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RESUME 

 

UNC93B1, une protéine chaperone des TLRs endosomaux, régule l’activation des 

protéines du réticulum endoplasmique IRE1 et STING dans les cellules 

dendritiques. 

Les cellules dendritiques (CDs) sont des effecteurs clés reliant l'immunité innée et 

adaptative. Elles reconnaissent directement les agents pathogènes infectants par le 

biais de récepteurs de l’immunité innée (Pattern recognition receptors ou PRR), 

comme les récepteurs Toll-like (TLR), et initient des réponses immunitaires efficaces 

contre eux. Elles produisent en effet un large panel de cytokines et chimiokines pro-

inflammatoires et augmentent l'expression de leurs molécules de co-stimulation suite 

à une infection. Les cellules dendritiques sont des cellules présentatrices d'antigènes 

(CPA) cruciales, capables de présenter des peptides pathogéniques ou associés à 

une tumeur via les molécules du CMH pour activer les lymphocytes T et initier une 

réponse adaptative. 

Fortement exprimée dans les CDs, UNC93B1, une molécule hautement conservée, 

composée de 12 passages transmembranaires et résidant dans le réticulum 

endoplasmique (RE), a été identifiée comme un régulateur clé dans le repliement et le 

trafic vers les endosomes des TLRs intracellulaires qui détectent les acides nucléiques 

des microbes. En effet, une mutation du gène Unc93b1 (mutation 3d) entraîne une 

inhibition de l’interaction entre UNC93B1 et les TLRs intracellulaires et bloque leur 

signalisation. Chez la souris, la mutation 3d d’UNC93B1 entraîne également un défaut 

de présentation croisée antigénique et une subséquente croissance tumorale accrue 

et rapide, probablement en raison d'un défaut de présentation croisée des antigènes 

associés aux tumeurs par les CDs. N’interagissant pas seulement avec les TLRs, 

UNC93B1 a pour rôle de médier l'activation d'autres protéines dans le RE, comme 

STIM1 et STING. 

Dans le RE, IRE1 est l'un des 3 acteurs majeurs de l’UPR, une réponse adaptative 

déclenchée lors de la perturbation de l'homéostasie des protéines du RE et dont la 

fonction est de restaurer les fonctions altérées de l’organelle. Si l'homéostasie du RE 

ne peut pas être restaurée, l'UPR induit alors des signaux pro-apoptotiques. La 

régulation de l'activation d’IRE1 reste peu claire, en particulier dans les CDs où il joue 
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un rôle majeur dans la survie des CDs et la présentation croisée antigénique du CMH 

de classe I. Nous apportons la preuve qu’UNC93B1 lie le domaine transmembranaire 

d’IRE1 et régule sa fonction. Nous avons montré que dans les CDs portant la 

mutation 3d, IRE1 n'est plus associé à BiP, ce qui entraîne son activation. De plus, 

l'inhibition de l'activité d’IRE1 dans les CDs 3d restaure la présentation croisée 

antigénique in vitro et limite la croissance tumorale in vivo. Dans l'ensemble, nos 

données mettent en évidence le rôle essentiel d’UNC93B1 dans la régulation de la 

présentation antigénique du CMH de classe I dans les CDs en contrôlant l'activité 

d’IRE1. 

 En plus d’IRE, nous avons également examiné la régulation de STING par 

UNC93B1, car il a été démontré que les deux protéines interagissent, UNC93B1 

favorisant potentiellement la régulation négative de STING. Nous avons constaté que, 

dans les CDs, UNC93B1 contrôle STING différemment et semble essentiel pour sa 

signalisation. De plus, dans les CDs 3d, l'interaction entre UNC93B1 et STING est 

conservée mais la mutation induit une diminution significative du trafic et de la 

signalisation STING. Ces données préliminaires indiquent, qu'en plus de favoriser 

l'activation d’IRE1, UNC93B1 semble jouer un rôle important dans la voie interféron 

médiée par STING. 

Mots clés : Cellule dendritique, UNC93B1, présentation croisée, réticulum 

endoplasmique, IRE1, STING.  
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ABSTRACT 

 

UNC93B1, an endosomal TLR chaperone, regulates the activation of the 

endoplasmic reticulum proteins IRE1 and STING in dendritic cells. 

Dendritic cells (DCs) are key immune cells linking innate and adaptive immunity. They 

express a wide range of pattern recognition receptors (PRRs), such as Toll-like 

receptors (TLRs), which recognize specific molecular patterns expressed by 

pathogens. Following pathogen infection, DCs produce a large panel of pro-

inflammatory cytokines and chemokines and increase the expression of their co-

stimulatory molecules to present pathogenic-associated peptides on MHC molecules 

to prime T cells and initiate adaptive immunity.  

Strongly expressed in DCs, UNC93B1, a highly conserved 12-membrane spanning 

molecule residing in the endoplasmic reticulum (ER), has been identified as a key 

regulator in the folding and trafficking to endosomes of intracellular TLRs that detect 

microbial nucleic acids. A single mutation in the Unc93b1 gene (3d mutation) results 

in the absence of UNC93B1 interaction with intracellular TLRs and inhibition of their 

signalling, indicating that the association of UNC93B1 to intracellular TLRs is 

mandatory for their function. UNC93B1 also associates with the ER calcium sensor, 

STIM1 and this interaction is mandatory for MHC class I antigen cross presentation in 

DCs. UNC93B1 is also shown to control the production of type I interferon (IFNI) 

mediated by STING, an innate immune receptor involved in antiviral response.  

In the ER, IRE1 is one of the 3 sensor proteins of the Unfolded Protein Response 

(UPR) which is an adaptive response triggered upon disruption of ER protein 

homeostasis and whose function is to restore the altered functions of the ER. If ER 

homeostasis cannot be restored, the UPR then induces pro-apoptotic signals. 

Regulation of IRE1 activation is not well understood, particularly in DCs where it plays 

a major role in survival and MHC class I antigen cross presentation. We provide 

evidence that UNC93B1 binds the transmembrane domain of IRE1 and regulates its 

function. We find that in DCs bearing the 3d mutation, IRE1 is no longer associated 

to BiP which leads to increased IRE1 activity. Furthermore, inhibition of IRE1 activity 

in 3d DCs restores MHC class I antigen cross presentation in vitro and limits tumour 
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growth in vivo. Our data highlight the essential role of UNC93B1 in regulating MHC 

class I antigen presentation in DCs by controlling IRE1 activity. 

We also find that UNC93B1 associates with STING and positively regulates IFNI-

STING dependent signalling. In DCs silenced for UNC93B1 or expressing the 3d 

mutant, trafficking of STING from ER to Golgi is delayed which leads to reduced IFNI 

secretion.   

Altogether, our data suggest an important role for UNC93B1 in regulating IRE1 and 

STING activities in DCs.  

Key words: Dendritic cell, UNC93B1, cross presentation, endoplasmic reticulum, 

IRE1, STING. 
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INTRODUCTION 

 

CHAPTER I: Dendritic cells: roles and subsets. 

 

The concept of immunology arose at the end of the XIXth century, when the 

predominant paradigm upon the occurrence of infectious diseases was the germ 

theory, suggested by Louis Pasteur and Robert Koch. This theory brought the notion 

that pathogens were the only actors and causality of infectious diseases, while it 

disregarded possible host defences. However, several scientists had different opinions 

and various works highlighted the existence of host protection against pathogens. E. 

Metchnikoff was the first to describe macrophages and neutrophils as potent 

phagocytes, able to uptake and kill microbes. While E. Metchnikoff introduced innate 

immunity, two other immunologists, E. Behring and P. Ehrlich described antibodies, 

their role in pathogen elimination and their specificity against the infectious agent. As 

the mechanisms and immune cells involved in adaptive immunity became a work of 

interest for many scientists, describing the role of T and B lymphocytes, the link 

between innate and adaptive immunity remained obscure. In the process of studying 

T cells, P. Doherty and R. Zinkernagel reported that antigen recognition by T 

lymphocytes was mediated by major histocompatibility complex (MHC) molecules 

(Zinkernagel and Doherty, 1979). This process was described to happen through 

antigen presenting cells (APCs), though their characteristics remained unclear. C. 

Janeway Jr. later described key innate immune receptors known as pattern recognition 

receptors (PRRs) which, upon encounter of pathogens, initiate activation and 

maturation of APCs (Janeway and Medzhitov, 2002). These discoveries along with 

description of dendritic cells (DCs) by R. Steinman, provided a strong link between 

innate and adaptive responses. Indeed, DCs express a wide range of PRRs allowing 

them to recognise infectious microbes and mediate potent T cell activation. 

A. Dendritic cells: an overview 

Dendritic cells were first described in 1973 (Steinman and Cohn, 1973) while the link 

between innate and adaptive immunity was still unclear. Steinman et al. observed a 

novel cell type in mouse peripheral lymphoid organs, distinct from monocytes or 

macrophages, by phase contrast microscopy followed by electronic microscopy. They 
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were then called dendritic cells because of their morphology, as they form tree-like 

extensions or dendrites. The same group later described the role of DCs in the 

activation of T lymphocytes (Steinman and Cohn, 1974), linking them to adaptive 

immunity. During inflammation, DCs were also shown to recognise a variety of 

microbial antigens through PRRs, enabling them to mature, to secrete pro-

inflammatory cytokines and to express co-stimulatory molecules for efficient T cell 

activation. 

Dendritic cells are localised in secondary lymphoid organs, such as the spleen and 

lymph nodes, as well as in peripheral tissues, and in various non-lymphoid organs or 

in blood. In peripheral tissues, they are referred to as sentinel cells as they are one of 

the first immune cells to actively recognise pathogens and initiate immune defences. 

DCs were described to originate from myeloid precursors that give rise to a common 

DC progenitor (CDP) in the bone marrow, and can then differentiate into different pre-

DC subsets in blood and in tissues (Geissmann et al., 2010).  

DCs can be divided in two main categories: resident DCs and migratory DCs. Resident 

DCs are located in secondary lymphoid organs and keep an immature state at steady 

state, with low expression of co-stimulatory molecules. Migratory DCs can be found in 

peripheral tissues and non-lymphoid organs. They can migrate to lymph nodes through 

the lymph and acquire a mature state characterised by high levels of co-stimulatory 

molecules (Segura, 2016).  

B. Conventional dendritic cells 

Whether they are resident or migratory, DCs can be divided in a variety of 

subpopulations. Conventional DCs (cDCs) are short-lived and constantly renewed 

from bone marrow precursors. They can be separated into two subsets: cDC1 and 

cDC2. cDC1s were described to be especially efficient to activate cytotoxic T 

lymphocytes in response to viral infections and tumour cells. In mice, they’re 

characterised by their dependence on the transcription factors Batf3 and IRF8 for their 

development and express specific DC markers such as XCR1 and Clec9A, as well as 

CD8a for resident cDC1s (Crozat et al., 2010; Bachem et al., 2012). In human, cDC1s 

express other specific markers such as CD141 and BDCA3 (Dzionek et al., 2000; 

Robbins et al., 2008). They were shown to be a rare population and represent around 

10% of DCs in the blood (Segura, 2016). In both mouse and human, cDC1s were 
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described to be the main cell type performing MHC class I antigen cross-presentation, 

a crucial process in anti-viral and anti-tumoral immunity, described later in chapter 3 of 

the introduction. This role of cDC1s was highlighted in mice deficient for Batf3 (Hildner 

et al., 2008), showing no cDC1 development and failure to cross-present antigens.  

cDC2s were shown to be efficient in helper T cell activation, inducing mostly Th2 and 

Th17 responses, mainly involved in extracellular pathogens elimination. In mice, they 

express specific markers such as CD11b and CD172a while their development is 

dependent on the transcription factors IRF4 and RelB. In human, they also express 

specific markers such as CD1c and BDCA1. They represent a high percentage of DCs 

in the blood, between 40 and 45% (Geissmann et al., 2010; Segura, 2016; Anderson 

et al., 2021). 

C. Plasmacytoid dendritic cells 

Plasmacytoid DCs (pDCs) are long lived cells, mostly reported as resident DCs, but 

can also be recruited to peripheral tissues and migrate during inflammation. They were 

first described in human and called Interferon-producing cells (IPCs), as they 

specialise in type I interferon responses which is an essential feature of anti-viral 

immunity (Siegal et al., 1999; Cella et al., 1999). In mice, their development is 

dependent on the transcription factors BCL11A and E2-2 and they specifically express 

SiglecH and CD317. Mouse pDCs have been portrayed to be poorly efficient at antigen 

presentation and T cell activation in comparison to cDCs, though human pDCs can 

present antigens and activate Th1 responses. In human, they specifically express 

BDCA2 and BDCA4 (Dzionek et al., 2000), differentiating them from other peripheral 

blood mononuclear cells (PBMCs) in the blood, where they represent around 40% of 

DCs.  

D. Other types of dendritic cells 

Apart from the three main DC subtypes mentioned above, other DC populations have 

been described, such as Langerhans cells or monocyte derived DCs. Murine 

Langerhans cells can be found in skin and mucosa, that they colonised before birth as 

they are derived from embryonic monocytes (Hoeffel et al., 2012). In both human and 

mouse, they can migrate to lymph nodes and are potent T helper cells activators 

(Romani et al., 1989). Human Langerhans cells come from a different lineage than 

conventional DCs and monocytes. They differentiate from hematopoietic precursors 
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present in the skin and in mucosal tissues before birth. In contrast to mouse 

Langerhans cells, this human DC subset can cross-present antigens to activated CD8 

T cells.  

DCs can also be generated from blood monocytes and are then referred to as 

monocyte-derived DCs (mo-DCs) or inflammatory DCs (Geissmann et al., 2003; 

Auffray et al., 2007). In both human and mouse, monocyte differentiation into DCs 

mostly happen in context of infection or sterile inflammation, leading to monocyte 

recruitment to the site of inflammation and expression of DC markers such as MHC 

class II, CD11b in mouse or CD1c in human. Mo-DCs also display effective DC 

functions as migration to secondary lymphoid organs or antigen presentation (Segura, 

2016). 

 Figure 1: Dendritic cell (DC) subsets characteristics in human and mouse. The 

main DC subtypes found in the organism are conventional DCs (cDCs), plasmacytoid 

DCs (pDCs) or monocyte derived DCs (moDCs). They each have their own 

characteristics and markers in human and mouse.  
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E. In vitro generation of dendritic cells 

Human mo-DCs can be generated in vitro, by culturing PBMCs with GM-CSF together 

with IL-4, inducing mainly CD1c and CD1a-expressing DCs that efficiently present 

soluble antigens to naïve T cells (Sallusto and Lanzavecchia, 1994). Other cytokine 

combinations can be used along with GM-CSF such as IL-7, leading to expression of 

MHC II, CD1c, co-stimulatory molecules and CD21 by mo-DCs. These cells mediate 

efficient CD4+ T cell activation and strong CD8+ T cell cytotoxic activities (Takahashi 

et al., 1997). INFα together with GM-CSF generates tumor necrosis factor (TNF)-

related apoptosis-inducing ligand (TRAIL)-expressing DCs, showing strong helper T 

cell activation and efficient responses against HIV infection (Santini et al., 2000). 

Lastly, a combination of IL-4 and IL-2 with GM-CSF induces mo-DCs secreting high 

levels of IL-12, IL-1β and TNFα that help the priming of helper T cells (Sanarico et al., 

2006). 

In mice, while important, the DC population is quite rare in the whole organism and in 

secondary lymphoid organs, where other cell types represent much larger populations. 

It is then difficult to purify primary DCs directly from tissues as the spleen. To cope with 

this difficulty, DCs can be generated in vitro or DC cells lines can be used. In mice, 

DCs can be differentiated in vitro from bone marrow (BM) precursors with specific 

cytokines. The cell type induced is then called bone marrow derived dendritic cell or 

BMDC. For instance, bone marrow cells can be cultured with the cytokine GM-CSF, 

generating CD11c positive BMDCs able to present antigens. Another way is to culture 

BM precursors with Flt3-ligand, cytokine promoting DC survival and differentiating the 

precursors into cDC1-like and mostly cDC2-like BMDCs. While with this technique, 

DCs are able to efficiently present antigens and acquire some of the markers 

expressed by cDC1s and cDC2s in vivo, such as CD11c, CD8a or CD11b, they do not 

express all the markers and the percentage of cDC1-like generated cells is quite low. 

To cope with this, a technique to generate BMDCs using NOTCH-signalling and Flt3-

ligand was proposed (Kirkling et al., 2018). In this method, OP9 stromal cells 

expressing the NOTCH receptor DL-1 are co-cultured with bone marrow precursors 

along with Flt3-ligand. This technique gives rise to a high percentage of cDC1-like 

BMDCs, which were reported to be the closest to splenic cDC1s, phenotypically 

speaking.  
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CHAPTER II: Innate immune recognition and responses mediated by DCs. 

 

Innate immunity is characterised by the immediate recognition of non-self or danger 

signals, such as pathogens or tumoral cells, by myeloid cells. This recognition leads to 

secretion of pro-inflammatory cytokines and chemokines by myeloid cells, activating 

and attracting surrounding immune cells. A pro-inflammatory environment then arises 

to eliminate the detected danger.  

As mentioned previously, DCs are important innate immune actors as they display a 

large variety of PRRs and are able to recognise and respond to many pathogen-

associated molecular patterns (PAMPs) or damage-associated molecular patterns 

(DAMPs). PAMPs are rather conserved motifs expressed by most microbes and 

pathogens an organism can encounter, as lipopolysaccharide (LPS) on gram negative 

bacteria or unmethylated CpG motifs in microbial DNA. DAMPs are products 

generated through cellular damage, such as extracellular nucleotides or extracellular 

heat-shock proteins.  

A. Toll-like receptors 

PRRs are present in various cell types, from DCs and macrophages to endothelial and 

epithelial cells. Within PRRs, one family of receptors has been widely described: Toll-

like Receptors (TLRs). 10 different TLRs can be found in human and 12 in mouse, 

each recognising and responding to various microbial patterns. The Toll gene was 

discovered in 1985 in Drosophila melanogaster (Anderson et al., 1985), where it was 

described to code for a transmembrane Toll protein (Hashimoto et al., 1988). It was 

then observed that its cytoplasmic domain showed homology with the human IL-1 

receptor (Gay and Keith, 1991) and that Drosophila Toll displayed anti-fungal actions 

(Lemaitre et al., 1996).  

It was later, in 1997, that the team led by Charles Janeway described the first human 

homologue of the Drosophila Toll, called human Toll, in macrophages (Medzhitov and 

Janeway, 1997). The same group then described the role of human Toll in controlling 

NF-κB activation to induce pro-inflammatory cytokines secretion and co-stimulatory 

molecules expression by Jurkat T cells (Medzhitov et al., 1997). Not long after, the 

group of Bruce Beutler studied mice resistant to LPS and highly susceptible to gram-
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negative bacteria infections. They discovered mutations located in the Tlr4 locus, and 

human Toll was then associated to TLR4 while its involvement in LPS recognition was 

highlighted (Poltorak et al., 1998).  

TLRs engage ligands present in the extracellular milieu or in endosomes by their highly 

conserved extracellular domain (ECD) composed of Leucine-rich repeats (LRR). Their 

cytoplasmic Toll/IL-1 receptor (TIR) domain relays an intracellular signal via the TIR-

containing adaptor molecules MyD88 or TRIF (Beutler, 2004; Lin et al., 2010). The 

TLR-TIR domain contains highly conserved regions divided in three boxes: box 1 

(F/Y)DA, box 2 RDXXPG and box 3 FW (Figure 2). In box 1 (F/Y)DA, tyrosine residues 

in position 647, 680 and 870 are conserved in all TLRs except 1,6 and 12 and are 

phosphorylated upon ligand binding to mediate MyD88 recruitment to TLR4 

(Medvedev et al., 2007) and, in the case of Y870, to stabilise mature TLR9 (Biswas et 

al., 2018). TLR-MyD88-dependent signalling involves the recruitment and activation of 

IL-1 receptor-associated kinases (IRAKs). Depending on the cell type, this leads to the 

activation of NF-κB, mitogen-activated kinases and/or interferon regulatory factor (IRF) 

transcription factors which in turn initiate different transcriptional profiles shaping 

subsequent immune responses (Figure 3).  
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Figure 2: A toll-like receptor dimer structure. TLRs assemble in dimers to bind their 

ligand and activate their signalling. Their cytosolic domain contains a TIR domain, 

necessary for the recruitment of the adaptors MyD88 or TRIF. Image from: Federico et 

al., 2020. Modulation of the innate immune response by targeting Toll-like receptors: 

A perspective on their agonists and antagonists. J. Med. Chem, 63, 22, 13466–13513. 

https://doi.org/10.1021/acs.jmedchem.0c01049. 

 

TLRs are all synthesised in the endoplasmic reticulum (ER), where their glycosylation, 

folding and quality control occur. Once correctly formed, they traffic through the Golgi 

apparatus to their final destination, where they can encounter their ligands. The 

majority of TLRs form homodimers upon simultaneous ligand recognition; 

heterodimers are only formed by TLR2, with either TLR1 or TLR6 and TLR11 with 

TLR12. After ligand binding, their activation triggers the production and secretion of 

various pro-inflammatory cytokines and the increased expression of co-stimulatory 

molecules on APCs, making them prone to induce adaptive immunity. TLRs have been 

divided in two main categories: surface TLRs and endosomal/intracellular TLRs. 

1. Surface Toll-like receptors 

Surface TLRs include TLR1, 2, 4, 5, 6 in both human and mouse and TLR10 in human. 

TLR4 recognises lipopolysaccharide (LPS), and is therefore able to respond to a large 

variety of Gram-negative bacteria. TLR5 binds to the bacterial protein flagellin, present 

on multiple Gram-positive and negative bacteria. TLR2 associates with TLR1 or TLR6 

to signal and recognises lipopeptides from Gram-positive bacteria. Most surface TLRs 

signal through the adaptor protein MyD88 which is recruited by their TIR domain upon 

ligand binding and forms with IRAK-4 “the Myddosome”, starting a signalling cascade 

to activate NF-κB which in turns triggers the production of pro-inflammatory cytokines 

such as IL-6, IL-8 or TNFα. MyD88 also initiates the production of type I interferons 

(INF) by phosphorylating interferon regulatory factors (IRF) 5 or 7. TLR4 also recruits 

TRIF, another adaptor protein, activating NF-κB and phosphorylating IRF3 for type I 

INFs production (Yamamoto et al., 2002; Barton and Medzhitov, 2003; Moresco et al., 

2011). To activate TRIF signalling, TLR4 is internalised in a dynamin-dependent 

pathway to endosomes (Kagan et al., 2008). Dynamin GTPases have been shown to 

mediate plasma membrane invaginations to form early endosomes. Upon ligand 

binding, TLR4 primarily signals through MyD88 at the plasma membrane and is further 

able to activate TRIF signalling in early endosomes (Figure 3).  

https://doi.org/10.1021/acs.jmedchem.0c01049
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2. Intracellular Toll-like receptors 

Intracellular TLRs traffic from the ER to the endosomes, where their signalling pathway 

can be activated. Among them, we find TLR3, 7, 8, 9 in both human and mouse and 

11, 12 and 13 in mouse. Most of them are specialised in nucleic acid recognition and 

were reported to be particularly efficient against viral infections. TLR9 is specific for 

double-stranded DNA detection, especially unmethylated CpG motifs (Hemmi et al., 

2000) which are largely present in microbial DNA in comparison to mammalian DNA. 

TLR9 signalling is efficient in response to DNA viruses such as mouse cytomegalovirus 

(Krug et al., 2004a) and herpes simplex virus (Krug et al., 2004b) infections. TLR7 and 

TLR8 recognise single-stranded RNA (Diebold et al., 2004; Heil et al., 2004), and 

particularly guanosine and uridine-rich RNA, present in viruses as human 

immunodeficiency (HIV) or Influenza viruses. TLR7 and 9 are widely expressed by 

murine DCs, while TLR9 is barely expressed in human DCs. However, both TLR7 and 

9 were reported to be exclusively present in human and murine pDCs, where they 

efficiently signal for type I interferon responses (Lund et al., 2003; Coccia et al., 2004). 

TLR7 and 9 recruit MyD88 to trigger their activation cascade. TLR3, on the other hand, 

is specific to cDC1s (Lauterbach et al., 2010), where TLR3 expression is higher than 

in other DCs. This receptor is specialised in double-stranded RNA recognition 

(Alexopoulou et al., 2001) and recruits the adaptor protein TRIF for its signalling 

(Blasius and Beutler, 2010; Moresco et al., 2011) (Figure 3).  

Less described, TLR11 and 12 induce potent innate responses against parasites, as 

Toxoplasma Gondii. Indeed, they recognise the protein profilin and initiate IL-12 

production, required for efficient parasite elimination (Yarovinsky et al., 2005; 

Koblansky et al., 2013). TLR13, as TLR11 and TLR12, has been shown to be only 

expressed in mice and is mostly found in splenic macrophages and DCs. TLR13 

specifically recognises and responds to vesicular stomatitis virus (Shi et al., 2011). 

TLR11, 12 and 13 signal through MyD88, triggering NF-κB-dependent pro-

inflammatory cytokine secretion and potent interferon responses.  
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Figure 3: Surface and endosomal Toll-like receptors (TLRs) signalling. Once 

TLRs bind their ligand, they recruit MyD88 or TRIF and activate the transcription factors 

NF-κB or IRF to induce the production of pro-inflammatory cytokines and type I 

interferons.  

An important part of ligand binding on endosomal TLRs is the internalisation of 

pathogens by the cell, and various pathways have been highlighted. Among them, 

direct viral infection can lead to engulfment of viral nucleic acids inside the endosomes. 

Cells can also perform phagocytosis or macropinocytosis, in which DCs can uptake 

big extracellular particles or large amounts of extracellular fluid (Blasius and Beutler, 

2010).  
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Intracellular TLR trafficking from the ER to endosomes is another crucial step for their 

activation. They rely in Adaptor proteins (APs), which mediate the uptake of various 

cargoes into endosomes or lysosomes in a clathrin-dependent way, and chaperones 

for their trafficking. Indeed, AP-2 seems to be necessary for TLR9 to traffic to 

endosomes and AP-3 for TLR9 to translocate to late lysosome related organelles. Lack 

of AP-3 in DCs and macrophages leads to the restriction of TLR9 in VAMP3+ early 

endosomes and inhibits its translocation to LAMP1+ lysosomes. AP-3 is localised in 

the trans-golgi network and in VAMP3+ endosomes where it interacts with TLR9 upon 

stimulation. This complex translocates further to late LAMP1+ lysosomes. Furthermore, 

inhibition of TLR9 translocation to LAMP1+ compartments suppresses recruitment of 

TRAF3 and IRF7 to MyD88, and leads to a lack of type I INF signalling after TLR9 

stimulation. These data indicate a need for TLR9 to traffic to LAMP1+ lysosomes to 

promote type I INFs, through its interaction with AP-3 (Sasai et al., 2010a). However, 

AP-3 deficiency does not impact NF-κB signalling, and IL-12 production and secretion 

remain unchanged compared to wild type cells. This data led to the conclusion that 

NF-κB signalling must occur in early VAMP3+ compartments. Furthermore, AP-3 

deficiency also decreases TLR7-mediated type I INF production, though its trafficking 

to endosomes was not assessed. Intracellular TLR trafficking was also described to be 

dependent on chaperone proteins such as Grp94 which is necessary for TLR1, 2, 4, 5, 

7 and 9 signalling (Wu et al., 2012), PRATA4 which mediates the traffic of TLR1, 2, 4, 

7 and 9 (Takahashi et al., 2007), and UNC93B1 which was shown to interact with the 

endosomal TLRs 3, 7, 8, 9, 11, 12 and 13 to allow their trafficking to endosomes and 

their correct folding in the ER (Tabeta et al., 2006; Kim et al., 2008) (chapter 5).  

Once they reach the endosomes, the ECD of intracellular TLRs are cleaved to induce 

their signalling cascade. It has indeed been reported for TLR3, 7 and 9, mainly in DCs 

and macrophages (Ewald et al., 2008; Garcia-Cattaneo et al., 2012; Hipp et al., 2013). 

Nucleic acid sensing TLRs processing is carried throughout two distinct steps. The first 

step is mediated either by asparagine endopeptidase (AEP) (Sepulveda et al., 2009a) 

or cathepsins (Park et al., 2008) which cleave LRR15 and remove the majority of the 

TLR ECD. The second step consists in final trimming of this ectodomain and is 

regulated by cathepsins (Ewald et al., 2011).  

While endosomal TLRs recognise efficiently microbial nucleic acids, they can also be 

stimulated by host DNA or RNA. Nucleic acid sensing TLRs presence in endosomes 
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was defined to be a mechanism preventing possible autoimmune reactions as, in 

normal conditions, host nucleic acids do not reach these compartments and are 

degraded in the cytoplasm by active nucleases. Despite this, some intracellular TLRs 

have been associated with autoimmune diseases. TLR7 has been linked to systemic 

lupus erythematous (SLE), characterised by recognition of self-RNA and production of 

self-antibodies by B cells (Christensen et al., 2006; Fairhurst et al., 2008). Recently, 

TLR7 was directly associated to lupus in human and mouse as a gain-of-function of a 

TLR7 variant led to SLE development (Brown et al., 2022). Although TLR7 was 

reported to promote the disease, TLR9 was said to be rather protective.  

B. Other pattern recognition receptors: C-type lectin receptors, Nod-like receptors 

and RIG-1-like receptors 

While TLRs have been the most studied innate immune receptors, other PRRs are 

expressed in cells and allow various microbial recognition. C-type lectin receptors 

(CLRs) are transmembrane PRRs specialised in fungi recognition, although they are 

also able to respond to bacterial and viral infections. The family of Nod-like receptors 

(NLRs) counts numerous members, all localised in the cytoplasm. Two of them, NOD1 

and NOD2 can directly recognise specific PAMPS, and are specialised in bacteria 

peptidoglycans detection. Once activated, they trigger NF-κB and IRF3/7 pathways. 

Other NLR members, such as NLRP3, require two signals for their activation: the first 

one being most often microbial detection through TLRs and the second one being any 

cellular stress released by damaged cells. Their activation leads to their 

oligomerisation and inflammasome formation, which can then trigger secretion of IL-

1β and IL-18 (Wen et al., 2013). Retinoic acid-inducible gene (RIG-1)-like receptors 

are also localised in the cytoplasm and are activated by viral double-stranded RNA, 

eliciting INF production (Takeuchi and Akira, 2010).  

C. cGAS-mediated innate recognition and STING activation 

Cyclic GMP-AMP synthase (cGAS) is an important innate receptor involved in high 

type I INF responses following microbial infections (Sun et al., 2013). cGAS is localised 

in the cytosol and can bind to double stranded DNA released by viruses or cellular 

damage. DNA binding to cGAS leads to the production of cyclic GMP-AMP (cGAMP) 

which can be then detected by the stimulator of interferon genes (STING), a 

transmembrane ER protein (Ablasser et al., 2013). Following cGAMP binding, STING 
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translocates to the Golgi apparatus where it activates TBK1, or Tank binding kinase 1, 

which phosphorylates itself (Shang et al., 2012; Zhang et al., 2019). pTBK1 then 

phosphorylates STING and IRF3 (Liu et al., 2015; Zhao et al., 2016). Phosphorylation 

of IRF3 leads to its dimerization and translocation to the nucleus, inducing type I INF 

production. Moreover, pTBK1 also leads to NF-κB activation which induces the 

production of pro-inflammatory cytokines (de Oliveira Mann et al., 2019) (Figure 4). 

Finally, STING is ubiquitinated and targeted for degradation by the proteasome or by 

lysosomal proteases after a COP-I-mediated transport from ER-Golgi intermediate 

compartment (ERGIC) to lysosomes (Hopfner and Hornung, 2020).  

 

Figure 4: STING signalling pathway. cGAS binds dsDNA and generates cGAMP that 

in turns activate STING. STING translocates to the Golgi and induces activation of 

TBK1, IRF3 and NF-κB for production of type I INFs and pro-inflammatory cytokines.  

 

Factors regulating STING signalling pathway in cells are then important to induce 

efficient immune responses to pathogenic DNA, but also to stop this reaction from 

getting overly or chronically activated. Indeed, gain-of-function mutants of STING have 

been involved in autoimmune disorders and interferonopathies. Several of these 

mutations were described in children suffering from systemic inflammation and were 

referred to as SAVI (STING-associated vasculopathy with onset in infancy) (Liu et al., 
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2014). Another STING-mediated interferonopathy, the COPA syndrome, is generated 

by a mutation in the COPA gene, coding for a COP-I complex protein, COP-α. This 

mutation leads to impaired COP-I vesicles-mediated transport and blocks STING 

degradation. STING then remains in the Golgi apparatus after its activation and 

continuously induces type I INF production (Deng et al., 2020).  

Despite abundant literature, the regulation of STING remains unclear, especially in 

myeloid cells. In this regard, STING has been described to associate with STIM1 in the 

ER, keeping STING in an inactive state. STIM1 is an ER calcium sensor, controlling 

calcium influx in this organelle. Mechanistically, STIM1 retains STING in the ER, and 

the absence of STIM1 in macrophages leads to STING translocation to the Golgi and 

its activation at the steady state (Srikanth et al., 2019). Thus, STIM1 deficiency leads 

to autoimmune-like disorders with high type I INF responses. In addition, STING also 

associates with TOLLIP, a cytosolic adaptor protein modulating IL-1 receptor and TLR-

NF-κB signalling. TOLLIP stabilises STING at steady state by preventing its 

degradation in lysosomes (Pokatayev et al., 2020).  

Although the main steps of STING signalling pathway have been identified, still 

unanswered questions remain on the trafficking and degradation of activated STING. 

Indeed, whether STING needs to translocate to the Golgi in order to activate TBK1 is 

unclear, although we know that this step is necessary for type I INF production. In 

addition, while STING migration from the Golgi to the lysosomes is required for its 

degradation after activation, the turnover kinetics of the protein remain unclear. It is 

then of interest to study STING interacting partners, in order to better understand the 

tight regulation of this innate immune receptor.  

D. Innate immune responses 

Following PRRs activation, DC orchestrate a maturation program leading to the 

increased expression of co-stimulatory molecules, MHC molecules, chemokine 

receptors and secretion of cytokines and chemokines which result in priming of T 

lymphocytes. Pro-inflammatory cytokines such as IL-6, TNFα and IL-1β play a crucial 

role in T and B cell priming and proliferation, while type I INFs are mainly involved in 

anti-viral responses. Also secreted by DCs, IL-12 and IL-23 are involved in T 

lymphocyte differentiation into Th1 and Th17 respectively. In contrast, IL-10 leads to 

the development of regulatory T cells. DCs also migrate to secondary and tertiary 
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lymphoid organs after maturation thanks to the chemokine receptor CCR7. Moreover, 

DCs secrete various chemokines as CCL3, CCL4 or CXCL10 (Sallusto et al., 1999), 

not only inducing their migration but also recruiting B and T cells, neutrophils, 

monocytes, or other types of DCs in secondary lymph nodes.  

DCs can either positively regulate T cell responses, inducing effector T cells, through 

the expression of CD80, CD86 or CD40 or negatively regulate T lymphocyte responses 

and lead to tolerance, by the upregulation of PDL-1 or PDL-2. DC maturation also 

decreases their antigen uptake capacities but increases their ability to process 

antigens. Except for cDC1s, they upregulate the factor TFEB after maturation. TFEB 

overexpression leads to an enhanced lysosomal proteases activity, decreasing the 

lysosomal pH and increasing antigen degradation. Even though DC maturation and 

activation are often linked, both terms remain separated. Indeed, DCs can sense pro-

inflammatory signals, such as TNFα, from surrounding cells and upregulate several 

co-stimulatory molecules without fully maturing. Following that, they secrete IL-10 and 

induce tolerogenic T cell responses (Menges et al., 2002).  

DCs also have cytotoxic activities. Indeed, they are able to secrete TNFα which, when 

bound to its receptor TNFR1, induces the cleavage of procaspases and cellular 

apoptosis (Wong et al., 1992; Ding et al., 2011). While DC cytotoxic activity is not as 

strong as NK or CD8+ T cells capacities, this process was shown to be efficient against 

tumoral and viral infected cells. Stimulated DCs can also upregulate TRAIL to induce 

tumoral cell death. TRAIL binds to its receptors TRAILR1 or TRAILR2 to promote 

apoptosis in tumoral cells (Falschlehner et al., 2009; Kalb et al., 2012).   
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CHAPTER III: Antigen presentation: a link to adaptive immunity. 

 

Altogether, DCs activation and maturation through microbial or cell damage recognition 

leads to secretion of pro-inflammatory cytokines and high expression of co-stimulatory 

molecules, such as CD80, CD86 or CD40. Co-stimulatory molecules have specific 

receptors or ligands expressed on T cells and constitute a part of the signalling 

necessary for T cell priming and activation. Another signal is required for T cell 

activation to specific antigens: antigen presentation on major histocompatibility 

complex (MHC) molecules. While antigen presentation through MHC molecules is 

referred to as the primary signal or signal 1 for T cell activation, co-stimulatory 

interactions constitute what is called the signal 2. In the organism, two different types 

of MHC molecules are expressed: MHC class I which stimulates CD8+ or cytotoxic T 

cells and MHC class II activating CD4+ or helper T cells.   

 

Figure 5: Major histocompatibility complex (MHC) molecules class I and II 

structures. Both MHC molecules are transmembrane proteins composed of two 

chains, α and β. 

A. MHC class I antigen presentation 

MHC I antigen presentation allows priming and activation of cytotoxic T cells, leading 

to killing of infected or tumoral cells. MHC I is expressed in all nucleated cells, though 

T cell priming needs further activation signals through co-stimulatory molecules 
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expressed by professional antigen-presenting cells (APCs) such as DCs, 

macrophages or B cells. Once primed, cytotoxic T cells can then recognise infected or 

tumour-modified cells to induce their apoptosis.  

1. Classical antigen presentation 

More than abnormal or pathogenic peptide recognition by CD8+ T cells, MHC I also 

presents normal peptides, displaying the healthy status of the cell. Classically, MHC I 

is therefore an indicator of the cell’s state, whether it’s infected, tumoral or healthy, by 

presenting endogenous antigens and triggering or not cytotoxic T cell responses. MHC 

I molecules are transmembrane heterodimers composed of a heavy chain α and a light 

chain, β2-microgobulin (Townsend et al., 1989) (Figure 5). They are folded in the 

endoplasmic reticulum where the heavy chain is first bound to calnexin, promoting its 

stability before its association with the β2-microglobulin. In addition, before peptide 

loading in the ER, the MHC I heterodimers tightly associate with two ER chaperones, 

ERp57 and calreticulin, to preserve them from degradation.  

Before peptide binding, endogenous proteins need to be ubiquitinated and processed 

by the proteasome in the cytoplasm. Generated peptides can then enter the ER 

through a transporter called TAP, an heterodimer composed of TAP1 and TAP2, that 

shifts conformation when linking a peptide with high affinity, allowing its entry into the 

ER lumen. Once in the ER, some peptides need to be trimmed as MHC I molecules 

allow binding of 8 to 10 amino acid peptides and longer peptides are generated by the 

proteasome. ER aminopeptidases (ERAP in human or ERAAP in mouse) are required 

for this step while peptides that fail to bind MHC I molecules are eliminated through 

ER-associated degradation (ERAD) (Joffre et al., 2012; Mantel et al., 2022).  

For correct peptide loading on MHC I, several proteins and chaperones are required, 

allowing MHC I molecules stability and peptide binding. This group of proteins is called 

the peptide loading complex (PLC), compromising of factors as ERp57, calreticulin, 

TAP or TAPBP (tapasin or TAP-binding protein) (Neefjes et al., 2011; Blees et al., 

2017). TAPBP mediates peptide loading by linking MHC I to TAP and selecting 

peptides with high affinity for antigen presentation. TAP or TAPBP deficient cells fail to 

present antigens to CD8+ T cells. Indeed, in these cells, peptides fail to enter the ER, 

MHC I molecules folding is impaired or low affinity peptides are presented to T cells, 

leading to a weaker immune response. The PLC is also needed for exit of loaded MHC 
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I molecules from the ER and further trafficking to the plasma membrane. Indeed, 

TAPBP and calreticulin were shown to prevent incorrectly loaded MHC I molecules to 

leave the ER.  

Once MHC I-peptide complexes leave the ER, they reach the ERGIC where they go 

through further quality control before reaching the cis-Golgi, and finally the plasma 

membrane (Figure 6). 

The expression of MHC I and the TAP subunit TAP1 have been reported to be under 

the control of the transcription factor CITA (MHC class I transactivator) or NLRC5 

(Meissner et al., 2010). NLRC5 expression is mostly controlled by interferon γ 

production but can also be induced after viral infection or TLR activation. However, 

NLRC5-dependent MHC I expression is not clear, as some authors reported normal 

MHC I expression in NLRC5-/- splenocytes and macrophages stimulated with INFγ, 

indicating the involvement of another pathway (Robbins et al., 2012).  

2. Antigen cross-presentation 

Although MHC I was classically described to be specialised in endogenous antigen 

presentation, another pathway showed great importance in anti-viral and anti-tumoral 

responses. Called MHC class I antigen cross-presentation, this pathway relies on the 

loading of exogenous peptides on MHC I molecules (Carbone and Bevan, 1990). While 

all nucleated cells do express MHC I molecules, not all cells have the ability to cross-

present. Indeed, DCs are very potent cross-presenting cells (Shen et al., 1997), 

especially cDC1s, in human and mouse. Antigen cross-presentation allows DCs to 

present microbial or tumoral antigens, without being themselves infected or tumoral, to 

prime and activate cytotoxic T cells against infected or tumoral cells.  

a. Antigen entry in endosomes/phagosomes  

Antigen entry in DCs is mediated by different pathways: endocytosis, phagocytosis and 

macropinocytosis, the latest being especially used by DCs. Macropinocytosis consists 

in plasma membrane invaginations leading to a large engulfment of extracellular fluid, 

containing secreted proteins as well as microbial antigens in case of infections 

(Sallusto et al., 1995). While this uptake mechanism is major in immature DCs, mature 

DCs perform it less. Phagocytosis can be either non-specific, with the uptake of all 

types of particles, or receptor mediated. Antigen entry through receptor recognition 
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involves various surface proteins, such as mannose receptors, which recognise 

mannose and fucose expressed in microorganisms (Segura et al., 2009); Fcγ receptors 

(Machy et al., 2000), detecting immunocomplexes; or Clec9A, specifically expressed 

by cDC1 and recognising cell debris after apoptosis. Receptor mediated uptake can 

be either clathrin-dependent endocytosis or clathrin-independent for larger particles. 

