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Summary

MHC class I (MHC-I) molecules are the centerpieces of cross-presentation. They are loaded with 

peptides derived from exogenous sources and displayed on the plasma membrane to communicate 

with CD8 T cells, relaying a message of tolerance or attack. The study of cross-presentation has 

been focused on the relative contributions of the vacuolar versus cytosolic pathways of antigen 

processing and the location where MHC-I molecules are loaded. While vacuolar processing 

generates peptides loaded onto vacuolar MHC-I molecules, how and where exogenous peptides 

generated by the proteasome and transported by TAP meet MHC-I molecules for loading has been 

a matter of debate. The source and trafficking of MHC-I molecules in dendritic cells have largely 

been ignored under the expectation that these molecules came from the Endoplasmic reticulum 

(ER) or the plasma membrane. New studies reveal a concentrated pool of MHC-I molecules in the 

endocytic recycling compartment (ERC). These pools are rapidly mobilized to phagosomes 

carrying microbial antigens, and in a signal-dependent manner under the control of Toll-like 

receptors. The phagosome becomes a dynamic hub receiving traffic from multiple sources, the 

ER-Golgi intermediate compartment for delivering the peptide-loading machinery and the ERC for 

deploying MHC-I molecules that alert CD8 T cells of infection.
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 Introduction

 Classic MHC-I presentation

All nucleated cells express major histocompatibility complex (MHC) class I (MHC-I) 

molecules, whose presence on the cell surface serves to display an array of peptides, 8–9 

amino acids long, derived from various different proteins within the cell. In this manner, 

cells present a snapshot of their proteins to the immune system in the form of a peptide-

MHC-I complex that is engaged by the T cell receptor (TCR) of CD8 T cells (1). When a 

foreign peptide is displayed, such as a peptide from a virus that has infected the cell, 

antigen-experienced CD8 T cells with TCR specificity to that peptide kill the infected cell. 

On professional antigen presenting cells such as dendritic cells (DC), the cognate TCR and 

peptide-MHC complex interaction only signals the activation of naïve T cells when a signal 

in the form of a T cell co-stimulatory molecule is also expressed (2, 3). This second signal 

can activate either CD8 or CD4 T cells and is controlled by pattern recognition receptors 

(PRRs) such as Toll-like receptors (TLRs) (4–7), which signal detection of microbial 

components (8).

Formation of the peptide-MHC-I complex in all cells including professional antigen 

presenting cells occurs constitutively and does not require inductive signals from PRRs. 

Loading of MHC-I molecules by peptides occurs within the endoplasmic reticulum (ER) (1). 

Peptides are derived from the activity of the cytosolic proteasome and are translocated into 

the ER via the activity of the peptide transporter associated with antigen processing (TAP). 

MHC-I heavy chain that has newly translocated into the ER is chaperoned by Calnexin and 

the oxidoreductase ERp57, and associates with its partner β2-microglobulin (β2m) followed 

by interaction with a set of proteins collectively called the peptide loading complex (PLC) 

(1). TAP is a component of the PLC, which is also comprised of other components including 

ERp57, Calreticulin, and Tapasin, which collectively mediate translocation of cytosolic 

proteasome-generated peptides into the ER lumen, peptide trimming, and loading onto 

heavy chain-β2m complexes. It is the activity of the PLC that underlies the ability of MHC-I 

molecules to present the wide array of peptides derived from not only cellular proteins but 

also infecting microorganisms. Because MHC-I are released from the PLC and exported out 

of the ER only upon binding of peptides, their stable expression at the plasma membrane is 

inherently linked to successful MHC-I assembly (1).

 Cross-presentation and the subcellular pathways behind it

Besides the classic presentation of endogenous peptides, MHC-I molecules can also present 

peptides from extracellular proteins in a process termed cross-presentation. Like classic 

MHC-I presentation, cross-presentation is an important component of establishing tolerance 

to self-tissues, but also in mobilizing CD8 T cell responses against intracellular 

microorganisms as well as tumors (9, 10). Because of these reasons, the mechanisms and 

regulation of cross-presentation has instigated intense investigation. A number of pathways 

and subcellular locations have been described where cross-presentation might occur. One 

pathway depicts degradation of cargo proteins, internalized either by endocytosis or 

phagocytosis, by endosomal or phagosomal proteases most notably cathepsin S, and 

resultant peptides loaded onto MHC-I molecules independently of proteasomal degradation 
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and TAP function. This pathway is known as the vacuolar pathway of cross-presentation (9). 

A second pathway depicts translocation of internalized proteins from endosomes or 

phagosomes to the cytoplasm where they undergo degradation by the proteasome. This 

pathway is called the cytosolic pathway of cross-presentation (9, 11). Peptides generated this 

way then follow two possible routes: 1) Transport via phagosomal/endosomal TAP back into 

the phagosomes/endosomes from which they originated where they are then loaded onto 

MHC-I in those compartments (9), and 2) Transport via ER TAP into the ER lumen for 

loading onto ER-resident heavy chain-β2m complexes (9). MHC-I loading has been 

implicated to occur within endosomes based on evidence pointing to peptide loading in early 

endosomes and not the ER, with cross-presented antigen being transported to the plasma 

membrane from those endosomes (12). Other evidence supported endosomal/phagosomal 

loading based on delivery of the MHC-I PLC (including TAP) from the ER-Golgi 

intermediate compartment (ERGIC) to phagosomes or endosomes (13). This delivery is 

mediated via vesicular traffic from the ERGIC to phagosomes/endosomes guided by pairing 

of the ER SNARE Sec22b with the plasma membrane SNARE Syntaxin 4, which is present 

on phagosomes and presumably also endosomes (13).

Another important distinction in the two pathways of cross-presentation, vacuolar versus 
cytosolic, is the reliance on TAP. The vacuolar pathway is TAP-independent – no 

involvement of the proteasome and no need for re-entry into the vacuole to meet MHC-I 

molecules for loading. The cytosolic pathway is necessarily TAP-dependent – those 

proteasome-generated peptides derived from an extracellular source of proteins must be 

brought into close proximity with MHC-I molecules. Notably, the source of MHC-I 

molecules that can be loaded within phagosomes or endosomes has not been extensively 

investigated. For endocytosed cargo, evidence points to loading of internalized plasma 

membrane MHC-I molecules that are recycled back to the plasma membrane for cross-

presentation to CD8 T cells (14, 15) (more on this below). Until recently (16), MHC-I 

molecules were assumed to come from the ER, the ERGIC or endocytic pathways through 

the plasma membrane.

