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Titre : Rôle des récepteurs de l'autophagie sélective dans la présentation des antigènes par les molécules du 
CMH-II, et leur détournement par les virus pour échapper à l'immunité médiée par les cellules T. 

Mots clés : Autophagie, virus, antigènes, CMH-II, lymphocytes, CD4. 

Résumé : Les lymphocytes T CD4+ jouent un rôle 
important dans l’immunité antivirale. Ils 
reconnaissent des peptides présentés par les 
molécules du complexe majeur d’histocompatibilité 
de classe II (CMH-II) dans les cellules présentatrices 
d’antigènes (CPA).  

L’autophagie participe à la dégradation d’antigènes 
cellulaires et est souvent ciblée par les virus. Ici, nous 
étudions le rôle des récepteurs de l’autophagie 
sélective (RAS) dans la présentation d’antigènes 
viraux par le CMH-II. Nous montrons que TAX1BP1 
impacte la présentation de peptides par le CMH-II 
aux lymphocytes T CD4+. 

En utilisant la protéine Tax du virus T-lymphotrope 
humain de type 1 (HTLV-1), nous étudions le 
détournement des RAS pour échapper à l’immunité 
antivirale. Nous montrons que le recrutement via 
l’ubiquitination d’OPTN par Tax est nécessaire pour 
inhiber la présentation d’un antigène viral par le 
CMH-II. Dans l’ensemble, nous montrons que 
TAX1BP1 joue un rôle important dans la 
présentation d’antigènes par le CMH-II et 
proposons OPTN comme une cible de HTLV-1 pour 
échapper à la réponse T. 

 

 

 

Title : Role of selective autophagy receptors  in MHC-II-restricted antigen presentation and their hijacking by 
viruses to escape T cell immunity. 
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Abstract : CD4+ T cells play an important role in 
antiviral immunity. They are activated by virus-
derived peptides presented by the major 
histocompatibility complex class-II (MHC-II) 
molecules in antigen presenting cells (APC). 
Autophagy contributes to the processing of cellular 
antigens and is often targeted by viruses. We first 
asked whether selective autophagy receptors (SARs) 
play a role in MHC-II viral antigen presentation. We 
show that TAX1BP1 strongly influences the loading 
and presentation of peptides by MHC-II molecules to 

CD4+T cells. We then used Human T-cell leukemia 
virus type 1 (HTLV-1) Tax protein, known to recruit 
TAX1BP1, OPTN and p62 to ask whether viruses 
target SARs to escape antiviral immunity. We show 
that the recruitment of OPTN by Tax is required to 
inhibit MHC-II-restricted viral antigen presentation 
and CD4+T cell activation. Altogether, we show 
that TAX1BP1 plays an important role in MHC-II 
antigen presentation and put forward OPTN as an 
HTLV-1 target to escape T cell immunity. 
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Overview 

CD4+T cells play a key role in the establishment of adaptive immunity. Their activation relies on 

the recognition of antigenic peptides derived from pathogens and/or tumors presented by the 

Major Histocompatibility Complex II (MHC-II) at the surface of antigen presenting cells (APC). 

Antigens can be derived from external sources through endocytosis, resulting in exogenous 

antigen presentation, or they can derive from neosynthesized proteins, resulting in 

endogenous antigen presentation. The mechanisms of routing and loading of endogenous 

antigens on MHC-II molecules remain poorly characterized.  Defining them will allow a better 

understanding of the mechanisms driving antiviral immunity.  

Several groups have demonstrated that autophagy plays a role in generating MHC-II-restricted 

antigens. Autophagy is a lysosomal degradation process essential for maintaining cellular 

homeostasis. This pathway plays an important role in several physiological functions and its 

deregulation is associated with many pathologies. Autophagy also plays a role in infectious 

contexts by promoting intracellular pathogen destruction and participating in innate and 

adaptive immune responses. Thus, numerous viruses have evolved strategies to modulate 

autophagy to their benefit.  

