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The unfolded protein response (UPR) is an adaptive response

meant to restore endoplasmic reticulum homeostasis in

conditions of ER stress that subvert the folding capacity of the

cell. Over the past few years, it has become clear that the

functions of the UPR stretch far beyond their canonical role and

intersect with seemingly unrelated functions such as innate

immunity and antigen presentation. The aim of the present

review is to dissect how the UPR interferes directly and

indirectly with the major processes of MHC-I and MHC-II

antigen presentation.
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Introduction
The unfolded protein response (UPR) is an adaptive

cellular response initiated upon accumulation of improp-

erly folded proteins in the endoplasmic reticulum (ER)

and triggered by three ER-resident sensors: inositol

requiring enzyme 1 (IRE1a), protein kinase R-like ER

kinase (PERK) and activating transcription factor 6

(ATF6) [1,2] (Figure 1). IRE1a is a bifunctional protein

that harbors a serine/threonine kinase domain and a

ribonuclease (RNAse) domain in its cytoplasmic domain.
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Upon activation, IRE1a cleaves Xbp1 (X-box binding

protein) mRNA through an unconventional splicing reac-

tion yielding the active transcription factor XBP1s. XBP1s

is a major regulator of ER biogenesis by activating expres-

sion of genes involved in lipid biosynthesis, ER associ-

ated degradation (ERAD) and chaperone production

[3��]. However, in ill-defined conditions of chronic ER

stress or upon loss of XBP1, IRE1 RNAse also degrades

additional mRNAs of diverse nature, mostly encoding

secreted proteins [4–6]. This process is termed Regulated

IRE1 Dependent Decay (RIDD) and was originally

proposed to reduce the ER folding load, thus alleviating

the detrimental effects of ER stress [6]. The physiological

role of RIDD remains poorly understood. The second

UPR sensor, PERK, mediates protein translation shut-

down via phosphorylation of eukaryotic initiation factor

2a (eIF2a). At the same time, accumulation of P-eIF2a
favors selective translation of mRNAs encoding for pro-

teins involved in cell survival, ER homeostasis and the

anti-oxidant response, like ATF4 and nuclear erythroid

related factor 2. The third UPR sensor, ATF6, is translo-

cated to the Golgi apparatus, where it is cleaved by site-1

and site-2 proteases. This cleavage results in the release

of a transcription factor directing expression of genes

encoding ER chaperones, ERAD components and mole-

cules involved in lipid biogenesis.

Interestingly, the UPR has emerged as a crucial regulator

of immune cells [7,8]. Dendritic cells (DCs), main antigen

presenting cells, are key targets of this response, and the

IRE1a/XBP1s axis has shown to regulate survival and

antigen presentation abilities in these cells [9�,10��,11�].
Thus, being located in the ER, it might be no surprise

that the UPR intersects with major pathways of antigen

processing and presentation. The aim of the current

review is to identify convergence points between the

IRE1a and PERK pathway and antigen presentation.

We did not include the ATF6 pathway, since — mainly

due to lack in good research tools — this pathway remains

understudied.

IRE1a in MHC-I antigen presentation
Cytosolic antigens presented by MHC-I are primarily

processed by the proteasome, a proteolytic protein com-

plex that generates sources of peptides for MHC-I load-

ing [12]. These peptides are imported into the ER by the

transporter associated with antigen processing (TAP).

Binding of peptides by newly synthesized MHC-I
www.sciencedirect.com
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molecules is facilitated by the peptide-loading complex

(PLC), composed of MHC-I heavy chain and b2 micro-

globulin, TAP, tapasin, calreticulin and ERp57 [12].

Notably, IRE1a regulates expression of several members

of the MHC-I antigen presentation pathway (Figure 2).

Via XBP1s, IRE1a induces the expression of Rpn1/2,

members of the regulatory subunit of 26S of the protea-

some [3��]; calnexin, a chaperone assisting in folding of

MHC-I molecules; and the PLC members calreticulin

and Erp57, which is a target shared with ATF6 [3��,12].
Upon ER stress, XBP1s downregulates TAP1 expression

indirectly, through transcriptional induction of the micro-

RNA-346 [13]. This evidence indicates that tonic IRE1a-
mediated XBP1 splicing is required to control gene

expression of key members of the MHC-I antigen pre-

sentation machinery.

Importantly, to translate these findings into a productive

immune synapse, these studies must be extended to DCs.

This is an important issue as DC subsets display unique

features regarding UPR activation that distinguish them

from other cell types. First, DCs are constitutive targets of

XBP1s activation across tissues [9�,10��,11�], and high

expression of XBP1s is a hallmark of the cDC1 lineage of

DCs [10��,11�]. Second, cDC1s are particularly sensitive

to perturbations in IRE1a signaling, as it has been noticed

that XBP1 deficiency leads to changes in the transcrip-

tome and counteractivation of RIDD, which curtails their

antigen cross-presentation abilities [10��]. Thus, micro-

array analysis of XBP1 KO cDC1s show reduced expres-

sion of reported targets related with MHC-I folding/

peptide loading including Rpn1, Rpn2 and tapasin. Sub-

sequent analysis in IRE1a KO DCs revealed that some of

these genes were degraded by RIDD, activated specifi-

cally upon XBP1 loss [10��] (Figure 2). Functionally,

XBP1 KO cDC1s have no general defects in protein

secretion and express normal levels of MHC-I molecules,

but display a reduced trend in MHC-I presentation of the

endogenous male antigen H-Y [10��]. Importantly, none

of these features are noticed in cDC2s indicating that the

IRE1a/XBP1s axis does not operate in this cell type in

steady state [10��].