 Regulation of cross-presentation by signals from PRRs – phase by phase 

during DC maturation

Several reports have demonstrated that TLR engagement increases CD8 T cell activation by 

cross-presented peptide (17–20), a process called cross-priming (21). While some PRRs 

transduce signals that impact a multitude of cellular functions including internalization, 

others serve as endocytic receptors mediating delivery of antigen to different subcellular 

compartments (22). Thus, depending on the particular PRR, its contribution to cross-

presentation is distinct and necessarily reflects different mechanisms. Besides TLR-

dependent enhancement of cross-presentation, plenty of evidence also supports TLR-

independent enhancement of cross-presentation. In vivo and in vitro studies have shown that 

the cross-presentation of antigens complexed with IgG depends on the expression of γ-chain 

containing activating IgG Fc receptor (FcγR) by bone marrow derived DC (BMDC) (23) and 

CD8α− splenic DC (24). In this case, FcRγ-chain immunoreceptor tyrosine-based activation 

motif (ITAM) signaling is critical for cross-presentation (25). Upon binding to the model 
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antigen ovalbumin (OVA), the mannose receptor (MR) 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 (26, 27). The RIG-I 

ligand 3pRNA is a robust inducer of CTL cross-priming via its signaling through the adaptor 

MAVS and induction of a type I interferon response (28). Cross-presentation by human DC 

is enhanced when antigen is targeted to the C-type lectin receptors Langerin on Langerhans 

cells (29) and DC-SIGN or DEC-205 on monocyte-derived DC (29, 30). In mice, the 

signaling PRR that detects necrotic cells, DNGR-1 (CLEC9A), is essential for cross-

presentation of dying vaccinia virus-infected cells to CD8 T cells, and its absence is 

associated with an increased viral load, delayed resolution of primary infection, and loss of 

protection (31). Recognition of membrane bound heat shock proteins on the surface of dying 

cells by the lectin-like oxidized LDL receptor 1 promotes cross-presentation of cellular 

antigen from these dying cells (32). Because PRR signaling can enhance phagocytosis, co-

stimulation and inflammatory cytokine production by DC (33), all of which in turn impact T 

cell activation, the effects of PRRs on cross-presentation can be indirect. Nevertheless, a 

number of studies focused on the direct effects of TLR signals, have now unequivocally 

shown control over multiple facets of the process behind the assembly of cross-presented 

peptide-MHC-I complexes (see below).

 Late phase of DC maturation

Mature BMDC that have been treated with lipopolysaccharide (LPS) in vitro for an extended 

period of time (24–40 hours) are unable to cross-present IgG-complexed antigens (34), 

likely a reflection of their shutdown in antigen uptake (34, 35). Stimulation of human DC by 

TLR3 or TLR4 ligands inhibits their subsequent cross-presentation of viral antigens derived 

from virally infected apoptotic cells (36). Systemic administration of TLR ligands including 

LPS, CpG, poly I:C also inhibits cross-presentation in vivo (37). In this scenario, DC 

maturation by inflammatory cytokines may prevent bystander DC from cross-priming T 

cells (37). It has been proposed that shut down in cross-presentation after DC maturation 

serves to confine cross-priming to those antigens encountered simultaneously with the PRR 

signals that initially triggered DC activation (37, 38). Besides decreased antigen uptake, the 

blockade in cross-presentation by mature DC can also be due to the LPS-dependent 

upregulation in the levels of the transcription factor EB (TFEB) (39), which is a master 

regulator of lysosome biogenesis (40, 41). When forced TFEB expression is engineered in 

immature BMDC, phagosomal acidification and proteolysis are increased and cross-

presentation is reduced in vitro and in vivo (39).

 Intermediate phase of DC maturation

BMDC that had already been stimulated with LPS, but were not quite fully mature (so-

called ‘intermediate DC’ 3–16 hours post-LPS), exhibited increased in vitro and in vivo 
cross-presentation of antigen-antibody complexes that engage FcγR (34, 42), as well as 

phagocytic bead-bound endotoxin-free antigen (42). Cross-presentation was evaluated using 

the T cell hybridoma B3Z as a readout, whose activation is induced by TCR engagement in 

the absence of co-stimulation (34, 42). ‘Intermediate DC’ exhibited increased endocytosis, 

expression of proteasome subunits and proteasome activity, as well as TAP activity (34). 

Despite having lower phagocytic activity than immature DC, the increased cross-
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presentation of phagocytic antigen by ‘intermediate DC’ is dependent on TLR4-mediated 

preservation of phagosomal antigen due to a slower rate of phagolysosomal fusion (and thus 

acidification) in those already stimulated DC (42). This contrasts with TLR-dependent 

enhancement of phagolysosomal fusion during the first hour of phagocytosis of bacteria by 

‘naïve’ macrophages (43). Interestingly, reorganization and clustering of lysosomes in 

‘intermediate DC’, a process mediated by the GTPase RAB34 (44, 45), is responsible for 

preventing their fusion with phagosomes (42). These observations made in vitro have 

potential implications in vivo where activated DC are proposed to enter a ‘surveillance’ state 

that allows continuous sampling of the tissue microenvironment and efficient cross-

presentation. Murine DC have been reported to retain the capture and cross-presentation of 

soluble antigens after maturation in vivo (46). Presumably, the TLR-induced ‘surveillance’ 

state of DC in vivo overlaps with the initial phases of infection when microbes are still 

present but tissue destruction and resultant availability of self-antigens are absent.

 Before DC maturation

When immature DC encounter antigen and TLR ligands simultaneously, cross-presentation 

is also enhanced. Immature BMDC deficient in the expression of TLR signaling adaptors 

TRIF and MyD88 showed significantly impaired cross-presentation of peptides derived from 

phagocytosed TLR ligand bearing cargo despite the provision of exogenous co-stimulation 

to primary antigen-specific naïve CD8 T cells, and with similar results using B3Z (16). 

Single deficiencies in either MyD88 or TRIF showed that MyD88, and not TRIF, is critical 

(16). Early work showed that TLRs control cross-presentation by increasing the efficiency of 

MHC-I peptide loading in human monocyte-derived DC through promotion of NOX2 

activity (47). By sustaining the production of low levels of reactive oxygen species, which 

counteract the activity of the ATP-dependent vacuolar proton pump (v-ATPase) (48), NOX2 

favors a relatively more alkaline phagosome luminal pH most conducive for preservation of 

potential cross-presented peptides (49–51). Concordantly, increased phagosomal 

acidification and proteolysis induced by TFEB overexpression in immature BMDC reduces 

cross-presentation as mentioned above (39). These adaptations unique to DC contribute – 

along with other factors such as limited vacuolar degradation (34, 52, 53), coordinate 

induction of immunoproteasome subunits, TAP1, Tapasin, and other components of the 

MHC-I loading machinery (54), as well as translocation of phagosomal/endosomal proteins 

to the cytosol for proteasomal degradation (11) – to the specialization of DC in cross-

presentation (55).