Prior to my arrival in the laboratory, my team showed that targeting an antigen to 

autophagosomes enhanced the capacity of APCs to activate antigen-specific CD4+T cells. 

Autophagy is now progressively regarded as a selective process and, therefore, selective 

autophagy receptors could play a role in MHC-II antigen presentation. Nevertheless, very 

few antigens have been described as being degraded in an autophagy-dependent manner and 

the molecular links between autophagy and MHC-II antigen presentation remain poorly 

characterized.  

In this manuscript, I will first introduce the different selective autophagy receptors (SARs), their 

role and the pathways in which they are implicated and how they recruit the autophagy 

machinery. In the second part of the introduction, I will describe the MHC antigen presentation 

pathways, with a focus on MHC-II. I will finally present different strategies used by viruses to 

escape MHC-II-restricted antigen presentation and to target SARs to their benefit.I will then 

focus on HTLV-1 and its oncoprotein Tax known to target SARs to modulate innate immunity. 

These elements will allow me to introduce the results of my thesis work, presented in a second 

part in the form of two articles. Finally, the last part of this manuscript will be devoted to the 

discussion and perspectives of this work. 
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Introduction 

 

I. Selective autophagy receptors  
 

Maintaining cellular homeostasis requires the elimination of unwanted or damaged cellular 

components in a controlled fashion. Autophagy was discovered in the 1960s and described as 

a non-selective pathway targeting cytosolic proteins for lysosomal degradation as a response 

to amino acid starvation1,2. We can distinguish three types of autophagy: macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA). Hereafter, we will use autophagy 

to designate macroautophagy and will not describe the two other pathways in detail. 

Autophagy is a conserved degradation process consisting of the formation of double-

membrane vesicles, autophagosomes, around a cargo. Autophagosomes fuse with lysosomes 

to deliver their cargo to degradation by enzymes, allowing disassembly and recycling of its 

constituents. The process is regulated by a set of Autophagy-related genes (ATG)3. 

At the turn of the 21st century, Daniel Klionsky’s team discovered specialized adaptor proteins 

delivering specific cargos to autophagosomes whilst working on the biosynthetic cytoplasm-

to-vacuole targeting pathway, a selective autophagy-like process in yeast4. They showed that 

the transport of several vacuolar hydrolases from the cytoplasm, where they are synthesized, 

to the vacuole relies on the same set of ATG genes as starvation-induced autophagy. In 

mammals, the characterization of the selective autophagy machinery was led by the 

identification of p62/SQSTM1 (hereafter referred as p62), responsible for the degradation of 

aggregated proteins. Peroxisomes and mitochondria were the first large substrates shown to 

be selectively degraded by autophagy, which led to the description of respective degradation 

processes as pexophagy and mitophagy5,6. Selective autophagy allows the discrimination of 

specific content targeted to autophagosomes (bacteria, damaged organelles, aggregated 

proteins, etc) leading to the exclusion of other fractions of the cytoplasm7. Different receptors, 

named selective autophagy receptors (SARs), specifically recognize and bind relevant cargos 

whilst recruiting LC3/GABARAP proteins and the rest of the ATG core machinery8,9. Different 

pathways of selective autophagy exist and are named in relation to their targeted cellular 

material: protein aggregates (aggrephagy), pathogens (xenophagy), damaged mitochondria 
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(mitophagy), ER (ER-phagy), lysosomes (lysophagy), ribosomes (ribophagy) amongst others. In 

this first part of the introduction, I will present the SAR family proteins and the pathways in 

which they are involved. I will then explain how SARs link their cargo to the core ATG machinery. 

Finally, I will show how SARs can play different roles in the cell, including cell trafficking and 

cell signaling, adding to their role as autophagy receptors.  