While loss of XBP1s hampered MHCI presentation,

enforced XBP1s expression improved the efficacy of

DC vaccines in melanoma settings, by promoting presen-

tation of transfected antigens via MHC-I/MHC-II

[14,15].

These data support a model in which IRE1a RNAse

emerges as a ‘double-edge sword’ of MHC-I antigen

presentation. On one hand, IRE1a promotes gene

expression of key members of the MHC-I antigen pre-

sentation machinery via induction of the transcription

factor XBP1s, but under conditions promoting RIDD,

IRE1a negatively regulates the process by degrading

mRNAs encoding for targets of the same pathway. Thus,
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fine-tuning IRE1a activity may emerge as a relevant

regulator of the MHC-I presentation machinery. The

kinase domain of IRE1a has not been yet associated

with the regulation of antigen presentation.

IRE1a in cross-presentation
Cross-presentation allows extracellular antigens that are

phagocytosed or endocytosed to be presented onto MHC-

I molecules. Although several cell types can cross-pres-

ent, cDC1s are particularly specialized in cross-presenta-

tion in vivo and emerged as crucial regulators of tumor and

pathogen immunity [16–20]. Cross-presentation can

occur via two mechanisms: the phagosome to cytosol

pathway, in which exogenous antigens are directed to

phagosomes, and then exported into the cytosol for pro-

cessing following the conventional proteasome-MHC-I

pathway [20–22]; and the vacuolar pathway, which

involves peptide loading of MHC-I directly within endo-

somes by a TAP-independent mechanism [20–24].

The role of the IRE1a axis in cross-presentation is still

poorly understood, but preliminary evidence connects

this branch predominantly with the phagosomal pathway

(Figure 2). The ER is a donor of membrane and proteins

to nascent phagosomes [25–29], and many reported

MHC-I-related XBP1s targets (Sec61, calnexin, calreti-

culin, Erp57 [3��]) or RIDD targets (tapasin [10��]) are

directed to phagosomes [3��,25–28]. Interestingly, the

chaperone BiP, key regulator of the UPR, is also found

in this compartment [30�]. Furthermore, two members of

the ERGIC (ER–Golgi intermediate compartment, struc-

ture proposed to sort ER-related proteins to phagosomes)

[21,28], ERGIC-53 and ERGIC-3, are regulated by

XBP1s and RIDD respectively [3��,10��]; and p97, one

of the few ERAD components involved in cross-presen-

tation [31,32], is co-transcriptionally regulated by XBP1s

and ATF6 [3��].

Functionally, XBP1-deficient cDC1s are unable to cross-

present dead cell-associated antigens in vitro and in vivo
[10��]. This defect is attributed to RIDD, and it is

restored to normal levels in cells lacking IRE1a endonu-

clease activity [10��]. Interestingly, the two first modules

of cross-presentation including uptake of particulate anti-

gens and export of proteins into the cytosol are not

affected by XBP1 ablation, indicating that this axis of

the UPR operates later in the process [10��]. Among

possible mechanisms are the identification of tapasin

and ERGIC3 as RIDD targets, but this remains an open

question [10��]. To date, it is unclear why cross-presen-

tation does not depend on late developmental expression

of XBP1s but depends on RIDD. One explanation may

be related to kinetic issues, in which cross-presentation

does not require de novo gene transcription but requires

protein translation, which is directly prevented by RIDD.

Along these lines, it becomes highly important to obtain

proteomic data of DC subsets lacking UPR members.
Current Opinion in Immunology 2018, 52:100–107
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At protein level, IRE1a was shown to be pre-assembled

in a hetero-oligomeric complex with Sec61, the translocon

that imports polypeptides into the ER and that acts as a

putative export channel for antigens from phagosomes to

the cytosol [33,34�,35]. Association of IRE1a with Sec61

appears to limit XBP1 splicing [34�,35,36�]. These data

suggest that IRE1a may modulate cross-presentation by

protein–protein interactions, extending its role beyond

gene transcription or mRNA degradation. Nevertheless,

the precise role of the translocon in cross-presentation

needs to be fully elucidated as it was recently reported

that Sec61 inhibits cross-presentation independently of

antigen export into the cytosol [37]. From the UPR

perspective, it is currently unknown whether the UPR

sensors are present in phagosomes and if the IRE1a–
Sec61 protein complex plays any role on the process.

These are technically challenging questions to address

due to the scarcity of cDC1s in tissues.

Despite the established connections between IRE1a and

key proteins in the antigen presentation pathway, the role

of XBP1 in cross-presentation remains controversial. On

one hand, overexpression of XBP1s in GM-CSF DCs has

shown to potentiate cross-presentation [14], but pharma-

cological induction of the UPR prevents it [38��]. In a

model of p53/K-RAS driven ovarian cancer, activation of

XBP1 in tumor associated DCs blunts cross-presentation

and MHC-II antigen presentation, due to XBP1-medi-

ated accumulation of oxidized lipid metabolites

[38��,39,40]. Silencing of XBP1 in tumor CD11c expres-

sing cells enhanced protective T cell responses and

delayed tumor progression [38��]. Remarkably, this can-

cer type recruits predominantly CD11b+ DCs (a surface

marker of cDC2s [41]), which in contrast to cDC1s, do not

activate RIDD upon XBP1 loss [38��]. Thus, depending

on the DC lineage, the pathological setting and whether

the levels of ER stress are manageable by DCs, IRE1a
and XBP1s may play opposite roles on antigen presenta-

tion. Systematic work considering DC heterogeneity, and

the extent of ER stress are required to elucidate the

physiological settings in which this UPR branch is bene-

ficial or detrimental to immunity. Furthermore, the type

of antigen should also be carefully examined, taking into

account the notion that soluble antigens can access the

ER in DCs for cross-presentation [42] and also that

certain pathogen toxins can invade the ER for IRE1a
activation [43].