Signaling from TLR4 has been reported to increase delivery of TAP to endosomes in a 

manner dependent on the TLR signaling adaptor MyD88, thus stimulating cross-presentation 

of endocytosed cargo (12). Confocal microscopy on BMDC revealed enrichment of MHC-I 

molecules on phagosomes carrying beads conjugated to TLR ligands, such as LPS and 

Pam2Csk4, and not plain beads (16) suggesting an influence by compartmentalized TLR 

signaling specific to phagosomes carrying TLR ligand. MHC-I enrichment peaked at 4.5 

hours post phagocytosis and depended on MyD88 (not TRIF) expression in the DC (16). Of 

note, liquid chromatography-tandem mass spectrometry (LC-MS/MS) conducted on proteins 

from phagosomes isolated at 1.5 hours post phagocytosis of beads carrying antigen (with no 

added LPS) also showed MHC-I enrichment specifically in phagosomal proteins from 
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‘intermediate DC’ stimulated earlier with LPS compared to unstimulated BMDC (42). It 

remains to be formally tested whether TLR signal dependent MHC-I enrichment is 

phagosome autonomous, i.e. does a DC that had already been stimulated with LPS 

indiscriminately enrich MHC-I on all its phagosomes regardless of the TLR ligand of their 

cargo (self or non-self)? Phagosome autonomous MHC class II (MHC-II) presentation of 

antigen has been reported (56). Nevertheless, MHC-I enrichment on phagosomes in the 

presence of TLR signaling could be due to increased trafficking to phagosomes or an 

inability to exit phagosomes. The latter possibility is unlikely given that the levels of MHC-I 

molecules on the plasma membrane increase over time after TLR stimulation (16, 57, 58), 

and more importantly, cross-presentation of specific peptide is enhanced with TLR signaling 

(16). These observations point to a TLR dependent mechanism that mediates active MHC-I 

recruitment to phagosomes. How are these MHC-I molecules recruited to phagosomes and 

where do they come from? Before following up on these findings, a review of subcellular 

trafficking of MHC-I molecules is necessary.

 The cell biology of subcellular trafficking of MHC-I molecules

 Beginning in the ER and en route to the plasma membrane

As discussed above, the PLC in the ER mediates loading of MHC-I molecules with 

proteasome-generated peptides that have been translocated into the ER lumen by TAP. Once 

loaded, MHC-I molecules associate with transport receptor BAP31, accumulate at ER exit 

sites and traffic via export vesicles to the ERGIC (59–61). The ERGIC is a stable sub-

compartment of the ER into which ER-derived cargo is shuttled from ER-exit sites on its 

way to the Golgi (62). It functions primarily in the folding and quality control of newly 

synthesized proteins, and notably harbors components of the MHC-I PLC such as TAP and 

Calreticulin (13). While loading of MHC-I with peptide occurs primarily in the ER, it can 

also occur during recycling between the ER and Golgi (63, 64), and the presence of PLC 

components in the ERGIC ensures both peptide loading and proper MHC-I folding (65). 

Only then are MHC-I released from this cycle and exported to the plasma membrane. MHC-

I 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 (63, 66, 67). Using an 

antibody called AF6-88.5 that detects fully assembled MHC-I H2-Kb (68), these molecules 

in resting DC fail to co-localize with the lectin ERGIC-53, Calreticulin, Calnexin or TAP2 

suggesting that these MHC-I molecules have passed the ERGIC quality control and have 

successfully been exported to the plasma membrane (16).

 Clathrin-independent endocytosis of plasma membrane MHC-I

Two major pathways of endocytosis mediate the internalization of proteins, clathrin-

mediated endocytosis (CME), which internalizes proteins such as transferrin receptor (TfR) 

and low-density lipoprotein receptor with specific signals in their cytoplasmic domains (69), 

and clathrin-independent endocytosis (CIE), which mediates endocytosis of proteins such as 

CD59 and β1-integrin (70, 71). Endosomes carrying cargo proteins from either CME or CIE 

fuse with early sorting endosomes (72). There are then two fates for these cargo proteins, 

either sorting to lysosomes (presumably for degradation) or sorting to a recycling pathway 

and returning to the plasma membrane.
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Trafficking of MHC-I molecules has extensively been studied in cells other than professional 

phagocytes (Figure 1). Plasma membrane MHC-I molecules lack the cytoplasmic tails 

conferring clathrin/AP2 localization (73), and in HeLa cells are continuously internalized 

via both clathrin and dynamin independent endocytosis regulated by the ADP ribosylation 

factor 6 (ARF6) (74, 75). Thus, MHC-I molecules are internalized via clathrin independent 

endocytosis. The cytoplasmic domain of MHC-I contains a tyrosine and two serine residues 

conserved across 15 widely divergent vertebrate species (15). The tyrosine residue encoded 

by exon 6 is part of an intracellular targeting motif that is responsible for MHC-I 

endolysosomal trafficking in both BMDC and spleen derived GM-CSF/TNF-α cultured DC 

(15). A single point mutation substituting a phenylalanine residue for the conserved tyrosine 

led to abnormal accumulation of MHC-I molecules in the Golgi, disrupted cross-

presentation but not classic antigen presentation in vitro, and strikingly also diminished 

generation of CTL responses against two immunodominant viral epitopes after infection 

with vesicular stomatitis virus or Sendai virus (15).

 Redirecting traffic of MHC-I molecules to late endosomes and lysosomes

In HeLa cells, a fraction of MHC-I molecules internalized through CIE is diverted to late 

endosomes and lysosomes converging first with clathrin-dependent cargo such as transferrin 

receptor within an early sorting EEA1+ endosome (76). In resting BMDC, the fraction of 

MHC-I molecules that co-localizes with LAMP-1+ late endosomal/lysosomal compartments 

represents around 10% (16). Presumably, these MHC-I are internalized from the plasma 

membrane. Within CD34+ precursor-derived human Langerhans cells, MHC-I molecules 

have been observed to co-localize with HLA-DM and HLA-DR (MHC-II) in late endosomal 

and lysosomal compartments termed as MIIC (54). Immunoelectron microscopy revealed 

staining of MHC-I molecules on both intraluminal vesicles and limiting membranes of 

multivesicular structures (54, 77). These structures also stained for MHC-II (77) as well as 

the late endosomal markers CD63 and the mannose-6-phosphate receptor (54). Internalized 

proteins destined for degradation, exocytosis or storage are usually incorporated into 

intraluminal vesicles of multivesicular bodies (78). The fate of MHC-I molecules that 

localize to late endosomal/lysosomal compartments in DC is not clear.

