structures, some of which appear to be connected by
bridges when observed by super-resolution microscopy. MHC-I molecules are returned from
the ERC to the plasma membrane with the aid of EHD1 and RAB22a via tubular recycling
endosomes (TRE) formed by the EHD1-interacting protein MICAL-L1. During
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phagocytosis of a bacterium carrying ligands that engage Toll-like receptor (TLR)-MyD88
signals and IKK2 activation, MHC-I molecules from the ERC are diverted to phagosomes
through specific IKK2-phosphorylated SNAP23 molecules on phagosomes, which stabilize
VAMPS8 and syntaxin interactions to initiate fusion of ERC-derived vesicles with the nascent
phagosome. Newly delivered phagosomal MHC-I molecules are exported to the plasma
membrane after loading with bacterial peptides. Note that different steps in these trafficking
routes were studied in different cell types. Please refer to text for details.
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Figure 3.
The vacuolar and cytosolic pathways of generating peptides for cross-presentation. Shown

are subcellular events within the first 1-4 hours following phagocytosis of bacteria by
dendritic cells. Experimental evidence also supports the occurance of similar events around
endosomes or parasitophorous vacuoles (see text for details). The nascent phagosome
carrying an internalized bacterium matures into a cross-presentation compartment made
possible through the activity of several players within both the vacuolar and cytosolic
pathways. (1) The vacuolar pathway of cross-presentation contributes to the degradation of
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proteins, derived from the internalized bacterium in this case, through the activity of
vacuolar proteases, most prominent among which is Cathepsin S because of its ability to be
functional at a pH that is relatively alkaline compared to the pH optima ~4.5-5 for the
majority of vacuolar proteases. In dendritic cells, a pH~7-7.3 most conducive to cross-
presentation is maintained for the first few hours through phagosomal reactive oxygen
species (ROS) generated by the activity of the NADPH oxidase. A functional NADPH
oxidase involves the assembly of its cytosolic subunits and the small GTPase Racl with its
phagosome membrane integral subunits. Resultant ROS neutralizes the acidic protons (*H)
generated through the activity of the v-ATPase, which in turn is assembled by recruitment of
its cytosolic V1 sector subunits to its phagosome membrane integral VO sector subunits, and
in a TLR-regulated manner. Counteraction of the v-ATPase by the NADPH oxidase serves to
temporarily maintain a neutral phagosomal pH to preserve proteins from excessive
degradation by vacuolar proteases and promote cross-presentation. ROS lead to lipid
peroxidation (indicated as OOe) and disruption of endosomal membranes, and they may also
have the same effects on phagosomal membranes (a possibility indicated with a *?). (2) The
cytosolic pathway of cross-presentation relies on recruitment of various players from the
endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC) to phagosomes
through the pairing of the ER soluble A-ethylmaleimide-sensitive factor attachment receptor
(SNARE) Sec22b with syntaxin 4 (not shown) on phagosomes. In this manner, the
retrotranslocon Sec61 and the transporter associated with antigen processing (TAP) present
in the ERGIC are recruited to the cross-presenting phagosome and function collaboratively
to mediate the exit and re-entry, respectively, of polypeptides derived here from the
internalized bacterium. Phagosomal Sec61 transports peptides through retrotranslocation to
the cytoplasmic side of phagosomes where they have access to the ubiquitin (E1, E2, E3
ligases) and proteasome complex assembled on the cytoplasmic side of phagosomes. This
compartmentalization along the phagosomal membrane presumably faciliates translocation
of resultant proteasome-degraded peptides back into phagosomes via TAP that had been
recruited to phagosomes from the ERGIC. Inside phagosomes, the insulin-regulated
aminopeptidase (IRAP) is a trimming aminopeptidase that preferentially acts on those
peptides that have been subjected to cytosolic degradation by the proteasome. The combined
results of the vacuolar and cytosolic pathways contribute to a diverse repertoire of peptides
that are available for binding to MHC-I molecules during cross-presentation. For simplicity,
MHC-I molecules are not depicted in this figure. MHC-I molecules become enriched within
phagosomes carrying TLR ligands as shown in Figure 2. Their subcellular sources and
loading by peptide are shown in Figure 4.
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Figure 4.