Once in endosomes or phagosomes, antigens are first processed and turned into 

protein fragments. DCs ability to cross present antigens relies on their 

endosome/phagosome capacity not to completely degrade the internalised antigens 

as their pH is higher than in macrophages, rendering their proteases less active 

(Delamarre et al., 2005). Therefore, peptides can be generated and loaded on MHC I 

molecules.  

b. Vacuolar antigen cross-presentation 

Two antigen cross-presentation pathways have been previously described: the 

vacuolar and the cytosolic pathways (Joffre et al., 2012). Vacuolar cross-presentation 

relies on antigen processing in endolysosomes/phagolysosomes into peptides that can 

directly be loaded on MHC I molecules present in these compartments (Pfeifer et al., 

1993). This processing relies on lysosomal protease activities, such as cathepsin S, 

necessary for efficient vacuolar antigen cross-presentation (Shen et al., 2004). Once 

loaded, MHC I-peptide complexes can directly travel to the plasma membrane and be 

recognised by CD8+ T cells (Figure 6).  

c. Cytosolic antigen cross-presentation: antigen export from phagosomes to the 

cytosol 

The cytosolic pathway relies on antigen processing by the proteasome in the cytosol. 

For this, antigens internalised in endosomes/phagosomes have to reach the cytosol 

(Kovacsovics-Bankowski et al., 1993; Kovacsovics-Bankowski and Rock, 1995). While 

the mechanisms behind this step remain unclear, several possibilities have been 

raised and studied.  

Among them, endosomal membrane rupture was reported. It can be caused by 

reactive oxygen species (ROS) production through cell debris recognition by Clec9A 

or NADPH Oxidase 2 (NOX2) recruitment to endosomes. The latest disrupts the lipid 

membrane integrity and leads to endosomal content release (Dingjan et al., 2016). 

Clec9A recognition causes both the receptor and its ligand internalisation in 
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phagosomes and triggers SYK signalling. Recruited SYK binds to Clec9A cytosolic 

domain causing a localised oxidative burst and ROS activity, leading to endosomal 

membrane rupture (Canton et al., 2021). DCs were described to display sustained and 

higher ROS production than macrophages, especially cDC1s, consistent with their high 

capacity to cross-present antigens. While phagosome damage allows antigens to be 

processed through the proteasome in the cytosol and to be cross-presented, it is also 

toxic for the cell to release endosomal content such as cathepsins and hydrolases. 

Therefore, phagosomal damage needs to be controlled and it was reported to be 

regulated by the ESCRT (endosomal sorting complex required for transport) 

machinery. Among the ESCRT complexes, ESCRT III is involved in membrane repair 

as it forms helical filaments along the damaged parts of the endosomal membrane and 

controls endosomal content leakage. Showing its role in antigen cross-presentation, 

ESCRT III silencing leads to increased export of antigens to the cytosol and enhanced 

antigen cross-presentation, due to a lack of endosomal membrane repair (Gros et al., 

2022).  

Endosome to cytosol export of antigens has been also suggested to be regulated by 

several members of the endoplasmic reticulum-associated degradation (ERAD) 

members such as p97, Hrd1 or Sec61. The ERAD machinery was originally described 

to be involved in misfolded proteins retro-translocation from the ER to the cytosol.  

The AAA ATPase p97 provides energy for ERAD retro-translocation channels and has 

been shown to be required for cross-presentation in DCs. To this day, p97 is the 

strongest candidate for its involvement in endosome to cytosol export, as content 

release from phagosomes has been observed upon recombinant p97 addition in 

isolated phagosomal compartments (Ackerman et al., 2006). Moreover, silencing of 

p97 in DCs results in decreased peptide release from phagosomes (Ménager et al., 

2014). It can also be noted that, after ovalbumin (OVA)-mediated mannose receptor 

activation and poly-ubiquitination, p97 is recruited to endosomes and may then 

stimulate antigen release (Zehner et al., 2011).  

Another ERAD protein, the ubiquitin ligase Hrd1, has been proposed as a channel 

candidate for antigen endosome to cytosol translocation. Hrd1 knockdown impairs 

antigen export to the cytosol and cross-presentation as well as MHC II antigen 

presentation (Zehner et al., 2015). However, this effect might be related to other 

disruptions in the cells, since Hrd1 knockdown induces ER stress and therefore 
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activates ER factors that were shown to be involved in antigen presentation (further 

discussed in chapter 7). Furthermore, Hrd1 role in antigen cross-presentation remains 

controversial as its knockdown did not seem to have a strong impact on OVA cross-

presentation in another study (Grotzke and Cresswell, 2015).  

Lastly, the ERAD protein Sec61 is also involved in MHC I antigen cross-presentation. 

Sec61 is the main actor of the Sec61 translocon localised at the ER membrane which 

mediates the translocation of many newly synthesised proteins into the ER (Rapoport, 

2007). The translocon is a complex of three proteins:  Sec61, composed of three 

subunits constituting a pore through the ER membrane, Sec62 and Sec63 (Voorhees 

and Hegde, 2016). This Sec61 channel remains closed until it is primed through 

binding of the Sec62-Sec63 complex, opening the channel lateral gate and allowing 

polypeptide translocation into the ER. Also recruited to endosomes, it was suggested 

that Sec61 could mediate endosome to cytosol export of antigens as other ERAD 

proteins may do. Indeed, Sec61 knockdown or Sec61 exclusion of endosomes 

rendered DCs unable to efficiently cross-present antigens (Zehner et al., 2015). 

However, Sec61 deficiency disrupts phagosomes and ER homeostasis along with ER-

phagosomes contact sites, important for MHC I antigen presentation.  

In a more recent study, Sec61 activity was specifically blocked with mycolactone, a 

drug targeting the alpha subunit of Sec61 and keeping the channel in a closed 

conformation. This Sec61 blockade led to decreased MHC I classical and cross 

presentations, though didn’t affect protein or peptide translocation from the ER or the 

endosomes to the cytosol (Grotzke et al., 2017). Unlike previously thought, the Sec61 

translocon appears to not directly transport antigens from endosomes to the cytosol, 

though it probably regulates another channel or another step of the process.  

d. Cytosolic antigen cross-presentation: peptide loading on MHC class I 

Once antigens reach the cytoplasm, they can be processed through the proteasome.  

After processing, peptides can either enter the ER or phagosomes, both pathways 

through TAP (Figure 6). Indeed, members of the PLC are expressed in both 

compartments, along with MHC I molecules (Guermonprez et al., 2003a). Trimming of 

peptides in phagosomes happen through insulin-regulated endopeptidases (IRAP) 

before loading on MHC I (Saveanu et al., 2009). A deletion of IRAP in mice has been 
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previously associated with a decrease in MHC I antigen cross presentation, 

highlighting its key role in the process (Weimershaus et al., 2012). 

While the cytosolic pathway has been reported to be fully TAP-dependent, since 

peptides need to enter TAP-containing compartments to be loaded on MHC I 

molecules, the vacuolar pathway has been often described as TAP-independent. 

However, it was assessed that TAP is not only a transporter for peptides but is also 

involved in MHC I stability and loading of high affinity peptides (Chefalo et al., 2003). 

Indeed, TAP deficient cells show an accumulation of MHC I molecules at ERGIC sites 

as they are not stable enough to get through late quality control steps in this 

compartment (Raposo et al., 1995). However, TAP deficient DCs can still cross-

present by allowing loaded MHC I molecules stuck in ERGIC compartments to traffic 

to phagosomes and to the plasma membrane (Barbet et al., 2021). While this has been 

reported as a backup for TAP deficiency, this pathway may also lead to autoimmune 

reactions as low affinity self-peptides may be presented to cytotoxic T cells.  
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Figure 6: Major histocompatibility complex (MHC) class I antigen presentation 

pathways. Classical antigen presentation consists of processing of endogenous 

antigens by the proteasome before their loading on MHC I. Antigen cross-presentation 

of exogenous antigens can occur through two pathways: vacuolar with direct 

processing and loading of peptides in endosomes, and cytosolic with processing of 

peptides by the proteasome in the cytosol before loading on MHC I molecules in 

endosomes or in the ER. 
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B. MHC class II antigen presentation 
 

MHC class I is not the only molecule presenting peptides to T lymphocytes as MHC 

class II also present antigens, and specifically regulates CD4+ T cells activation.  

MHC class II presents peptides to helper T cells, leading to their proliferation and 

activation, so they can also induce production of specific antibodies and secretion of 

pro-inflammatory cytokines by B cells. MHC II molecules were originally described to 

be expressed only by professional APCs: B cells, macrophages and DCs. However, 

MHC II expression can also be induced by INFγ in non-APCs such as fibroblasts, 

endothelial cells or epithelial cells. Induction of MHC II expression is controlled by the 

major transactivator CIITA, recruited at the MHC II gene locus (Steimle et al., 1994; 

Reith et al., 2005). In immature DCs, CIITA promoter is bound by a complex enhancing 

its expression, composed of PU.1, NF-κB, SP1 and IRF8, leading to high transcription 

of CIITA and MHC II molecules. DC maturation drives out this complex, which is 

replaced by BLIMP1, inhibiting CIITA transcription. Even though MHC II synthesis is 

important in immature DCs, its half-life is limited, and MHC II turnover kinetics are quite 

rapid. In mature DCs, MHC II half-life is increased, and its expression is stabilised at 

the plasma membrane.  

MHC II α and β chains are first assembled in the ER (Figure 5) and associate with the 

invariant chain Ii. MHC class II-Ii complexes traffic to the plasma membrane before 

being endocytosed in late endosomes and delivered to late MHC II-containing 

compartments (MIIC). MHC II endocytosis is mediated by targeting motifs present in 

Ii, recruiting the adaptor protein AP-2, regulating clathrin-dependent endosomal 

delivery (Dugast et al., 2005). MIIC, characterised by high proteases activity, are where 

antigen processing and peptide loading occur. Proteases such as asparaginyl 

endopeptidase and cathepsins can, in MIIC, catalyse Ii degradation and antigen 

processing into peptides (Riese et al., 1996; Nakagawa et al., 1998; Manoury et al., 

1998; Hsieh et al., 2002). Ii degradation first concerns its N-terminal domain, leaving a 

residual class II-associated Ii peptide (CLIP) in MHC II peptide binding groove. This 

process prevents low affinity peptides to be loaded on MHC II and eventually presented 

to CD4+ T cells. High affinity peptides generated in the MIIC can replace CLIP and be 

loaded on MHC II molecules (Denzin and Cresswell, 1995), which can then traffic to 

the plasma membrane (Neefjes et al., 2011; Roche and Furuta, 2015) (Figure 7).  
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Figure 7: Major histocompatibility complex (MHC) class II exogenous antigen 

presentation pathway. MHC II-Ii complexes translocate to MIIC compartments, where 

antigens can be processed into peptides and loaded onto MHC II. 
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CHAPTER IV: Adaptive immune effectors: T and B lymphocytes. 

 

A. T lymphocytes activation 

As previously mentioned, for DCs to prime naive T lymphocytes into effector T 

lymphocytes, several signalling steps are required. The first signal is antigen 

presentation through MHC molecules, as described just before. The second signal is 

the expression of co-stimulatory molecules by mature DCs. Their binding to their ligand 

or receptor on T cells is necessary for naive T cells to become effectors and activate 

their immune functions. However, co-stimulatory molecules can either regulate effector 

functions, as binding of CD80/CD86 on DCs to CD28 on T cells, or can be tolerogenic, 

as the expression of PDL-1 on DCs results in the expansion of regulatory T cells. 

Finally, a third signal is also required and is mediated by cytokines produced by DCs. 

Cytokine production can be induced through co-stimulatory DC-T cell interaction as 

the binding of CD40 on DCs to CD40-ligand on T cells leads to the secretion of IL-12 

by DCs. Various cytokines are secreted by DCs and some of them can induce specific 

T cell responses. Indeed, it has been described that IL-4 promotes Th2 differentiation 

while IL-12 and type I INF induce Th1 differentiation. In contrast, memory T cells, which 

have already encountered specific antigens, only need signal 1 (antigen presentation 

by MHC molecules) to become effector T cells.  

1. CD8+ T lymphocytes  

Once CD8+ T cells are primed against a specific antigen into effector cytotoxic T cells, 

their main role becomes to induce death signals in target cells bearing the antigen on 

their MHC I molecule. TCR binding on the MHC I-antigen complex results in activation 

of two main cytotoxic pathways to induce target cell apoptosis (Henkart and Catalfamo, 

2004). The first pathway described is mediated by perforin and granzymes, contained 

in granules secreted by cytotoxic T cells recognising a target cell. Perforin is a water-

soluble protein that has the ability to create pores in membranes once agglomerated. 

Once secreted from T cells, perforin creates pores in the target cell plasma membrane 

and allow the entry of enzymes also secreted in granules, granzymes A and B. 

Granzymes are serine proteases able to induce target cell apoptosis. Granzyme B is 

able to directly process procaspases, leading to their activation and further apoptosis. 

Granzyme A is able to cleave an ER complex called SET, which carries an inactive 
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DNase. This cleavage induces activation of the DNase, that then translocates to the 

nucleus and leads to DNA single strand breaks, resulting in cell death. The other 

pathway involved in cytotoxic T lymphocyte-mediated cell death is Fas-ligand/Fas 

signalling. Once the TCR recognises its specific MHC I-peptide complex, Fas-ligand 

expression is induced at the surface of T cells. Fas-ligand then binds its receptor, Fas, 

on target cells and this interaction leads to processing and activation of caspase 8 and 

caspase 3, mediating apoptosis. For this cytotoxic pathway, the target cell needs to 

express Fas on its surface and to bear the appropriate internal death pathway.  

2. CD4+ T lymphocytes 

CD4+ T cells are, on another hand, primed through MHC II antigen presentation by 

professional APCs. CD4+ T lymphocytes then differentiate into different T helper cells: 

T helper 1 (Th1), T helper 2 (Th2) or T helper 17 (Th17). A tight balance between the 

differentiation of the three subsets must be kept as a high activation of either of them 

can lead to immune diseases. T helper lymphocytes differentiation into one subset 

relies on APC production of specific and diverse cytokines following PRR signalling. 

Th1 differentiation is driven by the secretion of IL-12 and INFα by DCs as well as 

interaction between the co-stimulatory molecule CD40 with its ligand. It was shown 

that among cDCs, cDC1s mostly induced Th1 immunity. Th1 lymphocytes were 

described to mediate immune responses mostly against intracellular pathogens and to 

promote macrophage activation. Th2 cells, however, are mediated by IL-4 or IL-10 

secretion and induce immune defences against extracellular parasites and allergens 

through mast cells and eosinophils activation (Romagnani, 1995). Th2 lymphocytes 

direct immune responses towards macrophage inhibition, and an increase in their 

differentiation has been reported to dampen phagocyte activity during chronic 

inflammation (Onoé et al., 2007). This indicates a need to keep a balanced 

development of the different subtypes. Lastly, T helper cells can also differentiate into 

Th17, induced by IL-6 or TGFβ and named after their main function, IL-17 production. 

IL-17 has been reported to be involved in high pro-inflammatory responses as it leads 

to strong pro-inflammatory cytokines and chemokines secretion, mediating tissue 

infiltration and efficient responses against extracellular pathogens (Bettelli et al., 2007). 

T helper cells have also been linked to humoral immunity and potent activation of B 

cells.  
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B. B lymphocytes activation 

In secondary lymphoid organs, B cells may encounter pathogenic antigens coming 

from the periphery through follicular DCs. B cells are able to recognise antigens with 

their BCR. Once internalised, antigens are processed into peptides and loaded on 

MHC class II molecules to interact with CD4+ T cells. B cells then migrate to interfaces 

between B and T zones of secondary lymphoid organs to interact with CD4+ T 

lymphocytes. Previously primed T helper cells can then induce B cell proliferation and 

formation of the germinal center, as well as short-lived plasma cells staying in 

secondary lymphoid organs and memory B cells. In the germinal center, B cells 

undergo somatic hypermutation to enhance the specificity of the antibodies produced 

against the encountered antigen. They then differentiate into long-lived plasma cells 

that migrate to the bone marrow or gut-associated lymphoid tissues and memory B 

cells (Ise and Kurosaki, 2021). While undifferentiated B cells keep antibodies at their 

surface, plasma cells have the ability to secrete specific immunoglobulins, a key 

immune response for complete elimination of extracellular pathogens.  
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CHAPTER V: UNC93B1 and its crucial role in innate recognition and antigen 

presentation. 

 

UNC93B1 is an endoplasmic reticulum protein composed of 598 amino acids and 12 

transmembrane domains. It was first described in 1980, when an orthologue of the 

human UNC93B1 was discovered in Caenorhabditis elegans and was found to 

potentially be a potassium channel regulator. Human UNC93B1 is a conserved protein, 

and orthologues with similar sequences can be found in distantly related species such 

as Caenorhabditis elegans, Arabidopus thaliana, Drosophilia melanogaster, mouse, 

and human (Kashuba et al., 2002). It can be noted that human and mouse UNC93B1 

share 85% of homology.  

A. UNC93B1 and its role in endosomal TLR signalling 

The role of UNC93B1 in the TLR pathway was discovered using a forward genetic 

screen in mice with N-ethyl-N-nitrosourea. Germline homozygous mutations were 

generated in several mice and one of them led to the inability of cells and mice to 

produce TNFα following TLR3, TLR7 and TLR9 stimulation. This mutation was 

characterised to be recessive and specific to nucleic acid sensing, as immune 

responses to LPS, Pam3 or PGN-LTA remained unchanged compared to control mice. 

Following this finding, the mutated phenotype was named “triple d” or “3d”, regarding 

the triple TLR defect described. After genetically mapping the 3d locus, they found a 

single mutation in chromosome 19, exon 9 of the gene Unc93b1, encoding a protein 

of the same name. Expression of WT UNC93B1 in 3d cells restored TLR 3, 7 and 9 

signalling, indicating a major role of UNC93B1 in intracellular TLR response (Tabeta 

et al., 2006). 

1. UNC93B1 interaction with endosomal TLRs is required for their signalling 

It was later described that UNC93B1 interacts with intracellular TLRs 3, 7, 8, 9 and 13 

in the endoplasmic reticulum and in endosomes (Brinkmann et al., 2007; Shi et al., 

2011). Moreover, in mice, UNC93B1 was also reported to interact with endosomal 

TLRs 11 and 12 (Pifer et al., 2011; Andrade et al., 2013). This interaction was shown 

to be essential for endosomal TLR signalling. Indeed, in 3d cells where a defect in 

intracellular TLR responses is observed, UNC93B1/TLR interaction was lost 



45 
 

(Brinkmann et al., 2007) (Figure 8). Although UNC93B1 role is often labelled as 

restricted to endosomal TLRs, it has been reported once that it interacts with TLR5, a 

surface TLR, to regulate its activation in a similar way than intracellular TLRs. This was 

not observed for other surface TLRs (1, 2, 4, 6), which do not depend on UNC93B1 for 

their function (Huh et al., 2014). Even though UNC93B1 is necessary for all intracellular 

TLRs signalling, it was observed to mediate their activity differently. Indeed, UNC93B1 

keeps a tight balance between TLR9 and TLR7 activation, being biased towards TLR9 

signalling and repressing TLR7 responses (Fukui et al., 2009). This function allows 

UNC93B1 to control TLR7 activity and TLR7-dependent autoimmune responses. As 

described previously, upregulated TLR7 signalling can lead to systemic lupus 

erythematous and mutations in TLR7 locus were directly correlated to this disease in 

children (Brown et al., 2022). The amino acid aspartic acid in position 34 (D34) of 

UNC93B1 has been reported to be important in TLR7 repression. Indeed, D34A 

mutation in UNC93B1 results in increased TLR7 signalling and the development of a 

lupus-like phenotype in mice expressing the mutant (Fukui et al., 2009, 2011). An 

UNC93B1 glycosylation site, an asparagine in position 272, was reported to be 

important for TLR9 and MyD88 activation after CpG stimulation. However, this 

requirement was not observed for TLR7 signalling (Song et al., 2022).  

2. UNC93B1 interaction with endosomal TLRs is required for their trafficking 

UNC93B1 interaction with nucleic acid sensing TLRs has been reported to be 

necessary for their traffic from the ER to endosomes (Kim et al., 2008; Lee et al., 2013). 

Indeed, UNC93B1 is required for the egress of intracellular TLRs into COP-II vesicles 

from the ER membrane. UNC93B1 brings these TLRs to their signalling compartment, 

and the complexes TLR-UNC93B1 are detected in endosomes (Kim et al., 2008). In 

3d cells, where UNC93B1/TLR interaction and intracellular TLR signalling are 

abrogated, a defect in endosomal TLR trafficking was also observed. This indicated a 

clear role of UNC93B1 in TLRs translocation to endosomes, preceding their activation 

and signalling (Figure 8). 

Models of TLRs trafficking from ER to endosomes have been proposed and describe 

a role of the adaptor protein complexes; AP-2 being necessary for TLR9 to traffic from 

the ER to endosomes and AP-3 from endosomes to lysosomes. It was first described 

that the AP-2 complex is recruited by an UNC93B1 tyrosine-based motif to bring TLR9 

to endosomes. Indeed, a mutation in this UNC93B1 motif leads to TLR9/UNC93B1 
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mis-trafficking and defect in signalling (Lee et al., 2013). Although AP-3 recruitment by 

UNC93B1 has not been reported, it was shown that a knock-out of AP-3 leads to a 

decreased trafficking of UNC93B1 to lysosome related organelles (Sasai et al., 2010). 

UNC93B1-mediated trafficking of TLRs to endosomes has also been described to be 

dependent on another ER transmembrane protein, LRRC59 (Leucine-rich repeat 

containing protein 59). It was shown that upon ligand internalisation, UNC93B1 

associates with LRRC59 to regulate TLRs translocation to endosomes. A knockdown 

of LRRC59 indeed resulted in a decreased signalling of TLR3, 8 and 9 but not of TLR4 

and a slower TLR3 trafficking to the endosomes (Tatematsu et al., 2015).  

For endosomal TLRs to signal, it was shown that their ectodomains had to be cleaved. 

For TLR3 and TLR9 activation, UNC93B1 must detach from them in endosomes so 

they can be cleaved and activate their signalling pathways. This was not observed for 

TLR7 as it appears that its association with UNC93B1 remains after activation, again 

showing how differently UNC93B1 regulates each endosomal TLR (Majer et al., 

2019b). The termination of TLR7 signalling in endosomes is regulated by UNC93B1 

phosphorylation and binding to Syntenin-1, which brings the complex to exosomes for 

degradation (Majer et al., 2019a). 
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Fgure 8: UNC93B1 is necessary for Toll-like receptors (TLRs) trafficking. 

UNC93B1 interacts with intracellular TLRs and regulates their trafficking from ER to 

endosomes. In 3d cells, UNC93B1 doesn’t interact with TLRs, inhibiting their 

translocation to endosomes and further activation. 

 

3. UNC93B1 interaction with endosomal TLR is required for their folding 

In addition of regulating TLRs localisation to endosomes, UNC93B1 was reported to 

control their folding. Indeed, in 3d DCs, where intracellular TLR-UNC93B1 association 

is abrogated, intracellular TLRs expression is highly decreased compared to WT DCs. 

Expression of an UNC93B1 ER-retained mutant allows stabilisation of intracellular 

TLRs and their trafficking to endosomes, though to a lesser extent than in WT cells. It 

was then possible for UNC93B1 to partially rescue endosomal TLR signalling by 

restoring their proper folding without mediating their trafficking (Pelka et al., 2018).  

All of these studies have highlighted the chaperone function of UNC93B1, regulating 

the folding and trafficking of endosomal TLRs to enable their signalling.  
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B. UNC93B1 3d mutation 

UNC93B1 3d mutation is a substitution in position 412 of the protein, replacing a 

histidine by an arginine (Tabeta et al., 2006) (Figure 9). This residue is conserved 

among other orthologues of UNC93B1 in vertebrates such as chicken, rat, mouse, and 

human. Developed in mice, this mutant allows us to study immune defects related to 

UNC93B1. It is important to note that 3d mice have no developmental defects and 

normal fertility when bred. They also have a normal development of lymphoid organs 

and regular numbers of peripheral T cells, B cells, natural killer cells and natural killer 

T cells. However, as mentioned previously, 3d cells are unable to respond to 

endosomal TLR ligands and 3d mice are therefore more susceptible to various viral or 

bacterial infections. Indeed, 3d mice weakly respond to pathogens such as mouse 

cytomegalovirus, Listeria monocytogenes or Staphylococcus aureus (Koehn et al., 

2007).  

 

Figure 9: UNC93B1 H412R (3d) mutation. UNC93B1 is localised in the ER and 

contains 12 transmembrane domains. The 3d mutation is characterised by a 

substitution in position 412 of a histidine (H) into an arginine (R).  

 

While the 3d mutation was primarily described as a defect in intracellular TLR 

responses, it was reported to also cause impaired MHC I antigen cross-presentation 

and decreased MHC II antigen presentation (Tabeta et al., 2006). Indeed, 3d DCs 

show a high decrease of cytotoxic T cell proliferation upon exogenous antigen 

presentation on MHC I, though no change in MHC I expression has been clearly 

observed. In 3d mice, MHC II antigen presentation is impacted to a lesser extent, and 

was reported to remain unchanged in UNC93B1 knocked-down human DCs (Koehn et 

al., 2007). UNC93B1 involvement in MHC II antigen presentation therefore is still 

questionable. While there are evidences showing that UNC93B1 mediates MHC I 
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antigen cross-presentation, all the pathways and mechanisms involved remain unclear 

to this day. Along with this, 3d mice show inefficient tumour rejection, leading to rapid 

tumour growth compared to WT mice (Maschalidi et al., 2017). This is probably due to 

the lack of MHC I antigen cross-presentation by 3d DCs, crucial for anti-tumoral 

responses.  

C. Human UNC93B1 mutants in disease 

In human, UNC93B1 expression has been shown to be the highest in brain and heart 

tissues. Following its crucial role in immunity, UNC93B1 mutants in human have been 

associated with immune defects such as hypersensitivity to herpes virus, leading to 

herpes simplex encephalitis (HSE), also highlighting its crucial role in the brain. Two 

HSE patients described were from consanguineous families and presented a 

homozygous UNC93B1 mutation leading to the complete loss of expression of the 

protein (Casrouge et al., 2006; Sancho-Shimizu et al., 2011). HSE is one of most 

common encephalitis in children, and is characterised by migration and reactivation of 

herpes simplex viruses HSV-1 or HSV-2 in the brain, causing a localised inflammation. 

UNC93B1 mediated TLR-deficiency leads to susceptibility to various viruses in 

patients, especially HSVs, caused by a lack of viral recognition and low interferon 

responses. The absence of UNC93B1 in brain, where it is normally highly expressed, 

appears to impair the immune response to viruses from neurons, astrocytes and 

immune cells, at the origin of diseases as HSE (Lafaille et al., 2012).  

As previously cited, a mutation of UNC93B1 was at the origin of a lupus-like phenotype 

in mice (Fukui et al., 2009). Furthermore, high levels of UNC93B1 were found in SLE 

patients B cells along with antibodies against self-dsDNA. However, no human 

UNC93B1 mutant has been described to directly correlate with SLE in patients (Kiener 

et al., 2021).  
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D. UNC93B1 interactome 

 

1. STIM1/UNC93B1 complex in MHC I antigen cross-presentation 

To assess how UNC93B1 regulates antigen cross-presentation in DCs, Bénédicte 

Manoury’s group has analysed the expression of genes involved in antigen cross-

presentation from published microarrays from WT and 3d spleens. Stim1 gene was the 

most significatively downregulated in 3d spleen in comparison to WT. (Maschalidi et 

al., 2017). STIM1 is an ER calcium sensor which is activated following depletion of 

Ca2+ in the ER (S. L. Zhang et al., 2005). Activation of STIM1 leads to the apposition 

of the ER membranes close to the plasma membrane, where STIM1 associates with 

ORAI1 to allow the replenishment of Ca2+ into the cytosol and in the ER. STIM1 

function is therefore important for calcium influx inside the ER, and can control the 

activity of several ER chaperones. Furthermore, upon ER calcium depletion, STIM1 

brings the ER membrane close to the phagosomes, creating calcium hotspots, process 

shown to upregulate phagocytosis in macrophages (Nunes et al., 2012). In DCs, 

STIM1 deficiency leads to loss of phagosomal Ca2+ hotspots, reduced lysosomal 

proteolytic activity characterised by low IRAP activity and inhibition of phagosomal 

maturation which result in altered antigen cross-presentation (Nunes-Hasler et al., 

2017). IRAP was previously shown to be necessary for the final trimming of peptides, 

an important step for antigen processing (Saveanu et al., 2009). The role of STIM1 in 

immune responses has been widely described, particularly in T cells, where STIM1 

deficiency leads to impaired T cell proliferation, activation and cytokine secretion and 

subsequent patients immunodeficiency (Feske et al., 2010; Samakai et al., 2013).  

UNC93B1 and STIM1 interaction has been reported to be essential for STIM1 

activation when calcium depletion occurs, and was shown to be inhibited in 3d DCs 

(Maschalidi et al., 2017). UNC93B1 3d mutation in DCs indeed leads to impaired 

calcium influx and reduced STIM1 oligomerisation, showing a role of UNC93B1 in 

STIM1 conformation. Furthermore, expression of a constitutive active form of STIM1, 

which no longer requires association with UNC93B1 for its function, restored antigen 

cross-presentation in 3d DCs (Maschalidi et al., 2017). In addition, 3d DCs showed an 

increased endosomal pH, resulting in decreased lysosomal proteases activity and 

therefore weak antigen processing, involved in cross-presentation. The change in 

endosomal pH is believed to be caused by impaired STIM1 activity since lysosomal 
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calcium hotspots are important for proteases activity and pH stabilisation. Overall, 

these data gave us an insight on one of the mechanisms involved in the regulation of 

antigen cross-presentation by the ER chaperone UNC93B1.  

2. STING/UNC93B1 complex in type I INF response 

In addition to endosomal TLRs and STIM1, UNC93B1 was described to interact with 

STING in the ER, an interferon signalling molecule described previously (chapter 2). 

The role of UNC93B1 in mediating STING activity is still unclear, but it was reported 

that UNC93B1 brings STING to lysosome for degradation to dampen its activation. 

Indeed, higher STING protein levels along with increased type I INF signature were 

observed in UNC93B1 knocked-down or knocked-out cells. According to these studies, 

in UNC93B1 3d mutated cells, STING fails to be downregulated by the ER chaperone 

as well (He et al., 2021; Zhu et al., 2022). 

However, all these experiments were mostly conducted in transfected fibroblasts or 

HEK293T cell lines, hardly comparable to myeloid cells. Therefore, it remains of 

interest to investigate UNC93B1-mediated regulation of STING in these cells, 

especially in dendritic cells.  
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CHAPTER VI: Endoplasmic reticulum stress and the unfolded protein response. 

 

ER has a fundamental function in regulating secretory and transmembrane protein 

biogenesis, folding, assembly, trafficking and degradation, an important part of protein 

homeostasis. Quality control steps are necessary to assess the correct folding of 

proteins and their egress from the ER. If the requirements are not met, misfolded 

proteins can be eliminated through the ER-associated degradation (ERAD) pathway 

or autophagy. The ERAD pathway mediates ubiquitination of proteins, allowing their 

exit from the ER and their degradation by the proteasome in the cytosol.  

While the folding and degradation machineries act together to deal with the newly 

translated proteins entering the ER, a fine balance between these two machineries 

must be in place. Disruption of this balance can cause the accumulation of misfolded 

proteins in the ER, associated to a stressed phenotype, and is therefore referred to as 

ER stress. ER stress can be induced by perturbation in calcium stocks and transport, 

lipid membrane changes, glycosylation inhibition or reactive oxygen species (ROS) 

production. To restore ER homeostasis, the unfolded protein response (UPR) is 

initiated through activation of three major proteins: Inositol-requiring enzyme 1 (IRE1), 

PKR-like ER protein kinase (PERK) and Activating transcription factor 6 (ATF6). When 

ER stress is induced, IRE1, PERK and ATF6 get activated via the release of BiP, an 

ER lumen chaperone, and elicit the transcription of ER chaperones to increase protein 

folding and ERAD members to decrease protein load. Unresolved ER stress leads to 

induction of pro-apoptotic signals in the cell, through the UPR.  

A. The UPR: IRE1 pathway 

IRE1 is to this day the most described UPR factor, and is the most conserved 

throughout evolution (Tirasophon et al., 1998). IRE1 exists in two isoforms: IRE1α, 

which is expressed ubiquitously in all cell types and is essential for cell viability, and 

IRE1β, only expressed in the lung and intestine. IRE1α has been widely studied in 

various models while the exact role and regulation of IRE1β are still unclear. IRE1 is 

an ER transmembrane protein, composed of a N-terminal region localised in the ER 

lumen, which is bound to BiP at the steady state and a cytosolic C-terminal region 

which contains a kinase and an endonuclease domain. Upon activation, BiP is 

released from IRE1 and IRE1 auto-phosphorylates through its kinase domain and gets 
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oligomerised. IRE1 oligomerisation induces the activation of its endonuclease domain, 

resulting in unconventional splicing of Xbp1 mRNA, giving rise to translation of a 

transcription factor called XBP1s for XBP1 spliced (Yoshida et al., 2001; Calfon et al., 

2002). XBP1s translocates to the nucleus and drives the expression of several 

chaperones, ERAD members and genes involved in lipid biogenesis to restore protein 

folding. IRE1 has also been reported to directly cleave several specific mRNAs, 

through a process called Regulated IRE1-dependent decay (RIDD), allowing IRE1 to 

attenuate the protein load (Iwawaki et al., 2001; Hollien and Weissman, 2006; Hollien 

et al., 2009) (Figure 10). Most of the reported RIDD targets contain a consensus 

sequence in a stem loop conformation, which is similar to the cleavage site of Xbp1 

mRNA by IRE1. This consensus sequence remains however controversial as it is not 

kept in all described RIDD targets. Furthermore, some of the mRNAs directly cleaved 

by IRE1 seem to be cell-type specific.  

The activation of IRE1 has been described following two distinct models. The first 

reports that activation of IRE1 is dependent on the release of BiP from IRE1, BiP being 

free to bind misfolded proteins in the ER lumen while IRE1 gets oligomerised (Pincus 

et al., 2010). The second model states that IRE1 directly recognises misfolded proteins 

through its N-terminal domain, which harbours a peptide-binding groove, allowing a 

change in IRE1 conformation and its oligomerisation (Gardner and Walter, 2011). In 

the second model, BiP is still released from IRE1 upon activation but is not the main 

signal triggering the UPR actor.  

B. The UPR: PERK and ATF6 pathways 

Among the three main UPR actors, while IRE1 has been the most studied, the other 

two are also crucial in stress-mediated cell responses. Upon ER stress, PERK is 

detached from BiP and is phosphorylated, leading to its activation. This response leads 

to elF2α phosphorylation by PERK cytoplasmic kinase domain (Harding et al., 1999). 

Once phosphorylated and activated, elF2α decreases protein translation in order to 

reduce protein load during ER stress. A few mRNAs escape this translation inhibition, 

leading to an increased PERK-dependent production of some proteins. One of them, 

ATF4, is a transcription factor regulating genes involved in amino acid metabolism, 

oxidative stress resistance or apoptosis (Harding et al., 2000) (Figure 10).  
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The third UPR actor, ATF6, is transported from the ER to the Golgi apparatus by COP-

II vesicles upon ER stress (Yoshida et al., 1998; Haze et al., 1999). In the Golgi, ATF6 

is cleaved and its N-terminal domain, which was reported to be a bZIP transcription 

factor called pATF6-N, is released. pATF6-N is translocated to the nucleus and 

regulates genes involved in ER membrane expansion, ERAD and protein folding 

(Figure 10).  

The UPR has been described to be involved in many cellular pathways and responses, 

including immune functions. Indeed, the three major actors of the UPR are activated 

following immune stimulation, and thus can play a role in immune responses against 

pathogens or tumoral cells. Furthermore, the UPR being involved in the main functions 

of the ER, it is therefore an important feature for several cell type’s development, 

differentiation, or maturation.  
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Figure 10: The three arms of the unfolded protein response (UPR): PERK, IRE1 

and ATF6. Following endoplasmic reticulum (ER) stress, IRE1, PERK and ATF6 get 

activated to give rise to the production of the transcription factors ATF4, XBP1s and 

pATF6-N, inducing the expression of ER chaperones, quality control proteins or ER-

associated degradation (ERAD) factors. The three UPR branches also lead to a 

decreased protein translation or protein load in the ER, following ER stress.   
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CHAPTER VII: The UPR role in immune cell homeostasis and responses.  

 

A. UPR-mediated factors and IRE1α role in TLR signalling 

As previously stated, TLR signalling is important to initiate innate immune responses, 

leading to pro-inflammatory phenotypic and transcriptomic changes in cells, 

particularly in macrophages and in dendritic cells. Along with the recruitment and 

activation of the transcription factors NF-κB or IRF3/5/7, TLR signalling selectively 

triggers the UPR. In most cases, TLR ligands only activate one branch out of three of 

the UPR. In macrophages, TLR2 and 4 stimulation was shown to induce IRE1α/XBP1 

axis while inhibiting both PERK and ATF6 branches (Martinon et al., 2010). Of note, 

the UPR branches are not necessarily activated through ER stress and misfolded 

proteins, as TLRs don’t always involve an imbalance in ER homeostasis. In pDCs, the 

upregulation and splicing of XBP1 was also reported after TLR7 stimulation (Beisel et 

al., 2017). In the context of TLR stimulation, knockdown of XBP1 or inhibition of XBP1 

activity in cells results in a decrease in pro-inflammatory cytokine signature, indicating 

a role of IRE1α in inflammation. Mechanistically, the transcription factor XBP1s was 

found to interact with Il6 and Tnf promoters, potentially increasing their expression 

(Martinon et al., 2010). Of note, XBP1s was not able to trigger the production of these 

pro-inflammatory cytokines by itself, as a TLR trigger appeared to be needed as well. 

Furthermore, XBP1 deficient mice infected with the pathogen Francisella tularentis, 

which binds TLR2, showed decreased pro-inflammatory signature and increased 

bacterial burden compared to control mice. Altogether, this indicates that TLR and 

XBP1 act in synergy to trigger pro-inflammatory responses in macrophages and in 

DCs, in order to eliminate the pathogenic burden (Figure 8).  

Indeed, XBP1 overexpression or pharmacological ER stress compounds together with 

TLR ligands stimulation in macrophages and DCs show an increase in the production 

of IL-6, TNFα, IFNβ, or IL-23 (Smith et al., 2008; Janssens et al., 2014; Martins et al., 

2016). In DCs, high IL-23 secretion due to both TLR and ER stress triggers was linked 

to autoimmune diseases as psoriasis (Papp et al., 2017). In mice developing psiorasis, 

inhibiting Xbp1 splicing in DCs allowed a decreased IL-23 signature and reduced 

psoriasis burden (Wang et al., 2013). In this context, Xbp1 was used as a therapeutic 

target against inflammatory diseases. While the mechanism of UPR-mediated pro-
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inflammatory signature remains to be fully elucidated, we can speculate a few of them. 

First, the binding of XBP1s or XBP1-related proteins to cytokine promoters may play a 

role by enhancing their translation. Moreover, ER stress along with LPS stimulation in 

macrophages induces greater IRF3 recruitment to Ifnb1 promoter than stimulation with 

LPS alone (Zeng et al., 2010). Finally, it was shown that one of the XBP1s targets, 

upregulated upon activation of IRE1α, is Grp94 and is required for TLR 1, 2, 4, 5, 7 

and 9 to traffic from the ER to their final destination where they can signal (Park et al., 

2021). 

 

Figure 11: Synergism between Toll-like receptors (TLRs) signalling and IRE1α 

activation for pro-inflammatory cytokine and type I interferons production. In 

dendritic cells and macrophages, activation of TLRs lead to triggering of IRE1 and 

splicing of Xbp1. The transcription factor XBP1s then participates to TLR-mediates 

responses, enhancing the expression of pro-inflammatory cytokines and type I 

interferons. 
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As previously indicated, ER stress does not induce pro-inflammatory cytokine 

production by itself. Though unable to initiate type I INF production alone, ER stress 

was described to trigger IRF3 phosphorylation and its translocation to the nucleus in 

macrophages, a step necessary but not sufficient for interferon response (Liu et al., 

2012). Several theories arose to explain this result and highlighted the possible need 

to recruit other proteins than IRF3 or NF-κB on cytokine promoters to trigger their 

production, which may only occur through PRR signalling. It was also pointed out that 

only a portion of IRF3 is phosphorylated following ER stress, suggesting perhaps a 

threshold for IRF3 phosphorylation to induce cytokine translation. Moreover, when 

using thapsigargin, which depletes Ca2+ in the ER, IRF3 phosphorylation was shown 

to be dependent on STING signalling. STING-related IRF3 phosphorylation in this 

context suggest that ER stressors can possibly hijack some immune pathways to 

increase immune responses, such as INF production.  

These findings have highlighted the role of ER stress in innate immunity and have 

shown that the UPR promotes pro-inflammatory responses and is important in 

macrophages and DCs immune defense in response to pathogens infection.  