IRE1a in MHC-II antigen presentation
XBP1s was originally discovered as a regulator of MHC-II

gene expression in B cells [44,45] prior to its discovery as a

UPR factor. Despite this evidence, functional studies in

steady state cDC1s and cDC2s show that antigen presen-

tation in MHC-II is unaffected by XBP1 deficiency

[10��]. In ovarian cancer, XBP1 ablation in DCs leads

to augmented infiltration of CD4+ T cells, suggesting a

negative role of the pathway in CD4+ T cell activation
Current Opinion in Immunology 2018, 52:100–107 
conditions of sustained ER stress [38��]. However, it

remains unknown whether this scenario is altered under

infection and injury, considering that sensing of microbes

enhance antigen presentation [30�,46] and that IRE1a is a

relevant sensor downstream of several PRRs for many

aspects of innate immunity [43,47,48]

Altogether, depending on the state of activation, IRE1a
regulates many steps of the antigen presentation machin-

ery. However, the overall picture is far from complete and

several issues remain to be solved. Future studies consid-

ering DC subtypes, defined inflammatory settings and

quantification of adaptive versus terminal UPR are

required to better understand the contribution of this

pathway to DC function. Furthermore, an important

challenge is to dissect whether IRE1a, as a major regula-

tor of ER biogenesis, influences directly or indirectly

antigen presentation processes. For this, it is necessary

to exclude all additional aspects related to ER homeosta-

sis that may coincidentally influence this process, includ-

ing overall protein folding and survival.

The integrated stress response shapes the
immunopeptidome
The discovery that most peptides presented on MHC-I

molecules are derived from de novo protein synthesis

generated through the formation of Drips (defective

ribosomal products), rather than cellular turnover of pro-

teins implicated a paradigm shift in the field of antigen

presentation [49]. Similarly, evidence is accumulating

that also ‘cryptic’ peptides can be presented, derived

from antigens that are buried in non-coding regions or

generated from non-AUG start codons [50,51��]. These

protein products are often the result of alternative trans-

lation pathways, which become particularly prominent in

conditions of stress, such as host translation inhibition or

viral infection (Figure 1 and Figure 3).

Activation of the PERK branch (as well as three other

kinases of different stress pathways collectively referred

to as the ‘integrated stress response’ (ISR)) [52] (see

Figure 3) induces phosphorylation of eIF2a, which not

only inhibits cap-dependent protein synthesis, but also

permits selective translation of mRNAs harboring

upstream open reading frames (uORFs) in their 50

untranslated region (50 UTR). Interestingly, Starck

et al. demonstrated that tracer peptides inserted within

uORFs of the ATF4 50UTR are processed and presented

in MHC-I molecules to antigen specific T cells, a feature

that appeared preserved in conditions of ER stress or

oxidative stress [51��]. Also the 50UTR of chaperones like

Bip, contains uORFs that remain translated independent

of canonical protein synthesis. This relies on the induc-

tion of an alternative initiation factor, the monomeric

protein eIF2A, that becomes upregulated during ER

stress [51��]. Importantly, this alternative translation ini-

tiation factor coordinates non-canonical leucine (CUG)
www.sciencedirect.com
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Figure 1
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The unfolded protein response (UPR). The sensors IRE1a and PERK and ATF6 coordinate the UPR in mammals. IRE1a and PERK are activated

upon binding of misfolded proteins and release of the chaperone BiP, which triggers their oligomerization and trans-phosphorylation. The

endonuclease domain of IRE1a mediates an alternative splicing reaction of the mRNA encoding for XBP1 unspliced (XBP-1 U) to generate the

mRNA encoding for its active form, XBP1 spliced (XBP1s), which is generated by religation by the RNA ligase RtcB. In addition, hyperactivation of

the endonuclease activity of IRE1a also executes RIDD (regulated IRE1-dependent decay) that leads to the degradation of certain mRNAs, which

are proximal to being translated at the ER. PERK phosphorylates eIF2a and induces transient inhibition of global protein translation. However,

some mRNAs bearing small upstream open reading frames in their 50 untranslated regions escape the translation shutdown; such as the mRNA

encoding ATF4, which is a transcription factor that triggers expression of CHOP, GADD34 and additional factors related to amino acid metabolism

and redox control. ATF6 is activated upon BiP release and in contrast with the other UPR sensors, ATF6 is translocated to the Golgi, where it

undergoes sequential processing and removal of its luminal domain. The remaining transactivation domain of ATF6 moves to the nucleus and acts

as a transcription factor coordinating the expression of genes encoding for molecules involved in chaperone pathways or lipid biosynthesis.
codon initiation, representing a shift in antigens and

modulating T cell immune response [50].