The different subcellular sources of MHC-1 molecules for cross-presentation. Published
evidence supports the use of four distinct sources of MHC-1 for cross-presentation by
dendritic cells (DCs): (1) the endoplasmic reticulum (ER), (2) the trans-Golgi network
(TGN), (3) the plasma membrane, and (4) the endosomal recycling compartment (ERC). (1)
Direct trafficking of MHC-I molecules from the ER to endolysosomal compartments has
been reported in bone marrow—derived DCs mediated by the chaperone CD74, which
associates with MHC-1 molecules and chaperones them to late endosomal compartments
marked by LAMP-1. This compartment may contain endocytosed antigen delivered from the
plasma membrane. Deficiency in CD74 impairs cross-presentation, suggesting that in this
case ER-delivered MHC-I and not plasma membrane MHC-1 is loaded within the late
endosomal/lysosomal compartment, from which they may traffic directly to the plasma
membrane for recognition by CD8 T cells. (2) The secretory pathway of newly synthesized
MHC-I molecules (see Figure 1) is diverted by MARCH9-mediated ubiquitination of MHC-
I in the TGN and their diversion via SCAMP3™ vesicles to multivesicular bodies (MVBs)
(perhaps for degradation) or syntaxin-6* vesicles to late endosomes (perhaps for loading
with antigen delivered from the sorting endosome). (3) A tyrosine residue at position 320
('Y320) within the MHC-I cytoplasmic domain is critical for delivery of MHC-I to
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endosomal cross-presentation compartments, where peptide loading presumably takes place.
Y320 might traffic MHC-I from the Golgi compartment to late endosomes, similar to its role
in trafficking MHC-1 from the plasma membrane to late endosomes, perhaps during clathrin-
independent endocytosis. The ER, TGN, and plasma membrane sources of MHC-I are
presumably used preferably for the cross-presentation of endocytic antigen, but this remains
to be formally tested. (4) During phagocytosis, plasma membrane MHC-I might become
internalized as phagosomes form, but when cargo such as a bacterium carries TLR ligands,
additional numbers of MHC-I are recruited from the MHC-I-rich ERC under control of
TLR-MyD88-1KK2 signaling (designated in blue letters). This mobilization serves to
augment cross-presentation by increasing the number of ERC-resident MHC-I molecules
available for loading with bacterial peptides. It is assumed that loading takes place in the
phagosome followed by export of peptide-MHC-1 complexes to the plasma membrane.
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Figure5.

Convergence of three vesicular pathways of endocytic traffic on the cross-presentation
compartment in dendritic cells. A series of events is depicted leading to the formation of a
cross-presentation-competent compartment after phagocytosis of bacteria. In dendritic cells,
three pathways of vesicular traffic converge on nascent phagosomes carrying bacteria: the
(1) ERGIC, (2) ERC, and (3) LRO pathways. (1) The ERGIC pathway traffics vesicles from
the ER-Golgi intermediate compartment (ERGIC) and is dependent on pairing of the ER
SNARE Sec22b with syntaxin-4 on the phagosomal membrane. This pathway delivers TAP,
other components of the peptide-loading complex (not shown), and possibly also the ER
retrotranslocon Sec61. The ERGIC pathway is mobilized independently of Toll-like receptor
(TLR) signals during phagocytosis, regardless of the nature of the phagocytosed cargo, and
in response to undefined signals likely associated with the process of phagocytosis. In the
case of endocytosis, TLR signaling can increase TAP and Sec61 localization to endosomes
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in a MyD88 and TRIF dependent manner, respectively (not shown). (2) The ERC pathway
traffics vesicles from the ERC to phagosomes marked by phosphorylated synaptosomal-
associated protein SNAP23. This pathway is regulated by TLR signals (designated in blue
letters). When internalized cargo carries microbial structures that engage TLRs, resultant
MyD88-1KK2 signals phosphorylate SNAP23 on phagosomes. SNAP23 phosphorylation
stabilizes interactions between ERC VAMP3/8 and a putative phagosomal syntaxin (not
shown) to mediate fusion of ERC-derived vesicles with the bacterium-containing
phagosome. ERC-phagosome fusion delivers MHC-I molecules from the ERC. Activity of
the small GTPase Rab11a (shown) is important for formation of the MHC-1-rich ERC. (3)
The LRO pathway traffics vesicles from lysosome-related organelles (LRO), is dependent on
activity of the small GTPase Rab27a and formation of a stable SNARE complex comprising
VAMPS8, SNAP23, and syntaxin-7 (not shown). The LROs deliver to phagosomes the
membrane-integral subunits of the NADPH oxidase, gp91Ph°* and p22PhoX Recruitment of
the small GTPase Racl and cytosolic subunits of the NADPH oxidase to gp91P"°X and
p22PhoX on the phagosomal membrane leads to the assembly of an active NADPH oxidase
complex that raises phagosomal pH and protects antigens from complete degradation. The
regulation of the LRO pathway is poorly understood and might occur at the point of
trafficking from LROs or assembly of the cytosolic and membrane components of the
NADPH oxidase. Concurrently with these events, proteins derived from bacterial
degradation are subjected to one of two routes of proteolysis: (A) vacuolar processing
relying on the activity of phagosomal cathepsin S, which remains active at the relatively
alkaline pH of the cross-presentation compartment, and (B) cytosolic processing relying on
retrotranslocation of antigen to the cytosol (perhaps through ERGIC delivered Sec61),
degradation by the proteasome, and transport back into phagosomes through TAP. Peptides
are trimmed by insulin-regulated endopeptidase (IRAP) in preparation for MHC-I loading.
The combined activity of these two pathways (A and B) would serve to diversify the peptide
repertoire that can be generated from exogenous cargo, loaded onto MHC-I and exported to
the plasma membrane for cross-presentation to CD8 T cells (not shown). Together with the
vacuolar and cytosolic pathways of antigen processing (A and B), the ERGIC (1), ERC (2),
and LRO (3) pathways of vesicular traffic equip phagosomes for cross-presentation of
microbial antigen.
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