B. IRE1α/XBP1 role in B cell development 

Not only playing a role in innate immunity, XBP1 also mediates adaptive immune 

responses, and it has been shown for B cell maturation into antibody-secreting plasma 

cell (Iwakoshi et al., 2003; K. Zhang et al., 2005). B cells mature in the spleen after 

antigen encounter and interaction with primed helper T cells, where they become 

immunoglobulin-secreting cells or plasma cells. For this transformation, B cells largely 

expand their ER so they can take in and correctly fold the large load of 

immunoglobulins that are to be secreted (Wiest et al., 1990). Along with that, an 

increased expression of several ER chaperones as BiP, Grp94 or pERp1 was 

observed during B cell maturation. Two master regulators of plasma cell differentiation, 

IRF4 and BLIMP1, have been reported to both mediate B cell maturation and anticipate 

the high protein load by priming the UPR (Shapiro-Shelef et al., 2003). Indeed, they 

were shown to induce high XBP1 expression in maturing B cells, which appears to be 

necessary for terminal differentiation into plasma cells and antibody secretion. XBP1 

deficiency in mice results in normal B cell numbers but renders them unable to secrete 

immunoglobulins, which can be lethal upon pathogen infection depending on antibody 

production for their clearance. Looking further into the role of XBP1 in B cell 
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differentiation, it was described that XBP1 deletion in B cells leads to an increased 

expression and activation of IRE1α, triggering high RIDD-mediated mRNA cleavage. 

In B cells, among RIDD targets, the µ chain of immunoglobulin M (IgM) can be found. 

The BCR is a surface IgM, and RIDD activation can then impair B cell activation and 

antibody secretion (Benhamron et al., 2014). While IRE1α/RIDD axis activation is 

involved in reduction of immunoglobulin translation, IRE1α knock-out mice also show 

reduced antibody production capacities. IRE1α has indeed been reported to be 

required for B cell lymphopoiesis at early stages.  

While XBP1 activity seems to be in favour of both innate and adaptive immune 

responses, RIDD activation disfavours adaptive immunity through low antibody 

production. Thus, altogether, it highlights the importance of IRE1α in both pro-

inflammatory and tolerogenic reactions.  

C. Regulation of the IRE1α pathway in antigen presentation 

Initiating efficient adaptive immunity or tolerance through innate immune signals, 

antigen presentation in DCs is tightly regulated. Important steps in antigen presentation 

such as MHC molecules folding or MHC I peptide loading take place in the ER, and 

involve ER chaperones and transporters. One of the first observations made in mouse 

splenic cDCs was the high expression and constitutive activation of IRE1α in cDC1s 

at steady state, which was not found in cDC2s (Osorio et al., 2014). This activation of 

IRE1α showed splicing of XBP1 but no constitutive RIDD activity. As cDC1s are 

important cells for antigen cross-presentation, the role of IRE1α and XBP1 in this 

process was further studied.  

Mice with conditional XBP1 knockdown in DCs were used and, as in B cells, XBP1 

deficiency leads to high IRE1α activation and induction of the RIDD pathway. It was 

reported that MHC class I antigen cross-presentation was highly impaired in XBP1-/- 

cDC1s, as they were unable to efficiently activate CD8+ T cells following antigen 

uptake. In XBP1 -/- cDC1s, several RIDD mRNA targets related to MHC I antigen 

presentation and specific to DCs were cleaved. Among the RIDD targets cleaved in 

XBP1 -/- cDC1s, mRNAs involved in peptide loading, vesicular trafficking and antigen 

endocytosis were described (Osorio et al., 2014). Indeed, Tapbp (Tapasin), necessary 

for TAP-mediated MHC I peptide loading in the ER and endosomes, was part of the 

degraded mRNAs. Along with Tapbp, Ergic3, mediating MHC I molecules trafficking 
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from the ER to the plasma membrane though the ERGIC compartment, was 

downregulated as well. The mRNA Itgb2, encoding the integrin receptor CD18 involved 

in antigen phagocytosis and T cell activation, was also degraded through RIDD. Lastly, 

another mRNA found to be decreased in XBP1-/- cDC1s was ERp44, an ER protein 

that cycles between the ER and Golgi to control several proteins localisation in the ER. 

ERp44 is responsible for the retention of ERAP1 in the ER, enzyme involved in peptide 

trimming for loading on MHC I molecules (Hattori et al., 2012). However, ERp44 mRNA 

was also decreased in IRE1 -/- DCs, although to a lesser extent than in XBP1-/- cells, 

suggesting that it is not a specific RIDD target.  

It was then hypothesised that the MHC I antigen cross-presentation defect observed 

in XBP1-/- cDC1s is a result of RIDD abnormal activation. Furthermore, XBP1 

deficiency in DCs leads to a decreased expression of CD11c in splenic DCs, altering 

their phenotype, and resulting in an impaired ER homeostasis shown by an abnormal 

morphology of the ER detected with high-resolution microscopy (Osorio et al., 2014).  

While impaired MHC class I antigen cross-presentation was RIDD-mediated in XBP1-

/- cDC1s, altered DC phenotype and ER homeostasis were dependent on XBP1 

deficiency, as they were also observed in IRE1-/- DCs. Once again, RIDD activation 

was highlighted as detrimental for immune functions while XBP1 seemed to promote 

DC homeostasis.  

Questions were then raised on whether IRE1α inhibition or activation in DCs were 

detrimental or beneficial for MHC I antigen cross-presentation. To study this, the role 

of IRE1α in cross-presenting capacities of Flt3-ligand derived BMDCs challenged with 

melanoma-associated antigens was assessed (Medel et al., 2019). First of all, it must 

be noted that in contrast to cDC1s, in vitro generated BMDCs do not exhibit steady 

state IRE1α activation. However, it was observed that challenging BMDCs with 

melanoma lysates led to IRE1α activation, along with XBP1 splicing but no RIDD 

induction. In addition, antigen-mediated IRE1α activation is important for MHC I cross-

presentation as inhibition of IRE1α RNase activity leads to a defect in this function. A 

similar question was raised when DCs were infected with the parasite Toxoplasma 

Gondii (Poncet et al., 2021). As observed with melanoma lysates, the parasite also led 

to an activation of IRE1α and XBP1 splicing while the RIDD pathway was not triggered. 

In this context, MHC I cross-presentation of secreted parasite antigens was also 

dependent on IRE1α activity as its inhibition or deletion strongly decreased the DCs 
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ability to activate T cells. Both these studies highlighted a role of IRE1α activation and 

XBP1 splicing in positively regulating MHC I antigen cross-presentation. The activation 

of IRE1α is probably linked to PRR-mediated recognition of antigens and was shown 

to mediate pro-inflammatory cytokine responses as well as MHC I antigen 

presentation. Thus, it appears that the IRE1α/XBP1 axis is required for efficient MHC 

I cross-presentation of tumoral and pathogen-associated antigens in DCs. We may 

speculate that XBP1s positively regulates MHC I cross-presentation through the 

upregulation of ERAD members such as Hrd1 or of the Sec61 translocon. Indeed, as 

previously described, both factors might be required for efficient antigen cross-

presentation by DCs.  

Nevertheless, the same requirements were not observed for OVA-mediated antigen 

presentation in cDC1s and BMDCs. In cDC1s, which express activated IRE1α at 

steady state, a deletion of IRE1 did not lead to defect in cross-presentation of OVA 

(Osorio et al., 2014; Medel et al., 2019). Furthermore, in Flt3-ligand derived BMDCs 

challenged with OVA, no activation of IRE1α or splicing of XBP1 were seen, and their 

inhibition had therefore no effect on MHC I cross-presentation of OVA antigens. 

Though, it must be noted that OVA-mediated cross-presentation is artificial, and DCs 

are experimentally pushed to present and activate T cells, so IRE1α activity may not 

be required in this context. While the exact mechanisms of IRE1α role in MHC I antigen 

cross-presentation remain unclear, IRE1α activation in the context of infections or 

tumours is required for efficient antigen cross-presentation to activate CD8+ T cells.  

However, partially refuting this theory, a study recently showed that inhibition of IRE1α 

RNase activity led to increased cross-presentation capacities by BMDCs. In this report, 

OVA did activate IRE1α, triggering XBP1 splicing and RIDD mRNAs targets cleavage. 

In their study, they showed that MHC class I mRNA was one of RIDD targets, which 

explains the benefits of inhibiting IRE1α activity for cross-presentation in DCs. 

Moreover, in mice bearing a tumour, inhibition of IRE1α led to an increased expression 

of MHC I in DCs present in the tumoral environment, correlating with tumour regression 

(Guttman et al., 2022). Even though these data are in contradiction with previous 

works, it can be again noted that IRE1α RIDD activity is what seems to be deleterious 

for antigen cross-presentation, as reported by Osorio et al., though MHC I had not 

been described to be a RIDD target in this report.  

D. The role of IRE1α and PERK in cell migration 
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Independently of its function as a UPR actor, IRE1α was shown to be involved in cell 

migration. It associates with filamin A, a protein linking actin filaments involved in 

cytoskeleton dynamics, and was reported to regulate its phosphorylation and 

downstream activity in controlling cellular migration and cellular development. Indeed, 

a deficiency in IRE1α caused impaired cell migration and altered filamin A activity, 

which was shown to be at the origin of defective brain development (Urra et al., 2018). 

IRE1α therefore is also important in cytoskeleton dynamics and cell migration, key 

feature of mature or activated immune cells for inducing potent and rapid responses.  

Not only interacting with IRE1α, filamin A was also shown to associate with PERK, and 

PERK deficiency was reported to disrupt cell migration. Furthermore, this interaction is 

required for ER-plasma membrane contacts and STIM1-mediated calcium influx (van 

Vliet and Agostinis, 2017). PERK then has a role in intracellular calcium flux and, and 

together with IRE1α, in cell migration, both processes being critical for efficient immune 

responses.  

E. UPR activation in cancer: beneficial or detrimental for the immune tumoral 

microenvironment?  

Although IRE1α-dependent XBP1 activation described previously in melanoma 

associated DCs responses was shown to have a positive outcome, XBP1 activation in 

cancer models was reported to mostly have deleterious effects on tumoral rejection, 

rather promoting tumour growth (Cubillos-Ruiz et al., 2015). It has to be noted that in 

tumour cells and tumour microenvironment, ER stress is constitutively activated 

through various mechanisms (Chen and Cubillos-Ruiz, 2021). Within them, we can find 

hypoxia, a lack of oxygen dysregulating protein folding in the ER; limited glucose, 

impacting glycosylation processes and calcium flux; ROS accumulation and an acidic 

pH. Genetic alterations and some oncogenes upregulation also cause a sustained ER 

stress in cancer cells and cancer environment. Indeed, several oncogenes promote a 

high protein synthesis and cancer cells require rapid ER expansion for efficient division 

and proliferation. Oncogenic transformation has been reported to constitutively activate 

the IRE1α and PERK axis, both appearing to facilitate tumour growth. Indeed, XBP1 

maintains ER homeostasis and cell growth, playing its protective role in cancer cells 

and promoting survival. Furthermore, in a glioblastoma cell line, it was described that 

XBP1 positively regulates angiogenesis, increasing cancer cell migration and myeloid 

cell infiltration (Lhomond et al., 2018). However, RIDD activation had rather opposing 
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effects, attenuating angiogenesis and cancer expansion. RIDD has also been 

associated to cell death in excessive ER stress conditions. A balanced IRE1α 

activation between XBP1 and RIDD may then determine cancer cell fate and mediate 

the clinical outcome. 

While rapid IRE1α activation in DCs by tumoral cells may induce CD8+ T cell activation 

and proliferation to eliminate abnormal cells, long-termed UPR trigger in cancer seems 

to have a deleterious effect on DCs functions and tumour progression. As described 

just before, ER stress is constitutively activated in cancer cells. It is known that myeloid 

immune cells such as DCs or macrophages are recruited to the tumoral environment 

and remain close to cancer cells. Tumour infiltrating myeloid cells are then exposed to 

factors secreted by ER stressed tumour cells, leading to potent UPR activation in 

immune cells. This process is referred to as transmissible ER stress (TERS) and has 

been shown to have deleterious effects on DCs immune responses and capacities to 

prime CD8+ T cells (Mahadevan et al., 2011, 2012).  

Indeed, TERS in DCs leads to an upregulation of pro-inflammatory and tumorigenic 

cytokines secretion, both promoting immunosuppression in the tumoral environment 

and chronic inflammation. Long-term inflammation has been associated with tumour 

progression through increased ROS production, angiogenesis or excessive 

myelopoiesis. Abnormal myelopoiesis is a common feature described in multiple 

cancers and results in a lack of mature and competent DCs at the tumour site as well 

as an accumulation of immature myeloid cells, displaying immunosuppressive 

functions and referred to as myeloid derived suppressor cells (MDSCs) (Ostrand-

Rosenberg and Sinha, 2009).  

TERs in DCs has also been associated to a decreased capacity for them to cross-

present tumour-associated antigens and prime CD8+ T cells. First, UPR activation in 

DCs results in immunosuppressive factors upregulation, as arginase 1 or prostaglandin 

E2 (PGE2). Arginase 1 is secreted by DCs and once internalised by neighbouring T 

cells, has the ability to process L-arginine, an essential actor for T cell activation 

(Norian et al., 2009). Moreover, chronic IRE1α/XBP1 activation in DCs leads to lipid 

accumulation through high triglyceride biosynthesis and lipid droplet formation, this 

process efficiently decreasing DCs abilities to present antigens. In addition, inhibition 

of the IRE1α/XBP1 axis in DCs associated with ovarian cancer led to an attenuated 

lipogenesis and restored antigen presentation.  
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CHAPTER VIII: Thesis project  

A. Problematics on IRE1α regulation 

Being involved in essential cellular pathways, from restoring cellular homeostasis after 

stress to mediating adequate immune responses, IRE1α activation and inactivation 

has to be tightly regulated. IRE1α has been reported to interact with different 

complexes and chaperones in the ER, giving rise to the term UPRosome. IRE1α 

interactants are key elements in determining cell fate upon ER stress, directing IRE1α 

towards sustained activation or inhibition to promote cell survival or cell death 

(Woehlbier and Hetz, 2011). 

The Sec61 translocon, which allows translocation of newly synthesised proteins into 

the ER, as previously described in chapter 3, is part of the IRE1α interactome. First 

described to regulate IRE1α RNase activity, the interaction between IRE1α and the 

Sec61 translocon is necessary for IRE1α to efficiently cleave its mRNA targets, such 

as Xbp1, upon ER stress (Plumb et al., 2015). Another member of the translocon 

complex, Sec63, which binds Sec61, recruits BiP to IRE1α to lock IRE1α in an inactive 

state by suppressing its high order oligomerisation and thus inhibiting its RNase activity 

(Li et al., 2020). Overall, it was highlighted that while the Sec61 translocon is required 

for IRE1α to be activated during acute ER stress, it is also necessary for the protein to 

go back to an inactive state during prolonged ER stress. Along with this, another IRE1α 

interactant, RNH1, a ribonuclease or RNase inhibitor, was shown to attenuate IRE1α 

RNase activity upon sustained ER stress (Tavernier et al., 2018).  

Two proapoptotic proteins, part of the BCL-2 family, BAK and BAX, form a complex 

with IRE1α at the ER membrane and regulate IRE1α activation upon ER stress (Hetz 

et al., 2006). IRE1α activity is also dependent on several heat-shock proteins (Hsp), a 

group of chaperones expressed in the cell and responsible for the conformation of 

multiple factors, such as Hsp90, Hsp72 and Hsp47. Hsp90 binds IRE1α and PERK 

cytoplasmic domains, and is required for both UPR actors stability at the ER membrane 

(Marcu et al., 2002). Hsp72, also described to bind IRE1α cytoplasmic domain, was 

shown to enhance Xbp1 splicing to promote cell survival upon ER stress (Gupta et al., 

2010). Finally, Hsp47 was reported to associate to IRE1α ER luminal domain quickly 

after ER stress, exchanging with BiP, to induce IRE1α oligomerisation and activation 

(Sepulveda et al., 2018a). 
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Figure 12: Model: Regulation of IRE1α activation by the Sec61 translocon and 

BiP. BiP, the major chaperone keeping IRE1α in an inactive state, is reportedly 

recruited by Sec63, part of the Sec61 translocon, to be brought back to IRE1α after 

prolonged ER stress. After activation of IRE1α, BiP and members of the Sec61 

translocon are part of the upregulated proteins while RIDD targets are downregulated.  

 

B. Problematics on STING regulation 

Involved in efficient and important interferon responses following the detection of 

cytoplasmic nucleic acid, the cGAS/STING pathway is crucial in various microbial and 

stress responses. Although, STING must be tightly regulated in cells as its constant 

activation was shown to lead to severe interferonopathies. In order to get activated 

following cytoplasmic nucleic acid recognition by cGAS, STING recruits TBK1, 
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necessary for phosphorylation of IRF3. While this is a known mechanism, the kinetics 

of TBK1, STING and IRF3 activation and phosphorylation remain unclear. 

In order to better understand STING activation and degradation processes in cells, 

factors regulating STING were studied. Amongst them, TOLLIP was described as a 

STING partner, reportedly preventing its degradation and keeping stable levels of 

STING protein in cells (Pokayatev et al., 2020). On another hand, STIM1 also 

associates to STING in the ER at steady state and is required to keep STING in an 

inactive form. Indeed, in macrophages, it was observed that STIM1 deficiency leads to 

a chronic activation of STING and type I interferon production at steady state (Srikanth 

et al., 2019).  

STING degradation is a crucial part of its regulation and is required to keep cellular 

homeostasis. STING degradation was shown to be mediated through its ubiquitination 

and to be sent to lysosomal compartments by ESCRT members, such as HGS or 

VPS37A (Gentili et al., 2023).  

C. Thesis project: UNC93B1 and its role in IRE1α activation and STING signalling 

During my thesis, our goal was to identify new UNC93B1 clients and to assess their 

regulation by UNC93B1 in murine DCs. We used the homozygous UNC93B1 mutated 

3d/3d mice, known to make endosomal TLRs and STIM1 unable to bind UNC93B1 and 

to cause a defect in their activation. While 3d DCs are resistant to microbial nucleic 

acid stimulation, as their endosomal TLRs don’t get triggered, they also show an 

impaired MHC class I antigen cross-presentation, partially due to a compromised 

STIM1 function and a lack of calcium hotspots in phagosomes.  

Looking for new UNC93B1 clients, we analysed microarrays data comparing WT and 

3d spleens from mice. Amongst the downregulated mRNAs in 3d spleens compared 

to WT, STIM1 was identified, which led to its identification as an UNC93B1 partner. 

Another downregulated mRNA in 3d spleens was found to be Ern1, coding for the ER 

stress sensor IRE1α. As previously explained, IRE1α has a major role in MHC class I 

antigen cross-presentation, though whether its activation is beneficial or detrimental to 

this immune function is still to be discussed. In this context, the ER chaperone 

UNC93B1 appears to be a good candidate as an IRE1α regulator in DCs, and will 

further deepen our knowledge on IRE1α role in the immune system. In this regard, we 
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assessed IRE1α activation in UNC93B1 mutated 3d DCs and its involvement in the 

impaired antigen cross-presentation observed in these cells.  

In the second part of the thesis, we took an interest in a known partner of UNC93B1 in 

transfected cell lineages, STING. As STING is linked to various autoimmune 

syndromes and interferonopathies, the factors promoting STING activation or 

inactivation in myeloid cells are still to be investigated. In transfected HeLa cells and 

fibroblasts, UNC93B1 was shown to send STING to degradation upon its triggering. 

Although, their interaction and this function of UNC93B1 has never been assessed in 

myeloid cells, known to produce high amounts of pro-inflammatory cytokines and type 

I interferons, and where UNC93B1 is highly expressed. To decipher the role of 

UNC93B1 in STING activation, our goal was to assess STING regulation in UNC93B1 

deficient cells or UNC93B1 mutated 3d DCs. 
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RESULTS _ PART I: UNC93B1 regulates the unfolded protein response sensor 

IRE1α in dendritic cells. 

 

While IRE1α regulation has been studied for years, and various IRE1α interactants 

have been identified, many aspects of IRE1α activation and inactivation remain 

unclear, especially in myeloid cells. During my thesis project, our team focused on 

understanding how IRE1α activation is controlled in DCs. Our interest in IRE1α arose 

because we found a tight association between IRE1α and UNC93B1, which has been 

previously studied in our group and is mandatory for intracellular TLRs signalling. 

Indeed, in 3d mice spleen, IRE1α mRNA expression is significantly downregulated 

when compared to WT mice. This result led us to wonder if IRE1α activity was possibly 

disrupted in 3d DCs, and participating in the various immune defects previously 

described in 3d cells. More generally, we investigated the role of UNC93B1 in IRE1α 

activity.  

In DCs, we showed that IRE1α and UNC93B1 associate in the ER, through IRE1α 

transmembrane domain. This interaction was increased in 3d DCs which harbour 

IRE1α activation at the steady state, leading to the splicing of XBP1 and the cleavage 

of several RIDD targets. Several RIDD mRNA targets code for genes of the PLC and 

are thus required for antigen presentation. We then wondered if IRE1α activation was 

responsible for the antigen cross-presentation defect and rapid tumour growth 

observed in 3d DCs. Indeed, IRE1α RNase inhibition led to a restored antigen cross-

presentation and limited tumoral progression in 3d DCs. Moreover, mechanistically, 

IRE1α activation in 3d DCs can be explained by the loss of BiP binding to IRE1α.  
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Highlight 

- The chaperone UNC93B1 interacts with the ER stress sensor IRE1  

- In DCs expressing a non-functional UNC93B1 protein, IRE1 is constitutively 

activated  

- Inhibition of IRE1 restores MHCI antigen cross presentation and delays tumour 

growth in cells and mice expressing a non-functional UNC93B1 protein 

- Lack of BiP association with IRE1 in DCs expressing a non-functional UNC93B1 

protein renders IRE1 constitutively active  
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Summary 

 

Inositol requiring enzyme (IRE1) is the most evolutionary conserved sensor of endoplasmic 

reticulum (ER) stress and contributes to several pathologies when dysregulated. Regulation of 

IRE1 activation is not well understood particularly in dendritic cells (DCs) where it plays a 

major role in DCs survival and MHC class I antigen cross presentation. Herein, we provide 

evidence that UNC93B1, which chaperones intracellular TLRs, binds the transmembrane 

domain of IRE1 in the ER. We find that in DCs expressing Unc93b1 gene with a single 

nucleotide substitution (H412R or 3d), IRE1 RNase activity is increased. Mechanistically, 

mutated UNC93B1 compromises the interaction between BiP and IRE1, leading to IRE1 

constitutive activation. Furthermore, inhibition of IRE1 in 3d expressing DCs and mice 

restores MHC class I antigen cross presentation and delays tumour growth. Our data highlight 

the essential role of UNC93B1 in controlling IRE1 activity in DCs and thus regulating MHC 

class I antigen cross-presentation.  
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Introduction 

 

UNC93B1, a highly conserved 12-membrane spanning molecule residing in the 

endoplasmic reticulum (ER), is a key regulator in the trafficking1 to endosomes and folding2 of 

intracellular Toll-like receptors (TLRs) that detect microbial nucleic acids. A mutation in the 

Unc93b1 gene (H in position 412 to R also named 3d mutation) results in the inhibition of 

intracellular TLRs signalling in dendritic cells (DCs) and confers resistance to HSV infection in 

humans3,4. Recently, UNC93B1 was shown to differentially regulate intracellular TLRs 

signalling, in particular TLR7 and TLR9. While, in endosomes, the release of TLR9 from 

UNC93B1 is required for TLR9 activation5, activated TLR7 remains associated with 

UNC93B16. Moreover, TLR7 stimulation leads to UNC93B1 phosphorylation, ubiquitinylation 

and binding to syntenin-1, targeting the complex UNC93B1-TLR7 for degradation. In mice, 

UNC93B1 mutation at the syntenin-1 binding site leads to excess of TLR7 signalling and to 

autoimmunity. Thus, UNC93B1 regulates individual TLRs by distinct mechanisms.  UNC93B1 

is also essential for antigen cross-presentation: a process in DCs where exogenous antigens 

are presented by the major histocompatibility complex class I (MHC I) pathway to prime CD8+ 

effector T cells against pathogens and tumours. This function requires the interaction of 

UNC93B1 with the ER calcium sensor STIM1 or stromal interaction protein molecule 17,8. 

In eukaryotes, the ER is the largest cellular organelle. Beyond its role in calcium 

homeostasis and in lipid synthesis, this compartment has a fundamental function in regulating 

secretory and transmembrane protein biogenesis, folding, assembly, trafficking, and 

degradation, an important part of protein homeostasis9. This process is essential for cell 

survival and function and thus is tightly regulated. Disruption of protein homeostasis in the ER 

triggers an adaptive Unfolded Protein Response (UPR) whose main function is to restore ER 

homeostasis. The UPR attenuates translation and induces expression of genes whose 

products are selectively involved in protein folding, quality control, and protein degradation. 

Inositol Requiring Enzyme 1 alpha or IRE1 mediates the UPR together with Protein Kinase 

RNA (PKR)-like ER kinase (PERK) and the Activating transcription factor 6 alpha (ATF6). 

IRE1 is a type I transmembrane protein that exhibits cytosolic kinase and endoribonuclease 

(RNase) activities and is the most conserved ER stress sensor. Upon activation, IRE1 

oligomerizes and trans-autophosphorylates, which leads to a conformational change in the 

RNase domain. As a consequence, IRE1 RNase catalyses the non-conventional splicing of 

the transcription factor X-Box Binding Protein (XBP1) mRNA. This yields a potent transcription 

factor (XPB1s) that activates the transcription of genes whose products are involved in protein 

folding and ER-associated degradation (ERAD)10. In addition, IRE1 selectively degrades 
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mRNAs and microRNAs through a process called Regulated IRE1-Dependent Decay of RNA 

(RIDD). IRE1 is expressed and active at steady state in type 1 conventional DCs (cDC1), the 

subset of spleen DCs important for MHC I antigen cross-presentation11. cDC1 lacking XBP1 

display hyperactivation of RIDD, abnormal ER morphology, and impaired MHC I antigen cross-

presentation, highlighting a role for the IRE1α-XBP1 axis in cDC1 biology12. In addition, 

recently, loss of XBP1 in cDC1 was associated with the survival or death of DCs resident in 

specific organs and the ability of these DCs to switch off protein synthesis and to control RIDD 

activity13. In contrast, in bone marrow-derived DCs (BM-DCs), IRE1 inhibition was shown to 

reduce MHC I antigen cross-presentation when cells are pulsed with melanoma cell lysate14. 

However, antigen uptake in DCs was shown to trigger the RIDD pathway to directly cleave 

MHC I mRNA, and the use of a specific kinase IRE1 inhibitor in DCs led to an increase in 

MHC I antigen cross-presentation15.    

Despite these findings, molecular events regulating ER stress and IRE1 activation, as 

well as the nature of IRE1 interactome, are still not completely characterized, especially in 

DCs, where IRE1 plays a major role in cell survival and MHC class I antigen cross-

presentation. In the present study, we find that UNC93B1 associates with IRE1 

transmembrane domain in DCs. A single amino acid substitution (H in position 412 to R) in 

UNC93B1 transmembrane domain 9 enhances IRE1−UNC93B1 binding, disrupts IRE1-BiP 

association and leads to an increase in IRE1 RNase activity. Furthermore, inhibiting IRE1 

activity in UNC93B1 H412R DCs restores MHC class I antigen cross-presentation in vitro and 

delays tumour growth in vivo. 

 

Results 

IRE1 interacts with UNC93B1 in dendritic cells. We have previously shown that in 

UNC93B1 H412R or 3d DCs, UNC93B1 is no longer associated with intracellular TLRs and 

STIM1, leading to their loss of function. To investigate if UNC93B1 binds to other proteins in 

the ER, we explored our previous results on gene expression in wild-type (WT) and 3d spleen7, 

and found that Ern1 mRNA is down regulated in 3d spleen (Supplementary Fig.1a). To validate 

this result, we measured both mRNA and protein expression of IRE1 in different subsets of 

DCs present in the spleen and found similar expression in conventional-, type 1 conventional- 

and Bone-marrow (BM)- DCs from WT and 3d mice (Supplementary Fig.1b, c). Like for STIM1 

which showed reduced gene expression in 3d spleen compared to WT but identical protein 

level, we hypothesized that IRE1 function or activity might be modified in 3d DCs. 

Furthermore, in XBP1 deficient cDC1 which have increased IRE1 activity, down regulation of 
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Stim2, a murine homolog of the Stim1 gene, was reported12. We first assessed possible 

interaction between UNC93B1 and IRE1. HeLa cells were co-transfected with Ern1-HA and 

Unc93b1WT or Unc93b13d both in fusion with mCherry, and overexpressed tagged proteins 

were co-immunoprecipitated. We found that both WT and mutated UNC93B1 did interact with 

IRE1 (Fig. 1a). To validate this result, we used a proximity ligation assay which allows for 

reporting the proximity between proteins in situ when they are within a 40nm range16,17. 

Enhanced proximity between 3d and IRE1 was detected in HeLa cells overexpressing IRE1-

HA and 3d-FLAG when compared to cells overexpressing wild type (WT)-UNC93B1-FLAG 

(Fig. 1b). Then, we determined the sub-cellular distribution of IRE1-HA and UNC93B1-FLAG 

proteins. Colocalization of both proteins was quantified using the Mander’s coefficient. 3d-

UNC93B1 exhibited a higher colocalization index with IRE1 than WT-UNC93B1, consistent 

with the PLA data. To test if this interaction could be detected on endogenous, we co-

immunoprecipitated endogenous IRE1 and UNC93B1 proteins from WT and 3d primary DCs 

using a homemade UNC93B1 antibody which is specific for UNC93B1 and only worked in non-

denaturing conditions (Supplementary Fig. 1d). In this context, we noticed lower expression of 

UNC93B1 in 3d DCs suggesting perhaps a faster degradation of the protein or its aggregation 

which could result in reduced recognition  of the antibody (Supplementary Fig. 1c, e). As shown 

in Fig.1d and 1e, both WT and 3d proteins bind IRE1. In addition, upon thapsigargin (TG) 

treatment, an ER stressor that acts by blocking SERCA2B thus leading to ER Calcium 

depletion, the IRE1/UNC93B1 interaction remained stable (Fig. 1d, e). Of note, increased 

IRE1-UNC93B1 association is detected in 3d DCs and cells treated with TG. (Fig. 1d). 

Interestingly, IRE1 did not co-immunoprecipitate with STIM1, which is known to form a 

complex with UNC93B1 (Supplementary Fig. 2a). Using the proximity ligation assay, our 

results corroborated a close proximity between WT UNC93B1 and IRE1 which was enhanced 

in the presence of the 3d protein, in contrast to what we saw with STIM1 (Fig. 1f, 

Supplementary Fig. 2b). Interestingly, proximity between UNC93B1 and IRE1 also increased 

upon TG treatment but only in WT DCs, and remains at the same level in DCs expressing 3d 

UNC93B1 treated or not with TG (Fig. 1f). Our data indicate that UNC93B1 interacts with 

IRE1 and that the interaction is enhanced during ER stress and in DCs expressing the 3d 

mutant, which no longer binds intracellular TLRs and STIM1.  

 

The transmembrane region of IRE1 is required for the association with UNC93B1. We 

previously showed that UNC93B1 binds the luminal domain of STIM17. More recently, the 

amino acids residues 152-240 in the luminal domain and close to the transmembrane region 

of STIM1 were reported to play an essential role in STIM1 binding to UNC93B118. Thus, to 
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identify the site of interaction between IRE1 and UNC93B1, HeLa cells were co-transfected 

with Ern1-HA mutants lacking either the luminal (ΔLD 30-408) or the cytosolic (ΔCD 477-977) 

domain of IRE1 (Fig. 2a) and Unc93b1WT or 3d –mCherry cDNAs, and IRE1-UNC93B1 

complexes were co-immunoprecipitated using an RFP antibody. Both IRE1 mutants retained 

the association capacity with WT UNC93B1 (Fig. 2b, left panel), suggesting that deletion of 

either the luminal or the cytosolic domain of IRE1 had no effect on the interaction with 

UNC93B1. To our surprise, interaction between ΔLD-IRE1 or ΔCD-IRE1 and mutated 

UNC93B1 was conserved in 3d-UNC93B1 expressing cells (Fig. 2b, right panel). Furthermore, 

deletion (Δ10) of an evolutionary conserved 10 amino acid sequence (434-443) in the 

juxtamembrane of IRE1 (Supplementary Fig. 3a), essential for the binding to the Sec61 

translocon channel19,20, did not alter the interaction of IRE1 with WT- or 3d-UNC93B1 

(Supplementary Fig. 3b), demonstrating that IRE1 and STIM1 use different regions to bind 

UNC93B1. UNC93B1 interacts with TLR9 but not with a TLR9 chimera protein expressing the 

transmembrane domain (TMD) of TLR4 indicating that TLR9 binds UNC93B1 via its TMD21. 

We then next assessed whether the TMD of IRE1 (amino acids 444-464, Fig. 2c) was also 

required for binding to UNC93B1 as it was suggested for TLR9. To address this, we used a 

mutant of IRE1 bearing the TMD of calnexin (IRE1-CNX-TMD construct22). As shown in Fig. 

2d, expression of the IRE1 CNX TMD chimera abolished the interaction with WT and with 3d 

UNC93B1. Moreover, single mutations at amino acids S439, T446, S450, T451 in the 

juxtamembrane and the TMD of IRE1 (Supplementary Fig. 3a) did not influence the 

association between IRE1 and WT or 3d UNC93B1, thereby indicating that amino acids 446, 

450 and 451 within IRE1 TMD are not important for the binding to WT or 3d UNC93B1 

(Supplementary Fig. 3b). Of note, the rates of transfection in HeLa cells of WT Ern1-HA, ΔLD-

Ern1-HA, ΔCD-Ern1-HA, TMD-Ern1-HA and Unc93b1WT-mCherry or Unc93b13d-mCherry 

cDNAs were similar (Supplementary Fig. 3c, 3d). These results suggest that IRE1 binds to 

UNC93B1 proteins through its transmembrane region.  

 

UNC93B1 shapes IRE1 activity in dendritic cells. We hypothesized that the increase of 

binding between 3d-UNC93B1 and IRE1 observed in DCs and in HeLa cells (see Fig. 1) 

might impact on IRE1 RNase activity. To test this hypothesis, we first monitored the amounts 

of spliced and unspliced forms of Xbp1 mRNA using conventional PCR in WT and 3d cDC1, 

where the expression of IRE1 is high (12, Supplementary Fig. 1c). While WT cDC1 did not 

express Xbp1s, 3dcDC1 exhibited some spliced Xbp1, which is enhanced in both cells upon 

TG treatment (Fig. 3a). To assess the activity of XPB1s in WT and 3d cDC1 and BM-DCs, we 

measured mRNA levels of BiP, Sec61, Sec63, Edem 1, Chop and Grp94, previously reported 
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XPB1s target genes23. Real-time PCR indicated that Sec63 and Edem 1 mRNA levels were 

significantly reduced in 3d BM-DCs, while levels of Sec61 and BiP mRNAs remained identical 

between WT and 3d BM-DCs (Fig. 3b). As expected, all these XBP1s target genes were 

significantly induced following ER stress (Fig. 3b). In addition, mRNAs levels of Chop or Grp94, 

target genes of the three arms of the UPR, IRE1, ATF6 and PERK, were increased in 3d BM-

DCs (Fig. 3b, Supplementary Fig. 3a). We then quantified the expression levels of the RIDD 

targets such as Tabpb, ERp44, Ergic53 and Bloc1s1. Analysis of the canonical RIDD genes, 

ERp44 and Tabpb, showed a clear decrease in their expression level in 3d BM-DCs and cDC1, 

while Bloc1s1 and Ergic53 remain globally unaffected (Fig. 3c, 3d). Again, as expected, mRNA 

RIDD targets are cleaved upon ER stress (Fig. 3c, 3d). Finally, to test IRE1 activity in WT 

and 3d DCs, we used an RNA Xbp1 probe which bears the consensus IRE1 cleavage site 

(CAUGUCCGCAGCGCAUG) and emits fluorescence at 670 nm (Cy5) when cleaved by 

IRE1. As a proof of concept, the cleavage of the RNA Xbp1 probe upon time was detected in 

vitro with human recombinant IRE1 (Supplementary Fig. 4b). In addition, MKC8866 or 48c, 

known IRE1 RNase inhibitors24,25, inhibit the human recombinant IRE1 in vitro 

(Supplementary Fig. 4b). We then measured the RNase activity of endogenous IRE1 in DCs 

using this probe. Lysates from WT or 3d DCs treated or not with TG to activate IRE1, were 

immunoprecipitated with IRE1 antibody, incubated with the RNA Xbp1 probe and Cy5 

fluorescence was detected upon time. In WT cells, IRE1 RNase activity raised over time, 

reflecting the cleavage of the probe, and was enhanced following TG treatment 

(Supplementary Fig. 4c). IRE1 RNase activity was significantly higher in DCs expressing 3d-

UNC93B1 and did not further increase upon TG treatment. IRE1 RNase activity detected in 

WT DCs treated with TG was similar to that detected in 3d DCs  whether or not they were 

treated with TG (Fig. 3e, right panel). 

We then assessed ER morphology using immunofluorescence microscopy with an anti-KDEL 

antibody26. Confocal microscopy images displayed aberrant clusters of ER cisternae shown 

by an accumulation of the marker KDEL in 3d cDC1s and cDC2s (Fig. 3f), a result similar to 

that in XBP1 deficient cells with hyper activation of IRE112. This is not surprising as we 

reported earlier7 that 3d DCs have a defect in oligomerization of STIM1, a protein involved in 

Ca2+ homeostasis, a process known to affect ER morphology. Thus, 3d-UNC93B1 expression 

enhances IRE1 RNase activity and alters ER morphology in DCs, likely to linked to 

constitutive ER stress.  
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Inhibition of IRE1 in 3d dendritic cells or mice restores antigen cross-presentation and 

decreases tumour growth. cDC1, which are the predominant cells which cross present 

antigens in vivo, have an essential role in priming CD8+ T cells against pathogens. cDC1s from 

XBP1 deficient mice with increased IRE1 activity and enhanced cleavage of the RIDD mRNA 

target Tabpb, showed impaired presentation of dead cell antigens12. We found lower levels of 

Tabpb mRNAs in 3d BM-DCs and cDC1 (Fig. 3c, d). The Tabpb gene encodes Tapasin, a 

protein required for the assembly of MHC I molecules with antigenic peptides. Thus, we 

investigated the contribution of activated IRE1 to MHC I antigen cross-presentation in 3d BM-

DCs by using the IRE1 RNase inhibitors MKC8866 or 48C. WT or 3d BM-DCs were treated 

with 48C for 30 minutes prior to incubation with ovalbumin (OVA) coated beads for 6 hours. 

BM-DCs were then washed, fixed and co-cultured with CFSE labeled OT-I T cells (T cells 

expressing a T cell receptor specific for MHC class I- ovalbumin peptide complex, MHCI-

SIINFEKL), and proliferation of T cells was assessed 72 hours later. As previously shown7, 

while WT BM-DCs support proliferation of OT-I T cells in response to OVA-coated beads, 3d 

BM-DCs have a defect in presenting ovalbumin from particulate antigens (Fig. 4a, b). 

Remarkably, inhibition of IRE1 resulted in the restoration of antigen cross-presentation in 3d 

DCs, nearly to the same level as in WT DCs (Fig. 4a, b). At the same time, IRE1 RNase 

inhibition did not impact on antigen cross-presentation in WT DCs (Fig. 4a, b). Cell of either 

genotype, incubated or not with 48C, presented equally the SIINFEKL peptide, that does not 

require antigen processing (Fig. 4a, b). To assess antigen presentation to CD4+ T cells, similar 

experiments were performed using OT-II T cells, which express a T cell receptor recognizing 

MHC class II-OVA peptide complexes (MHCII-323-339). We noticed no difference in OT-II 

proliferation induced by WT or 3d BM-DCs, treated or not with 48C in the presence of soluble 

OVA (Supplementary Fig. 5a). We and others have previously shown that antigen cross-

presentation is important for the induction of anti-tumour response. To examine the role of 

IRE1 in antigen cross-presentation in the context of tumour progression, we first 

subcutaneously inoculated 2x105 B16 melanoma cells expressing ovalbumin (B16-OVA), 

followed by daily injections (day -1 to day 21) of 15mg/kg of MKC8866 intra-peritoneally. As 

previously published7, tumours grew faster in 3d mice in comparison to WT mice (Fig. 4c, 

Supplementary Fig. 5b). Consistent with our in vitro results, treatment with MKC8866 reduced 

tumour growth in both WT and 3d mice. We then injected 2x105 B16-OVA subcutaneously 24h 

before adoptively transferring or not 2x106 OT-I T cells, followed by repeated injections (day -

1 to day 21) of 15mg/kg of MKC8866. OT-I T cells transfer alone induces significant delay in 

tumour growth in WT, but not in 3d mice, as previously described7. However, injection of 

MKC8866 together with OT-I T cells significantly reduced tumour growth in 3d mice. We 



79 
 

conclude that blocking IRE1 activity in 3d DCs or mice restores antigen cross-presentation in 

vitro and delays tumour growth in vivo.  

 

3d-UNC93B1 protein suppresses BiP-IRE1 association in dendritic cells. Our data 

indicate that mRNA levels of Sec63 are severely reduced in 3d BM-DCs (Fig 3b). In addition, 

proteomic studies confirmed that Sec63 is down regulated in 3d DCs in comparison to WT 

DCs (data not shown). Sec63 is part of the translocon channel and was shown to recruit and 

activate BiP via its luminal domain to bind IRE1 thus suppressing the activity of IRE122. As 

such, BiP plays a central role in regulating the oligomerization and activity of IRE1 (Fig. 5a). 

We hypothesized that BiP association with IRE1 might be reduced in DCs expressing 3d-

UNC93B1, which would explain the constitutive IRE1 activity in these cells. First, we 

measured BiP protein expression and found identical expression between WT and 3d DCs at 

steady state or following ER stress (treatment with TG and tunicamycin) (Supplementary Fig. 

6a). Second, we used PLA to monitor IRE1-BiP proximity in WT and 3d BM-DCs, a technic 

allowing us to visualize proximity between endogenous IRE1 and BiP in situ. Confocal 

microscopy images detected no BiP protein in proximity to IRE1 in 3d DCs at steady state 

when compared to WT cells (Fig. 5b). As a control, tunicamycin treatment, which induces ER 

stress, abrogates IRE1-BiP proximity in WT DCs. Furthermore, proximity and colocalization 

between Sec63 and IRE1 is also reduced in 3d DCs (Supplementary Fig. 6c, d). This result 

implies that 3d-UNC93B1 protein inhibits the binding of BiP to IRE1 by altering the localization 

of Sec63.    