Besides the initiation of alternative translation, the ISR

is also important for the induction of autophagy. A

systems biology approach to determine factors contrib-

uting to the magnitude of the T cell response upon

vaccination with the yellow fever vaccine YF-17D in

humans marked GCN2 and autophagy as central players

[53]. Atg5 and Atg7, two proteins implicated in LC3-

associated phagocytosis play a crucial role in this process

[53,54��]. In conclusion, while the tight link between

regulation of translation, generation and preservation of

peptides and antigen presentation is becoming more

and more clear, we only have seen the tip of the iceberg

and the coming years might bring more insights in this

emerging field.
www.sciencedirect.com 
The ER as a hub to orchestrate vesicular
transport
While many chaperones, and ERAD components are

direct UPR targets, indirect effects of the UPR, interfer-

ing with cellular biological processes such as lipid droplet

formation or organelle trafficking, are likely to influence

antigen presentation.

Being the largest organelle in the cell, the ER commu-

nicates extensively with other membraneous compart-

ments, by formation of membrane contact sites (MCS).

The ER has emerged as a central hub in orchestrating

lysosomal/endosomal positioning and fusion/fission [55].

Two major pools of intracellular endosomes and lyso-

somes can be found: a perinuclear relatively immobile

cloud of vesicles localized around the microtubule-orga-

nizing center (MTOC) and a highly dynamic fraction in
Current Opinion in Immunology 2018, 52:100–107
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Figure 2
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The IRE-1a/XBP1s axis in major histocompatibility complex (MHC)-I biosynthesis, MHC-I/antigenic peptide binding and antigen cross-

presentation. Upon physiological ER stress, BiP dissociates from IRE1a leading to its activation. The ribonuclease domain of activated IRE1a

mediates the splicing of XBP1 mRNA, which originates XBP1 spliced (XBP1s), a transcriptional regulator of genes coding for proteins involved in

MHC-I folding; members of the protein loading complex (PLC) and the proteasome, the translocon Sec61, ERGIC53 of the ER to Golgi (ERGIC)

compartment; and ERAD genes (p97), which can be found in the endoplasmic reticulum (ER) or in phagosomes (depicted with an asterisk in

green). Alternatively, under conditions evoking RIDD (regulated IRE-1a-dependent decay), IRE1a is hyperactivated and its ribonuclease domain

starts degrading ER-localized mRNAs, which include tapasin (Tpn) from the PLC and ERGIC 3 (depicted with a double asterisk, in orange).
the periphery [56]. Studies done in bone marrow derived

DCs revealed that LPS-induced maturation of DCs is

associated with perinuclear clustering of lysosomes

around the MTOC. This prevents phago-lysosomal

fusion, delays degradation of the antigen and favors cross-

presentation [30�]. How activation of the UPR might

interfere with these processes is still poorly understood,

but it is well known that ER stress influences the forma-

tion of MCS [57]. Furthermore, lysosomal distribution

and tubulation, two processes intimately associated with

antigen presentation, are regulated by the so-called

BORC complex. One of its central actors, Blos1, has been

identified as the universal IRE1/RIDD target [58,59].

Also formation of the ERGIC complex, lipid body forma-

tion and autophagy, all processes closely intertwined with

antigen presentation, appear (at least partially) controlled

by members of the UPR or the ISR [60–62]. In general,

the formation of different endosomal compartments, traf-

ficking and selection of cargo for loading on MHC-I or

MHC-II containing vesicles are likely to be orchestrated
Current Opinion in Immunology 2018, 52:100–107 
by ER emanating events, but fine details on how the UPR

might shape these responses remain to be established.

Concluding remarks
From a narrow association with protein folding in secre-

tory cells, the UPR is branching out as a signaling pathway

with far stretching implications, also in seemingly unre-

lated functions such as antigen presentation. The UPR

directly controls expression of several chaperones and

proteins implicated in MHC-I folding, but also in antigen

processing and loading. Besides, also major cellular bio-

logical processes including translational control, autop-

hagy or regulation of endosomal and lysosomal function

-all orchestrated from the UPR-, could affect the immu-

nopeptidome and antigen presentation. Notably, being

an organelle intricately involved in the control of lipid

metabolic pathways, it could be possible that ER stress

also alters the lipid repertoire presented on CD1d mole-

cules. It is clear that this field is emerging, and more
www.sciencedirect.com



Antigen presentation unfolded Osorio, Lambrecht and Janssens 105

Figure 3
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The integrated stress response (ISR) shapes the immunopeptidome. Four eIF2a-kinases constitute the ISR: GCN2 (‘general control

nonderepressible 2’), HRI (‘heme-regulated eIF2 kinase’), PKR (‘protein kinase R’) and PERK (‘PKR like ER kinase’). These proteins integrate

different upstream stresses, ranging from amino acid deprivation, viral infection, heme deprivation and ER stress, to jointly coordinate an ancient

stress response conserved from yeast to mammals. Phosphorylation of eIF2a blunts global protein synthesis and at the same time, it allows the

initiation of alternative translation pathways that rely on the use of IRES (‘internal ribosomal entry site’), alternative start codons or translation of

so-called cryptic peptides hidden within UTRs. This causes a shift in the immunopeptidome. Often this depends on other translation initiation

factors that become prominently induced in stress conditions. Finally, the ISR (particularly via GCN2) also regulates the induction of autophagy

pathways, which generally enhances antigen presentation to CD4+ and CD8+ T cells.
research is needed to understand its implications in

homeostasis and disease.