Notably, an ER to endolysosomal pathway of MHC-I trafficking chaperoned by the invariant 

chain (CD74), which is known for its trafficking of MHC-II molecules to the endocytic 

pathway, has been reported in DC. The possibility for the existence of such a pathway had 

come from older studies describing co-localization and association of CD74 with MHC-I 

molecules (77, 79, 80). CD74 deficiency reduced the endolysosomal localization of MHC-I 

while it had no effect on MHC-I internalization from the plasma membrane (81). The 

consequences of reduced endolysosomal localization of MHC-I on cross-presentation were 

profound. Less OVA-peptide loaded MHC-I molecules – detected by immunofluorescence 

microscopy using the only monoclonal antibody specific to a peptide-MHC-I complex (82) 

(and which is not sensitive enough to detect cross-presented peptides by flow cytometry 

(16)) – were observed co-localizing with LAMP-1+ endolysosomal compartments in CD74 

deficient splenic DC (81). Whether MHC-I molecules are loaded in these LAMP-1+ 

endolysosomal compartments and exit from these compartments to the plasma membrane is 

not defined. CD74 deficiency impaired in vitro cross-presentation by DC and diminished 
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virus-specific CD8 T cell responses to VSV infection (81). MHC-I and CD74 interacted 

intracellularly forming a complex in a pre-Golgi compartment within BMDC, and deletion 

of the cytosolic CD74 endosomal trafficking motif abrogated soluble antigen cross-

presentation (81). These results suggest that trafficking of the MHC-I/CD74 complex is 

dictated by the itinerary of CD74. The evidence from these studies discussed above 

collectively indicates that the fraction of MHC-I molecules present within endolysosomal 

compartments at steady state can either come from the ER via CD74 or from the plasma 

membrane.

 Trafficking through recycling endosomes – fast and slow recycling

Once a cargo protein is sorted into the recycling pathway, it faces two options. It can go 

through ‘fast recycling’ where it is returned to the plasma membrane directly from the 

sorting endosome regulated by RAB4 (83–85). ‘Fast recycling’ of MHC-I molecules in 

immature human monocyte derived DC has been reported to be dependent on RAB35 (86), 

which functions in endosomal trafficking (87, 88). Cargo can also go through ‘slow 

recycling’ by being transported first into a transitory organelle called the endocytic recycling 

compartment (ERC) (87, 89–92). The ERC is typically perinuclear and localized near the 

microtubule-organizing center (MTOC) (although not always) (87). Activity of the small 

GTPase RAB11a regulates traffic from sorting endosomes into the ERC (93, 94), but new 

evidence suggests that there may be more than one route of entry into ERC depending on the 

nature of the cargo (95). RAB11a has also been described to transport proteins to the trans-

Golgi network (TGN), which is in close proximity to the ERC (96). Expression of a 

constitutively active (CA) form of Rab11aQ70L in CHO cells was shown to increase 

transferrin levels in RAB11a+ ERC (93). On the other hand, expression of a dominant 

negative allele of RAB11a in CHO cells diminished co-localization of transferrin with the 

ERC (93), and inhibited recycling of β1-integrin (97) and MHC-I molecules in HeLa cells 

(98). It also inhibited transport of the Shiga toxin B subunit and a marker for TGN, TGN38, 

from endosomes to the TGN (96).

Once internalized, ≈50% of MHC-I molecules in HeLa cells divert from sorting endosomes 

and enter into round ellipsoidal tubules that harbor ARF6 and appear devoid of transferrin 

receptor (74–76). These tubules may be components of tubular recycling endosomes (TRE) 

that can be as long as 10 μm in length and 200 nm in diameter, and are associated with 

endocytic regulatory proteins known as C-terminal Eps15 homology domain (EHD) proteins 

(99). TRE usually serve as conduits for recycling to the plasma membrane, but they may 

also carry MHC-I molecules out of sorting endosomes and into ERC. In support of this 

possibility, recent work shows that TRE preferentially facilitate trafficking of CIE cargo, and 

that some TRE originate from sorting endosomal membranes (95). TRE formation requires 

generation of phosphatidic acid (100), which recruits Syndapin II and the RAB8 and EHD1 

interacting protein called ‘molecules interacting with CasL-like 1’ (MICAL-L1) to the 

endosomal membrane to mediate its bending and tubulation (101, 102).

By confocal microscopy with a resolution of ≈300 nm, the ERC appears as a compact 

perinuclear region suggesting a structure enclosed by a single limiting membrane. A side-

by-side comparison of the ERC by three dimensional structured illumination microscopy 

Blander Page 8

Immunol Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3D SIM) at ≈110 nm resolution confirmed the closely packed Rab11a region (95). SIM 

showed that the ERC contains a complex combination of multiple independent structures 

and endosomal membranes linked by connections up to 500 nm long (95). Surprisingly, SIM 

showed a high degree of co-localization of RAB11a with transferrin, but limited co-

localization with CD59, which is internalized by CIE and is transported via EHD1 and 

MICAL-L1 containing TRE (103). Direct stochastic optical reconstruction microscopy 

(dSTORM) imaging at ≈10 nm precision of transferrin and CD59 cargos, which were 

chased from the sorting endosomes into the ERC, revealed that these two cargos were 

mostly segregated within the ERC and already arrive segregated from the sorting endosomes 

(95). Whether MHC-I molecules behave like CD59 was not studied. These data show that 

while both CME and CIE cargos are internalized into the ERC, they remain within distinct 

subdomains of the ERC (95). These findings have important implications to the manner in 

which CME and CIE cargos enter and exit the ERC (more below).

Proteins that enter the long recycling pathway and transit through the ERC must then 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 

Rab11aQ70L expression leads to accumulation in ERC rather than increased exit back to the 

plasma membrane (93). Much evidence supports a role for TRE in mediating outgoing 

plasma membrane-bound traffic from the ERC (75, 101, 102, 104, 105). EHD1 mediates 

recycling of transmembrane proteins that have been internalized by CME and CIE (104, 106, 

107), and in particular promotes recycling of MHC-I back to the plasma membrane (104). 

The small GTPase RAB22a has also been associated with these MHC-I+ tubular recycling 

compartments in HeLa cells and its inactivation is required for final fusion of these tubules 

with the plasma membrane (98).

In CD34+ precursor-derived human Langerhans cells, LPS induces rapid mobilization of 

MHC-I molecules from endosomal compartments to the plasma membrane (54). In 

immature human monocyte-derived DC, ≈56% of the total MHC class I molecules were 

shown to reside internally, whereas only 23% of the total MHC-I remained internal 

following stimulation with LPS (58). In human monocyte-derived DC, TLR signaling alone 

was insufficient for tubulation of the ERC and further ligation of MHC-I and ICAM-1 on 

DC by the TCR and LFA-1 on CD8 T cells was necessary (108). ERC tubulation in these 

human DC is mediated by MICAL-L1 (109). Interestingly, disintegration of the tubular ERC 

in human DC with Nocodazole, an agent that depolymerizes microtubules, reduced the 

ability of the DC to activate antigen-specific CD8 T cells (108).