 

Discussion 

Our studies shed light on the mechanistic understanding how IRE1 activity is 

controlled in dendritic cells. Here, we report that the intracellular chaperone UNC93B1 binds 

to IRE1 to regulate its localization and function.  

Using co-immunoprecipitation and PLA experiments at steady state and under 

conditions of ER stress, we showed a dynamic association between UNC93B1 and IRE1 

mediated by IRE1 transmembrane domain. This association is increased upon ER stress, 

and is preserved in the presence of the 3d-UNC93B1 mutant. Confocal microscopy 

experiments confirmed stronger colocalization between UNC93B1 and IRE1 in cells 

expressing 3d-UNC93B1 protein in comparison to cells expressing WT UNC93B1. This 

indicates 3d-UNC93B1 mutant protein recruits IRE1 to a specific localization in the ER in sub-
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domains, possibly as a consequence of loss of association with intracellular TLRs and/or 

STIM1 (Fig. 6).      

In normal cells, UNC93B1 is responsible for the transport of intracellular TLRs from ER 

to endosome, an organelle where their cleavage and signalling takes place1,21,27. It is known 

that mutations in UNC93B1, including 3d , disrupt the interaction with intracellular TLRs and 

their level of expression, and lead to autoimmunity28,29. In addition, human patients with loss 

of function of UNC93B1 are more susceptible to viral infections4. Recently, the Cryo-EM 

structure between TLR3 or TLR7 and UNC93B1 was resolved30. These data reveal that TLR3 

and TLR7 use a common structure to interact with UNC93B1. Both regions of TLRs, the TMD 

and the juxta-membrane region, make contacts with the helix bundle of TMD6 in UNC93B1. 

However, the stoichiometry of these complexes differs. While two UNC93B1 proteins interact 

with TLR7 dimers, only one associates with TLR3 monomer, possibly explaining why 

UNC93B1 needs to dissociate from TLR3 but not from TLR7 for their activation. It is tempting 

to speculate that in the absence of interaction with TMD of TLRs, the mutant 3d-UNC93B1 

becomes available for enhanced association with IRE1. 

UNC93B1 was shown to interact with the luminal domain of STIM1, a calcium sensor in the 

ER, that contains EF and SAM motifs, both important for STIM1 function7,8.  At  

steady state, STIM1 EF domain binds Ca2+ and keeps STIM1 in a stable inactivated 

conformation. Upon Ca2+ depletion, EF-SAM domains open out to allow STIM1 to rapidly 

oligomerize. More recently, generation of a truncated STIM1 mutant lacking a part of the SAM 

domain (aa between 152-214) failed to immunoprecipitate with UNC93B1, suggesting that the 

binding site for UNC93B1 is in the STIM1 SAM domain and that UNC93B1 might facilitate 

STIM1 oligomerization18. Upon Ca2+ depletion, UNC93B1 helps STIM1 to reach the plasma 

membrane to interact with ORA1 for Ca2+ replenishment. In the presence of 3d-UNC93B1, 

reduced amount of STIM1 reaches the PM faster, together with partial accumulation of the 3d-

UNC93B1 mutant, suggesting again that the conformation/localization of both proteins might 

be altered. In addition, absence of UNC93B1 changes localization of STIM1 in the ER, 

indicating that UNC93B1 might control STIM1 trafficking within specific ER domains18. It is 

possible that the altered conformation of the 3d-UNC93b1 mutant favors association with 

IRE1 at the expense of binding STIM1.  

The regulation of IRE1 activity depends on a protein-protein interaction network, 

which is probably cell specific. This network has been investigated using different methods 

including yeast 2-hybrid, interaction proteomics31,32 or other targeted approaches. Functional 

annotation of the IRE1-interactome revealed the enrichment of proteins involved in protein 
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folding in the ER and antigen processing and presentation. Several proteins interact with 

IRE1 and help to stabilize IRE1 structure. At steady state, BiP is associated with IRE1 

along with SEC61, SEC63, HSP47 and Erdj433. When cells are stressed, the level of unfolded 

proteins in the ER rises and promotes dissociation of BiP from the luminal domain of IRE134. 

This dissociation induces dimerization and activation of IRE1. However, recent studies 

demonstrate that IRE1 can also directly bind misfolded proteins in the ER, which promotes 

IRE1 conformational change and oligomerization35. We also noticed that ER homeostasis is 

altered in 3d DCs, resulting in aberrant clustered of ER cisternae, similar to what was observed 

in XPB1 deficient DCs12 . In addition, using two conformation-specific UNC93B1 antibodies 

recognizing endogenous UNC93B1 cytosolic domains, UNC93B1 expression is barely 

detectable in 3d DCs. Altogether, this suggest that 3d-UNC93B1 protein might be misfolded 

thus promoting ER stress. Furthermore, our PLA experiments show loss of association 

between IRE1 and BiP in 3d-UNC93B1 cells. Thus, increased association between IRE1 

and the misfolded 3d-UNC93B1 mutant might induce changes in the conformation of IRE1, 

leading to its dissociation from BiP. Future work addressing mechanisms by which UNC93B1 

controls IRE1 activation should provide new insights in IRE1 pathway. In particular, how 

IRE1 folds, activates and responds to ER stress in the absence of UNC93B1 is currently 

under investigation in our laboratory.      

Using conventional and real-time PCR, we show that the increased interaction between 

endogenous 3d mutant UNC93B1 and IRE1 is associated with increased Xbp1 mRNA 

splicing and RIDD mRNA target cleavage. Recently, the role of IRE1 in antigen cross-

presentation was highlighted12,14. Indeed, in cDC1 lacking XBP1, IRE1 protein expression 

and activity is exacerbated, leading to a defect in MHC I antigen cross-presentation of apoptotic 

cells. Both abnormal ER morphology and the increase in RIDD activity could account for the 

loss of exogenous antigen presentation in XBP1 deficient DCs. Actually, fusion of ER 

membranes to phagosomes36,37 and expression of transcripts such as Tapbp, lost in XBP1 

deficient cells, are central for the MHC I antigenic cross-presentation pathway12. Our results 

demonstrate that, similar to DCs lacking XBP1, RIDD target Tabpb mRNA is cleaved in 3d 

DCs. Loss of Tapasin expression might account for the decrease in antigen cross-presentation 

we observed in 3d DCs.  To further support this, blocking IRE1 activity in 3d DCs, using an 

IRE1 specific inhibitor, is sufficient for restoring antigen cross-presentation in vitro and 

effective cross-priming of CD8+ T cells in a tumour model in vivo.  

In summary, our data identify IRE1 as a binding partner for UNC93B1, and suggest a new 

biological role for UNC93B1 in ER stress in DCs. Furthermore, the association between 

UNC93B1 and IRE1 might determine the oligomerization state of IRE1 and thus predict the 
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cellular stress response. IRE1α plays a major role in ER stress, which is central to multiple 

pathologies from inflammation to cancer. Identifying new proteins involved in ER stress, such 

as UNC93B1, could contribute to understanding how this process is regulated and be used as 

a strategy for interfering with inflammation. 

 

 

Methods 

 

Mice. C57BL/6 mice were purchased from INEM animal facility (INSERM U1151). UNC93B1 

3d/3d C57BL/6 mice were a gift by Dr B. Ryffel (CDTA, Orléans). Both WT and 3d colonies 

were bred at INEM and their genotype was routinely assessed with PCR followed by 

sequencing or restriction site mutation assay. Animals were housed under SOPF (Specific and 

Opportunist Pathogen Free) conditions, at stable temperature (around 22°C) with a 12-hour 

light-dark cycle. OT-I and OT-II (CD45.1+) TCR-transgenic mice were kindly given by Drs. van 

Endert (INEM, Paris) and Fahraeus (IRSL, Paris). UNC93B1 -/- mice were kindly provided by 

Dr. Brinkmann (HZI, Braunschweig). Experiments were performed with 8 to 12-weeks old mice, 

male and female, weighing 20 to 30g, given access to food and water ad libitum. All 

experimental procedures were carried out in accordance with the guidelines of the French 

Veterinary Department and were approved by an ethical committee (code number: A-75–

2003). 

 

Tumour growth. Tumoral growth measurements were performed by first injecting the IRE1α 

inhibitor MKC8866 (from Dr. Chevet – Biosit, Rennes) intraperitoneally at 15mg/kg at day -1 in 

the treated mice of the cohort. At day 0, 2x105 B16-OVA melanoma cells were injected 

subcutaneously in the flank. At day 1, 2x106 OT-I T cells were injected retro-orbitally. While 

tumors grew and until the mice were sacrificed, MKC8866 was injected every day.  

 

Primary dendritic cells preparation. Conventional dendritic cells (cDCs) were purified from 

C57BL/6 WT and 3d/3d mice spleens after subcutaneous injection of B16 melanoma cells 

secreting the cytokine Flt3-L. Spleens were taken after 10 to 14 days of tumoral growth and 

were processed with collagenase D 1mg/mL, diluted in pure RPMI (Roswell Park Memorial 

Institute) 1640 medium and supplemented with 20µg/mL of DNase I. After digestion, cells were 

incubated in red blood cell lysis buffer (0.15M NH4Cl, 0.1M NaHCO3, 0.1mM EDTA) for 1 
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minute at room temperature. Splenic cells were stained with CD19-BV510, CD3-PE, CD11c-

BV711, CD11b-APCefluor780 and 7AAD and cDCs were sorted using a BD FACS Aria III. 

Bone marrow derived dendritic cells (BM-DCs) were generated from C57BL/6 WT, and 3d/3d 

mice. Bone marrow cells were cultured in complete IMDM (Iscove’s Modified Dulbecco’s 

Medium, 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 50µM β-mercaptoethanol) 

supplemented with 20ng/mL of GM-CSF (Peprotech, 315-03). Bone marrow cells were 

differentiated into BMDCs in 7 to 8 days as previously described7.  

 

Plasmid purification. pUNO mUNC93B1-HA plasmid (Invivogen) was cloned into pmCherry-

C1 or c-flag-pcDNA3.1 plasmids 7. WT and mutant plasmids of IRE1α-HA (IRE1α-ΔLD, IRE1α-

ΔCD, IRE1α-TMD CNX, IRE1α-Δ10, IRE1α-STST) were generated as previously 

described19,22. MAX Efficiency DH5α competent cells (Thermo Fisher) were transformed with 

1 to 10ng of plasmids. Bacteria were then grown in LB medium supplemented with 100µg/mL 

of antibiotics (Ampicillin or Kanamycin) and the plasmids were purified using the Nucleobond 

Xtra Maxi EF kit (Macherey-Nagel). The high copy plasmid purification protocol provided by 

the manufacturer was followed. Purified DNA was resuspended in nuclease-free water. 

 

Transfection in HeLa cells. HeLa cells were cultured in 6-well plates (0.1x106 cells per well), 

in complete RPMI medium (RPMI 1640 medium with 10% FBS, 1% L-glutamine, 1% 

penicillin/streptomycin) at 37°C with 5% CO2, overnight before transfection. Jet-Prime (Ozyme) 

reagents were mixed with 1µg of IRE1α-HA and 0.5µg of UNC93B1-mCherry or FLAG 

plasmids and incubated in HeLa cells following the manufacturer’s instructions. Cells were 

transfected for 40 to 48 hours before analysis by flow cytometry or processed for western blot 

or immunoprecipitation.  

 

Immunoprecipitation and western blot. Cells stimulated or not with 1µM of thapsigargin 

(SIH-399, StressMarq Biosciences) for 30 minutes were lysed in NP-40 or digitonin lysis buffer 

(150mM NaCl, 50mM Tris pH7.5, 5mM MgCl2 and 0.5% NP-40 or 1% digitonin) supplemented 

with protease inhibitors and phosphatase inhibitors for 30 minutes on ice. Immunoprecipitation 

of endogenous complexes was performed by incubating 0.8 to 1 mg of proteins from cell 

lysates on magnetic protein G beads (Invitrogen) coated with IRE1α or UNC93B1 antibodies 

(Supplementary table 1). Washes were performed with PBS Tween 0.02%. The next day, 

proteins were eluted with LDS Sample Buffer 4X at 95°C for 5 minutes or at room temperature 

for 30 minutes when visualizing UNC93B1 by western blot. For immunoprecipitation of 
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transfected proteins in HeLa cells, RFP-beads (Chromotek) or HA-beads (Invitrogen) were 

incubated with 0.8 to 1 mg of proteins from cell lysates. For RFP-beads, washes were 

performed with 10mM Tris pH7.5, 150mM NaCl, 0.5mM EDTA, 0.05% NP-40 and cell lysates 

were left on the beads for 2 hours at 4°C. For HA-beads, washes were performed with TBS 

Tween 0.05% and cell lysates were incubated with the beads overnight at 4°C. Proteins were 

eluted in LDS Sample Buffer 4X at 95°C for 5 minutes. Total cell lysates were mixed with LDS 

sample buffer 4X with or without heat-denaturation (when visualizing UNC93B1). For western 

blot, proteins were separated in a 4-12% SDS Nu-PAGE Bis-Tris gel at 120V for 1 hour and 

30 minutes in MOPS running buffer. They were then transferred on a PVDF membrane using 

the P0 dry transfer protocol from iBlot2 (Thermo Fisher). Membranes were incubated with 

primary antibodies (Supplementary table 1) overnight at 4°C. The next day, secondary 

antibodies coupled to HRP were incubated on membranes for an hour at room temperature. 

PICO Plus or Atto ECL (Invitrogen) were used to visualize proteins by chemiluminescence. 

 

Microarrays. Microarray data were analyzed from the project GSE41496 Gene Expression 

Omnibus executed on Agilent-028005 SurePrint G3 Mouse GE 8x60K. The original 

experiments were performed to compare the whole transcriptome from spleens of Chabaudi-

infected mice to control mock-infected mice, which were either wild-type or defective in various 

TLR-related molecules. The data set description can be found via the following link:  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE41496. From these data, we 

analyzed control spleens from UNC93B1 3d/3d (GSM1018264, GSM1018265, GSM1018266, 

GSM1018267) and WT/WT (GSM1018240, GSM1018241, GSM1018242, GSM1018243) 

mice. The data were processed as previously described7.  

 

RT-PCR and RT-quantitative PCR. RNA was extracted from steady state or thapsigargin 

treated cells (1µM, 1 hour 30 minutes) using the Illustra RNA minispin kit (GE Healthcare) and 

the manufacturer’s protocol was followed. Purified RNA was resuspended in RNase-free 

water. RNA concentration was measured using Nanodrop (Thermo Fisher) and 400ng of RNA 

were processed into cDNA, using a reverse transcription mix (Applied Biosciences). For 

regular PCR, RNA was amplified using Phire Green PCR Master Mix (Thermo Fisher) in a 

Biometra thermocycler. Amplified samples were run in a 3% agarose gel supplemented with 

0.007% of GelRed and the bands were visualized using a GelDoc XR+ reader. For qPCR, 

cDNA was amplified with a SYBR Green Master Mix (Applied Biosciences) in a Biorad 

thermocycler, using the appropriate annealing temperature and concentration for each primer 

(Supplementary table 2). The annealing temperature of each primer was assessed using the 
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Tm calculator website (Thermo Fisher). Data were analyzed with the Biorad software and the 

threshold was set to 100 to calculate the Ct values.  

 

Immunofluorescence. HeLa cells were cultured on glass coverslips before transfection with 

IRE1α-HA and UNC93B1-FLAG for 48 hours. Primary dendritic cells were left to adhere on 

fibronectin-treated coverslips. Cells were first incubated in PHEM buffer diluted 1:1 in warm 

media (PHEM 2X: 120mM PIPES, 50mM Hepes, 20mM EGTA, 4mM MgAc, pH 6.9) for 5 

minutes at 37°C. They were then fixed with cold 100% methanol for 3 minutes at room 

temperature. Cells were permeabilized in buffer (0.01% TritonX-100, 0.05% BSA in PBS) for 

30 minutes at room temperature before incubation with primary antibodies (Supplementary 

table 1) for 1 hour at room temperature or overnight at 4°C. Secondary antibodies were left on 

coverslips for 30 minutes at room temperature. Cells were fixed again with 4% 

paraformaldehyde for 5 minutes before incubation with NH4Cl 50mM for 5 minutes, at room 

temperature. Coverslips were then mounted on glass slides. Images were acquired on a 

confocal microscope Leica SP8 gSTED. To assess colocalization, single channel images were 

first segmented using Ilastik software to suppress background signal. Then, on Fiji, ROIs were 

drawn to outline individual cells, and colocalization was measured and expressed as Mander’s 

coefficient using the JaCoP plugin. All this processed was automated using a program written 

by Nicolas Goudin (INEM, Paris). 

 

Proximity ligation assay. Cells were cultured on glass coverslips and stimulated with 1µM 

thapsigargin for 30 minutes or 1µg/mL tunicamycin (128195, Cell Signaling Technology) for 4 

hours. As described in the immunofluorescence methods, cells were fixed with methanol, 

incubated with permeabilization buffer and with primary antibodies (Supplementary table 1). 

The following steps were carried out using the Duolink PLA reagents (Sigma Aldrich) according 

to manufacturer’s instructions. Images were acquired on a confocal microscope Leica SP8 

gSTED and analysis were done on Icy bioimage analysis software. PLA index was calculated 

on a stack of 15 images.  

 

IRE1α RNase activity assay. Steady state or thapsigargin treated (1µM for 30 minutes) BM-

DCs were lysed in NP40 lysis buffer (150mM NaCl, 50mM Tris pH7.5, 5mM MgCl2 and 0.5% 

NP-40) and cell lysates were immunoprecipitated for IRE1α coupled to beads overnight. The 

beads were then resuspended in buffer A (20mM hepes pH 7.5, 1mM MgOAc, 50mM KOAc) 

and a dark opaque 96-well plate (Greiner bio-one) was used to assess IRE1α enzymatic 
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activity. A master mix containing 1µg of IRE1α substrate probe coupled to Cy5 (50- 

CAUGUCCGCAGCGCAUG-30), 20mM ATP and 2mM DTT diluted in buffer A was then added 

to each well. The probe emits fluorescence when cleaved by IRE1α. Fluorescence 

measurements were taken every minute for three to five hours at 37°C with a Clariostar plate 

reader (Cy5 excitation: 651nm, emission: 670nm). Recombinant IRE1α (0.5µg) activity was 

assessed as a positive control. Buffer incubated with the RNA probe master mix was used as 

a negative control. Recombinant IRE1α (0.5µg) incubated with the IRE1α RNase inhibitors 

MKC8866 and 4µ8c was used to assess the efficiency of the inhibitors and the specificity of 

the assay. 

 

In vitro antigen cross presentation and MHC class II antigen presentation assays. For 

antigen cross-presentation, beads (Polybeads Polystyrene 3.0 Micron Microspheres) were 

incubated with 1mg of OVA (1mg OVA + 9mg BSA), 3mg of OVA (3mg OVA + 7mg BSA) or 

10mg of BSA overnight at 4°C. The next day, coated beads were resuspended in complete 

IMDM (Ratio: 3mL of medium for 30µL of beads). BMDCs, preincubated or not with 25µM of 

the IRE1α inhibitor 4µ8C (MedChemExpress, HY-19707) for 30 minutes, were stimulated with 

OVA-coated beads, BSA-coated beads as a negative control or SIINFEKL at 0.05ng/mL as a 

positive control for six hours. For MHC II antigen presentation, BMDCs were stimulated with 

3mg/mL of soluble OVA, 3mg/mL of soluble BSA as a negative control and 50µg/mL of OVA 

peptide 323-339 as a positive control for six hours. After washing the plate with medium, 

BMDCs were fixed with PBS 0.0008% glutaraldehyde for one minute, quenched with PBS 

glycine 200mM and washed with PBS. Lymph nodes from OT-I or OT-II mice were processed 

and resuspended in pure RPMI before being labelled with CFSE (2,5µg/mL) for 10 minutes at 

37°C. The cells were quenched and washed with complete RPMI medium. CFSE-labelled OT-

I or OT-II T cells were co-cultured with the OVA-presenting BMDCs or control BMDCs at ratio 

1:1 for three days in complete RPMI medium. CD8+ or CD4+ T cell proliferation was monitored 

by flow cytometry. Cells were stained with anti-CD11c and anti-CD8a or anti-CD4 antibodies 

to discriminate CD8+ or CD4+ T cells from BMDCs by flow cytometry.  

 

Flow cytometry. For intracellular staining, cells were permeabilized and fixed using a FOXP3 

Fix/perm buffer set (Biolegend) for 20 minutes on ice. They were then stained with primary 

antibodies (Supplementary table 1) diluted in permeabilization buffer for 30 minutes on ice. 

Secondary antibodies were diluted at 1/1000e in permeabilization buffer and incubated with 

the cells for 30 minutes on ice. Stained cells were acquired with a BD LSR Fortessa flow 

cytometer and analyzed using FlowJo (Treestar) software. 



87 
 

 

Statistical analyses. Statistics were calculated with GraphPad Prism and p values were 

determined using Student’s t test. Two way ANOVA was used for group comparison and one 

way ANOVA when comparing two distinct groups. Data are represented with mean ± 

standard error of mean (SEM).  

 

Data availability 

The data are available upon request from benedicte.manoury@inserm.fr 
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Figure Legends 

Fig. 1 | IRE1α associates with UNC93B1 in DCs and the interaction is enhanced in 3d 

cells. a Immunoprecipitation of RFP-tagged proteins in HeLa cells transfected with Ern1α-HA 

and WT or 3d UNC93B1-mCherry cDNAs, followed by a western blot for HA and Cherry (n=3). 

b HeLa cells were transfected with Ern1α-HA and WT or 3d UNC93B1-FLAG cDNAs. IRE1α-

HA-UNC93B1-FLAG association (yellow dots) was detected using the Duolink proximity 

ligation assay with anti-FLAG and anti-HA specific antibodies. Nuclei are in blue and stained 

with DAPI. PLA signals are quantified with Icy (n=6 experiments, n=21 cells for NT, n=25 cells 

for WT and n=41 cells for 3d, mean ± SEM, unpaired two-tailed t test, **p<0.01). c 

Immunofluorescence experiment and colocalization analysis between IRE1α-HA (red) and WT 

or 3d UNC93B1-FLAG (green) in transfected HeLa cells. Quantification of colocalization was 

measured using a JaCoP plugin (see Methods, n=4 experiments, n=57 cells for WT and n=45 

cells for 3d, mean ± SEM, unpaired two-tailed t test, ****p<0.0001). d UNC93B1 was 

immunoprecipitated with UNC93B1 antibody from WT and 3d DCs and immunoblotted with 

anti- UNC93B1 and anti-IRE1α antibodies. Cells were treated with 1µM of thapsigargin (TG) 

for 30 minutes before immunoprecipitation (n=4). e IRE1α was immunoprecipitated with IRE1α 

antibody from WT and 3d DCs and immunoblotted with anti-UNC93B1 and anti-IRE1α 

antibodies. Cells were treated with 1µM of thapsigargin (TG) for 30 minutes before 

immunoprecipitation (n=5). f IRE1α-UNC93B1 association (yellow dots) was detected using 

the Duolink proximity ligation assay with anti-UNC93B1 and anti-IRE1α specific antibodies. 

BMDCs were treated with TG for 30 minutes before the staining. Nuclei are in blue. PLA signals 

are quantified with Icy (n=5 experiments for NS, n=3 experiments for TG-stimulated, n=56 cells 

for WT NS, n=39 cells for 3d NS, n=12 cells for WT+TG and n=12 cells for 3d+TG, unpaired 

two-tailed t test, **p<0.001). NT: Non transfected. NS: Non stimulated.  

 

Fig. 2 | The transmembrane region of IRE1α is required for its association with 

UNC93B1. a Schematic representation of IRE1α protein (SP: signal peptide, LD: luminal 

domain, TMD: transmembrane domain, CD: cytosolic domain). b Immunoprecipitation of RFP-

tagged proteins in HeLa cells transfected with WT, ΔLD or ΔCD IRE1α-HA and WT or 3d 

UNC93B1-mCherry, followed by a western blot for HA and mCherry proteins. ΔLD: deletion of 

IRE1α luminal domain. ΔCD: deletion of IRE1α cytosolic domain (n=3). c Schematic 

representation of IRE1α and its transmembrane domain sequence. d Immunoprecipitation of 

RFP-tagged proteins in HeLa cells transfected with WT or TMD-CNX IRE1α-HA and WT or 3d 

UNC93B1-mCherry, followed by a western blot for HA and mCherry proteins. TMD-CNX: 

mutant of IRE1α bearing the transmembrane domain (TMD) of calnexin (n=3). 
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Fig. 3 | UNC93B1 controls IRE1α activity in DCs. a RT-PCR analysis of XBP1 spliced 

(XBP1s) or unspliced (XPB1u) in murine splenic cDC1. XBP1 mRNA expression was assessed 

in comparison to GAPDH. (n=5). b RT-qPCR analysis of unfolded protein response (UPR) 

targets in BM-DCs. Cells were treated with 1µM of TG for 1h30. (n=5). c RT-qPCR analysis of 

regulated IRE1-dependent decay (RIDD) targets in BM-DCs. Cells were treated with 1µM of 

TG for 1h30. (n=5). d RT-qPCR analysis of RIDD targets in splenic cDC1. Cells were treated 

with 1µM of TG for 1h30. (n=4). e IRE1α RNase activity assay in BM-DCs. IRE1α was 

immunoprecipitated overnight with anti IRE1α antibody and incubated with the XBP1/RIDD-

Cy5 probe. Experiments were pooled at t=120 min and values were compared to unstimulated 

WT DCs (NS). Cells were treated with 1µM of TG for 30 minutes. (n=5 for WT, n=3 for 3d). (In 

a, b, c, d and e: mean ± SEM, unpaired two-tailed t test, *p<0.1, **p<0.01 ***p<0.001). f 

Immunofluorescence showing KDEL (ER staining) in red and DAPI (nucleus) in blue, in WT 

and 3d splenic cDC1 and cDC2 (n=2). NS: Non stimulated.  

 

Fig. 4 | IRE1α inhibition partially restores MHC I antigen cross-presentation and limits 

tumor growth in 3d DCs and mice.  a BM-DCs from WT or 3d mice were incubated with 

different concentrations of OVA beads, BSA beads or OVA peptide (SIINFEKL, 50 pg/mL) for 

6h, fixed with 0.0008% glutaraldehyde, and co-cultured with CFSE labelled CD8+ OT-I T cells. 

T cell proliferation was monitored by CFSE dilution 72h later. BM-DCs were preincubated with 

25µM of 4µ8c for 30 minutes before addition of OVA/BSA beads, or OVA peptide. b 

Quantification of OT-I cells division is shown as a mean percentage of proliferating cells (n=3, 

mean ± SEM, paired two-tailed t test, **p<0.01, ***p<0.001). c WT or 3d mice were injected 

with 2x105 sc B16-OVA melanoma cells before adoptively transferred or not with OT-I cells 

(2x106 cells). MKC8866 was injected IP every day until day 24 (15mg/kg) (n=3 for NT, n=4 for 

OT-I, n=5 for OT-I + MKC8866, unpaired two-tailed t-test, *p<0.01). Tumor growth was 

measured every 2-3 days. NS: not stimulated. NT: No treatment. 

 

Fig. 5 | IRE1α-BiP interaction is disrupted in 3d DCs. a Regulation of IRE1α activity by both 

BiP and Sec63. b IRE1α-BiP association (yellow dots) was detected using the Duolink 

proximity ligation assay with anti-BiP and anti-IRE1α specific antibodies. Cells were treated 

with 1µg/mL of tunicamycin (TN) for 4 hours. (n=3 experiments, n=38 cells for WT NS, n=37 

cells for 3d NS, n=41 cells for WT+TN and n=36 cells for 3d+TN, mean ± SEM, unpaired two-

tailed t test, ***p<0.001). Nuclei are in blue. NS: Non stimulated. 
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Fig. 6 | UNC93B1 binds IRE1α, STIM1 and intracellular TLRs in DCs. At steady state, 

IRE1α is in an inactive monomeric conformation which recruits BIP. In 3d DCs, UNC93B1 

interactions with STIM1 and intracellular TLR are abolished while its association with IRE1α is 

enhanced. Upon stress, BiP is released from IRE1α luminal domain and IRE1 oligomerized. 

IRE1α then splices XBP1 mRNA and cleaves specific RIDD mRNAs targets such as tapbp 

(tapasin). Hypothesis: In 3d DCs, the weak antigen degradation caused by impaired STIM1 

activity and the cleavage of mRNAs of the peptide loading machinery due to chronic activation 

of IRE1α lead to an altered antigen cross-presentation.  

 

Supplementary fig. 1 | IRE1α and UNC93B1 expression in different DC subtypes. a 

Microarray analysis showing the absolute Ern1 gene expression difference between WT and 

3d, and the relative fold changes in Ern1 gene expression in 3d vs WT splenocytes. Gene 

downregulation is shown in blue. b RT-qPCR analysis of Ern1 in WT and 3d BM-DCs. (n=5, 

mean ± SEM, unpaired two-tailed t test). c Western blot analysis of IRE1α and UNC93B1 in 

WT and 3d BM-DCs, cDCs and cDC1s. d Western blot in WT and UNC93B1 deficient DCs 

using conformational UNC93B1 antibodies recognising the N-terminal or the C-terminal 

cytosolic regions of the protein or a commercial UNC93B1 antibody. e Intracellular flow 

cytometry analysis of UNC93B1 using the N-terminal and C-terminal conformational antibodies 

in WT and 3d BM-DCs.  

 

Supplementary fig. 2 | STIM1 associates with WT UNC93B1 but not with IRE1α. a WT 

and 3d DCs were immunoprecipitated with anti-IRE1α antibody and immunoblotted with anti-

UNC93B1, -STIM1 and -IRE1α antibodies (n=3). b STIM1-UNC93B1 association (yellow dots) 

was detected in BM-DCs using the Duolink proximity ligation assay with anti-UNC93B1 and 

anti-STIM1 specific antibodies. (n=3 experiments, n=22 cells for WT and n=16 cells for 3d, 

unpaired two-tailed t test, **p<0.001). Nuclei are in blue.  

 

Supplementary fig. 3 | IRE1α-HA mutants are transfected equally in HeLa cells. a 

Schematic representation of IRE1α Δ10 and STST mutants. b Immunoprecipitation of HA-

tagged proteins in HeLa cells transfected with WT, Δ10 or STST IRE1α-HA and WT or 3d 

UNC93B1-FLAG, followed by a western blot for HA and FLAG. c Transfection rates of IRE1α-

HA WT, ΔLD and ΔCD and UNC93B1-mCherry WT and 3d in HeLa cells measured by flow 
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cytometry. Non transfected cells were used as a negative control. Percentages represent the 

double transfected cell population (n=2). d Transfection rates of IRE1α-HA WT or TMD-CNX 

and UNC93B1-mCherry WT or 3d in HeLa cells measured by flow cytometry. Non transfected 

cells were used as a negative control. Percentages represent the double transfected cell 

population (n=2). 

 

Supplementary fig. 4 | IRE1α activity is upregulated in 3d cDC1s and can be measured 

with a fluorescence assay. a RT-qPCR analysis of unfolded protein response (UPR) target 

CHOP in cDC1s. (n=5, mean ± SEM, unpaired two-tailed t test, ns: not significant). b IRE1α 

recombinant (IRE1r) RNase activity assay. IRE1r was incubated with the XBP1/RIDD-Cy5 

probe and fluorescence was measured at excitation 651nm and emission 670nm at different 

times. IRE1r was incubated with 25µM of IRE1 inhibitors (MKC8866 and 4µ8c) for 30 minutes 

before monitoring cleavage of the probe. c IRE1α RNase activity assay in BM-DCs. IRE1α was 

immunoprecipitated and incubated with an XBP1/RIDD-Cy5 probe for different times. 

Fluorescence was measured at excitation 651nm and emission 670nm. Cells were treated with 

1µM of TG for 30 minutes before immunoprecipitation.  

 

Supplementary fig. 5 | IRE1α inhibition doesn’t affect MHC class II antigen presentation 

by DCs and decreases tumoral growth in both WT and 3d mice. a BM-DCs from WT or 3d 

mice were incubated with soluble OVA, BSA or OVA peptide 323-339 (50 µg/mL) for 6h, fixed 

with 0.0008% glutaraldehyde, and co-cultured with CFSE labelled CD4+ OTII T cells. T cell 

proliferation was monitored by CFSE dilution 72h later. BM-DCs were preincubated with 25µM 

of 4µ8c for 30 minutes before addition of soluble OVA or OVA peptide (n=3). b WT or 3d mice 

were injected with B16-OVA melanoma cells (2x105 sc) at day 0 with or without MKC8866 

inhibitor (day -1 to day 24, 15mg/kg) and tumors were measured every 2 to 3 days (n=5 for 

each group).  

  

Supplementary fig. 6 | IRE1α association to Sec63 is reduced in 3d DCs. a Western blot 

analysis of BiP in WT and 3d BM-DCs. Cells were treated with 1µM of thapsigargin (TG) for 

1h30 and with 1 µg/mL of tunicamycin (TN) for 4h. b IRE1α-Sec63 association (yellow dots) 

was detected in BM-DCs using the Duolink proximity ligation assay with anti-IRE1α and anti-

Sec63 specific antibodies. (n=1 experiment, n=9 cells for WT and n=7 cells for 3d, mean ± 

SEM, unpaired two-tailed t test, ns: non significant). Nuclei are in blue. c Immunofluorescence 

experiment and colocalization analysis between IRE1α (green) and Sec63 (red) in WT and 3d 
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BM-DCs. Quantification of colocalization was measured using JaCoP plugin (see Methods) 

(n=1 experiment, n=23 cells for WT and n=14 cells for 3d, mean ± SEM, unpaired two-tailed t 

test, ns: non significant). 

 

Supplementary table 1 | List of antibodies used. WB: Western Blot, IF: 

Immunofluorescence, IP: Immunoprecipitation, PLA: Proximity ligation assay, FC: Flow 

cytometry.  

Supplementary table 2 | List of primers used for PCR. 
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Target Dilution Catalogue reference 

IRE1α WB: 1/100 
IP: 1/50 

Cell signaling technology, 3294S 

IRE1α PLA: 1/300 
IF: 1/300 

Santa Cruz Biotechnology, sc-390960 

UNC93B1 
C-terminal and N-terminal 

WB: 1/1000 
IP: 5µL 
PLA: 1/1000 
FC: 1/300 
IF: 1/10000 

Homemade antibodies 
From Dr. Brinkmann (HZI, Braunschweig) 
Maschalidi et al., 2017. doi: 10.1038/s41467-017-
01601-5. 

β-Actin WB: 1/1000 Cell signaling technology, 3700S 

HA WB: 1/1000 
FC: 1/200 
IF: 1/300 
PLA: 1/1000 

Cell signaling technology, 3724S 

mCherry WB: 1/1000 
FC: 1/200 

Abcam, ab125096 

BiP WB: 1/1000 
PLA: 1/500 

Cell signaling technology, 3177S 

UNC93B1 WB: 1/1000 Abcam, ab69497 

STIM1 WB: 1/1000 
PLA: 1/100 

Abcam, ab108994 

FLAG WB: 1/1000 
IF: 1/300 
PLA: 1/1000 

Cell signaling technology, 8146S 

KDEL IF: 1/300 Abcam, ab12223 

Sec63 WB: 1/1000 
PLA: 1/1000 
IF: 1/500 

From Dr. Hedge (MRC, Cambridge) 
Brambillasca et al., 2005. doi: 
10.1038/sj.emboj.7600730. 

Sec61α, β IF: 1/500 From Dr. Hedge (MRC, Cambridge) 
Brambillasca et al., 2005. doi: 
10.1038/sj.emboj.7600730. 

IgG Rabbit HRP WB: 1/5000 Cell signaling technology, 7074S 

IgG Mouse HRP WB: 1/5000 Cell signaling technology, 7076S 
 

 

Supplementary table 1  
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Gene Forward primer Reverse primer 
Concentration 
used (µM) 

Annealing 
temperature 
(°C) 

Ern1 TGCTGAAACACCCCTTCTTC GCCTCCTTTTCTATTCGGTCA 1 63 

Unc93b1 CTACAGTGGCTTTGAGGTGCTC GCTATGAGCAGGTATGCCAGTC 0.1 63 

Gapdh CCGTAGACAAAATGGTGAAGG CGTGAGTGGAGTCATACTGGA 2 63 

β-actin AAGCTGTGCTATGTTGCTCTAGACT CACTTCATGATGGAATTGAATGTAG 0.5 61 

Tapbp ACCATTCCCAGGAACTCAAA GAGAAGAAGGCTGTTGTTCTGG 1 63 

BiP ATGAGGCTGTAGCCTATGGTG GGGGACAAACATCAAGCAG 0.5 61 

Edem AAGCCCTCTGGAACTTGCG AAGCCCTCTGGAACTTGCG 0.3 64 

Ergic3 GTTCAAGAAACGACTAGACAAGGA ACCTCGACTTTCCCAAGCT 1 64 

Erp44 GACACAGCCCCAGGAGAG TCATCTCGATCCCTCAATAAAGTA 0.5 61 

Sec61α CTATTTCCAGGGCTTCCGAGT AGGTGTTGTACTGGCCTCGGT 0.7 64 

Sec63 TGGGCACTGTTCTTATTTCTTGC TTAATTTCTGCCACTGTTGCTCC 0.7 64 

Bloc1s1 AACACCAAGCCAAGCAGAACGA TCACCTCATGGTCCAGCTTTCTC 0.5 63 

Chop CCCTGCCTTTCACCTTGG CCGCTCGTTCTCCTGCTC 0.5 63 

Xbp1 ACACGCTTGGGAATGGACAC CCATGGGAAGATGTTCTGGG 1 64 

Grp94 GTTCGTCAGAGCTGATGATGAA GCGTTTAACCCATCCAACTGAAT  0.5 63 

 

 

Supplementary table 2 
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RESULTS _ PART II: UNC93B1 regulates STING signalling in dendritic cells. 

 

Following the description of IRE1α regulation by the ER chaperone UNC93B1 in DCs, 

we identified a new protein interacting with UNC93B1: STING.  

STING is an ER resident protein essential for type I interferon response triggered by 

cytosolic, viral or self DNA. Upon its binding to cGAMP, the product produced by cGAS, 

STING translocates to the Golgi and activates TBK1, which in turns phosphorylates 

STING. Activated TBK1 recruits IRF3 to phosphorylated STING and drives type I INFs 

production. STIM1, TOLLIP and UNC93B1 have recently been identified to associate 

with STING (Srikanth et al., 2019; Pokatayev et al., 2020; He et al., 2021; Zhu et al., 

2022). While TOLLIP stabilises STING, STIM1 and UNC93B1 were described to 

downregulate STING activation, and UNC93B1 was suggested to send STING to 

degradation. However, these experiments were performed in fibroblasts or HEK293T 

cell lines, and very few experiments were conducted in myeloid cells, where UNC93B1 

is expressed and the interferon response is relevant.  

Therefore, to address the role of UNC93B1 in STING signalling in DCs, we performed 

experiments in WT, UNC93B1 knockdown and UNC93B1 3d mutated dendritic cells.  
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I. STING and WT or 3d UNC93B1 interact in DCs 

 

First, to confirm that STING is a client of UNC93B1 in primary DCs, we assessed the 

formation of UNC93B1-STING complexes in BMDCs stimulated or not with 2’3’-

cGAMP for 30 minutes. To do this, we immunoprecipitated STING and then 

immunoblotted for UNC93B1 and STING proteins. Figure 1 shows association 

between WT and 3d UNC93B1 and STING, with or without cGAMP stimulation. 

 

Figure 1. STING and UNC93B1 associate in DCs. STING was immunoprecipitated 

from WT and 3d DCs with a STING antibody, and the proteins UNC93B1 and STING 

were immunoblotted. Cells were treated with 10µg/mL of cGAMP for 30 minutes before 

immunoprecipitation (n=4).  

 

II. UNC93B1 positively regulates STING signalling 

DCs expressing the 3d mutation or deficient for UNC93B1 are unable to respond 

efficiently to a large panel of viruses, as endosomal nucleic acid sensing TLRs are 

unstable and unable to activate their signalling cascade. Indeed, 3d mice are highly 

susceptible to several viral infections. Although TLR9 is often described as the main 

pathogenic DNA sensor in immune cells, cGAS is a major actor in cytosolic DNA 

molecules recognition. While we know that TLR9 signalling is abrogated in 3d cells, 

whether the cGAS-STING pathway is impacted or not had not been assessed. 

To address this, we stimulated WT and 3d BMDCs with cGAMP for 6 hours and 

measured INF-β secretion by ELISA. Figure 2a shows a significant decrease in INF-β 

secretion by 3d DCs in comparison to WT cells. We then knocked-down the expression 

of UNC93B1 in BMDCs using a pool of siRNA and observed a reduction of UNC93B1 

- cGAMP 

IP: STING Input 

3d WT 

+ - + - + - + 

3d WT 

STING (37 kDa) 

β-ACTIN (45 kDa) 

UNC93B1 (65 kDa) 
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protein levels by 70% (Figure 2b). Similar to what was observed in 3d DCs, INF-β 

levels were decreased in UNC93B1 knocked-down DCs compared to DCs transfected 

with control siRNA (Figure 2c). Altogether, these results indicate that UNC93B1 

positively regulates STING-dependent type I INF secretion.  

 

 

 

 

Figure 2. UNC93B1 promotes STING-mediated INF-β signalling in DCs. a. WT and 

3d BMDCs were stimulated for 6 hours with 50µg/mL of cGAMP. Secreted INF-β levels 

were assessed by ELISA (n=4, mean ± SEM, unpaired two-tailed t test, *p<0.1). b. 

UNC93B1 was knocked down in BMDCs using 25µM or 50µM of siRNA and UNC93B1 

expression was assessed by Western Blot. c. BMDCs transfected with control siRNA 

(siCTRL) or 50µM of UNC93B1 siRNA (siUNC) were stimulated for 6 hours with 

50µg/mL of cGAMP. Secreted INF-β levels were assessed by ELISA (n=4, mean ± 

SEM, unpaired two-tailed t test, ***p<0.001). NS: Non stimulated.  