Conflict of interest
Nothing declared.

Acknowledgements
FO is supported by an International Research Scholar grant from the
Howard Hughes Medical Institute and by a FONDECYT grant no.
1161212. BNL is a recipient of an ERC Consolidator grant. BNL and SJ are
holders of several FWO program grants. BNL and SJ are recipient of a
UGent MRP grant (Group-ID) and a Stichting tegen Kanker Grant. This
work was supported by FWO under EOS30837538.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest
www.sciencedirect.com 
1. Hetz C, Papa FR: The unfolded protein response and cell fate
control. Mol Cell 2018, 69:169-181.

2. Janssens S, Pulendran B, Lambrecht BN: Emerging functions of
the unfolded protein response in immunity. Nat Immunol 2014,
15:910-919.

3.
��

Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C,
Yates JR 3rd, Su AI, Kelly JW, Wiseman RL: Stress-independent
activation of XBP1s and/or ATF6 reveals three functionally
diverse ER proteostasis environments. Cell Rep 2013, 3:1279-
1292.

This study identifies the endoplasmic reticulum proteostasis networks
regulated by the transcriptional activity of XBP1s and/or ATF6 by using
tet-repressor and destabilized domain (DD) technologies. Several targets
identified are members of the antigen processing and presentation
pathway.

4. Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS:
Regulated Ire1-dependent decay of messenger RNAs in
mammalian cells. J Cell Biol 2009, 186:323-331.

5. Hollien J, Weissman JS: Decay of endoplasmic reticulum-
localized mRNAs during the unfolded protein response.
Science 2006, 313:104-107.
Current Opinion in Immunology 2018, 52:100–107

http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0315
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0315
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0320
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0320
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0320
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0325
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0325
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0325
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0325
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0325
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0330
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0330
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0330
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0335
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0335
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0335


106 Antigen processing
6. Maurel M, Chevet E, Tavernier J, Gerlo S: Getting RIDD of RNA:
IRE1 in cell fate regulation. Trends Biochem Sci 2014, 39:
245-254.

7. Tavernier SJ, Lambrecht BN, Janssens S: The unfolded protein
response in the immune cell development: putting the
caretaker in the driving seat. Curr Top Microbiol Immunol 2018,
414:45-72.

8. Grootjans J, Kaser A, Kaufman RJ, Blumberg RS: The unfolded
protein response in immunity and inflammation. Nat Rev
Immunol 2016, 16:469-484.

9.
�

Iwakoshi NN, Pypaert M, Glimcher LH: The transcription factor
XBP-1 is essential for the development and survival of
dendritic cells. J Exp Med 2007, 204:2267-2275.

This study demonstrates for the first time that DC subsets constitutively
activate XBP1, which plays a predominant role in DC development and
survival. Using C57BL/6-RAG2�/� blastocysts, the authors demonstrate
that conventional DC subsets and particularly plasmacytoid DCs are
drastically reduced in numbers and exhibit enhanced sensitivity to
apoptosis.

10.
��

Osorio F, Tavernier SJ, Hoffmann E, Saeys Y, Martens L, Vetters J,
Delrue I, De Rycke R, Parthoens E, Pouliot P et al.: The unfolded-
protein-response sensor IRE-1alpha regulates the function of
CD8alpha+ dendritic cells. Nat Immunol 2014, 15:248-257.

This study demonstrates that splenic CD8a+ DCs constitutively activate
IRE1alpha signalling in absence of canonical ER stress and critically
depend on the IRE-1alpha/XBP1 axis for crosspresentation of cell-asso-
ciated antigens and ER architecture. Conditional deletion of XBP1 selec-
tively targets CD8+ but not CD11b+ DCs and induces decay of mRNAs
coding for members related to the antigen processing and presentation
pathway such as tapasin and ERGIC3.

11.
�

Tavernier SJ, Osorio F, Vandersarren L, Vetters J,
Vanlangenakker N, Van Isterdael G, Vergote K, De Rycke R,
Parthoens E, van de Laar L et al.: Regulated IRE1-dependent
mRNA decay sets the threshold for dendritic cell survival. Nat
Cell Biol 2017, 19:698-710.

This study illustrates that mucosal cDC1s differentially co-opt for IRE1al-
pha and ATF4 dependent mechanisms to survive in conditions eliciting
ER stress. In absence of XBP-1, lung cDC1s die and intestinal DCs
survive. The survival of intestinal cDC1s is associated with the ability
to shut down protein synthesis and the ability to upregulate RIDD.

12. Blum JS, Wearsch PA, Cresswell P: Pathways of antigen
processing. Annu Rev Immunol 2013, 31:443-473.

13. Bartoszewski R, Brewer JW, Rab A, Crossman DK,
Bartoszewska S, Kapoor N, Fuller C, Collawn JF, Bebok Z: The
unfolded protein response (UPR)-activated transcription
factor X-box-binding protein 1 (XBP1) induces microRNA-346
expression that targets the human antigen peptide transporter
1 (TAP1) mRNA and governs immune regulatory genes. J Biol
Chem 2011, 286:41862-41870.

14. Zhang Y, Chen G, Liu Z, Tian S, Zhang J, Carey CD, Murphy KM,
Storkus WJ, Falo LD Jr, You Z: Genetic vaccines to potentiate
the effective CD103+ dendritic cell-mediated cross-priming of
antitumor immunity. J Immunol 2015, 194:5937-5947.