 

A. Characteristics of selective autophagy receptors (SARs)  
 

SARs emerged by convergent evolution and subsequent duplication events10. Ubiquitination is 

the most characterized modification that mediates cargo recognition by SARs11. The most 

characterized mammal SARs are the SQSTM1-like receptor (SLR) family proteins12 consisting of 

p62/Sequestosome-1 (SQSTM1), Next to BRCA1 gene (NBR1), Optineurin (OPTN), Toll-like 

interacting protein (Tollip) and two CALCOCO family proteins: Tax-1 binding protein (TAX1BP1) 

and Nuclear dot protein 52 (NDP52).  

 

1. p62 and the identification of the LC3-Interacting Region (LIR) 

Work on the protein aggregation pathway allowed the identification of the selective autophagy 

machinery in mammalian cells and, more particularly, allowed the identification of the first SAR. 

The ubiquitin-binding protein p62 was described as a cargo-sequestering component of 

ubiquitin-positive protein aggregates through its ubiquitin binding domain (UBA)13–16 and 

capable of oligomerizing via its N-terminal Phox and Bem1p (PB1) domain17,18 (Figure 1). The 

Johansen group showed that p62 by itself forms protein aggregates, later degraded in the 

lysosome, and demonstrated that ubiquitinated cargo recruits p62 whose oligomerization is 

required for efficient cargo degradation, complying with the earlier definition of autophagy 

receptors for degradation19. In 2007, they showed a direct interaction between p62 and 

LC3/GABARAP proteins, constituents of autophagosomes. By means of a p62 construct, they 

described the peptide found within the SAR that determines the interaction with LC3 and the 

subsequent integration into autophagosomes and trafficking to lysosomes. This constitutes 

the first mapping of the LC3-interacting region (LIR)20(Figure 1), today considered a major 

defining feature of SARs.   
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Figure 1. Structure of p62/SQSTM121(adapted from White et al., 2023). N-terminal PB1 domain 

mediates its interaction with itself and other PB1 domain-containing proteins; ZZ-type zinc finger (ZF) 

domain binds N-terminal arginine moieties and RNA; TB is the tumor necrosis factor receptor associated 

factor 6 (TRAF6)-binding domain; LIR is the LC3-Interacting Region; KIR is the Kelch-like ECH-associated 

protein 1 (Keap1)-interacting region; and UBA is the C-terminal ubiquitin-binding domain. 

 

The LIR domain has since been described as a linear sequence of a core consensus of amino 

acids W/F/YXXL/I/V (X is any amino acid) which adopts an extended β-stranded conformation 

and forms a parallel β-sheet with the β-strand 2 of LC3. W/F/Y and L/I/V amino acids are each 

located in and interact with two hydrophobic pockets HP1 and HP2 forming the LIR docking 

site (LDS) on LC3, exploited by the majority of SARs22. The residues at positions X-1 to X-3 

immediately N-terminal to the core LIR are often negatively charged, enhancing the affinity of 

the LIR with LC3, and the phosphorylation of amino acids within LIR or flanking this region can 

overall regulate the affinity of SARs to LC3 proteins23–25.  

In addition to the LIR, binding ubiquitin is also an important trait that defines SARs. 

Oligomerized p62 forms bodies containing ubiquitinated cargo bound by the UBA domain of 

p62. This binding is regulated by phosphorylation of the UBA region26,27. Mutations in the UBA 

region of p62 are associated with Paget’s disease of bone, showing the importance of p62 in 

aggrephagy in vivo28,29.  

2. Next to BRCA1 gene (NBR1) protein 

In 2009, the p62 homolog Next to BRCA1 gene (NBR1) was identified as a SAR containing a 

ubiquitin-binding (UBA) domain and a LIR required for its degradation via autophagy30. NBR1 

and p62 interact with each other via their respective PB1 domains17. NBR1 binds and co-

localizes with p62 in p62 bodies, playing a major role in aggrephagy30. Although they are 

organized in a similar way, NBR1 is twice the size of p62 and contains additional coiled-coil 

domains responsible for its dimerization and an additional amphipathic α-helical J (JUBA) 

domain that binds lipid membranes31 (Figure 2). The interaction with membranes via the JUBA 

domain is critical in the removal of surplus peroxisomes by autophagy32.  

p62/SQSTM1 
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Figure 2. Structure of NBR19 (adapted from Johansen & Lamark, 2011). N-terminal PB1 domain 

mediates its interaction with itself and other PB1 domain-containing proteins; ZZ-type zinc finger (ZF) 

domain binds N-terminal arginine moieties and RNA; coiled-coil (CC) domains mediate its dimerization; 

LIR is the LC3-Interacting Region; J (JUBA) domain binds lipid membranes and UBA is the C-terminal 

ubiquitin-binding domain. 