 

III. STING fails to translocate to the Golgi apparatus after activation in 3d 

DCs 

A crucial step in STING signalling is its translocation to the Golgi apparatus following 

its activation. Since DCs expressing the 3d mutant show reduced STING-mediated INF 

signalling, we wondered if STING trafficking was also impaired in these cells. To 

assess this, we performed confocal microscopy. Upon immunofluorescence 

experiments, we observed a significant decrease of colocalization between STING and 

GM130 in 3d DCs when compared to WT cells (Figure 3). This result indicates that 

STING translocates to Golgi compartments upon cGAMP stimulation in WT DCs but 

not in 3d DCs, correlating with the decreased type I INF signalling in those cells.  
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Figure 3. UNC93B1 controls STING translocation to the Golgi upon cGAMP 

stimulation. Colocalization between STING and GM130 (Golgi apparatus) was 

assessed by immunofluorescence. BMDCs were stimulated for 30 minutes with 

10µg/mL of cGAMP (n=45 for WT, n=34 for 3d, n=33 for WT cGAMP, n=38 for 3d 

cGAMP, mean ± SEM, unpaired two-tailed t test, ****p<0.0001). NS: Non stimulated.   

 

IV. STING activation cascade remains unchanged in WT or 3d DCs 

Finally, to measure STING signalling cascade in 3d DCs, we performed immunoblot 

experiments for phosphorylated STING and its downstream adaptors TBK1 and IRF3. 

Activation of STING leads to its dimerization and phosphorylation by the cytosolic 

adaptor TBK1, which, in turn, autophosphorylates. Once activated, pTBK1 then 

phosphorylates IRF3, which, after binding to activated STING, can translocate to the 

nucleus and induce type I INFs genes transcription.  

WT and 3d BMDCs were stimulated with cGAMP at different times. Cells were then 

lysed and phosphorylation of STING, TBK1 and IRF3 was detected by western blot. 

As expected, phosphorylation of STING, TBK1 and IRF3 was increased after cGAMP 

stimulation. However, no difference in STING, TBK1 and IRF3 phosphorylation was 

observed between WT and 3d BMDCs.  

While STING-mediated type I INF response is impaired in UNC93B1 3d DCs, the first 

steps of STING signalling cascade, involving TBK1 and IRF3 phosphorylation, appear 

not to be altered in these cells.  
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Figure 4. STING and its downstream adaptors are phosphorylated in both WT 

and 3d DCs. BMDCs were stimulated with 10µg/mL of cGAMP for 0, 30, 60 and 120 

minutes. Protein levels were assessed by Western Blot (n=3).  
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MATERIALS AND METHODS _ UNC93B1 regulates STING signalling in DCs 

 

Bone marrow derived dendritic cells (BMDCs) differentiation 

Bone marrow cells were harvested from leg bones of C57BL/6 WT and 3d mice. They 

were then filtered with a 40µm cell strainer and cultured in complete IMDM (Iscove’s 

Modified Dulbecco’s Medium, 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 

50µM β-mercaptoethanol). Cells from one leg were incubated in 20mL of medium 

supplemented with 20ng/mL of recombinant GM-CSF (Peprotech, 315-03) for 7 to 8 

days. At the end of the culture, 80 to 90% of bone marrow cells are differentiated into 

dendritic cells.  

Immunoprecipitation and western blotting 

Cells were stimulated or not with 10µg/mL of 2’3’-cGAMP (Invivogen, tlrl-nacga23) for 

30 minutes before being lysed in NP-40 lysis buffer (150mM NaCl, 50mM Tris pH7.5, 

5mM MgCl2 and 0.5% NP-40) supplemented with protease inhibitors for 30 minutes 

on ice. To immunoprecipitate STING, magnetic protein G dynabeads were used 

(Thermo Fisher). The beads were first washed with PBS Tween 0.02% and incubated 

with STING antibody for an hour at 4°C. The magnetic beads were then washed again 

and incubated with 0.8 to 1mg of proteins from cell lysates overnight at 4°C. The next 

day, the beads were washed, and proteins were eluted with 4X LDS Sample Buffer at 

room temperature for 30 minutes. Washes were performed with PBS Tween 0.02%. 

The eluted proteins were then analysed by western blot.  

For western blot, immunoprecipitated proteins or cell lysates were run on a 4-12% Bis-

Tris Gel, using MOPS running buffer (Thermo Fisher). The proteins were then 

transferred on a PVDF membrane using the iBlot2 machine for a dry transfer method 

(Thermo Fisher, template P0). After blocking the membrane in TBS 0.1% Tween 5% 

Milk, primary antibodies (Supplementary table) were incubated overnight at 4°C. The 

next day, the membranes were washed, and secondary antibodies (Supplementary 

table) were incubated for at least an hour at room temperature. After washing, proteins 

were revealed by chemiluminescence using the PICO Plus ECL (Thermo Fisher). 
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ELISA  

BMDCs were plated in an adherent 96 well plate at the concentration of 105 cells per 

well. The next day, they were stimulated with 50µg/mL of 2’3’-cGAMP for 6 hours and 

supernatants were collected. INF-β levels were measured using the LumiKine Xpress 

mIFN-β 2.0 ELISA kit (Invivogen) and following the protocol provided by the 

manufacturer.  

Immunofluorescence and colocalization analyses 

BMDCs were left to adhere on fibronectin-treated coverslips overnight before 

stimulation with 10µg/mL of 2’3’-cGAMP. The coverslips were then incubated in PHEM 

buffer (PHEM 2X: 120mM PIPES, 50mM Hepes, 20mM EGTA, 4mM MgAc, pH 6.9) 

diluted 1:1 in complete IMDM for 5 minutes at 37°C before being fixed with cold 

methanol for 3 minutes at room temperature. After fixation, the cells were washed with 

PBS and permeabilised with 17% TritonX-100, 0.05% BSA diluted in PBS for 30 

minutes at room temperature. Primary antibodies (Supplementary table) diluted in 

permeabilization buffer were then incubated on the coverslips for an hour at room 

temperature. After washing, cells were incubated with secondary antibodies 

(Supplementary table) for 30 minutes at room temperature. Once stained, the cells 

went through a second step of fixation with 4% paraformaldehyde for 5 minutes at room 

temperature, and were then quenched with 50mM of NH4Cl for 5 minutes as well. After 

washing, the coverslips were mounted on glass slides. Images were acquired on a 

Leica SP8 gSTED confocal microscope. Colocalization was assessed with Fiji, 

allowing us to measure the colocalization index for each cell using Mander’s coefficient 

and JaCoP plugin. This process was automated thanks to a program written by Nicolas 

Goudin (INEM).  

siRNA transfection 

Three days before they were fully differentiated, BMDCs were harvested and siRNAs 

(25µM or 50µM) targetting either control (control siRNA, OFF-target, Dharmacon) or 

UNC93B1 mRNA (UNC93B1 ON-target, Dharmacon) were transfected with the Amaxa 

Mouse Dendritic cell transfection kit (Lonza). Cells were then cultured in complete 

IMDM supplemented with 20ng/mL of GM-CSF for 72 hours.  
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Target Dilution Catalogue reference 

STING WB: 1/1000 

IF: 1/250 

IP: 1/50 

Cell signaling technology, 50494S 

UNC93B1 WB: 1/1000 Homemade antibody 

From Dr. Brinkmann 

Maschalidi et al., 2017. doi: 

10.1038/s41467-017-01601-5 

β-Actin WB: 1/1000 Cell signaling technology, 3700S 

P-TBK1 WB: 1/1000 Cell signaling technology, 5483S 

TBK1 WB: 1/1000 Cell signaling technology, 38066S 

P-IRF3 WB: 1/1000 Cell signaling technology, 29047S 

IRF3 WB: 1/1000 Cell signaling technology, 4302S 

P-STING WB: 1/1000 Cell signaling technology, 72971S 

IgG Rabbit HRP WB: 1/5000 Cell signaling technology, 7074S 

IgG Mouse HRP WB: 1/5000 Cell signaling technology, 7076S 

GM130 IF: 1/250 BD Biosciences, 610823 

IgG Rabbit – Alexa Fluor 594 IF: 1/1000 Invitrogen, A121207 

IgG Mouse – Alexa Fluor 488 IF: 1/1000 Invitrogen, A11001 

 

Supplementary table. List of antibodies used. WB: Western Blot. IF: 

Immunofluorescence. IP: Immunoprecipitation. 
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DISCUSSION AND CONCLUSION 

 

UNC93B1 was originally described to bind endosomal TLRs, helping their folding and 

bringing them to their signalling compartments. In this PhD project, I was able to 

highlight new regulation pathways for IRE1α and STING in dendritic cells, mediated by 

the ER chaperone UNC93B1.  

 

I. UNC93B1 association with its interactants 

UNC93B1 binds the transmembrane domain of IRE1α and, upon ER stress induced 

with thapsigargin, an increased interaction between the two proteins was observed. 

This result led us to the hypothesis that UNC93B1 promotes IRE1α oligomerisation 

and activation through its association with the UPR factor.  Furthermore, in mutated 

UNC93B1 3d DCs, IRE1α is activated at steady state and shows increased interaction 

with UNC93B1 compared to WT DCs. It then appears that IRE1α association with 

UNC93B1 is closely related to its activation in DCs. It is yet to be elucidated if the 

UNC93B1-IRE1α interaction is required for IRE1α oligomerisation and activation. To 

address this, it would be interesting to assess IRE1α activity in UNC93B1 deficient 

DCs.  

UNC93B1 being a 12-membrane spanning molecule, it is challenging to study sites of 

interaction within the protein as well as potential conformational changes. It is then 

complicated to assess UNC93B1 affinity for its known interactants: endosomal TLRs, 

STIM1, STING and IRE1α. While UNC93B1 H412R (3d) mutation disrupts its 

association to intracellular TLRs and STIM1, steric changes in the protein explaining 

these effects remain hard to evaluate. Still, it is accepted that the 3d mutation in 

UNC93B1 leads to a change of conformation incompatible for the ER chaperone to 

associate with endosomal TLRs (Ishida et al., 2021b), and with STIM1 (Maschalidi et 

al., 2017). While this new UNC93B1 conformation loses its affinity for TLRs and STIM1, 

it gains affinity for IRE1α. We then hypothesise that UNC93B1 change of conformation 

renders IRE1α incompatible to associate with BiP, leading to IRE1α chronic activation. 

Increased 3d UNC93B1 association with IRE1α may indeed block the binding site of 

IRE1α to BiP. Moreover, we showed that the expression of Sec63 and the proximity 

between IRE1α and Sec63 is also decreased in 3d DCs. As previously explained, 
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Sec63 is involved in IRE1α downregulation after its activation, by recruiting BiP back 

to IRE1α luminal domain (Li et al., 2020). Thus, decreased interaction between Sec63 

and IRE1α in 3d DCs could be one of the causes for the inhibition of BiP binding to 

IRE1α in these cells.  

Studying IRE1α affinity to UNC93B1 3d protein would need techniques such as cryo-

electron microscopy to assess conformational changes and interaction sites. Such 

experiments were performed to study UNC93B1 association with endosomal TLRs 3 

and 7. While TLRs bind UNC93B1 through their transmembrane domain, cryo-electron 

microscopy studies revealed that this association mainly takes place within UNC93B1 

third transmembrane domain (TM3). They also determined that the sixth 

transmembrane domain (TM6) and several loops between transmembrane domains of 

UNC93B1 were involved in the interaction, though to a lesser extent than TM3 (Ishida 

et al., 2021b).  

Interaction sites between UNC93B1 TM3 and TLR3 transmembrane domain were 

shown to be mediated mostly by hydrophobic residues. Hydrophobic and charged 

residues interactions are the most described between proteins. Although non-covalent, 

hydrophobic residues associations are robust and provide strong protein-to-protein 

bindings. The main hydrophobic interactions observed involve amino acids as 

tryptophan, leucine, isoleucine, phenylalanine, or proline. For endosomal TLRs and 

IRE1α, UNC93B1 was reported to interact with their transmembrane domains, 

containing a majority of hydrophobic residues and therefore promoting protein-protein 

interactions.  

As shown in Figure 1, TLR3 and TLR9 transmembrane domains are composed of 

hydrophobic residues as leucine, isoleucine or valine. TLR3 and TLR9 transmembrane 

domains contain 76% and 72% of hydrophobic residues respectively. For TLR3 

interaction with UNC93B1, cryo-electron microscopy studies revealed precise 

hydrophobic interactions involving amino acids such as L713, H724 or I717 in TLR3 

and F294, W137 or F140 in UNC93B1. IRE1α transmembrane domain, shown to be 

the site of its association with UNC93B1, contains 77% of hydrophobic residues, mostly 

composed of leucine, isoleucine and phenylalanine. However, STIM1 was described 

to interact with UNC93B1 through its juxtamembrane luminal domain (Wang and 

Demaurex, 2022), containing 40% of hydrophobic residues. We can then speculate 
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that UNC93B1 interaction with STIM1 is weaker compared to its association with 

IRE1α or endosomal TLRs, although this matter has never been assessed.  

 

 

 

 

Figure 1. Interacting domains composition of UNC93B1 partners. Amino acid 

composition of TLR9 (a), TLR3 (b) and IRE1α (c) transmembrane domains and of 

STIM1(d) juxtamembrane luminal domain assessed with the Protein Information 

Resource website. 

 

UNC93B1 H412R or 3d mutation is localised in the ninth transmembrane domain 

(TM9). Cryo-electron microscopy studies reveal that UNC93B1 transmembrane 

domains are in tight conformation, a change in any of them then possibly altering the 

whole molecule. Accordingly, even if TM3 and TM9 are distant from one another, 

UNC93B1 H412R change of conformation would impact TM3 and its surroundings. In 

the case of UNC93B1 H412R mutation, the highly hydrophilic chain of arginine (R) is 

added in a hydrophobic environment. This addition is very likely to disrupt the overall 

conformation of the protein, potentially bringing transmembrane domains further away 

from one another. While UNC93B1 interaction with either endosomal TLRs and STIM1 

is not stabilised anymore with the H412R mutation, the new conformation may allow 

more space for IRE1α oligomers, increasing its affinity to the protein.  

a 

b 

TLR9 transmembrane domain: 

TLR3 transmembrane domain: 

c IRE1 transmembrane domain: 

d STIM1 juxtamembrane luminal domain: 
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Another hypothesis for increased interaction between UNC93B1 3d and IRE1α is the 

potential competition for IRE1α binding between BiP and UNC93B1. Indeed, similar to 

what happens in 3d DCs, IRE1α and UNC93B1 association is increased upon ER 

stress induction. We also know that both ER stress and the 3d mutation disrupt BiP 

association to IRE1α, initiating its activation. In the case of the 3d mutation, BiP and 

IRE1α association may be altered because of UNC93B1 change of conformation, 

potentially blocking the binding site of BiP on IRE1α. We can then hypothesise that, in 

WT DCs, at steady state, IRE1α has more affinity for BiP and their association is kept. 

In stressed or 3d DCs, however, BiP is brought apart from IRE1α and the UPR factor 

can then interact more strongly with UNC93B1.  

Concerning STING association to UNC93B1, the site of interaction between the two 

proteins has not been investigated to this day. However, it appears that their binding 

is stable enough not to be disrupted after UNC93B1 3d mutation and change of 

conformation. 

Aside from UNC93B1 affinity for its interactants, its different pools and localisations in 

the ER can be discussed. In our data, we observed the presence of UNC93B1 when 

immunoprecipitating Sec63, highlighting a possible complex between IRE1α, the 

Sec61 translocon and UNC93B1 (unpublished data). However, while UNC93B1 

interacts with both IRE1α and STIM1, these two proteins didn’t immunoprecipitate 

together, indicating that the three ER proteins do not form a complex. We can then 

theorise that UNC93B1 comes in multiple complexes in the ER, interactions potentially 

taking place in different ER locations. For example, we can hypothesise that 

UNC93B1/STIM1 association takes place close to ER-plasma membrane contact sites 

as STIM1 activation leads to its interaction with the plasma membrane calcium channel 

ORAI1.  

 

II. UNC93B1 and the UPR regulate STIM1 activity 

STIM1 activity maintains stable Ca2+ flux in cells, especially in the ER and in 

endosomes, where it is crucial for MHC I antigen presentation in DCs. STIM1 is a 

calcium sensor that associates with the SOCE channel ORAI1 to allow Ca2+ influx 

inside the ER and the creation of Ca2+ hotspots in endosomes/phagosomes. UNC93B1 

requirement for STIM1 activation has been previously published (Maschalidi et al., 
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2017). Indeed, in UNC93B1 -/- and UNC93B1 3d cells, where STIM1 and UNC93B1 

association is abrogated, STIM1 activity is inhibited and Ca2+ influx in the ER or in 

endosomes is highly impaired. In the ER, UNC93B1 association with STIM1 is 

necessary for STIM1 to translocate to sites close to ER-plasma membrane contact 

sites, essential for its interaction with ORAI1 (Wang and Demaurex, 2022). The 

absence of STIM1 interaction with ORAI1 in 3d DCs eventually causes a defect in Ca2+ 

influx and a potential lack of Ca2+ in the ER which can impact ATP production in this 

organelle, required for chaperones activity such as BiP. This could explain the impaired 

inactivation of IRE1α by BiP in 3d DCs. Thus, it would be interesting to study IRE1α 

and BiP interaction in STIM1 deficient DCs, to assess whether the role of BiP to 

inactivate IRE1α at steady state is STIM1-dependent.  

It would also be interesting to address the role of UNC93B1 in PERK function. Indeed, 

as previously described (Introduction, chapter 7), PERK interacts with filamin A and 

regulates cell migration. Furthermore, this association is involved in ER remodelling, 

necessary for ER-plasma membrane contact sites to occur and STIM1 activation after 

ER calcium depletion (van Vliet and Agostinis, 2017). It would then be of interest to 

assess PERK association with filamin A in UNC93B1 mutated 3d DCs. If UNC93B1 

mutation also disrupts PERK and filamin A association, this mechanism would explain 

the inhibition of STIM1 functions in 3d cells. UNC93B1-mediated STIM1 regulation 

could then happen at different steps, through their physical interaction and through the 

remodelling of the ER by filamin A.  

 

III. IRE1α activation in DCs and its impact on immune functions 

Chronic IRE1α activation in UNC93B1 mutated 3d DCs induces both XBP1 and RIDD 

pathways. The XBP1 pathway involves IRE1α splicing of Xbp1 mRNA, giving rise to 

the transcription factor XBP1s, which activates the translation of ER chaperones, 

ESCRT members or apoptotic factors. Among these, some upregulated proteins are 

not specific targets of IRE1α but are also triggered by PERK or ATF6 activation. CHOP, 

a pro-apoptotic transcription factor, is a key element of ER stress-mediated apoptosis 

and is induced through the three branches of the UPR. We reported its upregulation in 

3d DCs at steady state, along with an abnormal dotty shape of the ER, previously 

observed in a context of stressed ER (Osorio et al., 2014). CHOP upregulation, splicing 
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of Xbp1, downregulation of several RIDD targets and a dotty ER indicate IRE1α 

activation along with a chronic ER stress in 3d DCs. We can also wonder if the other 

two branches of the UPR, PERK and ATF6, are triggered in 3d DCs at steady state.  

As previously mentioned, in splenic murine cDC1s, IRE1α is activated at steady state 

(Osorio et al., 2014). It was described recently that PERK is also activated and 

phosphorylates eIF2α in splenic cDC1s (Mendes et al., 2021). For both UPR pathways, 

this steady state activation in cDC1s doesn’t lead to a decrease in protein load. Indeed, 

in this context, IRE1α doesn’t cleave its known RIDD targets, such as Bloc1s1, Tapbp 

or Ergic3, and phosphorylated eIF2α doesn’t inhibit protein translation. We can then 

speculate that activation of both UPR factors in cDC1s is mainly required to keep high 

levels of ER chaperones, ESCRT and ERAD members that are important for DCs 

phenotype and functions. Indeed, PERK activation was shown to be important for DC 

immune functions as type I INF production and migration with filamin-A and F-actin 

remodelling (van Vliet and Agostinis, 2017; Mendes et al., 2021). In addition, Xbp1 

splicing in DCs is important for their phenotype (Osorio et al., 2014) and for cytokine 

responses upon TLR stimulation (Janssens et al., 2014; Beisel et al., 2017).  

As PERK activation has been previously linked to immune functions in DCs, it would 

be relevant to assess eIF2α phosphorylation and expression of ATF4, a transcription 

factor increased following PERK activation, in 3d DCs. If, as IRE1α, PERK is activated 

at steady state in 3d DCs, and induces phosphorylation of eIF2α, it may also lead to 

inhibition of protein translation in this context. This function of p-eIF2α might then play 

a role in the impaired immune functions of 3d DCs. In this case, we could hypothesise 

that chronic ER stress in 3d DCs, and not only IRE1α activation, is deleterious for 

immune responses as antigen presentation.  

The activation levels of the three UPR factors in 3d DCs can be measured by western 

blots or quantitative PCRs together with a recent technique called SNUPR, an unfolded 

stress response single nuclei analysis method. This cytometry technique would allow 

us to assess each UPR factor activation at steady state or after ER stress, by 

measuring the translocation of their transcription factors to the nucleus and the 

translational levels of their targets. We could then address the levels of activation of 

the three UPR branches, IRE1α, PERK and ATF6 in 3d DCs.  
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A. IRE1α and antigen presentation  

IRE1α activation in DCs has been shown to be either beneficial or detrimental for MHC 

class I antigen presentation, depending on its level of activation. Indeed, Xbp1 splicing, 

triggered after an infection, incubation with melanoma antigens, or at steady state in 

cDC1s, is required for efficient MHC I antigen presentation. These beneficial effects 

are probably due to XBP1s targets upregulation. Among them, we find ER chaperones, 

stabilising the different proteins of the PLC present in the ER, or ERAD members, 

involved in MHC I antigen cross-presentation cytosolic pathway. However, activation 

of the IRE1α-dependent RIDD pathway has been described to be detrimental for MHC 

I antigen presentation. RIDD is mostly associated to long or strong ER stress and 

IRE1α activation, and may be linked to a repressive effect on DCs immune responses. 

Indeed, the RIDD response may contribute to controlling and downregulating DC-

mediated inflammation after long-term infections.  

In 3d DCs, both XBP1 and RIDD pathways are chronically triggered, and cause 

impaired MHC I antigen cross-presentation. Throughout our investigation, we 

described RIDD targets, important for efficient MHC I antigen presentation, 

downregulated in 3d DCs at steady state. Among those, we find Tapbp, necessary for 

TAP-mediated peptide loading on MHC I, and Erp44, stabilising the peptide trimming 

enzymes ERAP in the ER. Downregulated in IRE1α -/- DCs, where the RIDD pathway 

is inhibited, ERp44 has not been defined as a definitive RIDD target. However, its 

degradation was reported to a higher level in Xbp1 -/- DCs where RIDD is activated 

(Osorio et al., 2014). ERp44 is therefore probably cleaved by IRE1α, though its 

downregulation is not specific to the UPR factor only.  

A previous work in DCs has described MHC I as a RIDD target too, explaining the 

detrimental effects of RIDD activation on MHC I antigen presentation. However, in our 

experiments, the levels of MHC I between WT and 3d DCs were similar, with or without 

ER stress (Figure 2). Our data indicate that MHC I is not a RIDD target in our model, 

and is therefore not the cause of the antigen cross-presentation defect in 3d DCs.  

We then managed to show that, inhibition of IRE1α activity with the IRE1α RNase 

inhibitor 4µ8c, restored antigen cross-presentation by 3d DCs. This result shows that 

activation of IRE1α, and more likely of the RIDD pathway, in 3d DCs is indeed 

detrimental for antigen cross-presentation. 
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Figure 2. MHC I levels are similar between WT and 3d DCs.  Intracellular MHC I 

levels were measured in BMDCs by flow cytometry using an anti-H2kb antibody 

(BioLegend, 116502) and a secondary antibody coupled to Alexa Fluor 488. Cells were 

stimulated for 24 hours with 0.1µM of thapsigargin.  

 

B. IRE1α and tumoral immune microenvironment 

In concordance with the impaired antigen cross-presentation in 3d DCs, rapid tumour 

growth is observed in 3d mice injected with melanoma cells compared to WT mice. We 

then hypothesised that since IRE1α and RIDD activation was one of the causes for 3d 

DCs impaired cross-presentation, it would also be responsible for the abnormal 

tumoral growth in 3d mice. Our theory was confirmed as inhibition of IRE1α RNase 

activity with MKC8866 partially rescued tumoral growth in 3d mice. Furthermore, we 

could show that this was linked to antigen cross-presentation as injecting OT-I T cells, 

boosting antigen cross-presentation against B16-OVA melanoma, did decrease 

tumoral growth in WT mice but not in 3d mice. In 3d mice, injection of an IRE1α RNase 

inhibitor, along with OT-I T cells, was needed for tumoral growth decrease to occur.  

However, throughout our experiments, we noticed that the sole inhibition of IRE1α 

RNase activity in WT mice bearing a tumour reduced tumoral growth. This data can be 

explained by transmissible ER stress (TERS) between cancer cells and their tumoral 

immune microenvironment. Indeed, tumour cells chronically face ER stress and their 

UPR pathways are constantly triggered. In the attempt of controlling tumoral growth, 
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cells in the immune microenvironment interact with tumour cells, inducing ER stress 

and the UPR pathways in these cells. This activation has been shown to be detrimental 

for efficient tumoral rejection by the immune microenvironment (Mahadevan et al., 

2011, 2012). Therefore, in this context, inhibiting IRE1α RNase activity in WT mice 

would reduce tumoral growth.  

Nevertheless, a previous study has described activation of the IRE1α/XBP1 pathway 

in DCs challenged with melanoma lysates, and showed a beneficial effect of Xbp1 

splicing in cross-presentation of tumour-associated antigens. IRE1α-dependent RIDD 

activation must then become detrimental for antigen presentation and rejection of 

tumour under prolonged or chronic ER stress.  

C. IRE1α and TLR signalling 

Xbp1 splicing by IRE1α also has a synergetic effect with TLR signalling for myeloid 

cells to induce pro-inflammatory responses. Indeed, acute activation of IRE1α highly 

increases the production of pro-inflammatory cytokines by macrophages and DCs 

following TLR stimulation (Smith et al., 2008; Martinon et al., 2010; Janssens et al., 

2014). However, in 3d DCs, where IRE1α is chronically activated, we didn’t observe 

increased inflammatory response following surface TLR stimulation compared to WT 

cells. Perhaps, only strong and acute ER stress and IRE1α activation leads to 

enhanced TLR responses.  

3d DCs were originally characterised by the inhibition of endosomal TLR signalling. To 

address whether IRE1α chronic activation in 3d DCs has a role in intracellular TLR 

signalling, we stimulated 3d DCs with endosomal TLR ligands after inhibiting IRE1α 

RNase activity. We observed that IRE1α inhibition did not rescue endosomal TLR 

signalling in 3d DCs (unpublished data), and concluded that their endosomal TLR 

defect was probably due to their inability to interact with UNC93B1.  
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IV. UNC93B1 and STING 

Previous works have reported association between STING and UNC93B1 in 

fibroblasts or transfected HEK293T cell lines (He et al., 2021; Zhu et al., 2022). These 

studies have also highlighted the potential role of UNC93B1 as a negative regulator of 

STING, sending it to degradation to dampen its signalling. We then wondered about 

the regulation of STING by UNC93B1 in DCs, a relevant cell type for innate immune 

responses. Indeed, DCs possess all the machinery necessary for cGAS to detect 

danger-associated DNA molecules and STING to induce type I INFs and pro-

inflammatory cytokines secretion.  

First, our experiments showed that the interaction between UNC93B1 and STING was 

kept in both WT and 3d BMDCs. We also observed that knocking down UNC93B1 in 

DCs reduced STING-mediated INF-β response. Altogether, this result indicates a 

different regulation of STING by UNC93B1 in DCs, as UNC93B1 is required for efficient 

type I INF signalling in these cells. Therefore, UNC93B1 appears not to send STING 

to degradation in DCs, but to rather help its activation. 

We also reported that STING-mediated INF-β secretion is decreased in 3d DCs, and 

showed that significantly less STING translocates to the Golgi apparatus after 

stimulation compared to WT cells. As it was previously suggested that UNC93B1 

travels with STING after its activation, we can then hypothesise that 3d UNC93B1 and 

STING are retained in the ER, leading to a defect in STING translocation to the Golgi 

and the productive secretion of type I INFs.  More than STING translocation to the 

Golgi, it would then be of interest to study UNC93B1 trafficking after 2’3’-cGAMP 

stimulation.  

To further investigate STING signalling cascade in 3d DCs, we assessed 

phosphorylation of its downstream adaptors TBK1 and IRF3 after stimulation. No 

change in TBK1 and IRF3 phosphorylation was detected between WT and 3d DCs. 

Phosphorylation of IRF3 with no efficient type I INF response may be explained by 

either an impaired p-IRF3 translocation to the nucleus or a partial phosphorylation of 

the transcription factor. Indeed, IRF3 has to be phosphorylated on specific serine 

residues, namely S396 and S386, to induce INF genes. It would then be useful to look 

at p-IRF3 trafficking to the nucleus and its sites of phosphorylation in 3d DCs. Another 
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theory for decreased INF response could be a failed recruitment of IRF3 to STING after 

its phosphorylation which could be assessed by immunoprecipitation. 

STING activation is controlled by multiple proteins in the ER. Indeed, STING 

associates with STIM1 in the ER to keep STING in an inactive state (Srikanth et al., 

2019). Upon activation, STING dissociates from STIM1 and translocates to the Golgi 

apparatus.  

In 3d DCs, STIM1 no longer interacts with UNC93B1 leading to impaired ER Ca2+ flux. 

We can then hypothesise that STING activation or translocation to the Golgi is 

dependent on Ca2+ flux in the ER. Impaired STIM1 activity would then lead to low type 

I INF responses following STING stimulation in 3d DCs. Another theory could be that 

since STIM1 doesn’t interact with UNC93B1 in 3d DCs, it leaves more UNC93B1 

molecules to associate to STING, potentially retaining it more in the ER. It would then 

be interesting to assess STING and UNC93B1 binding by proximity ligation assay, 

technique allowing us to quantify the interaction between two proteins.  

TOLLIP, another STING interactant, is required for STING stability (Pokatayev et al., 

2020). Indeed, in Tollip deficient cells, STING protein levels are significantly reduced, 

and its downstream type I INF response is strongly inhibited. Reduced STING 

expression is partially dependent on IRE1α. The UPR factor is activated at steady state 

in Tollip -/- cells, causing splicing of Xbp1 mRNA and upregulation of its targets. This 

permanent induction of the IRE1α/XBP1s pathway leads to decreased STING protein 

levels; activated IRE1α probably bringing STING to lysosomal degradation. Reduced 

STING protein levels were also observed in Xbp1 -/- cells, where IRE1α is activated. 

Therefore, in 3d DCs, where IRE1α is chronically activated, STING lysosomal 

degradation may be increased and its downstream type I INF signalling impaired. It 

would then be of interest to assess the impact of IRE1α inhibition on STING-mediated 

INF responses in 3d DCs. However, it has to be noted that no decrease of STING 

protein levels was observed in 3d cells. This could be because, in 3d DCs, IRE1α is 

activated to a lower extent than in Xbp1 or Tollip deficient cells, and it may not be 

enough to detect protein changes by western blot. There is also a possibility that 

STING lysosomal degradation is not the cause of reduced INF signalling in 3d DCs.  
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Finally, STING is involved in tumoral rejection and its activation was reported to slow 

down tumoral growth (Corrales et al., 2015). Thus, in 3d DCs, impaired STING 

signalling may be one of the causes for strong and rapid tumoral development. 

 

V. Conclusion 

Throughout this thesis, we have looked at the regulation of two novel UNC93B1 clients 

in DCs: IRE1α and STING.  

First, we showed that the 3d UNC93B1 protein increases its association to IRE1α and 

blocks BiP recruitment to IRE1α leading to its activation at steady state. In 3d DCs and 

mice, IRE1α chronic activation causes impaired antigen cross-presentation and rapid 

tumoral growth. These conclusions reinforce the hypothesis that the IRE1α/RIDD 

pathway induced in DCs is detrimental for MHC I antigen presentation, and suggests 

UNC93B1 as a main regulator of IRE1α in these cells. IRE1α is linked to important 

immune responses in DCs, and identifying its interactants is then crucial to potentially 

regulate its activation in immunodeficiencies or autoimmune diseases.  

STING has been both linked to interferonopathies and INF-mediated 

immunodeficiencies. Indeed, depending on the nature of the stimulation, STING can 

be a turning point in innate immune responses by myeloid cells. We showed that 

UNC93B1 promotes STING-mediated INF responses in DCs. Silencing UNC93B1 or 

the expression of the 3d mutation in DCs causes a loss of function in STING signalling, 

highlighting the role of UNC93B1 in this innate immune pathway. However, the 

molecular mechanisms by which UNC93B1 controls STING activation are not yet 

known.   
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MATERIALS AND METHODS _ DISCUSSION 

 

Flow cytometry 

BMDCs were fixed and permeabilised using a FoxP3 permeabilization kit (Biolegend, 

421403) following the manufacturer’s instructions. Cells were then incubated with H-

2kb antibody for 30 minutes at 4°C. They were washed and incubated with an anti-

mouse secondary antibody coupled to Alexa Fluor 488 for 30 minutes at 4°C. After 

extensive washes, stained BMDCs acquired on a BD LSR Fortessa flow cytometer and 

analysed using the Flojow (Treestar) software.  
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RESUME SUBSTANTIEL 

Introduction. Les cellules dendritiques (CDs) sont des effecteurs clés de l’immunité 

innée et adaptative. Elles font en effet partie des premières cellules à rencontrer et à 

agir contre un antigène du non-soi, pouvant provenir d’un agent pathogène. De plus, 

elles sont aussi capables de présenter l’antigène rencontré aux lymphocytes T, 

cellules de l’immunité adaptative. Les CDs sont donc primordiales dans l’élimination 

des divers dangers que peut rencontrer l’organisme.  

Présents principalement dans les cellules de l’immunité innée et les cellules 

présentatrices d’antigène (CPA), les récepteurs Toll-like (TLRs) permettent la 

reconnaissance d’un large panel de motifs microbiens. Ils initient alors la production et 

sécrétion de cytokines pro-inflammatoires et l’expression de molécules de co-

stimulation dans les CPA. Ces réponses sont clés dans l’activation des cellules 

immunitaires environnantes et des lymphocytes T et B. Les TLRs peuvent être 

présents à la surface des cellules, comme le TLR4, ou bien dans les endosomes, 

comme les TLRs 3, 7 et 9. Les TLRs endosomaux sont spécialisés dans la 

reconnaissance des acides nucléiques, et leur signalisation est alors cruciale dans les 

réponses antivirales. Ils sont assemblés dans le réticulum endoplasmique (RE) avant 

de migrer vers les endosomes, où ils rencontrent leur ligand. La stabilisation des TLRs 

endosomaux dans le RE ainsi que leur trafic vers les endosomes sont dépendants 

d’une chaperone du RE, UNC93B1 (Unc-93 homolog B1).  

UNC93B1 est une protéine transmembranaire du RE qui interagit avec les TLRs 

endosomaux (Brinkmann et al., 2007). L’association de ces TLRs avec UNC93B1 est 

nécessaire pour leur stabilisation dans le RE (Pelka et al., 2018), leur translocation 

aux endosomes (Lee et al., 2013), et leur subséquente signalisation. N’étant pas 

seulement une protéine chaperone des TLRs intracellulaires, UNC93B1 est aussi 

impliquée dans l’activité d’autres protéines transmembranaires du RE. En effet, STIM1 

(Stromal interaction molecule 1), un senseur calcique jouant un rôle primordial dans le 

flux du calcium dans le cytosol et le RE, s’associe avec UNC93B1 (Maschalidi et al., 

2017). Une déplétion en calcium dans le RE entraine l’activation de STIM1, son 

oligomérisation, et l’apposition du RE et de STIM1 à la membrane plasmique. STIM1 

va alors interagir avec le canal calcique ORAI1 et engendrer l’entrée de calcium dans 

la cellule. L’association entre STIM1 et UNC93B1 est nécessaire à l’activation de 

STIM1 dans le RE. 
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Une mutation d’UNC93B1, H412R ou 3d, est à l’origine d’un défaut de signalisation 

des TLRs endosomaux (Tabeta et al., 2006) et d’une inhibition de l’activation de STIM1 

dans les CDs (Maschalidi et al., 2017). En effet, le mutant 3d/3d d’UNC93B1 ne 

s’associe pas aux TLRs intracellulaires ou à STIM1, engendrant leur incapacité à 

s’activer. De plus, les CDs 3d/3d sont caractérisées par un défaut de présentation 

croisée antigénique, présentation des antigènes exogènes sur le complexe majeur 

d’histocompatibilité (CMH) de classe I. Ce défaut est en partie dû à l’incapacité de 

STIM1 à s’activer, engendrant un défaut de calcium dans les endosomes et 

phagosomes, nécessaire à la dégradation efficace des antigènes en peptides 

(Maschalidi et al., 2017 ; Nunes-Hasler et al., 2017). Cependant, d’autres mécanismes 

non décrits dans la littérature sont certainement impliqués dans ce processus.  

Au cours de ma thèse, notre but fût d’identifier de nouveaux clients d’UNC93B1 dans 

les CDs et d’étudier leur régulation dans les cellules 3d/3d. Pour cela, nous avons 

analysé des microarrays comparant l’expression de gènes entre les rates murines 

sauvages (WT) et 3d/3d. Parmi les gènes dont l’expression était plus faible dans les 

rates 3d/3d, nous avons observé STIM1, identifié comme un client d’UNC93B1, et 

IRE1α (Inositol-requiring enzyme 1).  

IRE1α est un senseur du stress du RE, activé à la suite d’une accumulation de 

protéines mal conformées dans le RE. IRE1α a alors pour but de ré-établir 

l’homéostasie du RE en augmentant l’expression de chaperones et en réduisant le 

taux de protéines dans l’organelle. Sous sa forme inactive, IRE1α est lié à la protéine 

chaperone BiP dans le RE. Lors d’un stress du RE, BiP se dissocie d’IRE1α et lie les 

protéines mal conformées, engendrant l’activation des domaines kinase et RNase 

d’IRE1α. Une fois activé, IRE1α épisse de façon non conventionnelle l’ARN messager 

(ARNm) d’XBP1 (X-box binding protein 1), donnant lieu à la production du facteur de 

transcription XBP1s, pour XBP1 spliced. XBP1s va alors activer la transcription de 

protéines chaperones du RE ou encore de membres d’ESCRT (Endosomal sorting 

complex required for transport), impliqués dans le trafic des protéines mal conformées 

vers la dégradation. De plus, IRE1α clive également des ARNm spécifiques, 

permettant une réduction du taux de protéines entrant le RE, via la voie RIDD 

(Regulated IRE1-dependent decay).  

Dans les CDs, IRE1α joue aussi un rôle dans la présentation croisée antigénique. En 

effet, les CDs déficientes pour XBP1 ont un défaut de présentation croisée 
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antigénique. Dans ces cellules, IRE1α est fortement activé à l’état basal et clive les 

ARNm spécifiques de la voie RIDD. Parmi ces ARNm, des facteurs importants à la 

présentation antigénique tels que Tapbp ou Ergic3 sont trouvés (Osorio et al., 2014). 

Tapbp code pour la tapasine, protéine clé dans l’acheminement des peptides vers le 

RE ou les endosomes et dans leur liaison au CMH de classe I. Ergic3 est impliqué 

dans le trafic du complexe CMH I-peptide vers le compartiment intermédiaire entre le 

RE et le Golgi (ERGIC) et vers la membrane plasmique. Le clivage de ces ARNm dans 

les CDs déficientes en XBP1 entraine probablement le défaut de présentation croisée 

antigénique observé. L’activation de la voie RIDD dans les CDs semble alors avoir un 

effet délétère sur leur fonction de cellules présentatrices d’antigènes.  

STING (Stimulator of interferon genes) est un autre client d’UNC93B1, identifié dans 

les cellules HeLa et dans les fibroblastes (He et al., 2021 ; Zhu et al., 2022). STING 

est impliqué dans la réponse aux molécules d’ADN qui se retrouvent dans le cytosol à 

la suite d’une infection ou d’un stress cellulaire. Ces molécules d’ADN sont reconnues 

par cGAS (Cyclic GMP-AMP synthase), qui va engendrer la production de cGAMP 

(Cyclic GMP-AMP) et l’activation de STING. STING va alors recruter TBK1 et IRF3, 

donnant lieu à la production de cytokines pro-inflammatoires et d’interférons de type I. 

STING interagit avec UNC93B1 dans le RE, et il fût théorisé qu’UNC93B1 promeut la 

dégradation de STING et l’arrêt de sa signalisation (He et al., 2021). En revanche, les 

expériences ont été conduites dans des cellules HeLa et des fibroblastes, dont le 

mécanisme de production de cytokines et d’interférons est différent des cellules 

myéloïdes, et des CDs.  

Au cours de ma thèse, notre but a été d’identifier si IRE1α et STING sont des clients 

d’UNC93B1 dans les CDs et d’étudier leur régulation dans les cellules 3d/3d.  

Méthodes. Pour mener nos expériences, nous avons différencié des cellules de 

moelle osseuse murines WT et 3d/3d en CDs in vitro. Pour cela, les cellules souches 

de moelle osseuse ont été mises en culture dans du milieu complémenté avec du GM-

CSF pendant 7 à 10 jours. Nous avons également purifié des CDs murines primaires 

de rate de souris WT et 3d/3d. Après avoir injecté des cellules de mélanome B16 

sécrétant la cytokine Flt3-ligand dans les souris, nous avons purifié la population 

amplifiée de CDs conventionnelles de type I dans la rate par cytométrie en flux. Nous 

avons ensuite étudié l’interaction d’UNC93B1 avec IRE1α et STING par 

immunoprécipitation et PLA (Proximity Ligation Assay), et avons déterminé l’activation 



169 
 

de ces protéines dans les CDs 3d/3d par western blot ou RT-qPCR. Nous avons 

également étudié l’une des fonctions principales des CDs, la présentation croisée 

antigénique. Pour cela, la prolifération de lymphocytes T après leur coculture avec des 

CDs WT et 3d/3d présentant un antigène a été évaluée. Des expériences de pousse 

tumorale ont aussi été effectuées dans les souris WT et 3d/3d.  