15. Tian S, Liu Z, Donahue C, Falo LD Jr, You Z: Genetic targeting of
the active transcription factor XBP1s to dendritic cells
potentiates vaccine-induced prophylactic and therapeutic
antitumor immunity. Mol Ther 2012, 20:432-442.

16. den Haan JM, Lehar SM, Bevan MJ: CD8(+) but not CD8(�)
dendritic cells cross-prime cytotoxic T cells in vivo. J Exp Med
2000, 192:1685-1696.

17. Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H,
Kohyama M, Calderon B, Schraml BU, Unanue ER, Diamond MS
et al.: Batf3 deficiency reveals a critical role for CD8alpha+
dendritic cells in cytotoxic T cell immunity. Science 2008,
322:1097-1100.

18. Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL,
Erle DJ, Barczak A, Rosenblum MD, Daud A, Barber DL et al.:
Dissecting the tumor myeloid compartment reveals rare
activating antigen-presenting cells critical for T cell immunity.
Cancer Cell 2014, 26:638-652.

19. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S,
Casanova-Acebes M, Khudoynazarova M, Agudo J, Tung N et al.:
Current Opinion in Immunology 2018, 52:100–107 
Expansion and activation of CD103(+) dendritic cell
progenitors at the tumor site enhances tumor responses to
therapeutic PD-L1 and BRAF inhibition. Immunity 2016, 44:
924-938.

20. Theisen D, Murphy K: The role of cDC1s in vivo: CD8 T cell
priming through cross-presentation. F1000Res 2017, 6:98.

21. Joffre OP, Segura E, Savina A, Amigorena S: Cross-presentation
by dendritic cells. Nat Rev Immunol 2012, 12:557-569.

22. Cruz FM, Colbert JD, Merino E, Kriegsman BA, Rock KL: The
biology and underlying mechanisms of cross-presentation of
exogenous antigens on MHC-I molecules. Annu Rev Immunol
2017, 35:149-176.

23. Kovacsovics-Bankowski M, Rock KL: A phagosome-to-cytosol
pathway for exogenous antigens presented on MHC class I
molecules. Science 1995, 267:243-246.

24. Gromme M, Uytdehaag FG, Janssen H, Calafat J, van
Binnendijk RS, Kenter MJ, Tulp A, Verwoerd D, Neefjes J:
Recycling MHC class I molecules and endosomal peptide
loading. Proc Natl Acad Sci U S A 1999, 96:10326-10331.

25. Ackerman AL, Kyritsis C, Tampe R, Cresswell P: Early
phagosomes in dendritic cells form a cellular compartment
sufficient for cross presentation of exogenous antigens. Proc
Natl Acad Sci U S A 2003, 100:12889-12894.

26. Houde M, Bertholet S, Gagnon E, Brunet S, Goyette G, Laplante A,
Princiotta MF, Thibault P, Sacks D, Desjardins M: Phagosomes
are competent organelles for antigen cross-presentation.
Nature 2003, 425:402-406.

27. Guermonprez P, Saveanu L, Kleijmeer M, Davoust J, Van Endert P,
Amigorena S: ER-phagosome fusion defines an MHC class I
cross-presentation compartment in dendritic cells. Nature
2003, 425:397-402.

28. Cebrian I, Visentin G, Blanchard N, Jouve M, Bobard A, Moita C,
Enninga J, Moita LF, Amigorena S, Savina A: Sec22b regulates
phagosomal maturation and antigen crosspresentation by
dendritic cells. Cell 2011, 147:1355-1368.

29. Goldszmid RS, Coppens I, Lev A, Caspar P, Mellman I, Sher A:
Host ER-parasitophorous vacuole interaction provides a route
of entry for antigen cross-presentation in Toxoplasma gondii-
infected dendritic cells. J Exp Med 2009, 206:399-410.

30.
�

Alloatti A, Kotsias F, Pauwels AM, Carpier JM, Jouve M,
Timmerman E, Pace L, Vargas P, Maurin M, Gehrmann U et al.:
Toll-like receptor 4 engagement on dendritic cells restrains
phago-lysosome fusion and promotes cross-presentation of
antigens. Immunity 2015, 43:1087-1100.

A nice study demonstrating how TLR signaling affects lysosomal dis-
tribution and how this affects antigen preservation in dendritic cells.

31. Grotzke JE, Cresswell P: Are ERAD components involved in
cross-presentation? Mol Immunol 2015, 68:112-115.

32. Ackerman AL, Giodini A, Cresswell P: A role for the endoplasmic
reticulum protein retrotranslocation machinery during
crosspresentation by dendritic cells. Immunity 2006, 25:
607-617.

33. Zehner M, Marschall AL, Bos E, Schloetel JG, Kreer C,
Fehrenschild D, Limmer A, Ossendorp F, Lang T, Koster AJ et al.:
The translocon protein Sec61 mediates antigen transport from
endosomes in the cytosol for cross-presentation to CD8(+) T
cells. Immunity 2015, 42:850-863.

34.
�

Sundaram A, Plumb R, Appathurai S, Mariappan M: The Sec61
translocon limits IRE1alpha signaling during the unfolded
protein response. Elife 2017, 6.

This work demonstrates that IRE1alpha and Sec61 translocon form a
hetero-oligomeric complex that is activated upon ER stress and that limits
IRE1alpha oligomoerization and RNAse activity. Perturbation of the
hetero-oligomeric complex, depletion of the translocon or severe ER
stress cause prolonged activation of IRE1alpha. The functional conse-
quence of the IRE1alpha/Sec61 interaction in MHC-I antigen presentation
or cross-presentation by DCs remains to be elucidated.