 The ERC houses large reserves of MHC-I molecules in resting DC

In BMDC and CD8α+ splenic DC, a subset specialized in cross-presentation, a concentrated 

pool of MHC-I molecules is present within the ERC marked by RAB11a and the vesicle 

associated membrane proteins, VAMP3/cellubrevin and VAMP8/endobrevin (16). A smaller 

fraction of MHC-I also colocalized with Rab11a to the ERC-proximal TGN (16). Not 

surprisingly, some MHC-I molecules also co-localized with transferrin receptor, which 

undergoes ‘slow recycling’ through the ERC (93, 94). No MHC-I co-localization with 

EEA1+/Rab5+ early/sorting endosomes could be detected, and as mentioned above this pool 
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of MHC-I was excluded from the ERGIC (16). Interestingly, a pool of MHC-I molecules 

that did not colocalize with Tapasin or KDEL motif-containing ER proteins had previously 

been observed in murine BMDC as well as a primary human peripheral blood-derived DC 

and a DC-like human cell line (57, 58). One study has reported MHC-I co-localization with 

transferrin in RAB3b/3c+ perinuclear recycling tubular structures within a DC2.4 murine 

cell line (110). Surprisingly, other RABs such as RAB5, RAB8, RAB10, RAB33a, RAB34 

and RAB35 also localized to RAB3b/3 vesicles. siRNA-mediated silencing of these RABs 

all impaired cross-presentation of phagocytic antigen in a DC2.4/B3Z readout system (110). 

The relationship of the RAB3b/3c+ recycling structures to sorting endosomes and ERC is 

not defined.

RAB11a is important for maintaining these MHC-I pools in DC without affecting the levels 

of plasma membrane MHC-I molecules (16). Expression of a constitutively active allele of 

Rab11aQ70L led to an accumulation of MHC-I molecules within the ERC of BMDC, while 

lentiviral mediated silencing of RAB11a led to the disappearance of these stores (16). Based 

on the recycling paths of CIE cargo reviewed above, the most likely source of MHC-I 

molecules within the ERC of DC is the plasma membrane. The kinetics of MHC-I 

movement through the ‘slow recycling’ pathway in DC have not been studied. Interestingly, 

CD1a, unlike other CD1 isoforms, is also internalized by CIE (111), and like MHC-I has 

been shown to co-localize with RAB11a in ERC and not sorting endosomes within freshly 

isolated human epidermal Langerhans cells (112). Like MHC-I, CD1a recycling in HeLa 

cells is also RAB22a dependent (111).

 ERC-Phagosome communication and its role in phagocytosis

With this background and understanding of the subcellular localization and trafficking of 

MHC-I molecules, we will go back to the question of where MHC-I molecules on TLR 

ligand bearing phagosomes come from. A vesicular trafficking pathway from the ERGIC to 

phagosomes is mediated by Sec22b, which delivers the MHC-I PLC (13). An examination of 

the patterns of Sec22b staining around phagosomes with or without TLR ligands did not 

reveal any differences, however, while MHC-I co-localized with Sec22b on phagosomes 

only when phagosomes carried LPS (16). The disparate phagosomal accumulation of 

Sec22b (TLR-independent) and MHC-I (TLR dependent) hinted at the arrival of MHC-I on 

phagosomes from a source other than the ERGIC. Plus, mature MHC-I molecules could not 

be detected in the ERGIC of DC to begin with (16, 57, 58). Despite some co-localization of 

MHC-I with the TGN marker TGN38 in resting DC, the absence of this marker on 

phagosomes made it unlikely that the TGN was contributing MHC-I molecules to the 

phagosome. On the other hand, concomitant accumulation of RAB11a, ERC SNAREs 

VAMP3 and VAMP8 (113), but not non-ERC SNAREs VAMP2 and VAMP7 betrayed the 

ERC origin of MHC-I molecules on TLR ligand bearing phagosomes (16).

Macrophages (and DC) can internalize large phagocytic cargo, which consume a significant 

portion of their plasma membrane and thus necessitate the availability of an additional 

source of membrane to replenish the plasma membrane and/or contribute to the phagosomal 

membrane (114). RAB11a has been reported to localize to nascent phagosomes in 

macrophages, and expression of a dominant negative allele of Rab11a impaired FcγR-
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mediated phagocytosis (115). Macrophages lack a distinct ERC, thus it was proposed that 

RAB11a delivery to incoming phagosomes reflected a contribution of endomembrane from 

an extensive network of recycling endosomes in order to extend membrane around 

phagosomes and facilitate phagocytosis (115). In contrast to these findings, there are no 

defects in phagocytosis in the absence of RAB11a in BMDC (16), which could reflect DC to 

macrophage differences or simply the ability of other endomembranes, perhaps ERGIC-

derived (13), to compensate in DC. Such a possibility would be consistent with recruitment 

of the ER SNARE Sec22b to phagosomes, which occurs irrespective of the TLR ligand 

content of phagosomes and can thus contribute membranes to all phagosomes regardless of 

whether they carry microbial cargo or not (16). ER membranes were proposed in a much 

earlier study to contribute to phagosome formation, albeit in macrophages (116). 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 – and visible when phagocytosis was slowed down with 

inhibitors of phosphatidylinositol 3-kinase or phagosome acidification (116). A subsequent 

study contested these findings showing that ER-phagosome fusion in macrophages is a rare 

event (117). In retrospect, TAP, Calnexin and Calreticulin are also present in the ERGIC and 

can be detected along with Sec22b and ERGIC-53 in phagosomal proteins (13, 16). On the 

other hand, the ER resident protein ERp72 or the cis-Golgi resident ER-Golgi SNARE 

YKT6 could not be detected in phagosomal proteins attesting first to the purity of the 

phagosomal preparations (given the ease in which they could carry over membrane from the 

abundant ER or Golgi), but also to the fact that the presence of ER-associated proteins is 

selective (16). Only ER proteins that are also in the ERGIC can be detected on phagosomes 

while proteins from the ER proper are not. Therefore, it would appear that Sec22b-mediated 

vesicular traffic to phagosomes emanates from the ERGIC and not the ER proper.

 The role of Rab11a and the ERC in cross-presentation

An intact ERC is critical for the positive edge that TLR signals impart on cross-presentation. 