Résultats. Nous avons tout d’abord décrit l’association entre IRE1α et UNC93B1 dans 

les CDs WT et 3d/3d, interaction qui est augmentée dans les cellules 3d/3d. De plus, 

lorsque les CDs sont soumises à un stress du RE, l’association entre IRE1α et 

UNC93B1 est également amplifiée. Par transfection de mutants d’IRE1α dans les 

cellules HeLa, nous avons observé qu’IRE1α interagit avec UNC93B1 via son domaine 

transmembranaire. Ensuite, alors que l’interaction entre IRE1α et UNC93B1 est 

augmentée dans les CDs 3d/3d, nous avons voulu savoir si cela avait un impact sur 

l’activation d’IRE1α. En effet, dans les cellules portant la mutation 3d/3d d’UNC93B1, 

IRE1α est actif à l’état basal, épisse Xbp1 et clive des ARNm spécifiques via la voie 

RIDD tels que Tapbp ou ERp44. Le clivage de ces ARNm par IRE1α entraine un défaut 

de présentation croisée antigénique dans les CDs 3d/3d, qui sont capables de 

présenter l’antigène efficacement après inhibition de l’activité RNase d’IRE1α. De plus, 

dans les souris 3d/3d, dans lesquelles la pousse tumorale est significativement plus 

accrue que dans les souris WT, l’inhibition de l’activité RNase d’IRE1α réduit la 

croissance tumorale. Enfin, nous nous sommes intéressés au mécanisme d’activation 

d’IRE1α dans les CDs 3d/3d. La protéine chaperone BiP, gardant IRE1α sous forme 

inactive, ne se lie pas au senseur du stress du RE dans les CDs 3d/3d à l’état basal, 

entrainant son activation.                                                                                             

Nous avons ensuite identifié un nouveau client d’UNC93B1 dans les CDs, STING. 

UNC93B1 et STING interagissent dans le RE dans les CDs WT et 3d/3d. En revanche, 

dans les cellules 3d/3d, la réponse interféron liée à l’activation de STING est 

significativement plus faible que dans les cellules WT. Cette faible signalisation de 

STING est aussi retrouvée dans les CDs déficientes pour UNC93B1. Cela indique 

qu’UNC93B1 promeut l’activation de STING dans les CDs. De plus, dans les CDs 

3d/3d, la translocation de STING au Golgi après sa stimulation, nécessaire à la 

production d’interféron de type I, est réduite. En revanche, les phosphorylations de 

STING, de la molécule adaptatrice TBK1 et du facteur de transcription IRF3, induites 

après stimulation de STING, restent inchangées entre les CDs WT et 3d/3d. 
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Discussion/Conclusion. Dans les CDs, nous avons pu identifier deux nouveaux 

clients d’UNC93B1, IRE1α et STING. D’après nos observations, différents pools 

d’UNC93B1 existent dans le RE. En effet, bien qu’UNC93B1 interagisse avec IRE1α 

et STIM1 respectivement, ces deux protéines ne s’associent pas, nous indiquant une 

formation de divers complexes par UNC93B1. Ces différents complexes pourraient 

alors avoir des rôles bien distincts, et différentes localisations dans le RE. UNC93B1 

étant une protéine comportant 12 domaines transmembranaires, il est cependant 

compliqué d’étudier les dynamiques et les sites d’interaction d’UNC93B1 avec ses 

différents partenaires, ainsi que ses changements de conformation. Il fut cependant 

montré que la mutation 3d/3d d’UNC93B1 entraine un changement de conformation 

de la protéine, empêchant son interaction avec les TLRs endosomaux et STIM1, mais 

conservant celle avec IRE1α et STING. IRE1α s’associe plus avec UNC93B1 3d/3d 

dans les CDs, entrainant probablement son activation par le détachement de BiP. 

UNC93B1 semble alors promouvoir l’activation d’IRE1α, et nous pouvons nous 

demander si UNC93B1 est de plus nécessaire à son activité.  

L’activation d’IRE1α dans les CDs, et notamment de la voie RIDD, apparait être 

délétère pour la présentation croisée antigénique. En effet, d’autres travaux ont 

précédemment montré un défaut de présentation antigénique dû au clivage d’ARNm 

spécifiques par IRE1α (Osorio et al., 2014 ; Guttman et al., 2022). Dans les CDs 3d/3d, 

cette activité d’IRE1α à l’état basal ainsi que l’incapacité de STIM1 à s’activer et à 

créer des hotspots de calcium dans les endosomes/phagosomes, entrainent un défaut 

de présentation croisée antigénique. 

Les CDs 3d/3d rencontrent également un défaut dans la signalisation de la voie 

STING. Bien que nous sachions que la translocation de STING vers le Golgi est réduite 

dans les CDs 3d/3d, le mécanisme de cette baisse de signalisation est encore à 

élucider. Parmi les hypothèses pouvant être émises, STING pourrait être envoyé à la 

dégradation avant de pouvoir établir une réponse interféron efficace dans ces cellules, 

ou la forme 3d/3d d’UNC93B1 pourrait retenir STING dans le RE et empêcher sa 

signalisation. 

Mots clés : Cellule dendritique, Récepteurs Toll-like, UNC93B1, IRE1α, STING. 
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CORRECTION 

 

Correction: TLR7 trafficking and signaling in B cells is regulated by 

the MHCII-associated invariant chain 
Mira Tohme, Lucie Maisonneuve, Karim Achour, Michae ̈l Dussiot, Sophia Maschalidi and Be ́ne ́dicte Manoury 

 

There was an error in J. Cell. Sci. (2020) 133, jcs236711 (doi:10.1242/jcs.236711). 

 

The authors wish to correct an error in the ‘Cells and stimulations’ section of the Materials and Methods of this article, where the text 

incorrectly described the kit used to purify splenic B cells as a CD19-negative selection kit, instead of a CD19-positive selection kit. 

 

The correct text is as follows: 

 
‘Splenic IgM+/IgD+ mature B cells were isolated using a CD19-positive selection kit [Miltenyi Biotec (130-121-301), 90–95% purity as 
determined by fluorescence-activated cell sorting (FACS)] and immature IgM+/IgD− B cells were isolated and collected by flow 

cytometry.’ 
 

The authors apologise to readers for this error, which does not impact the results or the conclusions of the article. Both the online full text 

and PDF versions of the article have been corrected. 

© 2021. Published by The Company of Biologists Ltd | Journal of Cell Science (2021) 134, jcs259376. doi:10.1242/jcs.259376 
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TLR7 trafficking and signaling in B cells is regulated by the 

MHCII-associated invariant chain 
Mira Tohme1, Lucie Maisonneuve2,3, Karim Achour4, Michae ̈l Dussiot5, Sophia Maschalidi6 and 

Be ́ne ́dicte Manoury2,3,* 
 

 

ABSTRACT  

Toll-like receptor 7 (TLR7) is an endosomal receptor that recognizes 

single-stranded RNA from viruses. Its trafficking and activation is 

regulated by the endoplasmic reticulum (ER) chaperone UNC93B1 

and lysosomal proteases. UNC93B1 also modulates major 

histocompatibility complex class II (MHCII) antigen presentation, 

and deficiency in MHCII protein diminishes TLR9 signaling. These 

results indicate a link between proteins that regulate both innate and 

adaptive responses. Here, we report that TLR7 resides in lysosomes 

and interacts with the MHCII-chaperone molecule, the invariant chain 

(Ii) or CD74, in B cells. In the absence of CD74, TLR7 displays both 

ER and lysosomal localization, leading to an increase in pro- 

inflammatory cytokine production. Furthermore, stimulation with 

TLR7 but not TLR9, is inefficient in boosting antigen presentation in 

Ii-deficient cells. In contrast, in B cells lacking TLR7 or mutated for 

UNC93B1, which are able to trigger TLR7 activation, antigen 

presentation is enhanced. This suggests that TLR7 signaling in B 

cells is controlled by the Ii chain. 

KEY WORDS: Toll-like receptor 7, Invariant chain, B cells, UNC93B1 
 

 

 

INTRODUCTION 

Toll-like receptors (TLRs) recognize specific motifs from microbial 

molecules and initiate immune responses. TLRs belong to the 

family of single membrane-spanning receptors and are expressed in 

immune cells including B cells. Intracellular TLRs sense nucleic 

acids. Indeed, RNA or DNA from pathogen is recognized by 

TLR3, TLR7, TLR8 and TLR9 specifically. TLR7 senses 

imidazoquinoline derivatives such as imiquimod and single- 

stranded RNA from a wide variety of viruses such as influenza and 

HIV (Hemmi et al., 2002; Lund et al., 2004). Activation of 

intracellular TLRs by their ligands induces the recruitment of 

adaptor molecules, MyD88 for TLR7, TLR8 and TLR9, and TRIF 

(also known as TICAM1) for TLR3. Once recruited to their specific 

TLRs, adaptor proteins can activate two signaling pathways: the 

translocation of NF-κB or interferon response factor (IRF) into the 

nucleus for transcription of pro-inflammatory or interferon genes, 
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respectively. The localization, traffic and folding of intracellular 

TLRs are regulated by the endoplasmic reticulum (ER)-resident 

protein UNC93B1 (Tabeta et al., 2006; Brinkmann et al., 2007; 

Pelka et al., 2018; Majer et al., 2019). UNC93B1 binds directly to 

the transmembrane region of TLR3, TLR7, TLR8 and TLR9 in the 

ER and transports them to endocytic compartments upon 

stimulation (Kim et al., 2008). In dendritic cells (DCs) purified 

from mice expressing a point mutation in UNC93B1 (3d), 

intracellular TLRs are retained in the ER, preventing DCs from 

secreting cytokines upon engagement of TLR3, TLR7 and TLR9 

(Tabeta et al., 2006). However, in B cells, even though UNC93B1 is 

still required for intracellular TLR signaling, TLR9 seems, at the 

steady state, to reside in lysosomal compartments (Avalos et al., 

2013). In addition, mice or humans deficient for UNC93B1 are 

susceptible to multiple infections (Tabeta et al., 2006; Casrouge 

et al., 2006; Melo et al., 2010; Caetano et al., 2011). Intracellular 

TLRs require proteolytic cleavage in acidic endosomes for their 

activity (Park et al., 2008; Matsumoto et al., 2008; Ewald et al., 

2008; Sepulveda et al., 2009). Indeed, cells from different origins 

and deficient for asparagine endopeptidase (AEP) show significant 

decrease in cytokine production following TLR7 stimulation with 

imiquimod or infection with influenza virus (Maschalidi et al., 

2012). Also, inhibition of furin-like proprotein convertases severely 

diminishes TLR7 signaling (Hipp et al., 2013). 
B cells are dedicated cells in adaptive immunity as they present 

exogenous antigen on major histocompatibility complex class II 

(MHCII) molecules to CD4+ T cells. MHCII α and β chains 

assemble and form heterodimers in the ER, where they associate 

with a chaperone molecule, the invariant chain (Ii) or CD74 (Roche 

et al., 1991). A prerequisite for peptide loading onto MHCII 

molecules is the proteolytic destruction of Ii. The N-terminal 

cytoplasmic domain of Ii targets the MHCII–Ii complexes to the 

endocytic pathway (Zhong et al., 1997). Ii is sequentially cleaved, 

leaving a C-terminal portion: the class II invariant chain peptide or 

CLIP, which protects the class II peptide binding groove from 

binding peptides outside the endocytic compartments. In lysosomal 

vesicles, the chaperone molecule DM interacts with the complex 

MHCII–CLIP and facilitates the exchange of CLIP for peptides 

generated in the endocytic pathway (Denzin and Cresswell, 1995). 

Thus, Ii chains plays a critical role in MHCII antigen presentation to 

CD4+ T cells by stabilising MHCII in the ER and directing MHCII 

to endocytic compartments. Ii also interacts with MHCI and 

promotes antigen cross-presentation by DCs (Basha et al., 2012). In 

addition to their classical functions in antigen presentation, a recent 

study has shown that MHCII molecules are important components 

in the TLR response (Liu et al., 2011). MHCII deficiency in DCs 

and macrophages lowers the secretion of pro-inflammatory 

cytokines and type I interferon following TLR3, TLR4 or TLR9 

stimulation. MHCII forms a complex with the activated Bruton’s 

tyrosine kinase (Btk) induced by TLR stimulation, allowing a 

© 2020. Published by The Company of Biologists Ltd | Journal of Cell Science (2020) 133, jcs236711. doi:10.1242/jcs.236711 
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sustained interaction with MyD88 and activation of the NF-κB and 

IRF pathways. 

Because Ii chain is a key chaperone in MHCII trafficking and 

folding, we investigated the role of CD74 in regulating TLR7 and 

TLR9 responses. Here, we show that CD74 interacts with TLR7 

expressed in lysosomes and modulates specifically TLR7 but not 

TLR9 response in B cells. In B cells lacking CD74, stimulation of 

TLR7 initiates cytokine production and inhibits antigen 

presentation, whereas in B cells lacking TLR7 or mutated for 

UNC93B1, antigen presentation is increased. These results suggest 

that Ii chain in B cells dampens TLR7 innate immune responses to 

promote adaptive immunity. 

 
RESULTS 

Absence of Ii expression promotes TLR7 signaling in B cells 

To assess whether Ii plays a role in TLR signaling, we stimulated 

membrane and intracellular TLRs from wild type (wt) (Ii+/+) and 

Ii-deficient (Ii−/−) bone marrow-derived dendritic cells (BMDCs), 

macrophages (BMDMs) and B cells with TLR-specific ligands. 

Ii-deficient B cells produced significantly more interleukin 6 (IL-6) 
and tumor necrosis alpha (TNF-α) than wt B cells in response to two 
TLR7 ligands: imiquimod and gardiquimod (Fig. 1A; Fig. S1A). In 

contrast, Ii−/− B cells responded normally to TLR9 and TLR4 

stimulation and produced similar amounts of IL-6 and TNF-α to 

those produced by Ii+/+ B cells (Fig. 1A; Fig. S1A). No difference in 
TLR7 mRNA or protein expression was detected between Ii+/+ and 

Ii−/− B cells (Fig. S1B,C). In addition, CD69, an activation marker 

expressed by B cells, was upregulated in Ii-deficient B cells upon 

TLR7, but not TLR9, stimulation (Fig. 1B) in comparison to wt 

cells. Surprisingly, no difference in cytokines secretion was 

observed when wt BMDCs or BMDCs lacking Ii chain were 

stimulated with TLR4, TLR7 or TLR9 ligands (Fig. S1D). Similar 

results were obtained with BMDMs (Fig. S1E). TLR7 stimulation 

induces the recruitment of the adaptor protein MyD88 followed by 

the translocation of the transcription factor NF-κB into the nucleus 

leading to the production of pro-inflammatory cytokines. Thus, 

increased TLR7 signaling correlates with stronger activation of the 

transcription factor NF-κB. To investigate whether or not the 

increase in TLR7 signaling in Ii−/− B cells resulted in enhanced 

proximity/interaction between the adaptor protein MyD88 and NF- 

κB, we used an in situ proximity-ligation assay (PLA) method that 

gives a signal if two different molecules are localized within 40 nm 

of each other. This method has been widely used to monitor spatial 

proximity of two proteins at the subcellular level and potentially 

would allow us to detect and visualize MyD88 conjugated to NF-κB 

(Yamazaki et al., 2009; Leuchowius et al., 2011; Misawa et al., 

2013; Babdor et al., 2017). First, to validate this method, we 

monitored interaction signals between Ii and MHCII detected as red 

dots by confocal microscopy. As expected, we found spatial 

proximity of Ii with MHCII (Fig. S2A), which was significantly 

reduced in the absence of Ii. We then investigated interaction and 

proximity signals between MyD88 and NF-κB. In Ii+/+ B cells, 

interaction signals between endogenous MyD88 and NF-κB were 

detected when cells were stimulated with imiquimod (Fig. 1C) and 

were significantly increased in Ii−/− B cells. Furthermore, no signal 

was observed in unstimulated cells (Fig. 1C). As expected, similar 
interaction signals between MyD88 and NF-κB were observed in 

TLR7-stimulated Ii+/+ and Ii−/− BMDCs (Fig. S2B). 

It was reported by the group of Cao that MHCII molecules 

promote full activation of TLR3, TLR4 and TLR9 in macrophages 

and DCs by interacting with CD40 and Btk to prolong Btk 

phosphorylation needed for TLR activation (Liu et al., 2011). Thus, 

we investigated whether MHCII was also required for TLR7 function 
in B cells. We then stimulated wt (MHCII+/+) and MHCII-deficient 

(MHC-II−/−) B cells with different TLR agonists. We observed no 

substantial difference in cytokine production between MHCII+/+ and 

MHCII−/− B cells when TLR4, TLR7 or TLR9 were activated 
(Fig. S2C). Accordingly, expression of Btk or CD40 was the same in 

Ii+/+ and Ii−/− resting and TLR7-stimulated B cells (Fig. S2D). 

Recognition of the B-cell receptor (BCR) by antigen triggers 

BCR signaling and endocytosis. CpG-DNA- and BCR-induced 

TLR9 and antigen signaling have been shown to synergize in NF-

κB induction and p38 phosphorylation (Chaturvedi et al., 2008). 

Thus, we treated wt and Ii-deficient B cells with imiquimod to 

stimulate TLR7 or with Fab-anti-mouse IgM together with 

imiquimod to engage both BCR and TLR7 and monitored cytokine 

production. As expected, dual stimulation through BCR and TLR7 

increased IL-6 and TNFα production in wt B cells in comparison to 

TLR7 activation alone. This response was further amplified in Ii- 

deficient B cells but not in MHCII−/− B cells (Fig. 1D). Ii deficiency 

was shown to alter B cell maturation. Therefore, to exclude the 

hypothesis that the increased in TLR7 response detected in B cells 
lacking Ii was a result of a lack of B cell maturation, immature B 
cells were purified from bone marrow and TLRs were stimulated. 
Overall, wt immature B cells were unresponsive to TLR activation. 

However, similarly to mature B cells, Ii−/− immature B cells 

produced more IL-6 and TNF-α in response to TLR7 but not to 
TLR9 and TLR4 stimulation (Fig. S3). 

 
Ii chain interacts with TLR7 upon stimulation 

The results described above indicate that Ii might be part of the 

TLR7 signaling pathway. To address this, complementary DNA 

(cDNA) coding for hemagglutinin (HA)-tagged full-length TLR7 

and wt Ii were co-transfected in fibroblast. Forty-eight hours later, 

TLR7–Ii complexes were immunoprecipitated with an HA- 

conjugated antibody and blotted for Ii expression. As shown in Fig. 

2A, Ii interacts with TLR7 upon imiquimod stimulation. However, 

to look at possible Ii–TLR7–MyD88 proximity/ interactions in B 

cells, we used the DuoLink in situ PLA method described above 

because specific antibodies for detecting endogenous TLR7 

working in immunofluorescence or immunoprecipitation were 

unavailable. We transfected a cDNA coding for HA-tagged full-

length TLR7 in B cells and monitored the interaction of the 

transfected TLR7 protein with endogenous Ii. In a wt mouse B cell 

line (II.A1.6), interaction signals between endogenous Ii chain and 

transfected TLR7 were detected only when cells were stimulated 

with imiquimod (Fig. 2B). To investigate whether this interaction 

was specific for Ii chain, we used short hairpin RNA (shRNA) 

lentiviral particles targeting the Ii chain to silence Ii chain 

expression. Ii chain knockdown was confirmed using the 

individual shRNA 89 construct targeting a specific region of Ii and 

visualized by western blotting (Fig. 2C). The lower expression of 

Ii chain resulted in a significant decrease in the interaction signal 

between TLR7 and Ii previously observed upon TLR7 stimulation 

(Fig. 2B,C). Interestingly, the peak of interaction between Ii chain 

and TLR7 was observed after 30 min of imiquimod incubation 

(Fig. 2B, right panel). Upon imiquimod sensing, TLR7 associates 

with MyD88 to allow signal transduction (Ewald et al., 2008; 

Maschalidi et al., 2012). Therefore, we performed similar 

experiments as described above to visualize the proximity signal 

between Ii chain and MyD88. Upon TLR7 engagement, positive 

PLA signals corresponding to proximity between Ii and MyD88 

were present in the cells (Fig. 2D, left). Again the maximum 

signal was visualized after  J
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Fig. 1. TLR7-specific stimulation increases IL-6 production, CD69 expression and Myd88–NF-κB interaction in Ii-deficient B cells. (A) Ii+/+ or Ii−/− mature 

splenic B cells were stimulated with different TLR ligands for 12 h and secretion of IL-6 was measured by ELISA (n=8, graphs show mean±s.e.m., **P<0.01). 

(B) Mouse splenic B cells were treated without (black lines) or with (dashed lines) 5 µg/ml imiquimod or 10 µg/ml CpGB for 16 h and stained for CD69 expression 

using fluorescent antibodies. Gray histograms represent staining of B cells with the antibody isotype control. Quantification of three experiments using Prism is 

shown on the right. (C) Detection of Myd88 and NF-κB interaction using the proximity ligation assay (PLA) in situ in Ii+/+ and Ii−/− mature splenic B cells 

unstimulated (NS) or stimulated with imiquimod for 120 min. PLA signals are shown in red. One representative experiment out of three is shown. Quantification of 

mean fluorescence using ImageJ software is shown on the right (n=12–30 cells, *P<0.05, ***P<0.001). (D) IL-6 and TNF-α production in supernatants from Ii+/+, 

Ii−/−, MHCII +/+ or MHCII−/− mature B cells stimulated with imiquimod alone or together with BCR ligand (n=3, graphs show mean±s.e.m., *P<0.05). 

Scale bars: 5 μm. 

 

30 min of TLR7 engagement (Fig. 2D, right). To confirm that this 
interaction involved TLR7, Ii–MyD88 association in primary 
mouse B cells was monitored in the absence of TLR7. Indeed, no 
association between Ii chain and the adaptor protein MyD88 was 

observed in TLR7−/− B cells in comparison to TLR7+/+ cells 

(Fig. 2E). In contrast, we did not observe any interaction between 

TLR9 and Ii chain in B cells when TLR9 was stimulated (Fig. 

2F). In conclusion, Ii chain specifically associates with TLR7 and 

its adaptor molecule MyD88 but not with TLR9 in B cells. 
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Fig. 2. Ii interacts with or is in proximity to TLR7 and the adaptor molecule MyD88. (A) Fibroblasts were stimulated with imiquimod (5 µg/ml) for 30 min. TLR7 

was immunoprecipitated from lysates and TLR7 and Ii expression was analyzed by western blot. One representative experiment out of three is shown. 

(B) Detection of Ii and TLR7 interaction using PLA in situ with anti-HA and anti-Ii specific mAbs in IIA1.6 B cell line infected with lentiviruses carrying a shRNA 

sequence for Ii or a shRNA sequence control (ShNT). Cells were stimulated or not (NS) with imiquimod for different times. PLA positive signals are shown in red. 

One representative experiment out of three is shown. Quantification of mean fluorescence using ImageJ software (n=10 cells, *P<0.05, **P<0.01). (C) Anti-Ii and 

β-actin immunoblot of the B cell line IIA1.6 line infected with lentiviruses carrying different shRNA sequences for Ii or shRNA sequence control (ShNT). 

Quantification of three experiments using ImageJ software is shown below (n=3, *P<0.05, ***P<0.001). Detection of MyD88 and Ii interaction using PLA in situ 

with anti-MyD88 and anti-Ii specific mAbs in IIA1.6 B cell line (D) or in TLR7+/+ or TLR7−/− primary B cells (E) following imiquimod stimulation for different 

times. One representative experiment out of three is shown. Quantification of mean fluorescence using ImageJ is shown on the right of each panel (n=10 cells for 

C and n=30 cells for D, *P<0.05, **P<0.01 ***P<0.001). (F) Detection of Ii and TLR9 interaction using PLA in situ with anti GFP and anti-Ii specific mAbs in resting 

and CpG-stimulated primary B cells for different times, left panel. Quantification of mean fluorescence using ImageJ is shown on the right (n=10 cells). 

Lines in scatter plots indicate mean values. Scale bars: 5 μm.  J
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Ii   chain   regulates    TLR7    trafficking    in    B    cells 

To determine where TLR7 is localized in Ii+/+ B cells and whether or 

not Ii chain influences TLR7 trafficking, we first assessed by 

confocal microscopy the subcellular distribution of HA-tagged 

TLR7 construct in resting and activating Ii+/+ and Ii−/− B cells. 

Transfection efficiency of the HA-tagged TLR7 construct was the 
same in Ii+/+ and Ii−/− B cells (∼30%; Fig. S4). Ii acts as a chaperone 

for MHCII folding, transport and antigen presentation, and thus, in 

the absence of Ii, MHCII might accumulate in ER-related structures 
(Viville et al., 1993). Thus, to investigate the integrity of lysosomes 
in Ii-deficient B cells, we incubate B cells with the Lysotracker dye, 
which stains lysosomes. Similar lysosomal fluorescence was 

detected in both Ii+/+ and Ii−/− B cells expressing either TLR7 or 

TLR9 (Fig. 3A,B). Using confocal microscopy in TLR7-HA- 

expressing B cells, TLR7 staining was observed in small 

intracellular vesicles that contained the accessory protein H2-DM, 

Ii chain and MHCII molecules (Fig. 4A; Fig. S5A) both at steady 

state and upon TLR7 stimulation. These intracellular vesicles 

correspond to lysosomes as they stain positive for the lysosomal 

marker LAMP-1 (Fig. S6A). Additional experiments indicated that 

TLR7 did not reside in the ER, the ER-Golgi intermediate 

compartment or in early endosomes, as shown by the absence of 

TLR7 localization in calreticulin-, TAP1-, ERGIC53 (also known as 
LMAN1)- or VAMP3-positive compartments (Fig. S6B,C). In 

contrast, in resting or activated Ii−/− B cells, TLR7 was localized in 

ER vesicles that stained positive for calreticulin and less in the ER- 
Golgi intermediate compartment positive for ERGIC53 or in small 
intracellular vesicles containing VAMP3, H2-DM, Ii chain and 

MHCII molecules (Fig. 4A; Figs S5A and S6B,C). Quantification 

showed that the difference in TLR7-HA localization between Ii−/− 

and Ii+/+ B cells is highly significant (Fig. 4A, bottom panel). Next, 
we monitored endogenous TLR7 localization using imaging flow 

cytometry. In resting or activated Ii−/− B cells, TLR7 levels were 

higher in ER vesicles that stained positive for calnexin in comparison 

to Ii+/+ B cells (Fig. 4B; Fig. S5B). However, TLR7 was also detected 

in LAMP-1-positive lysosomal organelles, although significantly less 

than in Ii+/+ B cells (Fig. 4B). In addition, cross-linking the BCR with 

anti-IgM along with imiquimod treatment did not change the 

localization of TLR7 (Fig. 5A) in Ii-deficient B cells. Like TLR7, at 

steady state and upon CpG stimulation with or without BCR cross- 

linking, TLR9 also resides in lysosomal compartments and not in the 

ER, as it colocalizes with MHCII and H2-DM but not with calreticulin 

marker (Fig. 5B; Fig. S7A,B). 

Altogether, these results demonstrate that TLR7 and TLR9, 

unlike in DCs, reside in lysosomal compartments in B cells at steady 

state after intracellular TLR stimulation, and that Ii regulates TLR7 

trafficking in B cells. 

 
TLR7 subcellular localization is independent of UNC93B1 

UNC93B1 is a chaperone molecule for endosomal TLRs (Tabeta 

et al., 2006; Pelka et al., 2018). It associates with intracellular TLRs 

resident in the ER and mediates their translocation to endosomal or 

lysosomal compartments (Kim et al., 2008; Majer et al., 2019). 

Surprisingly, we observed that TLR9, unlike TLR7, partially 

colocalized with UNC93B1 when cells were activated or not with 

CpG or imiquimod (Fig. 6A). UNC93B1 and Ii staining seems to 

 
 

Fig. 3. Lysosome integrity is intact in 
Ii-deficient B cells. Immunofluorescence 

microscopy of resting or TLR-stimulated 

Ii+/+ and Ii−/− splenic B cells transfected 

with full-length (FL)-TLR7-tagged HA 

(A) or with FL-TLR9-tagged GFP (B) and 

immunostained for TLR9 (green) and 

lysosomes (red) using Lysotracker dye. 

Images shown are taken 30 min after 

incubation with the Lysotracker. One 

experiment representative of three is 

shown. Graphs on the right in A and B 

show quantification of fluorescence 

intensity using ImageJ software (n=6–10 

cells). Lines in scatter plots indicate mean 

values. Scale bars: 5 μm. 
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Fig. 4. Ii regulates TLR7 trafficking in B cells. (A) Immunofluorescence microscopy of resting Ii+/+ or Ii−/− splenic B cells transfected with FL-TLR7-tagged 

HA and immunostained for TLR7 (green), calreticulin (blue), H2-DM (red), MHCII (blue) and Ii (red). One experiment representative of three is shown. 

Quantification of colocalization using ImageJ is shown in graphs below (n=10 cells, *P<0.05, ***P<0.001). (B) Representative images of calnexin (CNX), LAMP-1 

and TLR7 intracellular staining in resting B cells from Ii+/+ or Ii−/− acquired by imaging flow cytometry. First column shows cells in brightfield, second column 

ER or lysosomal markers (CNX or LAMP-1), third column TLR7, fourth column merged. Graphs show quantification of colocalization (mean pixel intensity±s.e.m.; 

CNX-TLR7: Ii+/+, 0.1905±0.012, n=5045 and Ii−/−, 0.4110±0.0013, n=6478; LAMP-1-TLR7: Ii+/+, 2.236±0.1017, n=1328 and Ii−/−, 1.987±0.0278, n=6213; 

***P<0.001, ****P<0.0001). One experiment of three is shown. Lines in scatter plots indicate mean values. Scale bars: 5 μm. 

 

overlap, indicating that UNC93B1 might also be localized in 

lysosomal vesicles in B cells (Fig. 6B). This result is strengthened 

by experiments using imaging flow  cytometry, which showed 

 

weak colocalization of TLR7 and UNC93B1 in Ii−/− B cells, 

suggesting again, ER localization for TLR7 in B cells deficient in 
Ii (Fig. 6C).  J
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Fig. 5. BCR cross-linking does not affect TLR7 or TLR9 localization in B cells. Immunofluorescence microscopy of TLR7 or TLR9- and BCR-stimulated Ii+/+, 
Ii−/− splenic B cells transfected with FL-TLR7-tagged HA (A) or FL-TLR9-tagged GFP (B) and immunostained for TLR7 or TLR9 (green), calreticulin (blue) 

and H2-DM (red). One experiment representative of three is shown. Quantification of colocalization using ImageJ (n=10–13 cells, **P<0.01) is shown in lower 

panels of A and B. Lines in scatter plots indicate mean values. Scale bars: 5 μm. 

 

The innate, but not the adaptive, function of TLR7 is 

exacerbated in the absence of Ii 

In the absence of Ii, MHCII antigen presentation is abolished 

(Teyton and Peterson, 1992). So, to test the possibility that the lack 

of Ii regulates the balance between innate and adaptive TLR7- 

dependent response in B cells, as described above, in promoting 

cytokine production upon TLR7 sensing, we chose to assess MHC 

class I antigen cross-presentation. Indeed, B lymphocytes are able to 

cross-present exogenous antigens when they are internalized via 

their BCR, and MHCI cross-presentation was shown to be further 

enhanced when the antigen is coupled to TLR9 ligand (Heit et al., 

2004; Ke and Kapp, 1996; Jiang et al., 2011). First, we assessed 

whether MHCI antigen cross-presentation was increased in the 

presence of TLR ligands. Ii+/+, Ii−/− and TLR7−/− B cells were 

stimulated with soluble ovalbumin with or without imiquimod, CpG 
or lipopolysaccharide (LPS) for 12 h. Then, B cells were washed 

and incubated with carboxyfluorescein succinimidyl ester (CFSE)- 

labeled T cells specific for ovalbumin (OT-I cells). Three days later, 

T-cell proliferation was analyzed. In wt, Ii- and TLR7-deficient B 

cells, ovalbumin antigenic presentation led to a weak proliferation of 

T cells (Fig. 7A, gray histograms). However, T-cell stimulation was 

increased in wt B cells incubated with both ovalbumin and LPS or 

CpG or imiquimod (Fig. 7A, black lines). As expected, similar 

proliferation of OTI T cells was observed in TLR7−/− B cells 

activated with ovalbumin in the presence or absence of imiquimod, 

demonstrating that TLR7 stimulation specifically increases MHCI 
antigen cross-presentation in wt cells (Fig. 7A, bottom row). 
Surprisingly, the boost in T-cell proliferation observed when wt 

cells were stimulated with imiquimod was abolished in Ii−/− B cells 

and to a similar extent as in TLR7-deficient cells (Fig. 7A, black 

lines, middle row, quantification in Fig. 7B). In contrast, no 
difference was detected between CpG- or LPS-stimulated Ii+/+ and 

Ii−/− cells. In addition, two concentrations of OVA-control peptide 

triggered similar proliferation in all cell types tested (Fig. 7C). These 
results suggest that TLR stimulation increases MHCI antigen cross- 

presentation in B cells, and that Ii chain promotes TLR7-dependent  J
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Fig. 6. TLR9, but not TLR7, colocalizes with UNC93B1. (A) Immunofluorescence microscopy of resting (NS) or TLR-stimulated splenic B cells transfected 

with FL-TLR7-tagged HA (top) or FL-TLR9-tagged GFP (bottom) and immunostained for TLR7 or TLR9 (green) and UNC93B1 (red). One experiment 

representative of three is shown. Quantification of colocalization using ImageJ is shown to the right (n=10 cells, ***P<0.001). (B) Immunofluorescence microscopy 

of resting (NS) or TLR9-stimulated splenic B cells immunostained for Ii (red) and UNC93B1 (blue). One experiment representative of three is shown. 

Quantification of colocalization using ImageJ is on the right (n=15–17 cells). (C) Representative images of UNC93B1 and TLR7 intracellular staining in 

resting B cells from Ii+/+ or Ii−/− acquired by imaging flow cytometry. Graphs show quantification of colocalization of UNC93B1 and TLR7 (mean pixel intensity 

±s.e.m. Ii+/+, 0.5752±0.048, n=1294 and Ii−/−, 0.1043±0.0092, n=4411; ****P<0.0001). Lines in scatter plots indicate mean values. Scale bars: 5 μm. 

 

adaptive but not innate function in B cells. Many laboratories have 

described the important role of UNC93B1 in TLR trafficking, 

signaling, and MHCI and MHCII antigen-presentation pathways 

(Tabeta et al., 2006; Maschalidi et al., 2017). We then wondered 

whether UNC93B1 might play a similar role to Ii chain in regulating 

the innate and adaptive function in B cells. To address the 

contribution of UNC93B1 in the adaptive response in B cells, wt 

and UNC93B1 mutated (3d) B cells, which harbor a mutation in the 

transmembrane domain of UNC93B1 and inhibit intracellular TLRs 

signaling, were incubated with beads coated with myelin 

oligodendrocyte (MOG) antigen alone or coupled with BCR ligand 

(anti-IgM) for 6 h. Then, B cells were washed and incubated with 

a CD4+ T cell hybridoma specific for MOG, and MOG antigenic 

presentation was evaluated by the secretion of IL-2. In UNC93B1-

defective B cells, TLR signaling was abolished (Fig. 7D, left); 

however, significant increase in IL-2 production was detected 

compared to control cells even in the absence of BCR stimulation 

(Fig. 7D, middle). MOG peptide presentation was identical 

between wt and 3d cells (Fig. 7D, right). Furthermore, no difference 

in MHCII expression was detected between wt and  J
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Fig. 7. Regulation of antigen presentation by Ii, UNC93B1 and TLR7. (A) Proliferation of OT-I T cells cultured with Ii+/+, Ii−/− or TLR7−/− B cells incubated with 

soluble ovalbumin (gray histograms) with or without imiquimod, CpGB or LPS (dark lines). (B) Quantification of four independent experiments (mean±s.e.m., 

*P<0.05). (C) SIINFEKL was used as an OVA-peptide control (‘Peptide’) in unstimulated cells. (D) WT (white bars) and UNC93B1 mutated (black bars) B cells 

were stimulated with TLR ligands and IL-6 secretion was measured in the supernatants (n=3, graphs show mean±s.e.m., ***P<0.001). WT and UNC93B1 

mutated (D) or TLR7+/+ and TLR7−/− (E) B cells were incubated with MOG-coated beads or MOG- and IgM-coated beads for 6 h, washed and co-cultured 

with a CD4+ T cell hybridoma specific for MOG. IL-2 secretion in the supernatant was monitored by ELISA. MOG peptide was used as control (n=3, graphs show 

mean±s.e.m., *P<0.05, ***P<0.001). (D,E) WT or TLR7+/+ (white bars) and UNC93B1 mutated or TLR7−/− (black bars) B cells were stimulated with 

TLR ligands and IL-6 secretion was measured in the supernatants (n=3, graphs show mean±s.e.m., ***P<0.001). 

 

UNC93B1-defective B cells (Fig. 8A). In addition, MHCII 

colocalized with LAMP-1 in lysosomal compartments in wt cells, 

and to the same extent as in UNC93B1 mutated B cells, as shown 

by immunofluorescence studies (Fig. 8B). To further investigate 

the role of TLR7 in innate versus adaptive immunity in B cells, we 

stimulated TLR7-deficient B cells with TLR7 ligand 

and measured cytokine production and MHCII MOG antigen 

presentation. As expected, TLR7−/− B cells failed to secrete IL-6 

upon imiquimod addition (Fig. 7E, left). However, MHC class II 
presentation was enhanced in B cells lacking TLR7 in both MOG- 
and MOG coupled to BCR-treated cells (Fig. 7E, middle). 

Again, MHCII expression and localization were similar in wt and 
TLR7-deficient B cells (Fig. 8C,D). However, we noticed that 

TLR7−/− B cells express slightly more Ii at the cell surface and in 

LAMP-1 positive lysosomes in comparison to TLR7+/+ B cells (Fig. 

8E,F). Altogether, these results show that, in B cells, TLR 

stimulation increases MHCI antigen cross-presentation; Ii chain 

promotes TLR7-dependent adaptive but not innate function; and 

UNC93B1 has the opposite role to Ii in favoring innate, but not 

adaptive, response. 

 
DISCUSSION 

The mechanisms by which intracellular TLRs are regulated remain 

poorly understood. Growing evidence has described the importance 

of a number of proteins such as the chaperone molecule UNC93B1, 

the MHCII complex, the clathrin adaptors (AP) and insulin 

responsive aminopeptidase (IRAP) in intracellular TLR 

trafficking, folding and signaling (Tabeta et al., 2006; Brinkmann  J
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Fig. 8. MHCII and Ii chain expression and localization in TLR7- and UNC93B1-defective B cells. TLR7+/+ (black lines), TLR7−/− (dashed lines) or WT (black 

lines), UNC93B1 mutated (dashed lines) splenic B cells were stained for MHCII (A,C) or Ii chain (E) using fluorescent antibodies. Gray histograms represent 
staining of B cells with the antibody isotype control. Immunofluorescence microscopy of WT, UNC93B1 mutated (B), TLR7+/+, TLR7−/− (D,F) B cells 

immunostained for LAMP-1 (green), MHCII (red) and Ii (red). One experiment representative of three is shown. Scale bars: 5 μm. 

 

et al., 2007; Kim et al., 2008; Sasai et al., 2010; Liu et al., 2011; Lee 

et al., 2011; Babdor et al., 2017). 

In resting cells, TLR9 resides in the ER and, after stimulation, it is 

addressed to endosomal compartments (Latz et al., 2004; Leifer 

et al., 2004) positive for VAMP3 (Sasai et al., 2013) and IRAP 

(Badbor et al., 2017). There, TLR9 is cleaved and triggers the 

recruitment of the adaptor molecule MyD88, NF-κB activation and 

subsequent production of pro-inflammatory cytokines. Then, 

processed TLR9 is translocated to lysosomal compartments 

containing LAMP-1, in an AP3-dependent manner. In lysosomes, 

TLR9 activates IRF and the secretion of type I interferon. In 

UNC93B1- or AP3-deficient cells, TLR9 remains in the ER or in 

VAMP3-positive endosomes, whereas in DCs lacking IRAP, TLR9 

is localized in LAMP-1 lysosome, leading to enhanced cytokine 

secretion. In addition, AP2 facilitates TLR9 transport to the cell 

surface and subsequent internalization in the endosomes. It has been 

suggested that TLR7 instead requires AP4 to travel directly from the 

trans-Golgi network to the endosomes, bypassing cell surface 

localization (Lee et al., 2013). Thus, these results indicate that 

identifying the specific intracellular organelles in which TLR9 

resides is crucial for the outcome of the innate immune response. 

However, very few studies have investigated TLR7 trafficking and 

signaling in antigen-presenting cells, especially in B cells, probably 

because of the lack of antibodies specific for endogenous TLR7. 

The results presented here provide evidence for a novel pathway, 

by which Ii chain in B cells regulates TLR7 responses by 

influencing the subcellular localization of TLR7. Here, we show 

that, in B cells, unstimulated or stimulated with TLR7 agonist, 

TLR7 resides in lysosomal compartments positive for MHCII, Ii 

chain, H-2DM and LAMP-1. In addition, the localization of TLR7 

is unaltered in wt BCR cross-linked B cells. However, in Ii-deficient 

B cells, TLR7 relocalized partially in the ER. This suggests that 

expression of TLR7 in the ER might be required for the enhanced 

secretion of pro-inflammatory cytokines but not for the increase in 

MHCI antigen cross-presentation. 