35. Plumb R, Zhang ZR, Appathurai S, Mariappan M: A functional link
between the co-translational protein translocation pathway
and the UPR. Elife 2015, 4.
www.sciencedirect.com

http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0340
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0340
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0340
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0345
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0345
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0345
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0345
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0350
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0350
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0350
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0355
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0355
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0355
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0360
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0360
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0360
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0360
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0365
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0365
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0365
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0365
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0365
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0370
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0370
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0375
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0380
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0380
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0380
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0380
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0385
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0385
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0385
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0385
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0390
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0390
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0390
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0395
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0395
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0395
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0395
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0395
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0400
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0400
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0400
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0400
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0400
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0405
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0410
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0410
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0415
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0415
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0420
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0420
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0420
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0420
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0425
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0425
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0425
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0430
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0430
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0430
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0430
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0435
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0435
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0435
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0435
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0440
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0440
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0440
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0440
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0445
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0445
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0445
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0445
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0450
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0450
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0450
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0450
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0455
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0455
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0455
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0455
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0460
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0460
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0460
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0460
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0460
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0465
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0465
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0470
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0470
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0470
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0470
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0475
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0475
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0475
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0475
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0475
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0480
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0480
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0480
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0485
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0485
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0485


Antigen presentation unfolded Osorio, Lambrecht and Janssens 107
36.
�

Adamson B, Norman TM, Jost M, Cho MY, Nunez JK, Chen Y,
Villalta JE, Gilbert LA, Horlbeck MA, Hein MY et al.: A multiplexed
single-cell CRISPR screening platform enables systematic
dissection of the unfolded protein response. Cell 2016, 167
1867–1882 e1821.

The authors developed a powerful method to couple single cell RNA Seq
to a barcoding strategy for Crispr based genomic perturbations. This
allowed them to dissect networks downstream of major UPR sensors.

37. Grotzke JE, Kozik P, Morel JD, Impens F, Pietrosemoli N,
Cresswell P, Amigorena S, Demangel C: Sec61 blockade by
mycolactone inhibits antigen cross-presentation
independently of endosome-to-cytosol export. Proc Natl Acad
Sci U S A 2017, 114:E5910-E5919.

38.
��

Cubillos-Ruiz JR, Silberman PC, Rutkowski MR, Chopra S,
Perales-Puchalt A, Song M, Zhang S, Bettigole SE, Gupta D,
Holcomb K et al.: ER stress sensor XBP1 controls anti-tumor
immunity by disrupting dendritic cell homeostasis. Cell 2015,
161:1527-1538.

This study shows that XBP1 expression in DCs has a detrimental role in
the progression of metastatic ovarian cancer, by promoting the accum-
mulation of lipid bodies which in turn, negatively regulate MHC-I and
MHC-II antigen presentation.

39. Herber DL, Cao W, Nefedova Y, Novitskiy SV, Nagaraj S,
Tyurin VA, Corzo A, Cho HI, Celis E, Lennox B et al.: Lipid
accumulation and dendritic cell dysfunction in cancer. Nat
Med 2010, 16:880-886.

40. Veglia F, Tyurin VA, Mohammadyani D, Blasi M, Duperret EK,
Donthireddy L, Hashimoto A, Kapralov A, Amoscato A, Angelini R
et al.: Lipid bodies containing oxidatively truncated lipids block
antigen cross-presentation by dendritic cells in cancer. Nat
Commun 2017, 8:2122.

41. Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D,
Chakarov S, Van Gassen S, Chen J, Poidinger M, De Prijck S et al.:
Unsupervised high-dimensional analysis aligns dendritic cells
across tissues and species. Immunity 2016, 45:669-684.

42. Ackerman AL, Kyritsis C, Tampe R, Cresswell P: Access of
soluble antigens to the endoplasmic reticulum can explain
cross-presentation by dendritic cells. Nat Immunol 2005, 6:
107-113.

43. Cho JA, Lee AH, Platzer B, Cross BC, Gardner BM, De Luca H,
Luong P, Harding HP, Glimcher LH, Walter P et al.: The unfolded
protein response element IRE1alpha senses bacterial proteins
invading the ER to activate RIG-I and innate immune signaling.
Cell Host Microbe 2013, 13:558-569.

44. Liou HC, Boothby MR, Glimcher LH: Distinct cloned class II MHC
DNA binding proteins recognize the X box transcription
element. Science 1988, 242:69-71.

45. Liou HC, Boothby MR, Finn PW, Davidon R, Nabavi N, Zeleznik-
Le NJ, Ting JP, Glimcher LH: A new member of the leucine
zipper class of proteins that binds to the HLA DR alpha
promoter. Science 1990, 247:1581-1584.

46. Nair-Gupta P, Baccarini A, Tung N, Seyffer F, Florey O, Huang Y,
Banerjee M, Overholtzer M, Roche PA, Tampe R et al.: TLR
signals induce phagosomal MHC-I delivery from the
endosomal recycling compartment to allow cross-
presentation. Cell 2014, 158:506-521.