The ERC can be dispersed from its perinuclear region with Nocodazole leading to the 

scattering of the ERC pool of MHC-I into smaller peripheral pools that no longer co-localize 

with RAB11a (16). The ERC can also be disrupted in BMDC by lentiviral-mediated 

silencing of RAB11a, which dissolves the ERC reserves of MHC-I molecules perhaps 

because they can no longer be shuttled from early sorting endosomes (16). With either 

Nocodazole treatment or RAB11a silencing, the net effect on cross-presentation is severe 

impairment. Peptides derived from phagocytic cargo can no longer be cross-presented to 

antigen-specific CD8 T cells despite the presence of TLR ligands within that phagocytic 

cargo (16). On the other hand, expression of a constitutively active RAB11a in BMDC 

increases MHC-I trafficking to the ERC achieving an effect opposite to that of depleting the 

MHC-I stores. Despite the fact that this happens equally efficiently in both TRIF and 

MyD88 deficient as well as wild type BMDC, the well-stocked ERC stores of MHC-I fail to 

restore phagosomal MHC-I accumulation and cross-presentation in the absence of TLR 

signals (16). Ramping up the numbers of MHC-I molecules in the ERC, however, does lead 

to earlier detection of MHC-I molecules on TLR ligand carrying phagosomes (16). 

Blander Page 11

Immunol Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therefore, while RAB11a expression is critical for TLR-regulated cross-presentation, its 

role is primarily to traffic MHC-I molecules into the ERC (94).

RAB11a has been reported to control TLR4 trafficking to Escherichia coli carrying 

phagosomes, and importantly this conclusion was based on significant inhibition of 

phagosomal accumulation of TLR4 and its sorting adaptor TRAM that is necessary for TRIF 

signaling, upon RAB11a suppression (118). But this outcome, similar to that with MHC-I 

described above (16), likely reflects dissolution of the ERC and with it the source of TLR4 

that can traffic to phagosomes. When the ERC is intact, RAB11a accumulation on TLR4 

signaling phagosomes is likely a reflection of recruitment and retention of ERC cargo 

proteins, RAB11a, VAMP3, VAMP8, MHC-I (16), and concordantly TLR4 (118) 

specifically on those phagosomes carrying TLR4 ligands. While both TLR4 and TLR2 

signaling trigger phagosomal MHC-I enrichment on phagosomes carrying their respective 

ligands (16), TLR4 is the only TLR that has so far been reported to reside in RAB11a+ ERC, 

and the only TLR whose cell biological basis for signal transduction is understood (119). 

While TLR2 has been reported to colocalize with RAB11a+ structures in human monocytes 

(120), further work is necessary to elucidate the relationship between RAB11a and TLR2 

signaling. It remains possible that other TLRs and PRRs are also present in ERC. 

Collectively, the evidence from these studies suggests that vectorial trafficking of TLR4 with 

MHC-I from ERC to phagosomes further remodels those cross-presenting phagosomes to 

conduct additional TRIF-mediated signaling functions such as type I IFN-β production 

(118), which has been shown to stimulate cross-presentation (121). Another important note 

here is that the impaired cross-presentation resultant from RAB11a silencing is not because 

of interrupting the enhancing effects of IFN-β on cross-presentation because the addition of 

exogenous biologically active IFN-β to RAB11a-silenced or TLR signaling deficient BMDC 

does not restore cross-presentation (16).

Besides the reported presence of TLR4 in the ERC, another protein that has been reported to 

be localize to the plasma membrane and RAB11a+ ERC – albeit in CHO cells and bone 

marrow derived macrophages – is the NADPH oxidase flavocytochrome b558, the integral 

membrane catalytic core of the phagocytic NADPH oxidase (122). Flavocytochrome b558 

colocalizes with a GFP-tagged RAB11 protein around nascent phagosomes (122), consistent 

with the previous report discussed above (115). Flavocytochrome b558 is composed of two 

subunits p22phox and gp91phox (also known as NOX2) (where phox denotes phagocyte 

oxidase) (123), and NOX2 plays a significant role in cross-presentation (51, 124). It could 

thus be argued that the crux of a role for the ERC in cross-presentation is its phagosomal 

delivery of NOX2 (rather than MHC-I molecules). However, the subcellular localization of 

NOX2 is different in BMDC where NOX2 resides in inhibitory lysosome related organelles 

containing lysosomal proteins LAMP-1/LAMP-2 and RAB27a (49). Furthermore, while 

RAB11a and MHC-I co-localize in BMDC, NOX2 co-localizes with neither, and instead 

shows almost 100% co-localization with LAMP-1 in resting BMDC and on LAMP-1+ 

phagosomes in BMDC, and irrespective of the presence of TLR ligands within those 

phagosomes (16). These findings highlight the differences between macrophages and DC 

(55) (which incidentally also include higher expression of TFEB mRNA in macrophages 

than in BMDC (39)), but they also reveal that the trafficking of MHC-I and NOX2 to 

phagosomes is subject to different rules.
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Discovery of the ERC as a major reserve for MHC-I molecules was made in BMDC cultured 

in GM-CSF, which facilitated study of the cell biological basis of cross-presentation. The 

subject of recent debate (125–127), GM-CSF cultured DC have been instrumental in 

revealing fundamental aspects of myeloid cell biology (127). These cultured DC have been 

proposed to model inflammatory DC (128), such as the DC-SIGN/CD209+ monocyte 

derived DC, which are recruited to lymph nodes from the blood by LPS and Gram-negative 

bacteria in a TLR4-dependent manner, and actively cross-present peptides derived from 

bacteria (129). Enhancing cross-presentation by TLR4 in this context would serve to rapidly 

activate CD8 T cells for host defense against infection. Consistent with this possibility, 

human plasmacytoid DC, for example, have been reported to contain a major intracellular 

pool of MHC-I that co-localizes exclusively with transferrin receptor (130). This pool may 

underlie their ability to serve as primary mediators of anti-viral responses by allowing 

prompt cross-presentation of peptides derived from internalized viruses (131). Importantly, 

the existence of an MHC-I+ ERC may form one mechanistic basis for the superior ability of 

DC subsets such as conventional splenic and lymph node resident CD8α+ DC to cross-

present peptides derived from cellular sources in vivo. Other mechanisms may include the 

lower levels of TFEB expression in splenic CD8α+ DC compared to other splenic DC and 

macrophages (39). Like BMDC, the specialized RAB11a+ compartment within CD8α+ 

splenic DC cells may also provide a critical resource of MHC-I for the cross-presenting 

phagosome (16).

 How are MHC-I molecules selectively recruited to TLR ligand bearing 

phagosomes?