Two groups have recently described TLR9 trafficking and 

localization in B cells but nothing on TLR7 was reported. TLR7 

and TLR9 trafficking require UNC93B1, a molecular chaperone, 

which controls their folding and transport from the ER to 

endolysosomes in macrophages and DCs (Kim et al., 2008; Pelka 

et al., 2018). Indeed, a single mutation within the UNC93B1 

transmembrane domain is sufficient to abolish intracellular TLR 

signaling (Tabeta et al., 2006). The group of Pierce investigated 

endogenous TLR9 trafficking in primary B cells (Chaturvedi et al., 

2008), while the group of Brinkmann generated a transgenic mouse 

expressing a TLR9–GFP fusion protein (Avalos et al., 2013). Pierce 

and colleagues reported that TLR9 resides in endosomal 

compartments positive for EEA1 and transferrin receptor in resting 

primary B cells. However, upon BCR cross-linking with labeled 

anti-IgM alone or together with CpG-DNA, TLR9 relocalized in 

LAMP-1 positive lysosomes, which contain internalized IgM 

(Chaturvedi et al., 2008). In contrast, the group of Brinkmann 

described TLR9–GFP localization in lysosomal compartments 

visualized by Lysotracker in resting B cells (Avalos  J
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et al., 2013). In addition, they showed an alteration of TLR9 

endosomal localization in UNC93B1-defective B cells, in which 

TLR9 was found in the ER and not in the lysosomes. The fact that 

these two groups used different tools to visualize TLR9 trafficking 

might account for the discrepancy observed. 

Ii or CD74 is a critical chaperone for MHCII molecules 

(Cresswell, 1996). Ii was also shown to regulate MHCI trafficking 

from the ER to the endolysosomes (Basha et al., 2012). In addition, 

CD74 has been already characterized as an accessory signaling 

molecule by inducing activation of NF-κB p65/RelA homodimer 

and its co-activator TAFII 105 and the signaling cascade involving 

the Syk tyrosine kinase and the PI3K/Akt pathway resulting in B-

cell proliferation, survival and development (Starlets et al., 2006). 

Interestingly, the lack of MHCII molecules resulted in reduced 

TLR3, TLR4 and TLR9 signaling in macrophages and DCs (Liu et al., 

2011). Following TLR3, TLR4 and TLR9 stimulation, MHCII 

facilitates Btk phosphorylation and interaction with CD40 in the 

endosomes, thus promoting pro-inflammatory cytokine 

production. Surprisingly, our results showed no difference in 

TLR4-, TLR7- and TLR9-induced pro-inflammatory cytokine 

secretion in both wt and MHCII-deficient B cells. However, Ii 

seems to selectively regulate TLR7 responses in primary B cells. 

In fact, we show that, in the absence of Ii, TLR7 is found in the ER 

together with TAP1, calreticulin and calnexin, whereas in wt cells 

TLR7 preferentially localizes in Ii-, H2-DM-, MHCII- and 

LAMP-1-positive compartments. In addition to this specific 

TLR7 ER localization in Ii-deficient cells, B cells lacking Ii 

secrete significantly more cytokines when stimulated with TLR7. 

In contrast, TLR9 response remains intact in Ii-deficient B cells. 
Why the lack of  Ii triggers significant  increase in cytokine 

production following TLR7 stimulation is still not elucidated. 

Interestingly, a connection between TLR7 stimulation and the 

molecular chaperone calreticulin has been described by the group of 

Jeffries (Byrne et al., 2013). Upon TLR7 stimulation, Btk kinase is 

phosphorylated and associates with calreticulin. Interaction between 

Btk and calreticulin induces calreticulin activation and transport to 

the cell surface, where it colocalizes with CD91. Btk–CD91 contact 

will allow the cells to uptake apoptotic debris. In addition, Btk is 

also shown to be involved in promoting optimal TLR9-driven 

cytokine production in macrophages and B cells (Hasan et al., 2008; 

Vijayan et al., 2011). In our study, we show colocalization of TLR7 

with calreticulin and calnexin in B cells lacking Ii. Thus, perhaps 

TLR7 stimulation in Ii-deficient B cells induces Btk 

phosphorylation and association with calreticulin, promoting 

cytokine production. In addition, Ii chain and MyD88 might 

compete for the binding of TLR7. Thus, in the absence of Ii chain, 

more MyD88 molecules might associate with TLR7, resulting in an 

increase in cytokine production following TLR7 stimulation. We 

are currently performing experiments to address this hypothesis. 
By performing Duolink experiments, we show that Ii forms a 

complex together with MyD88, suggesting a probable role for Ii, not 

only in facilitating transport of TLR7 from the ER to lysosomes, but 

also by contributing to the signaling complex containing TLR7. In 

addition, Ii contains targeting motifs, two di-leucine-based signals 

in its cytoplasmic tail, shown to be involved in MHCII–Ii complex 

trafficking to early endosomes either directly or via the plasma 

membrane (Pond et al., 1995). Ii interacts in vitro with the clathrin 

adaptors AP1 and AP2, and these interactions are dependent on the 

two di-leucine-based sorting motif in its tail (Hofmann et al., 1999). 

Also, TLR7 transport to lysosomes might require AP4. Whether or 

not the same di-leucine-based motifs in Ii also interact with TLR7 

with the help of AP1, AP2 or AP4 and mediate TLR7 traffic in 

primary B cells remains to be investigated. 

Cleavage of TLR7 is critical for its activation. Previous studies have 

described the role of different cysteine proteases in processing TLR7 

in DCs and macrophages (Ewald et al., 2011; Maschalidi et al., 2012). 

However, in this study, we were not able to identify the proteases 

cleaving TLR7 in B cells. Indeed, AEP-, cathepsin B-, cathepsin L-, 

cathepsin S-deficient B cells show similar cytokine production upon 

imiquimod stimulation (Fig. S8). Furthermore, expression of 

cathepsins did not differ between Ii−/− and Ii+/+ B cells, indicating 

that TLR7 processing might not be required in B cells, or that a yet 
unidentified protease might be involved. Indeed, work from the group 

of Cerundolo describes a role for furin-like proprotein convertases in 

TLR7 activation in human B cells (Hipp et al., 2013). However, we 

did not observe any difference in cytokine production between wt B 

cells and B cells incubated with a specific furin inhibitor following 

TLR7 stimulation (data not shown). 

Interestingly, Ii deficiency favors TLR7-dependent innate and not 

adaptive response. Indeed TLR7 does not promote MHCI antigen 

cross-presentation in the absence of Ii in B cells. Furthermore, in B 

cells lacking TLR7, Ii expression and MHCII antigen presentation 

are increased. Altogether, these results demonstrate a mutual 

regulation between TLR7 and Ii and highlight a new role for Ii in 

maintaining a balance between innate and adaptive responses in B 

cells. In addition, these results uncover a new role for Ii in 

modulating MHCI and MHCII, and also TLR7, transport from the 

ER to the lysosomes. 

In conclusion, these findings suggest that targeting Ii in 

pathological situations in which the TLR7 pathway is dysregulated, 

such as diabetes and lupus, could perhaps benefit the host. 
 

MATERIALS AND METHODS 
Mice 

Female or male (8- to 12-week-old) Ii−/−, MHCII−/−, AEP−/−, cathepsin B−/−, 

cathepsin S−/− and cathepsin L−/− mice were backcrossed ten times on the 
C57Bl6 background, and bred in a pathogen-free environment at Institut 

Necker-Enfants Malades (INEM) and Institut Curie animal facilities. All 

animal care and experimental procedures were performed in accordance 

with the guidelines and regulations of the French Veterinary Department 

and approved by ethical committee (A-75-2003). 

 
 

Cells and stimulations 

A single-cell suspension was generated by mechanical disruption of spleens 

from 8- to 12-week-old mice. Splenic IgM+/IgD+ mature B cells were 

isolated using a CD19-positive selection kit [Miltenyi Biotec (130-121- 

301), 90–95% purity as determined by fluorescence-activated cell sorting 

(FACS)] and immature IgM+/IgD− B cells were isolated and collected by 

flow cytometry. The mouse lymphoma cell line IIA1.6 (Lankar et al., 2002) 

and the MOG T-cell hybridoma (kindly provided by S. Anderton, 

University of Edinburgh, Edinburgh, UK) were cultured in complete RPMI 

medium and were authenticated and tested for contamination. BMDCs and 

BDDMs were generated as previously described (Sepulveda et al., 2009). 

Cell differentiation was controlled by FACS (anti-CD11c, HL3 and anti-

CD11b, M1/70, BD Biosciences). Plated cells in 96-well plates were 

treated overnight with the TLR ligands (LPS from Sigma-Aldrich; 

imiquimod, gardiquimod and resiquimod from Invivogen; CpGB, 5′- 
TGACTGTGAACGTTCGAGATGA-3′, from Trilink Biotechnologies) 

and goat affinity purified F (ab′)2 anti-IgM (10 µg/ml) as a BCR ligand 
from MP Biomedicals. Cytokines were measured in supernatants using 

commercial ELISA kits (TNF-α, IL-6, eBioscience). 

 
Preparation of antigen-coated beads 

To prepare antigen-coated beads, 4×107 3 μm latex NH2 beads 

(Polyscience) were activated with 8% glutaraldehyde for 2 h at room  J
o
u
rn

a
l 
o
f 

C
e
ll
 S

c
ie

n
c
e
 

 

http://jcs.biologists.org/lookup/doi/10.1242/jcs.236711.supplemental


12 

 

 

RESEARCH  ARTICLE Journal of Cell Science (2020) 133, jcs236711. doi:10.1242/jcs.236711 

 

temperature (RT). Beads were washed with PBS and incubated overnight 
(O/N) with different ligands: 100 μg/ml of F(ab′)2 goat anti-mouse-IgM and 

100 μg/ml of MOG or MOG protein alone. 

 
FACS staining 

Cells were permeabilized with BD Cytofix/Cytoperm and then incubated 

with anti-TLR7 (ab24184, Abcam, 1:100), anti-Btk (ab25971, Abcam, 

1:100), anti-CD69 (552879 clone H1, 2F3, BD Biosciences, 1:100), anti- 

CD40 (558695, clone 3/23, BD Biosciences, 1:100), anti-MHCII (Manoury 

et al., 2003, Y3P antibody, 1:250) and anti-Ii (555317, clone In-1, BD 

Biosciences, 1:200) in PBS 1% bovine serum albumin (BSA). Cells were 

then analyzed by flow cytometry (FACS Calibur) using FlowJo software. 

 
Primary B cell transfection and immunofluorescence 

Splenic purified B cells were stimulated with 35 μg/ml LPS in complete 

RPMI medium (10% FBS, 2 mM glutamine, 50 μg/ml penicillin/ 

streptomycin, 50 μM β-mercaptoethanol, 25 mM HEPES, 1× non- essential 

amino acids, 1 mM sodium pyruvate) overnight at a concentration of 

2×106 cells/ml. Then, 5×106 B cells were transfected with 2.5 μg cDNA 

coding for mouse full-length TLR7-HA tagged or for mouse full-length 

TLR9–GFP using a mouse B cell Amaxa kit (Lonza, Germany). Twenty-

four hours later, cells were harvested and stimulated with TLR7, TLR9 

ligands and/or BCR ligand for different times. For immunofluorescence 

studies, transfected B cells were grown on IBIDI channels (Biovalley) for 

2 h, then stimulated and fixed with 4% paraformaldehyde for 10 min at RT 

and quenched in 100 mM glycine for 5 min. Fixed cells were permeabilized 

for 20 min and incubated at RT with anti-HA (3F10 clone, Sigma-Aldrich, 

1:100), anti-GFP (1814460, Roche, 1:100), anti-H2DM (gift from D. 

lankar, Institut Curie, Paris, France), anti-calreticulin (ab2907, Abcam, 

1:200), anti-ERGIC-53 (ab129179, Abcam, 1:100), anti-Ii (555317, clone 

In-1, BD Biosciences, 1:100), anti-UNC93B1 (sc-135545, Santa Cruz 

Biotechnology, 1:100), anti-TAP1 (sc-11465, Santa Cruz Biotechnology, 

1:100), anti-MHCII (Manoury et al., 2003, Y3P clone, 1:200), anti-VAMP3 

(104203, Synaptic Systems, 1:100) and anti-CD107α LAMP1 (553792, 

clone 1D4B, BD Biosciences, 1:200) antibodies in PBS, 0.2% BSA, 0.05% 

saponin for 1 h. Secondary antibodies (anti-mouse, anti-rat and anti-rabbit; 

1:250) are from Jackson ImmunoResearch. Immunofluorescence images were 

acquired on a Zeiss confocal microscope (laser scanning confocal 

microscope LSM700; 63×/1.4 NA oil DicM27 plan apochromat objective) 

with the acquisition software Zen 2009, and were analysed and quantified 

with ImageJ software. 

 
Lysotracker                           staining 

Splenic B cells (2×105) were grown on IBIDI channels (Biovalley) for 2 h in 

complete RPMI medium and were incubated with 75 nM Lysotracker Red 

(Molecular Probes, Invitrogen) for 30 min at 37°C. Time-lapse images were 

obtained every 10 min for 2 h with a Zeiss LSM confocal microscope. 

In situ proximity ligation assay (PLA) 

A Duolink in situ PLA kit was used according to the manufacturer’s 

instructions (Olink, Biosciences) for in situ PLAs. Briefly, B cells were 

grown on coverslips and then fixed in 4% paraformaldehyde for 10 min 

before permeabilization in PBS, 0.05% saponin-0.2% BSA for 10 min. 

Cells were then blocked in 3% BSA/PBS and incubated with primary 

antibodies (anti-MyD88, D80F5, Cell Signaling Technology; anti-NF-κB, 

sc-372, Santa Cruz Biotechnology; anti-HA, CF29F4, Sigma-Aldrich; anti- 

Ii, 555317, clone In-1, BD Biosciences, and anti-GFP, ab290, Abcam; all at 

1:100 dilution). After washing the cells, PLA probes were added, followed 

by hybridization, ligation and amplification for 90 min at 37°C. TLR7–Ii, 

MyD88–Ii, TLR9–Ii, Myd88–NF-κB and MHCII–Ii interactions (red) were 

visualized after incubation with the detection solution. Slides were analyzed 

by confocal microscopy. Quantification of mean fluorescence was 

performed using ImageJ software. 

 
Real-time polymerase chain reaction 

Total RNA was extracted from 5×106 splenic mature B cells using an 

RNeasy Mini Kit according to manufacturer’s instructions (Qiagen). 

Corresponding cDNA was synthesized using a reverse transcriptase kit 

from Promega. Real-time polymerase chain reaction (RT-PCR) was then 

performed using an ABI 7900 RT-PCR detection system (Applied 

Biosystems, Foster City, CA) in 10 µl reactions containing 1 µl of diluted 

cDNA, 300 nM of forward and reverse primers and SYBR Green PCR 

Master Mix (Thermo Fisher Scientific). Each sample was run in duplicate 

for Tlr7 gene and the relative quantity (RQ) of mRNA was calculated based on 

the housekeeping gene Hprt. The sequences of the primers used are the 

following: Fw: 5′-CAGGCCAGATTTGTTGGAT-3′; Rv: 5′-TTGCGCT- 

CATCTTAGGCTTT-3′ for mouse Hprt and Fw: 5′-CCACAGGCTCAC- 

CCATACTTC-3′;   Rv:   5′-GGGATGTCCTAGGTGGTGACA-3′ for 

murine Tlr7. 

 
Antigen presentation assays 

In vitro cross-presentation assays were performed as previously described 

(Maschalidi et al., 2017). Briefly, Ii+/+, Ii−/− and TLR7−/− splenic B cells 

were incubated with 10 mg of soluble OVA or BSA and stimulated or not 
with 10 µg/ml imiquimod, 10 µg/ml CpGB or 1 µg/ml LPS. Then, CFSE- 

labeled OT-I T cells were added to the culture and the proliferation of T cells 
was monitored 3 days later. MOG antigen was coupled to glutaraldehyde- 

activated NH2 beads together with or without F(ab′)2 anti-mouse-IgM in 

equal concentrations. Spleen mature B (2×105 cells/well) cells from wt, 

UNC93B1 mutated and TLR7−/− mice were incubated with MOG-coated 

beads in the presence or absence of F(ab′)2 anti-mouse-IgM or with MOG 
peptide for 6 h at 37°C in 96-well plates. B cells were then washed and 

incubated with 105 MOG T-cell hybridoma for 24 h. IL-2 was measured in 

the supernatants using an ELISA kit from BD Biosciences. 

 

Lentivirus infection 

For shRNA experiments, purified pLKO.1 lentiviral plasmids carrying 

shRNA sequences for Ii (NM_010545, Sigma-Aldrich) or control shRNA 

(SHC002, Sigma-Aldrich) were used to generate lentiviral particles. Briefly, 

HEK 293T packaging cells were co-transfected with the transfer ( pLKO/ 

shRNA), packaging ( pPAX2) and envelope ( pMD2G) plasmids, using 

GeneJuice Transfection Reagent (Novagen) as recommended by the 

manufacturer. Virus supernatant was titered and added to the cell culture 

containing the IIA1.6 B cell line at day 2 and at a multiplicity of 0.03 pg p24/ 

cell. The medium was changed at day 3 and infected cells were selected with 

4.5 μg/ml of puromycin added in the medium from day 4 to day 6. Several 

washes were done during the selection process to eliminate dead cells. 

Infected B cells were used for Duolink experiments and western blot 

analysis. 

 
Constructs 

Murine Tlr7 and Tlr9 constructs were generated as previously described 

(Sepulveda et al., 2009; Maschalidi et al., 2012). Briefly, Tlr7 and Tlr9 

cDNAs containing the FL sequence followed by a HA tag or GFP tag were 

cloned into pcDNA3.1 by PCR of the pUNO mTLR7-HA or pUNO 

mTLR9-HA plasmid (Invivogen). 
 

Imaging  flow  cytometry  analysis  (Imagestream) 

Purified spleen B cells (3×106) were first incubated in complete medium for 

30 min at 37°C with or without TLR7 ligand (guardiquimod 1 µg/ml). Cells 

were then placed on ice and washed with FACS buffer (PBS, 5 mM EDTA, 

3% fetal calf serum) before fixation and permeabilization using a BD 

Cytofix/Cytoperm kit (BD Biosciences) for 2 h. Fixed and permeabilized 

cells were incubated at room temperature for 30 min with anti-LAMP-1 

(553792, clone 1D4B, Pharmingen, 1:200), anti-calnexin (kindly provided 

by E. Chevet, University of Rennes, Rennes, France, 1:200), anti-UNC93B1 

and anti-TLR7 PE (565557, clone A94B10, BD Biosciences, 1:100). 

Secondary antibodies anti-rat Alexa Fluor 488 (712-605-143, Jackson 

ImmunoResearch, 1:200) and anti-rabbit Alexa Fluor 647 (711-545-152, 
Jackson ImmunoResearch, 1:100) antibodies were then added for 30 min at 

4°C in the dark. After washing, cells were stained with 4′,6-diamidino-2- 

phenylindole (DAPI) and image acquisition was performed. Samples were 
run on an Imagestream ISX mkII (Amnis Corp, Luminex, Seattle, WA) and 
60× magnification was used for all acquisitions. Data were acquired using 

the INSPIRE software (Amnis Corp) and analyzed using IDEAS™ software 

(version 6.2 Amnis Corp). On average, 30,000–50,000 events were  J
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collected in all experiments. Single-stain controls were run for each 

fluorochrome used and spectral compensation was performed. Cells were 

gated for single cells using the area and aspect ratio of the brightfield image, 

gated for focused cells using the gradient RMS feature, and viable cells were 

selected on the basis of positive expression of DAPI. LAMP-1, CNX and 

UNC93B1 masks were created to study the localization and expression of 

TLR7. TLR7 quantification was expressed as mean pixel intensity value, 

which is the intensity normalized to the surface area of the mask for each 

compartment. Normalization between Ii+/+, Ii−/− was done by dividing this 

value by the mean pixel intensity of TLR7 of the mask of the whole cell. 

 
Statistics 

Statistical significance was determined by unpaired Student’s t-test or two- 

way ANOVA. *P<0.05, **P<0.01 and ***P<0.001. 
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Dendritic cells (DCs) have the unique capacity to link innate to adaptive immunity. While most cells that express 

major histocompatibility (MHC) molecules are able to present antigens to activated T cells, DCs possess the means 

for presenting antigens to naïve T cells, and, as such, are able to instruct T cells to initiate immune response. There 

are two cascades of events necessary for DCs to start their instructive function. First, DCs enzymatically process 

proteins to make T cells recognize an antigen as unique peptide-MHC complexes. Second, DCs provide secretory 

cytokines and co-stimulatory functions for T cells to respond to this antigen. Thus, the compartments for protein 

degradation and for protein synthesis are central to DC function. The endoplasmic reticulum (ER), a vast network of 

membranes and vesicles, connects these compartments and helps modulate DC- specific performance, such as 

antigen capture and presentation. However, while the health of ER appears rele- vant for DC function, the 

intersection between ER stress and antigen presentation remains to be explored. 
 

 

 

1. Brief introduction to dendritic cells maturation and function 

 
Hematopoietic stem cells (HSC) in the bone marrow produce mul- 

tipotents progenitors, which can give rise, to common dendritic cell 

progenitors (CDP) and pre-conventional CDP, precursors of conven- 

tional dendritic cells (cDC). Pre-cDC leaves the bone marrow to travel to 

the blood where they reach the lymphoid organs and the peripheral 

tissues to differentiate into cDCs. cDCs are defined by the expression of 

CD45, CD135, CD11c and Major histocompatibility complex class II 

(MHCII) and can be subdivided into two subsets: cDC1 and cDC2. 

cDC1 and cDC2 in the lymph nodes (LN) can be resident or migratory 

arriving from the tissues by the afferent lymph. A few genes can 

distinguish cDCs from monocytes, pDCs, or other immune cell pop- 

ulations such as the zinc finger transcription factor Zbtb46, the fms- 

related receptor tyrosine kinase 3 (FLT3) and CCR7 and as such can 

be used to identify and manipulate cDCs in the experimental setting 

(Meredith et al., 2012). In addition, murine cDC1s express the CD8αα 
homodimer in lymphoid organs (lymph nodes, spleen, thymus) and the 

E-cadherin-binding integrin αE or CD103 at the periphery and in tissues 

(Shortman, 2020). Thus, migratory CD103+ cDC1s arrive to lymph 

nodes (LN) from peripheral tissues. The two cDC1 populations share 

similar gene expression profiles, and in mice, expression of CD8αα and 

CD103 is used to discriminate between these two cDC1 subsets (Böttcher 

and Reis e Sousa, 2018). Furthermore, both cDC1 populations express 

the chemokine receptor XCR1 and the C-type lectin receptor DNGR-1 or 

CLEC9A (Ahrens et al., 2012). cDC2s do not express cDC1 markers and 

can be identified by their high expression of CD4, CD11b and SIRPα. 
More recently, specific transcription factors important for cDC devel- 

opment and differentiation uniquely expressed in cDC1 or cDC2 have 

been identified. Deletion of Batf3, Irf8, Nfil3 and Id2 results in loss of 

cDC1 at the steady state (Murphy et al., 2016; Hildner et al., 2008) and 

Ifr4 and Irf2 in the absence or dysfunction of cDC2. In humans, DCs, 

which, are found in the blood, lymphoid organs and tissues, can also be 

subdivided into cDC1 and cDC2 based on the specific expression of 

XCR1, DGNR-1, BATF3 and IRF8 for cDC1 (Crozat et al., 2010; Collin 

and GinhouX, 2019; Poulin et al., 2012) and SIRPα for cDC2. The 

development and proliferation of human and mouse DCs at the steady 

state is dependent on the fms-related tyrosine kinase 3 ligand (Flt3L) and 

GM-CSF, and may be used to generate DC-like cells from bone marrow 

(BMDCs) in vitro (Steinman, 2012). 

DCs express a wide variety of innate immune receptors and as such 

are key sensor of pathogens (Janeway, 1989). For example, TLR3, an 
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endosomal TLR which recognizes double stranded  RNA  from virus 

infected cells, is highly expressed in cDC1 and when activated initiates 

cross priming of CD8+ T cells against virus infected cells (Schulz et al., 

2005). In contrast, TLR7, an endosomal TLR that senses single stranded 

RNA is only expressed in cDC2 (Edwards et al., 2003). 

Upon recognition of specific microbial patterns, DCs will undergo a 

maturation process by up regulating their co-stimulatory molecules 

(CD80, CD86 and CD40) and the chemokine receptor CCR7 allowing 

them to migrate from the periphery to lymphoid tissues where they will 

present antigens to T cells. DC maturation unleashes acidification of the 

endosomal content, leading to the breakdown of protein antigens and 

the MHC class II-associated invariant chain and formation of MHCII- 

peptide complexes (Pierre et al., 1997). In addition, in DCs, exogenous 

proteins can be internalized, processed and loaded onto MHC class I 

(MHCI), a phenomenon known as cross-presentation (Blum et al., 2013). 

Antigenic processing and loading during MHCI antigen cross presenta- 

tion can occur exclusively within the endosomal-phagosomal compart- 

ment (vacuolar pathway) or require a cytosolic step relying on antigenic 

degradation by the proteasome where antigens have to be transferred 

from phagosomes to cytosol (cytosolic pathway). In the cytosolic 

pathway, exogenous antigens are internalized in endo- 

somal/phagosomal organelles, transported into the cytosol for partial 

degradation by the proteasome and readdressed either to the endo- 

somal/phagosomal compartments or to the ER for loading onto MHCI 

molecules. MHCI antigen cross-presentation is especially efficient for 

antigens endocytosed by the cDC1 subset, while cDC2 are more efficient 

in presenting antigens to MHCII-restricted T cells, irrespective of the 

route of antigen capture (Kamphorst et al., 2010). Specialization of cDC1 

for MHCI antigen cross presentation relies on (1) neutral endosomal-

phagosomal PH to avoid excessive antigenic degradation and (2) 

expression of specific receptors for uptake of cell-associated antigens 

and transporters able to transfer phagosomal antigens to cytosol 

(Savina et al., 2006; Weimershaus et al., 2012, 2018; Zelenay et al., 

2012; Zehner et al., 2015). 

Because cDC1s efficiently cross-present exogenous cell-associated 

and soluble antigens on MHCI, they are the major presenters of anti- 

gens derived from pathogens (Shortman and Heath, 2010). Indeed, 

mature lymphoid-resident CD8α+ DCs are the main producers of IL-12 

and stimulate inflammatory responses following bacterial infection 

(Shortman and Heath, 2010). 

The outcome of the DC-T cell interaction is determined by the acti- 

vation status of DCs. In the absence of maturation signals, antigen pre- 

sentation by DCs leads to tolerance, most prominently through 

expansion  of  antigen-specific  regulatory  T  (Treg)  cells  (Darrasse-Jèze 

et al., 2009). Antigen presentation by the mature DCs to CD8+ T lym- 

phocytes leads to activation of T cells and cytotoXicity (Chen and 

Mellman, 2013). 

2. ER stress and its resolution 

 
ER stress is a response to physiological signals, such as an increase in 

protein folding and assembly requirements, for example activation of 

hormone synthesis, antibody production and cytokine secretion. Such 

“physiological” ER stress also follows an increase in lipid and sterol 
biosynthesis, as may be required for endosome production and phag- 

olysosome fusion. ER is also an important Ca2+ reservoir and pertur- 

bation in Ca2+ transport both follow ER stress and can induce ER stress 

(Krebs et al., 2015). 

Resolution of the physiological ER stress proceeds through the “three 

actors” of the unfolded protein response (UPR): Inositol-requiring 

enzyme 1α (IRE1α), activating transcription factor 6 (ATF6) and PKR- 

like ER kinase (PERK). Upon accumulation of misfolded proteins in 

the ER, BIP or binding immunoglobulin protein dissociates from these 3 

sensors triggering their activation as well as the initiation of the UPR 

(Urano et al., 2000). All three pathways lead to transcriptional activa- 

tion of genes coding for components of protein folding and membrane 

assembly. IRE1α does this by directly processing the mRNA of a master 

transcription factor, XBP1 for X BoX Binding Protein 1, thanks to its 

ribonuclease activity (Bashir et al., 2021). Activated IRE1α also de- 

grades other mRNAs and microRNAs (called IRE1α-dependent decay 

(RIDD), Bashir et al., 2021), and is associated with global shortening of 

transcripts (switch from distal to proXimal polyadenylation site 3’UTR). 

This helps to reduce the load of misfolded transmembrane and secretory 

proteins, and participate in a process collectively referred to as ER-

associated degradation (ERAD) (Tsai et al., 2002). 

All UPR factors can be seen as a part of an UPRosome, a dynamic 

multiprotein complex, interacting with proteins involved in the cell 

cycle, transport, differentiation, response to viral infection and immune 

response (Urra et al., 2020). Often studied as linear processes, recent 

evidence suggests that the crosstalk between branches amplifies ER 

stress relief (Vidal et al., 2021). There is also evidence for UPR crosstalk 

with DNA damage response (DDR) (Dufey et al., 2020). 

In pathological situations ER stress becomes unresolvable and will 

result in cell death by apoptosis (Lin et al., 2007; Sano and Reed, 2013). 

Because dying DCs can then be engulfed by other DCs, the antigens of DC 

that failed to resolve ER stress, both cellular and exogenous, are pre- 

sented either via MHCII to helper T cells, or cross-presented to cytotoXic 

T cells via MHCI, and lead to tolerance. 

3. Antigen uptake and ER stress in immature DCs 

 
The primary activity of immature DCs is antigen uptake. The scan- 

ning of the contents of the microenvironment involves continuous 

phagocytosis, macropinocytosis, and endocytosis. Internalized antigens 

are eventually directed to late endosomal compartment, where they 

await processing and loading onto MHCII molecules. However, down- 

stream processing requires a maturation stimulus, that will trigger 

endosomal acidification and initiate the breakdown of protein antigens 

and the MHCII-associated invariant chain (Pierre et al., 1997). Thus, in 

immature DC, the MHCII molecules are largely sequestered within the 

endocytic system, and in the absence of an inflammatory signal there is 

no presentation to the naïve T cell compartment (van Niel et al., 2006). 

The endogenous (cytosolic) proteins are processed primarily by the 

action of the proteasome. Proteasome-generated peptides are then 

transported into the ER by a specific molecular pump Transported for 

Antigen Processing, TAP, for subsequent assembly with MHCI molecules 

(Momburg et al., 1994). Thus, if the immature DCs experience ER stress, 

then the products of ERAD are more likely to be presented through 

MHCI. Such an outcome is expected because, while the substrates of 

ERAD are unfolded proteins in the ER, they are not degraded in the ER 

lumen, but rather retro-transported out of the ER lumen into the cytosol 

and degraded by the ubiquitin-proteasome system (Imai et al., 2020). 

Ultimately, such MHCI presentation of the ERAD products by immature 

DC will lead to tolerance. Thus, as long as ERAD products include only 

cellular proteins, ER stress in immature DCs is not expected to drive 

pathological immune response. 

 
3.1. DC maturation and ER-stress-induced UPR response intersect at the 

innate immune sensing 

Dendritic cell maturation, or activation, is induced when the 

phagocytosed or endocytosed cargo triggers innate immune signaling. 

The innate immune pathway is activated by a set of invariable molecules 

expressed in pathogens, such as lipopolysaccharide of the bacterial wall, 

RNA/DNA hybrid, or unmethylated DNA oligonucleotide. These mole- 

cules, called danger signals, ligate cellular Toll-like receptors (TLRs, 

Kawai and Akira, 2010). Ligation of the TLRs initiates a signaling 

cascade that culminates in activation and translocation to the nucleus of 

the master transcriptions factors NF-κB and IRF (interferon regulating 

factor). It might also leads, depending on the time and type of stimu- 

lation, to acceleration of phagosome maturation (Blander and Medzhi- 

tov, 2004; Alloatti et al., 2015) and to down-regulation of antigen 
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uptake. The NF-κB most likely acts as a pioneer factor to initiate the 
perturbations   in   tricarboXylic   acid   cycle   metabolism   following 

epigenetic reprogramming toward activated DC phenotype (Blander and 

Medzhitov, 2004). Phenotypic markers of DC maturation typically 

include increased expression of CD40/80/86, as well as CD273 (PD-L2) 

and CD274 (PD-L1) (Blander and Medzhitov, 2004). ER stress in danger 

signal-exposed mature DCs may potentially lead to a situation where 

self-peptides together with non-self-peptides (depending on the context) 

are presented to T cells and trigger autoimmune inflammation. 

Both macrophages and BMDCs exposed to bacterial lipopolysaccha- 

ride (LPS) (TLR4 agonist) or fungal zymosan (Dectin-1 and TLR2 

agonist) exhibit IRE1α-dependent Xbp1 splicing (Martinon et al., 2010; 

Chopra et al., 2019). However, this XBP1 activation is not accompanied 

by an upregulation of canonical XBP1 target genes, RIDD, or activation 

of other UPR branches. In turn, Xbp1 is necessary to maintain a normal 

morphology of the ER in CD8α+ conventional dendritic cells, whereas 

RIDD has a critical function in regulating the expression of integrins and 

components of the MHCI antigen-presentation machinery in these cells. 

RIDD is necessary in CD8α+ dendritic cells for cross-presentation of 

cell-derived antigens via MHCI to CD8+ T cells (Osorio et al., 2014). 
The bulk production of MHC molecules themselves that takes place 

in the ER of DCs, may present challenges to the ER folding machinery. 

Moreover, the stability of the complexes MHC-antigenic peptides may 

depend on the nature of the peptide, and thus some peptide-MHC 

complexes may produce ER stress. This feature may underlie the 

requirement for constitutive XBP1 mRNA splicing for DC viability 

(Iwakoshi et al., 2007), and the constitutive IRE1α activation in cDC1 
(Osorio et al., 2014) suggests that partial UPR activation has anticipa- 

tory rather than an adaptive role, at least at the steady state. This view is 

further supported by the observation that RIDD activation helps DC 

survival, although only in tissue-specific context (Tavernier et al., 2017). 

In agreement with this, systematic bioinformatics analysis shows that 

IRE1α interacts with partners involved in immune responses including 

antigen processing and presentation via MHC class I, cytokine produc- 

tion and secretion, and phagocytosis (Urra et al., 2020). 

Live parasites trigger innate immunity and as such may participate in 

the ER stress induced immune response. DCs infected by live but not 

heat killed ToXoplasma gondii induce the IRE1α /XBP1s pathway. 

Stimulation of XBP1 leads to production of IL-6 and IL-12 while IRE1α 
dependent but XBP1-independent activation elicits MHCI antigen pre- 

sentation. Most importantly, altogether it produces an efficient T cell 

response for controlling parasite dissemination in ToXoplasma gondii 

infected mice (Poncet et al., 2021). 

3.2. DC maturation and ER-stress-induced UPR response are sensitive to 

metabolic changes 

Functionally, a critical initial step in maturation of DCs is the massive 

increase in production and secretion of inflammatory cytokines (Stein- 

man, 2012). Production of some cytokines can increase more than 100-

fold, indicating that the maturation can drastically change trans- 

lational demands of DCs. In addition, activated DC initiates synthesis of 

new fatty acids for ER and Golgi expansion essential for production and 

secretion of cytokines. This synthesis critically depends on a burst of 

glycolytic fluX within minutes of exposure to TLR agonists (Krawczyk 

et al., 2010). Importantly, metabolic perturbations translate into 

changes in DC activation pathway through activation of ER stress. 

Blocking glycolysis with 2-deoXyglucose, which inhibits hexokinase 

activity, impairs both phenotypic and functional consequences of LPS- 

mediated DC activation in a transcription-independent fashion. 

Instead, the increase in the synthesis, transport and secretion of MHC 

and accessory molecules is dependent on the expansion of the ER and 

Golgi by lipogenesis and synthesis of additional membranes, which can 

be attenuated by the inhibition of fatty acid synthesis (Everts et al., 

2014). Suppression of glycolysis also induces a distinct transcriptomic 

signature in DCs, with IL-23 as a hallmark, associated with some chronic 

inflammatory conditions, such as psoriasis, presumably due to 

fatty-acid-mediated suppression of TLR-induced hexokinase activity. 

Moreover, these metabolic changes enhance mitochondrial reactive 

oXygen species (mtROS) production that in turn activates UPR. Indeed, 

reducing mtROS production, or DC-specific deficiency in XBP1 attenu- 

ates IL-23 expression and skin inflammation in an IL-23-dependent 

model of psoriasis (Mogilenko et al., 2019). 

In naïve DCs, metabolic by-products of lipid peroXidation, such as 

the unsaturated aldehyde 4-hydroXy-trans-2-nonenal (4-HNE), also fuel 

into DC maturation via the UPR pathway. 4-HNE causes ER stress by 

forming stable adducts with ER-resident chaperones. In response, IRE1α 
activates XBP1, and XBP1-mediated production of triglyceride biosyn- 

thetic genes. In tumor-associated DCs, constitutive activation of XBP1 is 

a consequence of IRE1α activation following ER stress linked to accu- 
mulation of oXidized lipids. Constitutive activation of XBP1s in this 
context diminishes DC immunogenicity, while XBP1-deficiency or IRE1α 

RNase inhibitor 4μ8c reduces lipid biogenesis in DCs, and renders them 

more immunogenic. Mechanistically, 4-NHE-associated triglyceride 

accumulation in BMDC decreases surface expression of MHCI-peptide 

complexes and thus reduced CD8+ T cell proliferation, at least in the 

context of cancer. Accordingly, DC-specific XBP1 deletion or XBP1 

silencing in DCs can restore their T cell stimulatory activity (Cubillos-- 

Ruiz et al., 2015). 

Although these studies suggest that IRE1α-XBP1 pathway leads to 
suppressed immune response, at least in the context of tumor develop- 

ment, there is some circumstantial evidence suggesting that UPR can 

positively regulate DC-mediated presentation. For one, an XBP1 target 

gene is Sec61, an ER protein that is recruited into endosomes upon TLR 

activation and is thought to be required to translocate antigens for cross- 

presentation (Zehner et al., 2015). In fibroblasts, GADD34, another 

important component of the UPR, synergizes with TLR signaling for 

optimal type I IFN and IL-6 production (Clavarino et al., 2012), and type 

I IFNs is critical for the innate immune recognition by CD8+ DCs (Fuertes 

et al., 2011). 

 
3.3. UPR shapes cytokine profiles of activated immune cells 

IRE1α loss in myeloid cells does not affect BMDC generation or 

survival in response to GM-CSF, but profoundly changes transcriptional 

output following LPS or zymosan exposure, and many of the differen- 

tially expressed genes are shared by the two stimuli. IRE1α deficiency 

influenced transcriptional processes upon stimulation with agonists 

engaging plasma membrane-bound but not endosomal TLRs. Stimulated 

IRE1α-deficient BMDCs express less IL-6 and its associated target genes. 

Posttranslational protein modification, cellular maintenance and sur- 

vival, biosynthesis and metabolism of eicosanoids are also affected by 

IRE1α deficiency (Chopra et al., 2019). 

Endoplasmic reticulum stress-induced transcription factor, CHOP, is 

crucial for dendritic cell IL-23 expression (Goodall et al., 2010). Acti- 

vation of the PERK/CHOP branch contributes to secretion of IL-6 in 

myeloid derived suppressor cells (MDSC) resulting in immunosuppres- 

sive effect in the context of tumor development (Thevenot et al., 2014). 

3.4. Cross-presentation may change ER lipid bilayer composition 

 
Lipid disequilibrium interferes with secretory capacity. When 

exposed to supernatants from ER-stressed tumor cells, cultured macro- 

phages and Bone Marrow Derived Macrophages display transmissible ER 

stress, where hallmarks of activation, such as up regulation of IL-6, Il- 

23p19, and TNF-α transcripts, as well as an increase in CD86 surface 
expression are accompanied by up-regulation of Grp78, Gadd34, Chop, 

and Xbp-1 splicing (Mahadevan et al., 2011). BMDC are also subject to 

transmissible ER stress, resulting in impaired antigen cross-presentation 

to CD8+ T cells (Mahadevan et al., 2012). Tumor-associated DCs, (CD8- 

cell population, which differs from the cross-presenting CD103+ cDC1s), 

compared with closely related CD11c+MHC-II+CD11b+ splenic DCs, 
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show higher expression of total and spliced Xbp1 mRNA, accompanied 

by up regulation of canonical XBP1 target genes ERdj4 and Sec61a1, as 

well as general ER stress response markers Hspa5 (BIP) and Ddit3 

(CHOP) (which are recruited to the promoters of Il-6, Il-23, and TNF-α 
following TLR activation in macrophages or monocyte-derived dendritic 

cells) (Martinon et al., 2010; Goodall et al., 2010), and up regulation of 

XBP1-controlled triglyceride biosynthetic genes, such as Agpat6, Fasn, 

Scd2, and Lpar1 (Cubillos-Ruiz et al., 2015). 

The amplification of proinflammatory cytokine production that ac- 

companies melanoma-induced IRE1α activation suggests that DC 

response is exacerbated by high-fatty-acid tumor content. Interestingly, 

exposure of BMDCs to melanoma lysates is associated with activation of 
IRE1α endonuclease. This activation is necessary for efficient cross- 

presentation of melanoma-associated antigens and enhances CD8+ T 

cell specific responses against tumor antigens (Medel et al., 2019). 

EXpression of CD11c-driven activated XBP1 (XBP1s) in BMDCs poten- 

tiate vaccine-induced immunity to tumor antigens and increased IL-6, 

IL-12, TNF-α production and  CD86 expression (Tian et al., 2012). 
(Incidentally, immunogenic cancer cell death also occurs in ER stress-

dependent manner, in large part through exposing intracellular danger 

signals, such as surface-exposed ER chaperones (Krysko et al., 2012)). 

In thymoma cells, ER stress affects processing of MHCI –asso- ciated 

peptides, cytosolic more than ER-based (Granados et al., 2009). 

4. Conclusion 

 
DCs are professional antigen presenting cells uniquely capable of 

initiating immune response. Their ability to present antigens to non- 

activated effector T cells relies on decoding signals from their environ- 

ment through the specific activation of pattern recognition receptors to 

generate an appropriate immune response. The different stages of the DC 

life cycle, including migration, maturation, antigen uptake, processing, 

and presentation, pose unique demands on the cellular organelles, 

including ER. Because of swift changes in protein, lipid, and calcium 

homeostasis associated with DCs maturation, these cells are prone to 

express some hallmarks of ER stress, most prominently the activation of 

IRE1α, a branch of the UPR. The evidence of partial UPR activation by 
some DC subsets, and sensitivity to ER dysfunction suggest that antici- 

pating ER stress is a central requirement for timely and robust antigen 

presentation by DCs. 
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Clavarino, G., Cláudio, N., Couderc, T., Dalet, A., Judith, D., Camosseto, V., Schmidt, E. 