47. Keestra-Gounder AM, Byndloss MX, Seyffert N, Young BM,
Chavez-Arroyo A, Tsai AY, Cevallos SA, Winter MG, Pham OH,
Tiffany CR et al.: NOD1 and NOD2 signalling links ER stress with
inflammation. Nature 2016, 532:394-397.
www.sciencedirect.com 
48. Martinon F, Chen X, Lee AH, Glimcher LH: TLR activation of the
transcription factor XBP1 regulates innate immune responses
in macrophages. Nat Immunol 2010, 11:411-418.

49. Anton LC, Yewdell JW: Translating DRiPs: MHC class I
immunosurveillance of pathogens and tumors. J Leukoc Biol
2014, 95:551-562.

50. Starck SR, Jiang V, Pavon-Eternod M, Prasad S, McCarthy B,
Pan T, Shastri N: Leucine-tRNA initiates at CUG start codons
for protein synthesis and presentation by MHC class I. Science
2012, 336:1719-1723.

51.
��

Starck SR, Tsai JC, Chen K, Shodiya M, Wang L, Yahiro K, Martins-
Green M, Shastri N, Walter P: Translation from the 50
untranslated region shapes the integrated stress response.
Science 2016, 351:aad3867.

In this paper a sophisticated method was developed to trace translation
from RNA regions outside of annotated CDS by making use of T cells. In
this way the authors demonstrate that cells utilize a distinct translation
pathway, which sustains translation from uORFS, during activation of the
integrated stress repsonse.

52. Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A,
Gorman AM: The integrated stress response. EMBO Rep 2016,
17:1374-1395.

53. Kasturi SP, Skountzou I, Albrecht RA, Koutsonanos D, Hua T,
Nakaya HI, Ravindran R, Stewart S, Alam M, Kwissa M et al.:
Programming the magnitude and persistence of antibody
responses with innate immunity. Nature 2011, 470:543-547.

54.
��

Ravindran R, Khan N, Nakaya HI, Li S, Loebbermann J,
Maddur MS, Park Y, Jones DP, Chappert P, Davoust J et al.:
Vaccine activation of the nutrient sensor GCN2 in dendritic
cells enhances antigen presentation. Science 2014, 343:
313-317.

This work demonstrates a key role for virus induced GCN2 activation for
inducing autophagy in dendritic cells and enhancing antigen presentation
to both CD4+ and CD8+ T cells.

55. Phillips MJ, Voeltz GK: Structure and function of ER membrane
contact sites with other organelles. Nat Rev Mol Cell Biol 2016,
17:69-82.

56. Neefjes J, Jongsma MML, Berlin I: Stop or go? Endosome
positioning in the establishment of compartment architecture,
dynamics, and function. Trends Cell Biol 2017, 27:580-594.

57. van Vliet AR, Agostinis P: Mitochondria-associated membranes
and ER stress. Curr Top Microbiol Immunol 2018, 414:73-102.

58. Pu J, Schindler C, Jia R, Jarnik M, Backlund P, Bonifacino JS:
BORC, a multisubunit complex that regulates lysosome
positioning. Dev Cell 2015, 33:176-188.

59. Saric A, Hipolito VE, Kay JG, Canton J, Antonescu CN, Botelho RJ:
mTOR controls lysosome tubulation and antigen presentation
in macrophages and dendritic cells. Mol Biol Cell 2016, 27:
321-333.

60. Bougneres L, Helft J, Tiwari S, Vargas P, Chang BH, Chan L,
Campisi L, Lauvau G, Hugues S, Kumar P et al.: A role for lipid
bodies in the cross-presentation of phagocytosed antigens by
MHC class I in dendritic cells. Immunity 2009, 31:232-244.

61. Kroemer G, Marino G, Levine B: Autophagy and the integrated
stress response. Mol Cell 2010, 40:280-293.

62. Lee JS, Mendez R, Heng HH, Yang ZQ, Zhang K:
Pharmacological ER stress promotes hepatic lipogenesis and
lipid droplet formation. Am J Transl Res 2012, 4:102-113.
Current Opinion in Immunology 2018, 52:100–107

http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0490
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0490
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0490
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0490
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0490
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0495
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0495
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0495
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0495
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0495
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0500
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0500
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0500
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0500
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0500
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0505
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0505
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0505
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0505
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0510
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0510
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0510
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0510
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0510
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0515
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0515
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0515
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0515
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0520
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0520
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0520
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0520
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0525
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0525
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0525
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0525
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0525
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0530
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0530
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0530
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0535
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0535
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0535
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0535
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0540
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0540
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0540
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0540
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0540
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0545
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0545
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0545
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0545
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0550
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0550
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0550
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0555
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0555
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0555
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0560
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0560
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0560
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0560
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0565
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0565
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0565
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0565
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0570
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0570
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0570
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0575
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0575
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0575
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0575
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0580
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0580
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0580
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0580
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0580
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0585
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0585
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0585
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0590
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0590
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0590
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0595
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0595
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0600
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0600
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0600
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0605
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0605
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0605
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0605
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0610
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0610
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0610
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0610
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0615
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0615
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0620
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0620
http://refhub.elsevier.com/S0952-7915(18)30019-0/sbref0620

	Antigen presentation unfolded: identifying convergence points between the UPR and antigen presentation pathways
	Introduction
	IRE1α in MHC-I antigen presentation
	IRE1α in cross-presentation
	IRE1α in MHC-II antigen presentation
	The integrated stress response shapes the immunopeptidome
	The ER as a hub to orchestrate vesicular transport
	Concluding remarks
	Conflict of interest
	References and recommended reading
	Acknowledgements