The discussion so far has left us with MHC-I molecules in the ERC in one hand, and their 

TLR/MyD88 signal dependent enrichment on TLR ligand bearing phagosomes in the other 

hand. Because the phagosomal enrichment of ERC derived proteins such as VAMP8, 

RAB11a, and MHC-I is dependent on TLR signaling and TLR ligands within the phagocytic 

cargo, it stands to reason that the recruitment of MHC-I molecules from the ERC to 

phagosomes is subject to regulation. Vesicles that derive from the ERC and fuse with 

phagosomes likely mediate this recruitment. Vesicular membrane fusion is mediated by 

SNARE family members, which along with RAB GTPases contribute to the specificity of 

vesicular transport via their localization to distinct subcellular compartments (132). 

SNAP23/syntaxin/VAMP complexes constitute the minimal components for membrane 

fusion (132), and increasing evidence shows that these SNARE complexes can be regulated 

by phosphorylation (133). Phosphorylation of SNAP23 by the inhibitor of nuclear factor κB 

kinase subunit 2 (IKK2, also known as IKKβ), a subunit of the IκB kinase (IKK), stabilizes 

SNAP23/syntaxin 4/VAMP2 or VAMP8 containing SNARE complexes and mediates mast 

cell degranulation (133, 134). IKK-2 mediated phosphorylation of SNAP23 is also crucial 

for SNAP23/syntaxin 11/VAMP8 complex formation and controls platelet secretion (135). 

Phosphorylation of SNAP23 is thought to induce full zippering of the SNARE-pins as often 

observed in regulated exocytosis, and this could occur via multiple mechanisms (133). For 

example, phosphorylation of SNAP23 has been shown to inhibit its interaction with syntaxin 

4, allowing entry of syntaxin 4 into ternary complexes with VAMP8 (133). Alternatively, 

phosphorylation of SNAP23 may increase its binding to syntaxin 4 and VAMP8, a 
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possibility supported by observations in stimulated mast cells where most of the 

phosphorylated SNAP23 was bound to syntaxin 4 and VAMP2 (133).

IKK2 is activated by phosphorylation downstream of TLR as well as many cytokine 

activated signaling pathways that converge on NF-κB activation (136). An important role for 

IKK2 in cross-presentation is supported by evidence showing that treatment of BMDC with 

a specific IKK2 inhibitor abrogates the TLR-regulated phagosomal recruitment of MHC-I 

and the cross-presentation of microbial antigen (16). When TLR signaling is engaged during 

phagocytosis of TLR ligand containing cargo, MyD88-dependent phosphorylation of IKK2 

activates this kinase enabling its phosphorylation of phagosomal SNAP23 (16). The 

prediction is that MyD88 signals are compartmentalized impacting only those phagosomes 

carrying TLR ligands and leading to phosphorylation of SNAP23 specifically on those 

phagosomes. Evidence in support of this compartmentalization comes from earlier studies 

showing phagosome autonomous maturation in DC such that only phagosomes carrying 

TLR ligands undergo invariant chain degradation and peptide loading of MHC-II molecules 

(56). Phospho-SNAP23 thus serves as a flag on phagosomal membranes by facing the 

cytosol and serving as the docking site for outgoing traffic from the ERC. This mechanism 

serves to deliver to phagosomes the critical numbers of MHC-I molecules once TLRs signal 

infection and the increased need for cross-presentation (Figure 2).

Expression of a mutant phosphomimetic SNAP23 is sufficient for phagosomal acquisition of 

VAMP8 (normally recruited with TLR signals) but not VAMP7 (not recruited with TLR 

signals), supporting the possibility that a SNARE complex comprised of SNAP23, syntaxin 

4 and VAMP8 orchestrates ERC-phagosome fusion and subsequent delivery of ERC cargo 

(MHC-I, TLR4) to phagosomes. Further evidence was provided upon expression of a 

phosphomimetic mutant form of SNAP23 (SNAP23EE) in TLR signaling deficient DC, 

which on this background served as a reporter revealing the identity of the molecules that it 

recruits to the phagosomal membrane. SNAP23EE specifically recruited ERC but not TGN 

markers along with MHC-I molecules providing additional support for the ERC and not the 

TGN as the source of phagosomal MHC-I molecules (16). Expression of SNAP23EE 

overrides TLR signals, and presumably any phagosome carrying self or non-self would 

consequently be licensed to receive MHC-I molecules. The absence of other TLR-dependent 

signals should in theory preclude the cross-presentation of a self-antigen in that case.

An additional point to consider is that raising the TLR-dependent flag of phospho-SNAP23 

may not divert all outgoing traffic from the ERC specifically to phagosomes carrying TLR 

ligands. The fraction of traffic that is diverted and whether specific subdomains of the ERC, 

containing distinct cargo, are trafficked in a TLR-dependent manner remains to be 

determined. Super-resolution and advanced single-molecule imaging techniques (SIM and 

dSTORM) have recently revealed that when the ERC acquires cargo from the sorting 

endosome, it maintains segregation of that cargo (95), which as we discussed above can 

either be internalized by CME or CIE. Moreover, RAB11a was found to be involved in 

trafficking CME and not CIE cargo to the plasma membrane, while CIE cargo localized to 

MICAL-L1 containing TRE (discussed above) (95). These new data demonstrate the 

complexity of the ERC, and further suggest that multiple routes of trafficking out of the 

ERC exist, mediated by different molecules and likely subject to different regulation.
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 The ERGIC and ERC pathways of vesicular traffic contribute distinct 

components to the cross-presenting phagosome

An updated view of the classic phagosome maturation (137) must now incorporate the 

recruitment of the ERC and ERGIC as integral parts of the process of phagosome maturation 

under different cellular cues (Figure 3). The phagosome-bound ERGIC pathway of vesicular 

traffic is mobilized independently of TLR signals as shown by the abundance of Sec22b, 

ERGIC-53 and Calnexin on DC phagosomes regardless of their TLR content or TLR 

signaling (16). The ERGIC pathway delivers components of the MHC-I PLC, most notably 

TAP, in preparation for cross-presentation (13). Silencing Sec22b in BMDC abrogates cross-

presentation (13, 16), because of the blockade in ERGIC-to-phagosome traffic and failure to 

deliver the MHC-I PLC (13). The MHC-I PLC is recruited to phagosomes in the first few 

hours following phagocytosis, coinciding with the time when cross-presentation reaches a 

plateau within 3 hours (138, 139). MHC-I loading by OVA-derived SIINFEKL peptide was 

shown to occur specifically and autonomously in phagosomes that contained the OVA 

protein and not in those containing a control protein (138, 139). Transient association of 

proteasomes with the cytoplasmic side of phagosomes, reported to peak at around 60 

minutes after their formation, facilitates the cytosolic proteasome/TAP pathway of 

generating peptides for cross-presentation (139). These studies along with successful 

reconstitution of peptide loading in vitro using purified phagosomes (138) 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.