K. , Wenger, T., Lecuit, M., Gatti, E., Pierre, P., 2012. Induction of GADD34 is 

necessary for dsRNA-dependent interferon-β production and participates in the 

control of Chikungunya virus infection. PLoS Path. 8 (5), e1002708 https://doi.org/ 

10.1371/journal.ppat.1002708. 

Collin, M., GinhouX, F., 2019. Human dendritic cells. Semin. Cell Dev. Biol. 86, 1–2. 

https://doi.org/10.1016/j.semcdb.2018.04.015. 

Crozat, K., Guiton, R., Contreras, V., Feuillet, V., Dutertre, C.A., Ventre, E., Vu Manh, T. 

P., Baranek, T., Storset, A.K., Marvel, J., Boudinot, P., Hosmalin, A., Schwartz- 

Cornil, I., Dalod, M., 2010. The XC chemokine receptor 1 is a conserved selective 

marker of mammalian of cells homologous to mouse CD8alpha    dendritic cells. 

J. EXp. Med. 207 (6), 1283–1292. https://doi.org/10.1084/jem.20100223. 
Cubillos-Ruiz, J.R., Silberman, P.C., Rutkowski, M.R., Chopra, S., Perales-Puchalt, A., 

Song, M., Zhang, S., Bettigole, S.E., Gupta, D., Holcomb, K.,  Ellenson,  L.H., 

Caputo, T., Lee, A.H., Conejo-Garcia, J.R., Glimcher, L.H., 2015. ER stress sensor 

XBP1 controls anti-tumor immunity by disrupting dendritic cell homeostasis. Cell 

161 (7), 1527–1538. https://doi.org/10.1016/j.cell.2015.05.025. 
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Abstract 

Phagocytosis is a process by which specific immune cells such as macrophages or dendritic cells engulf 
large particles. It is an important innate immune defence mechanism for removing a wide variety of 

pathogens and apoptotic cells. Following phagocytosis, nascent phagosomes are formed which, when 

fused to lysosome to become phago-lysosome containing acidific proteases, will allow the degradation of 

ingested material. The protocol described here in vitro and in vivo assays to measure phagocytosis in 

murine dendritic cells using amine beads coupled with streptavidin Alexa 488. This protocol can also be 

applied to monitor phagocytosis in human dendritic cells.  

 

Key words Phagocytosis, Dendritic cells, Amine beads, Streptavidin A488, Flow cytometry. 

 

1 Introduction 

Phagocytic cells such as neutrophils, macrophages and dendritic cells (DCs) play an important role in 
innate immunity, internalizing foreign particles or microbes that could be harmful for our organism (1). 
In DCs, phagocytosis play a major role in antigen cross presentation, consisting of presentation of 
exogenous antigens on major histocompatibility complex (MHC) class I molecules. This process is 
essential for the priming of cytotoxic CD8+ T cells against viruses and tumour antigens (2-3). 
Internalization of antigens or infected cells in DCs trigger phagosome formation which when fused to 
lysosome allows the proteolysis of ingested material. In DCs, nascent phagosome contain low level of 
acidic proteases preserving the excessive proteolysis of antigens and thus favouring MHC class I 
antigen cross presentation (4-6). Several bacterial factors, such as clostridium botulinum, Helicobacter 
Pylori, Mycobacterium tuberculosis, are known to inhibit phagocytosis or to delay phago-lysosome 
fusion protecting them from degradation and recognition by the immune system (7-8). Measuring 
phagocytic capacity of DCs has consequently becomes valuable in several pathogenic infection, as well 
as to understand how each type of DC take up and present antigens especially for type 1 conventional 
DC (cDC1) which are highly efficient in cross presenting antigens. Several methods have been written 
in past publications on phagocytosis assays, describing the use of beads (latex beads, lipid-coated 
beads, amine-coated beads, etc.) as particles engulfed by the cells. Often coupled to fluorescent dyes 
or probes, cells phagocytic capacity can be measured using flow cytometry or cytometry imaging.  

This chapter will describe a phagocytosis assay using amine beads of different size coupled to 
streptavidin and the fluorophore Alexa Fluor 488 in DCs generating in vitro or freshly purified ex vivo. 
In this assay, amine beads of different diameter are used for assessing phagocytosis in vitro either in 
Bone-Marrow-Derived-DC (BM-DC) (9) or in cDC1 obtained with OP9-FLt3L cell culture (10) or ex vivo 
in cDC1 purified from spleens after intra venous (i.v) beads injection. Following beads uptake, 
phagocytosis is visualized by flow cytometry in cD11C positive DCs.  
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2 Materials  

2.1 In vitro generation of Bone Marrow Derived Dendritic cells (BMDCs):  

1. C57BL/6 mice. 

2. Dissection tools. 

3. BMDC medium: Iscove’s modified Dubelcco’s medium, 10% foetal calf serum heat inactivated, 

1% L-glutamine, 1% penicillin/streptavidin, 50µM β-mercaptoethanol, 20ng/mL granulocyte 

macrophage colony stimulating factor (GM-CSF).  

4. Low adherant petri dishes for tissue culture 145x20mm (Greiner bio-one, 639102). 

5. PBS EDTA 5mM. 

6. 40µm cell strainers. 

7. 1.5 mL Eppendorf tubes. 

8. 15 mL and 50 mL Falcon tubes. 

2.2 In vitro generation of conventional Dendritic Cells type 1 (cDC1)  

1. Tissue culture media (TCM): Roswell Park Memorial Institute (RPMI) 1640, 10% foetal calf 

serum heat denatured, 1% L-glutamine, 1% Penicillin/streptomycin, 50µM β-

mercaptoethanol.  

2. OP9 medium: Minimum Essential Medium Eagle alpha (MEMα), 20% foetal calf serum heat 

inactivated, 1% L-glutamine, 0.5% Penicillin/streptomycin.  

3. FMS-like tyrosine kinase 3 ligand (Flt3-L). 

4. 6-well plate or 24-well plate for adherent cells. 

5. 6-well plate or 24-well plate for suspension cells. 

6. Trypsin-EDTA 0.05%, phenol red. 

7. Red blood cell (RBC) lysis buffer. 

8. FACS buffer: PBS, 3% heat-inactivated FCS, 1 mM EDTA. 

9. Fluorochrome conjugated antibodies: anti-CD45-PECy7, anti cDC11c-BV711, anti-MHCII-PE, 

anti-XCR1-APC, anti-CD24-BV605 and anti-CD11b-APC eFluor780 (see Table 1).  

10. Cell sorter equipped with lasers and emission filters suitable for the analysis of cells stained 

with antibodies coupled to specific fluorochromes. 

 

Table 1 List of antibodies used for the identification of cDC1 in vitro and ex vivo. 

Antibodies Fluorochrome Dilutions Clone Provider and reference 

CD45 PECy7 1/200 30-F11 BioLegend – 103114 

CD11c BV711 1/150 HL3 BD Biosciences – 563048 

CD24 BV605 1/100 M1/69 BD Biosciences – 563060 

MHCII I-A/I-E PE 1/200 M5/114.15.2 BioLegend – 107608 

XCR1 APC 1/150 ZET BioLegend – 148206 

CD3ε PE 1/100 145-2C11 BioLegend – 100308 

CD8α BV605 1/150 53-6.7 BD Biosciences – 563152 

CD11b APC eFluor780 1/120 M1/70 Invitrogen – 47-0112-82 

CD19 BV510 1/100 1D3 BD Biosciences – 562956 
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2.3 Ex vivo purification of conventional Dendritic Cells type 1 (cDC1) 

1. TCM: RPMI 1640, 10% foetal calf serum heat denatured, 1% L-glutamine, 1% 

Penicillin/streptomycin, 50µM β-mercaptoethanol.  

2. 1 mL syringe with a 25-G needle. 

3. 5 mL syringe with an 18-G needle. 

4. Collagenase D.  

5. DNase I. 

6. Red blood cell (RBC) lysis buffer. 

7. FACS buffer: PBS, 3% heat-inactivated FCS, 1 mM EDTA.  

8. Fluorochrome-conjugated antibodies: anti-CD3ε-PE, anti-CD19-BV510, anti CD11c-BV711, 

anti-CD11b-APC eFluor780 and anti-CD8α-BV605 (see Table 1). 

9. Cell sorter equipped with lasers and emission filters suitable for the analysis of cells stained 

with antibodies coupled to specific fluorochromes. 

2.3 Phagocytosis assay  

1. NH2 beads (Polybead® Amino Microspheres 2 and 3 µm, Polysciences). 

2. Sulfo-NHS-LC Biotin. 

3. PBS glycine 1M. 

4. Streptavidin coupled with Alexa Fluor 488.  

5. Trypan blue.  

6. 1M citrate buffer, pH4.  

7. IMDM 

8. Flow cytometer equipped with lasers and emission filters suitable for the analysis of cells 

stained with antibodies coupled to specific fluorochromes. 

3 Methods 

3.1 Generating BM-DCs and cDC1 

3.1.1 Day 0: Collection of Bone Marrow from the femur and tibia  

1. Euthanize C57BL/6 mice according to institutional guidelines.  

2. In sterile conditions, harvest femurs and tibias. 

3. Cut a sterile 200µL tip into a sterile 1.5mL Eppendorf tube.  

4. Clean the bones with alcohol, separate the femur from the tibia, and cut each bone at one 

extremity.  

5. Place the cut bones into the tip, the cutting side facing the bottom of the Eppendorf tube. One 

whole leg can fit into one tip.  

6. Centrifuge for 2 min, 1800 g at 4°C, and check the presence of a red pellet after the 

centrifugation.  

 

3.1.2 Generation of BMDCs  

 

1. Resuspend the pellet in 1 mL of BM-DC medium. 

2. Place the cell suspension in a 15 mL Falcon tube and complete to 5 mL with BM-DC medium. 

3.  Filter the cell suspension through a 40µm cell strainer into a 50 mL Falcon tube. 

4. Add BM-DC medium up to 20 mL to the filtered cell suspension and plate the cells in a petri 

dish (one leg in a 145x20 mm petri dish).  

5. After 4 days of culture, split the generated BM-DCs as follows.   
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6. Collect the supernatant into 50 mL falcon tubes and centrifuge at 400g for 10 min at room 

temperature (RT). 

7. Add 10 mL of PBS-EDTA, 5mM into each petri dishes.  

8. Incubate at 37°C for 10 minutes.  

9. Detach the cells by flushing up and down using a 5 mL pipet. Make sure to go through the 

whole surface, to get as many cells as possible.  

10. Pool cells (supernatant + pellet) and centrifuge the cells at 400g for 10 min at RT. Resuspend 

the pellet in medium and count the cells.  

11. Plate the cells in petri dishes at 107 cells per 20 mL per petri dish.  

12. The cells are differentiated between days 7 and 8. Follow the protocol described above 

(6,7,8,9,10) to harvest BM-DCs, pool adherent and suspension cells, and count (see Note 1).  

 

3.1.3 Generation of cDC1 

Preparation of the OP9-DL1 feeder cell line 

1. Day 0: Seed OP9-DL1 cells in T75 flask at 5 x 106 in 15 mL OP9 culture medium pre-warmed to 

37°C (see Note 2) as follows.  

2. When cells reach 90% confluence, discard culture medium and wash the cells with PBS pre-

warmed to 37°C. 

3. Treat the OP9-DL1 cells with 5 mL of 0.05% trypsin pre-warmed to 37°C, and place them in the 

incubator at 37°C until the cells detach from the flask (   ̴5 min). 

4. Harvest the OP9-DL1 cells in OP9 culture medium (10 mL) and transfer the cell suspension in a 

15 mL Falcon tube.  

5. Centrifuge cells at 400 g for 5 min at RT and resuspend the cell pellet in a desired volume of 

OP9 culture medium. 

6. Count the cells and plate them either at 2 x 105 / 4 mL per well in a 6-well plate or 5 x 104 / 2 

mL per well in a 24-well plate (adherent). 

Differentiation of BM Cells into cDC1 

1. Day 0: On the same day, seed the bone marrow cells in plates with Flt3-L as follows. 

2. Resuspend the BM pellet obtained in 3.1.1 in 1mL of RBC lysis buffer and incubate at RT for 1-

2 min. 

3. Add 10 mL of TCM, filter the cells through a 40 µm cell strainer, and centrifuge at 400 g for 10 

min at RT.  

4. Resuspend the cell pellet in a desired volume of TCM and count the cells.  

5. Plate the cells either at 8 x 106 / 8 mL in a 6-well plate or at 2 x 106 / 2 mL in a 24-well plate 

(suspension). 

6. Add 250 ng/mL Flt3-L in each cultured well and place in the incubator at 37°C for 3 days.  

7. At day 3: seed the bone marrow cells on top of the OP9-DL1 as follows. 

8. Discard the medium from the OP9-DL1 cells and add new OP9 culture medium supplemented 

with 250ng/mL Flt3-L (1mL for 24-well plate or 4mL for 6-well plate). 

9. Resuspend the bone marrow cells in the well using a 1000µL pipet (see Note 3).  

10. Seed 1mL (for 24-well plate) or 4mL (for 6-well plate) on top of OP9-DL1 cells and place in the 

incubator at 37°C for 5 days.  

11. At day 8: change the medium of OP9/bone marrow cell culture as follows.  

12. Take out 1mL (24-well plate) or 4mL (6-well plate) of medium from the OP9/bone marrow cells 

culture and spin down the cells that are in suspension, 400 g for 10 min at RT.  
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13. Resuspend the cells in 1mL (24-well plate) or 4mL (6-well plate) of OP9-DL1 medium + TCM 

(1:1), adding 250ng/mL Flt3-L, and add 1mL (24-well plate) or 4mL (6-well plate) back into the 

well (see Note 4) and place in the incubator for 2 to 4 extra days.  

14. Between day 10 and 12, bone marrow cells are fully differentiated mostly into cDC1 and to a 

lesser extent into cDC2 (see Note 5).  

15. Harvest the cells using cold PBS, they should detach easily.  

16. Wash the cells in FACS buffer twice by centrifugation at 400 g for 5 min at 4°C. 

17. Stain the cells with the following antibodies: anti-CD45-PECy7, anti-MHCII-PE, anti-CD11c-

BV711, anti-XCR1-APC and anti-CD24-BV605 (see Table 1) for 30 min on ice.  

18. Wash the cells in FACS buffer by centrifugation at 400 g for 5 min at 4°C. 

19. Sort cDC1s using flow cytometry following this gating strategy: CD45+ → CD11c+MHCIIhigh → 

CD24+XCR1+ (see Note 6). 

20. Centrifuge the purified cDC1 population at 400 g for 5 min at 4°C and resuspend the cells in a 

desired volume of buffer. 
 

3.2 Ex vivo cDC1 purified from the spleen 

 

1. Euthanize C57BL/6 mice according to institutional guidelines. 

2. Collect the spleens 30 min or 2h after intravenous injection of beads (See subheading 3.4.2).  

3. Inject the spleens with 500 l of TCM medium containing 1mg/ml of collagenase D and 20 

g/ml of DNAse I, using a 1 mL syringe capped with a 25-G needle. Incubate at 37°C for 15 min.  

4. Cut the spleen into small pieces with a scissor and incubate again 15 min at 37°C. 

5. Aspirate and flush the spleens with a 5 ml syringe capped with an 18-G needle and filter the 

cell suspension using a 40 M cell strainer.  

6. Centrifuge for 10 minutes at 400 g at RT.  

7. Resuspend the pellet in 1 mL of RBC lysis buffer, incubate at RT for 1-2 min, and add 10 mL of 

TCM to stop the lysis.  

8. Filter the cells through a 40µm cell strainer and centrifuge at 400 g for 10 min at RT.   

9. Wash the cell in FACS buffer twice by centrifugation at 400 g for 5 min at 4°C.  

10. Stain the cells with the following antibodies: anti-CD3ε-PE, anti-CD19-BV510, anti-CD11c-

BV711, anti-CD8α-BV605 and anti-CD11b-APC eFluor780 (see Table 1) for 30 min on ice.  

11. Wash the cells again in FACS buffer by centrifugation at 400 g for 5 min at 4°C.  

12. Immediately run the flow cytometry experiment using the following gating strategy to gate on 

cDC1 population: CD3ε- CD19- ➔ CD11c+ ➔ CD11b- and CD8α+. Phagocytosis is measured in the 

yellow channel (Alexa 488) (see Fig.2). 

 

3.3 Preparation of NH2-beads 

1. Take 500 l beads (1.7 x 106 beads/l).  

2. Was twice with PBS and then add 2mg/ml sulfo-NHS-LC biotin to activate the NH2 beads.  

3. Incubate the beads for 1h, slowly rotating (15 rpm) at RT.  

4. Centrifuge for 10 min at RT at 11200 g and discard the supernatant.  

5. Wash beads with 500 l PBS, 1M glycine. 

6. Centrifuge the beads for 4 minutes at 11200 g and discard supernatant.  

7. Was the beads twice with PBS and resuspend in 500 l PBS.  

8. Take 300 l of beads and add 1:50 streptavidin Alexa 488. 

9. Incubate the beads for 30 minutes, slowly rotating (15 rpm) at 4°C. 
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10. Repeat step 6 and resuspend the beads in 500 l PBS.  

3.4 Phagocytosis assay 

3.4.1 In vitro phagocytosis assay 

1. Use 5 x 106 BMDCs or cDC1 per condition. 

2. The ratios of cells:beads will be 1:1, 1:5, 1:10. 

3. Take the appropriate amount of beads and resuspend the beads in 300 l of IMDM for each 

condition (for example if the ratio cells: beads is 1:1, you will resuspend 3 l of beads in 300 l 

of IMDM).  

4. Mix BM-DCs or cDC1 with 300 l of IMDM (see Note 7). 

5. Incubate in the incubator at 37°C for 30 minutes. 

6. Stop the reaction with 5 mL cold PBS.   

7. Take 1 mL out of the 5 mL, centrifuge the cells for 5 min at 400 g, and resuspend the pellet in 

350 L of 0.2mg/mL trypan blue, 1M citrate, pH 4 (see Note 8). 

8. Repeat step 7 but resuspend the pellet in 20 mM Na citrate, pH 4.  

9. Immediately run the flow cytometry experiment as described in subheadings 3.1 and 3.2. 

Phagocytosis is measured in the yellow channel (Alexa 488) (see Fig 1). 

 

 

Fig 1. Measurement of BM-DC phagocytosis in vitro. BMDCs were differentiated from bone marrow 

for 7 days in the presence of GM-CSF. BMDCs were then incubated with beads labelled with Alexa 488 

at different ratios in the absence or presence of 10 M of cytochalasin B (CytB). Cells were collected, 

stained with anti mouse CD11c antibody coupled to BV711, and the percent of beads uptake among 

CD11c+ BMDCs was assessed in the yellow channel (Alexa 488) using the flow cytometer BD LSR 

Fortessa SORP.   

 

3.4.2 Ex vivo phagocytosis assay 

1. Inject 100 l of NH2 beads coupled to streptavidin Alexa 488, intravenously using a 500 µL 

syringe capped with a 28-G needle.  

2. After 30 min to 2h, collect the spleens and proceed as described in subheading 3.2 (see Fig. 

2). 
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Fig 2. Measurement of phagocytosis in cDC1 ex vivo. Following iv injection of beads labelled with Alexa 

488 beads, total spleen were stained with anti-mouse CD3ε antibody coupled to PE, anti-mouse CD19 

antibody coupled to BV510, anti-mouse CD11c antibody coupled to BV711, anti-mouse CD8α antibody 

coupled to BV605 and anti-mouse CD11b antibody coupled to APC eFluor780. The percent of beads 

among cDC1 (CD11c+CD8α+CD11b-) were measured in the yellow channel (Alexa 488) using the flow 

cytometer BD LSR Fortessa SORP.   

 

4 Notes 

 

1. At day 7-8, BM-DCs are fully differentiated and the expression of CD11c is between 80 and 

90%.  

 

2. OP9-DL1 cells must be previously cultured in T75 or T175 flasks and at least split once prior 

their use for the differentiation of BM cells into cDC1 to generate enough OP9-DL1 cells.  

 

3. At this stage of BM, cell culture cells are not adherent and should detach easily.  

 

4. Seed twice more OP9-DL1 wells than bone marrow wells. Indeed, you only seed half a well 

on bone marrow cells into one well of OP9-DL1 cells. 

 

5. Some cells differentiate into cDC2 after being cultured on OP9-DL1 cells. You can sort cDC2 

cells based on the expression of CD11b (CD45+ → CD11c+MHCII+ → CD11b+).  

 

6. Usually, the number of cDC1 generated using the OP9-DL1/Flt3L culture is 3 x 106 from one 6-

well plate culture.   

 

7. As a negative control for phagocytosis, you can treat DCs with 10µM cytochalasin B before 

incubating them with the beads. Cytochalasin B is an actin polymerization inhibitor and will 

thus block endocytosis. 

 

8. Trypan is used to quench beads that have not been internalized and bound to the cell surface. 

Therefore, this step allows you to only detect the fluorescence of the beads that have been 

internalized and not the beads sticking to the cell surface. 
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Intracellular Toll-like receptors (TLRs) are key components of the innate immune system. Their 
expression in antigen presenting cells (APCs), and in particular dendritic cells (DCs), make 
them critical in the induction of the adaptive immune response. Here, we will discuss the tight 
relationship they have with the antigen processing machinery in APCs for their trafficking and 
activation. 

 

Introduction 
 

Pattern Recognition Receptors (PRRs) recognize Pathogen Associated Molecular Pattern, 
conserved structure expressed by microbial pathogens. PRRs can be broadly categorized into 
secreted, transmembrane, and cytosolic classes. The transmembrane PRRs include the Toll-
like receptor (TLR) family, which are either expressed on the plasma membrane or in 
endosomal/lysosomal organelles. Intracellular TLRs (TLR3, TLR7, TLR9) mainly detect 
microbial nucleic acids and also sense endogenous ligands or DAMPs for Damage Associated 
Molecular Patterns, such as self-DNA released, for example, during self-tissue damage, or 
cancer cell death. Intracellular TLRs are highly expressed in antigen presenting cells (APCs) 
such as dendritic cells (DCs) and macrophages that constitutively express major 
histocompatibility complex class II (MHCII) molecules. In DCs, antigen presentation coupled 
to TLRs activation induces their maturation through the expression of co-stimulatory 
molecules, chemokine receptors and cytokine production. Maturation makes DCs 
immunogenic, whereas the absence of TLR signal leads to tolerance. Several lines of evidence 
link intracellular TLR signalling and antigen presentation process. First, in bacteria- infected 
macrophages, TLRs signalling regulate several steps of antigen presentation, such as antigen 
uptake and phagosomal maturation [1,2]. Next, TLR activation stimulates tubulation of endo-
lysosomes in DCs containing MHCII-peptide complexes facilitating their delivery to the plasma 
membrane [3,4]. Finally, seminal work from Medzhitov laboratory shows that TLR activation 
in DCs targets antigens in phagosomal compartment, a site for processing of the MHCII 
chaperone, the invariant chain (Ii) [5]. MHCII molecules require Ii for their folding and 
trafficking. Similarly, intracellular TLRs associate with the chaperone molecule UNC93B1 
which, helps their traffic to endosomal compartments for cleavage by proteases and 
activation [6–9]. 
Thus, several features of intracellular TLRs, such as folding, trafficking, and processing in APCs, 
are shared with MHCII molecules. 

 

Here we will discuss how intracellular TLRs utilize the antigen processing machinery, mainly 
in DCs, for their optimal trafficking and activation, resulting in enhanced antigen presentation. 
We will start with the identification of proteases required for their cleavage and activation. 
Then, we will highlight the role of the chaperone molecule, UNC93B1, in their folding and 
endosomal trafficking. Finally, we will discuss the nature of the endo- lysosomal 
compartments they reached for optimum specific cytokine response. 

 

Proteases 

Initial experiments suggesting a role for endo-lysosomal proteases in intracellular TLR 
signalling is that drugs that block lysosomal acidification inhibit TLR7 and TLR9 activation [10]. 
The generation of antigenic peptides, and their loading on MHCII molecules that involves 
removal of the chaperone molecule Ii, also depends on endo-lysosomal proteases in APCs. 
Indeed, a role for the cysteine protease family, specifically cathepsins L and S, is 
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confirmed in Ii chain processing and generation of peptides during antigen processing [11– 
17]. Other studies show that the lysosomal Asparagine endopeptidase (AEP) could also initiate 
Ii processing, and make the initial cleavage sites of tetanus toxin antigen (TTCF), or destroy 
the immunodominant peptide of myelin basic protein (MBP) 85-99 in human cells [18–20]. 
Mice deficient for AEP also show mild defect in TTCF processing [21]. 
TLR9 and TLR7 cleavage was first reported by the group of G Barton in a macrophage cell line 
expressing TLR9/TLR7-HA, and in primary macrophages and DCs transduced with retroviruses 
encoding TLR9-HA [8]. The identification of proteases cleaving TLR7 and TLR9 was then 
addressed in DCs deficient for members of the cysteine protease family such as cathepsins L 
and S, and indicated their contribution in TLR7 and TLR9 activation [7]. Compromised TLR7 
and TLR9 cleavage and signalling is also described in AEP-deficient DCs, and in human 
plasmacytoïd DCs (pDCs) treated with a specific AEP inhibitor [9,22]. In addition, AEP-deficient 
mice show altered response to TLR7 and TLR9 signals following pathogen infection and, are 
not able to elicit T cells proliferation upon TLR7 and TLR9 stimulation in vivo [9,22]. 
In MHC class I (MHCI) antigen presentation, trimming of pre-processed antigenic substrates 
into peptides of suitable size ready for loading on MHCI molecules is performed by a different 
set of proteases than cathepsins, such as ERAAP (ER aminopeptidase associated with antigen 
processing), or IRAP for insulin responding aminopeptidase [23]. IRAP deficient DCs show 
reduced MHCI antigen cross presentation of endocytosed and phagocytosed antigens and 
thus confirm a role for IRAP in antigen cross presentation [24]. IRAP interacts with MHCI 
molecules and they both co-localize in DCs in a specific subset of endosomes, the slow 
recycling storage endosome (SRSE). These structures express Rab14 and syntaxin 6 and 
contain antigen internalized by endocytosis [25]. The IRAP+ endosomes partially overlap with 
VAMP3 organelles, where TLR9 travels before reaching LAMP1+ lysosomes [26,27]. Indeed, 
traffic of TLR9 to IRAP+ endosomes is mandatory for proper TLR9 signalling, as the absence of 
IRAP led to an increase in CpG and TLR9 trafficking directly into LAMP1+ lysosomal organelles 
as well, as accelerated TLR9 cleavage and activation. This accelerated TLR9 trafficking is 
independent of IRAP enzymatic activity, but requires an association between IRAP and 
FHOD4, a member of the formin family of actin-nucleating proteins involved in the 
attachment of vesicles to the actin skeleton [27]. 
Lysosomal activity in DCs is regulated by the NADPH oxidase, the V-ATPase, and the 
transcription factor EB (TFEB), which controls the activation of genes, involved in lysosome 
biogenesis and function, in particular phagosomal acidification. Indeed, level of TFEB 
expression sets the threshold for MHCI antigen cross presentation [28]. High expression of 
TFEB favours MHCII antigen presentation by promoting phagosomal acidification and 
proteases expression, whereas low expression of TFEB leads to an increase in MHCI antigen 
cross presentation, as a consequence of slower degradation of antigenic substrates. In 
Raw264.7 macrophages, TLR9 stimulation induces TFEB activation helping its translocation 
to the nucleus, while inhibition of TLR9 cleavage results in TFEB inactivation [29]. A 
mechanism for TFEB activation in TLR4 stimulated DCs is proposed via the release of Ca2+ in 
lysosomes by TRPLM1 channel [30]. Whether the intracellular TLRs use the same mechanism 
to activate TFEB is not yet known. 
Similarly, intracellular TLR stimulation leads to DCs maturation and increased lysosomal 
acidification, which is accompanied by enhanced V-ATPase activity [31]. In that context, 
intracellular TLR activation is anticipated to support MHCII antigen presentation. But an 
alternative prediction is that intracellular TLR localised in perinuclear lysosomes slow down 
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phago-lysosomal fusion, and preserve the arrival of antigenic substrates in acidic 
compartment, and thus promote MHCI antigen cross presentation, as it was shown for TLR4 
[32]. 

 

Chaperone molecules 
 

Ii is a type II transmembrane protein that associates with the MHCII molecules in the ER [33]. 
Studies using cells expressing MHCII and different isoforms of Ii or mice lacking Ii indicate that 
Ii is required for the folding and assembly of MHCII. Intact MHCII-Ii complexes is then targeted 
to the endo-lysosomal pathway where Ii is sequentially cleaved into CLIP, or Invariant Chain 
Peptide, to protect the MHCII groove from the loading of peptides outside the endo-lysosomal 
compartments [34]. 
UNC93B1 is a conserved 12-membrane spanning molecule residing in the ER, essential for 
functional intracellular TLR cleavage in endosomes. UNC93B1 is highly expressed in myeloid 
cells, whereas non immune cells, such as epithelial or fibroblasts have low levels of UNC93B1 
[8,35]. The role of UNC93B1 in the TLR pathway was discovered using a forward genetic screen 
in mice [6]. This led to the identification of a 3d mutant mouse, which expressed a single non-
conservative amino acid substitution (H in position 412 to R) and was unable to respond to 
intracellular TLRs whereas the response to membrane TLRs was intact. As a consequence, 
expression of the 3d mutant in mice and human cells leads to a higher susceptibility to various 
pathogen infection [6,36]. UNC93B1 binds the juxtamembrane region of intracellular TLRs and 
the N-terminal region of UNC93B1 is required for TLR7 and TLR9 ER egress [37–39]. UNC93B1 
also controls intracellular TLRs trafficking and their packaging into COPII-coated vesicles in ER 
membranes [40]. In fact, UNC93B1 might act as a cargo receptor for trafficking to the Golgi, 
like Sec24, which is the principal cargo binding for the COPII coat. The group of Latz 
demonstrated that UNC93B1 is needed for intracellular TLRs folding [41]. Thus, the absence 
of UNC93B1 or the UNC93B1 H412R mutation compromise TLRs expression. In addition, 
UNC93B1 regulates differently TLR9 and TLR7 upon ligand stimulation. In the endosomes, 
activation of TLR9 requires its dissociation from UNC93B1, whereas TLR7 remains bound to 
UNC93B1 for its activation [42,43]. 
Altogether, these results assert the role of UNC93B1 in stabilizing and preventing the 
degradation of endosomal TLRs, and suggest an UNC93B1-TLR9 or TLR7 chaperone-client 
relationship similar to that of Ii-MHCII. 
UNC93B1 is also central to antigen presentation. The same mutation that alters intracellular 
TLRs delivery to endosomes also partially inhibits MHCII antigen presentation and strongly 
blocks MHCI antigen cross presentation independent of TLR signalling [6,44]. This function 
requires an interaction between UNC93B1 and an ER calcium sensor, the stromal interaction 
protein molecule STIM1 [44,45]. In UNC93B1 H412R DCs, key features of DCs antigen cross 
presentation such as endosomal/phagosomal pH; lysosomal proteolytic activity and antigen 
export to the cytosol are linked to the loss of STIM1-UNC93B1 interaction and failure to 
activate membrane Ca2+ channels. Loss of STIM1-UNC93B1 interaction in 3d mutant mice 
impairs antigen degradation that leads to altered antigen cross-presentation [44,45]. 

 
Subcellular compartments involved in peptide loading, TLR trafficking and cytokine 
response 
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At the steady state, intracellular TLR reside in the ER and translocate in early endosomal 
compartments upon stimulation with their ligands. Adaptor proteins (APs) family consist of 
5 members (AP-1 to AP-5). APs are composed of several subunits, expressed in different 
intracellular compartments, which select cargo into vesicles for their delivery to the endo- 
lysosomal pathway. In vitro, cell surface AP-2 was shown to bind the di-leucine motif in the 
cytosolic tail of Ii and in cells silenced for AP-2, Ii mislocalization led to reduced formation of 
MHCII-peptide complexes at the cell surface [46]. In a similar fashion, UNC93B1-C terminal 
domain interacts with AP-2, and absence of AP-2 results in accumulation of TLR9 in the Golgi 
[39]. Thus, both the MHCII-Ii and the UNC93B1-TLR9 complexes require AP-2 for their traffic 
and delivery from the plasma membrane to endosomal compartments. In contrast depletion 
of AP-4 had no effect in MHCII-Ii complexes trafficking but is necessary for TLR7 delivery to 
endosomes via direct ER-TGN (trans Golgi network) direct route. 
Iwasaki and colleagues demonstrated that TLR9, shortly after stimulation, goes in VAMP3 
endosomes, where it binds AP-3 and then translocate in LAMP1+ lysosome, promoting 
production of type I interferon (IFN) trough IRF7 activation [47]. Altogether, these results 
suggest that the first steps of UNC93B1-TLR9 trafficking from the ER to the plasma membrane 
and then to early endosomes might be similar between UNC93B1-TLR9 and MHCII-Ii. Later 
steps diverge as UNC93B1-TLR9 proteins are targeted to lysosome-related organelles (LRO) 
or lysosomes via AP-3, while MHCII-Ii complexes go to MVB/MIIC compartments 
independently of AP-3. Additional host factors required for lysosome biogenesis including 
BLOC1 (biogenesis of lysosome related organelles complex 1), which is controlled by TFEB and 
BLOC2 are crucial for TLR9 signalling in pDCs, as BLOC-1 and BLOC-2 deficient mice produced 
less type I IFN after TLR9 stimulation in comparison to control mice [48]. BLOC-1 complex 
binds AP-3, is involved in the biogenesis of LRO and share some subunits with the BLOC-1 
related complex (BORC). BORC associates peripherally with lysosomal membranes, to recruit 
the small GTPase Arl8b, which, when activated promotes kinesin-1-dependent movement of 
lysosomes. Arl8b deficient cells show a defect in MHCII- peptide complex formation and its 
delivery to the plasma membrane [49]. TLR7 activation induces Arl8b-TLR7 association, which 
promotes microtubule polymerization, enabling TLR7 trafficking in Arl8b+ compartment for 
type I INF response [50]. Thus, similarly to AP-3 which expression is needed to transfer TLR9 
from endosomes to lysosome for type I INF response, Arl8b is required for TLR7 to translocate 
to lysosomes, also for type I IFN response. 

 

Concluding remarks 
Antigen presentation and TLRs activation in APCs are essential processes for triggering CD4+ 
and CD8+ T cells responses to exogenous antigens. Accumulating evidence has described the 
role of the antigen processing machinery for intracellular TLRs activation. The findings suggest 
that intracellular TLRs use proteases, chaperones molecules, adaptor protein complexes and 
endo-lysosomal compartments for their trafficking and cleavage, as do the MHCII molecules 
(Figure 1). However, because of the complexity of the processing machinery and its unique 
features for each APCs, many questions still remain unanswered. 
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Figure 1 
TLR7 and TLR9 pathway in dendritic cells 
TLR7 and TLR9 bind UNC93B1 in the ER. Upon TLR9 stimulation, TLR9-UNC93B1 complexes 
traffic to the plasma membrane and are internalized via AP-2 in early endosomes expressing 
VAMP3 and IRAP proteins. Within VAMP3+ IRAP+ endosomes, TLR9 dissociates from UNC93B1 
and is cleaved by AEP and other proteases. This allows the recruitment of the adaptor 
molecule MyD88 and induces NF-kB signalling. Cleaved TLR9 then move to LAMP1+ lysosome 
with the help of AP-3 to trigger type I INF signalling. In contrast, TLR7-UNC93B1 complexes 
bind AP-4 or/and Arl8b (depending on the cell type) and are transferred directly from the ER 
to LAMP1+ lysosome following TLR7 stimulation. In lysosome, TLR7 remained associated with 
UNC93B1 for the induction of type I INF. 
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Les cellules dendritiques (CDs) sont des effecteurs clés reliant l'immunité innée et adaptative. Elles 

reconnaissent directement les agents pathogènes infectants par le biais de récepteurs de l’immunité 

innée (Pattern recognition receptors ou PRR), comme les récepteurs Toll-like (TLR), et initient des 

réponses immunitaires efficaces contre eux. Elles produisent en effet un large panel de cytokines et 

chimiokines pro-inflammatoires et augmentent l'expression de leurs molécules de co-stimulation suite 

à une infection. Les cellules dendritiques sont des cellules présentatrices d'antigènes (CPA) cruciales, 

capables de présenter des peptides pathogéniques ou associés à une tumeur via les molécules du 

CMH pour activer les lymphocytes T et initier une réponse adaptative. 

Fortement exprimée dans les CDs, UNC93B1, une molécule hautement conservée, composée de 12 

passages transmembranaires et résidant dans le réticulum endoplasmique (RE), a été identifiée comme 

un régulateur clé dans le repliement et le trafic vers les endosomes des TLRs intracellulaires qui 

détectent les acides nucléiques des microbes. En effet, une mutation du gène Unc93b1 (mutation 3d) 

entraîne une inhibition de l’interaction entre UNC93B1 et les TLRs intracellulaires et bloque leur 

signalisation. Chez la souris, la mutation 3d d’UNC93B1 entraîne également un défaut de présentation 

croisée antigénique et une subséquente croissance tumorale accrue et rapide, probablement en raison 

d'un défaut de présentation croisée des antigènes associés aux tumeurs par les CDs. N’interagissant 

pas seulement avec les TLRs, UNC93B1 a pour rôle de médier l'activation d'autres protéines dans le 

RE, comme STIM1 et STING. 

Dans le RE, IRE1 est l'un des 3 acteurs majeurs de l’UPR, une réponse adaptative déclenchée lors 

de la perturbation de l'homéostasie des protéines du RE et dont la fonction est de restaurer les fonctions 

altérées de l’organelle. Si l'homéostasie du RE ne peut pas être restaurée, l'UPR induit alors des 

signaux pro-apoptotiques. La régulation de l'activation d’IRE1 reste peu claire, en particulier dans les 

CDs où il joue un rôle majeur dans la survie des CDs et la présentation croisée antigénique du CMH de 

classe I. Nous apportons la preuve qu’UNC93B1 lie le domaine transmembranaire d’IRE1 et régule sa 

fonction. Nous avons montré que dans les CDs portant la mutation 3d, IRE1 n'est plus associé à BiP, 

ce qui entraîne son activation. De plus, l'inhibition de l'activité d’IRE1 dans les CDs 3d restaure la 

présentation croisée antigénique in vitro et limite la croissance tumorale in vivo. Dans l'ensemble, nos 

données mettent en évidence le rôle essentiel d’UNC93B1 dans la régulation de la présentation 

antigénique du CMH de classe I dans les CDs en contrôlant l'activité d’IRE1. 

 En plus d’IRE, nous avons également examiné la régulation de STING par UNC93B1, car il a été 

démontré que les deux protéines interagissent, UNC93B1 favorisant potentiellement la régulation 

négative de STING. Nous avons constaté que, dans les CDs, UNC93B1 contrôle STING différemment 

et semble essentiel pour sa signalisation. De plus, dans les CDs 3d, l'interaction entre UNC93B1 et 

STING est conservée mais la mutation induit une diminution significative du trafic et de la signalisation 

STING. Ces données préliminaires indiquent, qu'en plus de favoriser l'activation d’IRE1, UNC93B1 

semble jouer un rôle important dans la voie interféron médiée par STING. 

  



  

 

Dendritic cells (DCs) are key immune cells linking innate and adaptive immunity. They express a wide 

range of pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), which recognize 

specific molecular patterns expressed by pathogens. Following pathogen infection, DCs produce a large 

panel of pro-inflammatory cytokines and chemokines and increase the expression of their co-stimulatory 

molecules to present pathogenic-associated peptides on MHC molecules to prime T cells and initiate 

adaptive immunity.  

Strongly expressed in DCs, UNC93B1, a highly conserved 12-membrane spanning molecule residing 

in the endoplasmic reticulum (ER), has been identified as a key regulator in the folding and trafficking  to 

endosomes of intracellular TLRs that detect microbial nucleic acids. A single mutation in the Unc93b1 

gene (3d mutation) results in the absence of UNC93B1 interaction with intracellular TLRs and inhibition 

of their signalling, indicating that the association of UNC93B1 to intracellular TLRs is mandatory for their 

function. UNC93B1 also associates with the ER calcium sensor, STIM1 and this interaction is mandatory 

for MHC class I antigen cross presentation in DCs. UNC93B1 is also shown to control the production of 

type I interferon (IFNI) mediated by STING, an innate immune receptor involved in antiviral response.  

In the ER, IRE1 is one of the 3 sensor proteins of the Unfolded Protein Response (UPR) which is an 

adaptive response triggered upon disruption of ER protein homeostasis and whose function is to restore 

the altered functions of the ER. If ER homeostasis cannot be restored, the UPR then induces pro-

apoptotic signals. Regulation of IRE1 activation is not well understood, particularly in DCs where it 

plays a major role in survival and MHC class I antigen cross presentation. We provide evidence that 

UNC93B1 binds the transmembrane domain of IRE1 and regulates its function. We find that in DCs 

bearing the 3d mutation, IRE1 is no longer associated to BiP which leads to increased IRE1 activity. 

Furthermore, inhibition of IRE1 activity in 3d DCs restores MHC class I antigen cross presentation in 

vitro and limits tumour growth in vivo. Our data highlight the essential role of UNC93B1 in regulating 

MHC class I antigen presentation in DCs by controlling IRE1 activity. 

We also find that UNC93B1 associates with STING and positively regulates IFNI-STING dependent 

signalling. In DCs silenced for UNC93B1 or expressing the 3d mutant, trafficking of STING from ER to 

Golgi is delayed which leads to reduced IFNI secretion.   

Altogether, our data suggest an important role for UNC93B1 in regulating IRE1 and STING activities 

in DCs.  