The TLR regulated ERC pathway of vesicular traffic serves a purpose different than the 

ERGIC pathway. The ERC is the source of MHC-I molecules that are recruited to microbial 

antigen carrying phagosomes for peptide loading (16). Unlike Sec22b silencing, RAB11a 

silencing impairs cross-presentation because it destroys the ERC stores of MHC-I (16). The 

ERC pathway of cross-presentation coexists with the vacuolar and cytosolic pathways of 

cross-presentation such that ERC-derived MHC-I molecules can either be loaded by 

peptides generated through the activity of vacuolar proteases such as cathepsin S (the 

vacuolar pathway) and/or they can be loaded by proteasome-TAP dependent peptides (the 

cytosolic pathway) as described above. Longer peptides for example, such as those derived 

from melanoma antigens gp100 and MelanA/MART1, appear to have a preference for 

vacuolar processing and are independent of the involvement of Sec22b and TAP (140). 

Nevertheless, by using peptides generated through both the vacuolar and cytosolic pathways, 

MHC-I molecules can 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. Instead of assembling new correctly folded MHC-I molecules in the ER, the 

ERC maintains pre-assembled stores of MHC-I molecules, which can readily be recruited to 

phagosomes containing microbial cargo under the guidance of TLR signals.
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 Future perspective

The studies reviewed here represent a first glimpse into the impact of intracellular MHC-I 

traffic on cross-presentation. Studying the heterogeneous subsets of DC residing in 

lymphoid and non-lymphoid tissues, in mice and in humans, should reveal a tremendous 

amount of new information regarding the cell biology and regulation of intracellular MHC-I 

trafficking in these different DC subsets, in different tissues, and under steady state versus 
inflammatory conditions. The variety of strategies that microbial pathogens use to evade 

detection by CD8 T cells should shed light on the critical steps in MHC-I trafficking and 

how they modulate cross-presentation. Combine this with new super resolution imaging 

techniques, such as structured illumination microscopy (SIM) and three-dimensional direct 

stochastic optical reconstruction microscopy (dSTORM), and the knowledge we are about to 

gain is sure to be nothing short of spectacular.
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Figure 1. The intracellular traffic of MHC class I molecules
Clathrin-independent and clathrin dependent endocytosis are depicted. MHC class I 

molecules undergo clathrin-independent endocytosis mediated by the small GTPase ARF6. 

After internalization, vesicles carrying MHC-I molecules fuse with sorting endosomes 

marked by RAB5 and EEA-1. There are two destinations out of sorting endosomes: 

endolysosomal compartments or the plasma membrane. A fraction of MHC-I molecules is 

routed to endolysosomal compartments and in resting BMDC appears to be small compared 

to the total MHC-I pool. MHC-I molecules have also been reported in multivesicular bodies 

(MVB), specifically MIIC, because of their observed co-localization with MHC class II 

molecules as well as endosomal and lysosomal markers in human Langerhans cells. Direct 

trafficking of MHC-I molecules from the ER to endolysosomal compartments has been 

reported in BMDC mediated by the chaperone CD74, which associates with MHC-I 

molecules in the ER. Two possible routes take MHC-I molecules back to the plasma 

membrane, the ‘fast recycling’ route regulated by RAB4 and RAB35, and the ‘slow 

recycling’ route regulated by RAB11a, whose activity is important for trafficking MHC-I 

molecules to a transitory perinuclear compartment called the endocytic recycling 

compartment (ERC). The ERC is comprised of a network of tubular and endosomal 

structures, some of which appear to be connected by bridges when observed by high-

resolution microscopy. MHC-I molecules traffic out of the ERC is regulated by EHD1 and 

RAB22a through tubular endosomes formed via bending by the EHD1 interacting protein 

MICAL-L1.

Blander Page 24

Immunol Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Toll-like receptor signals divert the traffic of MHC-I molecules from the ERC to 
phagosomes
Three types of internalization events are depicted in this schematic. Clathrin-independent 

endocytosis (CIE) of MHC-I molecules, clathrin-mediated endocytosis (CME) of transferrin 

and phagocytosis of bacteria. Endosomes carrying the CIE cargo MHC-I and the CME cargo 

transferrin receptor converge into the sorting endosome, but maintain segregation in distinct 

subdomains. Although both MHC-I and transferrin receptor can undergo ‘fast recycling’, 

transferrin receptor is shown here recycling back to the plasma membrane through ‘fast 

recycling’. MHC-I molecules are shown entering the ERC through ‘slow recycling’. TLR 

signaling dependent on MyD88 and IKK2 leads to the phosphorylation of the synaptosomal 

associated protein SNAP23, which serves to stabilize trans-SNARE complexes between 

phagosomal Q-SNAREs (one candidate is Syntaxin 4) and ERC R-SNARE (VAMP8/

cellulbrevin is a candidate). The resultant TLR-induced stable SNARE pins drive fusion 

between the MHC-I rich ERC and the microbial antigen containing phagosome. The fusion 

event delivers MHC-I molecules from the ERC to the phagosome. Microbial peptide-loaded 

MHC-I then travel to the plasma membrane to be displayed for recognition by microbe-

specific CD8 T cells.
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Figure 3. The TLR-dependent ERC pathway and the TLR-independent ERGIC pathway 
cooperate in the formation of a cross-presenting phagosome
Upon phagocytosis of bacteria, two vesicular pathways are mobilized to greet the bacterium-

containing phagosome. The pathway from the ERGIC is dependent on the ER SNARE 

Sec22b, and serves to deliver the peptide loading machinery including TAP, Tapasin, and 

Calreticulin. This pathway is mobilized independently of TLR signals, and the precise 

nature of the signals initiating its mobilization has not been defined. The pathway from the 

ERC is controlled by MyD88-IKK2 dependent TLR signaling which phosphorylates 

SNAP23 on phagosomes. Phospho-SNAP23 (pSNAP-23) flags microbial antigen containing 

phagosomes for receiving MHC-I molecules from the ERC in a TLR-dependent manner 

driven by a pSNAP-23 stabilized ERC-phagosome SNARE complex. Therefore, while 

delivery of the peptide loading complex occurs independently of TLR signals, delivery of 

MHC-I molecules is regulated by TLR signals. In the meantime, bacterial protein antigens 

derived from bacterial degradation are subjected to proteolysis through the vacuolar pathway 

which relies on the proteolytic activity of vacuolar proteases, or the cytosolic pathway which 

relies on cytosolic translocation of antigen, degradation by the proteasome, and transport 

back into phagosomes. The combined activity of these two pathways likely contributes to the 

diversity of peptides that can be generated from exogenous cargo and which in turn can be 
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cross-presented by MHC-I molecules. Together with the vacuolar and cytosolic pathways of 

antigen processing, the ERC and ERGIC pathways of vesicular traffic equip phagosomes for 

cross-presentation of microbial antigen.
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