 

3. CALCOCO family proteins: CALCOCO1, NDP52 and TAX1BP1 

By the time p62 and NBR1 had been described as SARs, it was clear that ubiquitin was a 

common “eat-me” signal present on several types of cargos (aggregated proteins, 
peroxisomes) and other potential cargos such as bacteria, ribosomes and depolarized 

mitochondria 33,34.  

Studies on cytoplasmic Salmonella revealed a role for TANK Binding Protein 1 (TBK1) adaptor 

nuclear dot protein 52 kDa (NDP52) in TBK1-regulated autophagy of the intracellular bacterium 

and described NDP52 as a xenophagy SAR35. A few years later, whilst studying TBK1 addiction 

in KRAS-driven cancer cells, Newman et al. investigated the role of TBK1-mediated autophagy 

in the regulation of NF-κB signaling given the need of cancer cells for constitutive autophagy, 

TBK1 and NF-κB activity. In the study, the team explored Tax-1-binding protein (TAX1BP1), a 

homolog of NDP52 and capable of interacting with TBK1, as a potential SAR. They showed that 

a chloroquine treatment stabilizes TAX1BP1, which in turn co-localizes with LC3-positive 

vesicles and possesses a non-canonical LIR, thus suggesting TAX1BP1 as a SAR36. In 2015, 

Tumbarello et al. showed that TAX1BP1 is also required for efficient clearance of Salmonella37.  

NDP52 and TAX1BP1, also known as calcium binding and coiled‐coil domain 2 (CALCOCO2) 
and calcium binding and coiled‐coil domain 3 (CALCOCO3) - respectively, constitute the small 

CALCOCO protein family along with calcium binding and coiled‐coil domain 1 (CALCOCO1) 

described as implicated in ER-phagy and Golgi-phagy38,39. Although belonging to the same 

family as NDP52 and TAX1BP1, CALCOCO1 is not considered an SLR due to its lack of ubiquitin-

binding domains. The CALCOCO family proteins share well-conserved domains composed of 

an N‐terminal SKIP carboxyl homology (SKICH) domain, central coiled‐coil regions (CC), a non-

canonical LIR named cLIR motive region40 between the SKICH domain and the CC domain and 

C-terminal ubiquitin binding zinc fingers (ZF) (Figure 3).  

NBR1 
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Figure 3. Structure of CALCOCO family proteins39 (adapted from Chen et al., 2022). CALCOCO 

family proteins contain the SKICH domain, a conserved LIR motive (LVV), coiled‐coil regions (CC), and 

zinc finger domains (ZF). Notably, CALCOCO1 possesses a two phenylalanines (FF) in an acidic tract 

(FFAT) ‐like motive and a zDHHC ankyrin repeat‐binding motive (zDABM). CALCOCO2 contains a 

dynamic unconventional zinc‐finger (ZF1) and a C2H2‐type zinc‐finger (ZF2), while CALCOCO3 
possesses two canonic C2H2‐type ZF.  

 

CALCOCO1 possesses also a ubiquitin-interacting motive (UIM)-like- docking site (UDS) ‐
interacting region (UIR) recognized by the UDS region on LC3 molecules546. The UIR motive 

cooperates with LIR to bind LC338. Other domains allow the interaction with ER membranes 

and Golgi proteins (FFAT-like motive and zDABM) (Figure 3). Although TAX1BP1 also presents 

a zDABM motive that allows interaction with Golgi-resident proteins41, a role of TAX1BP1 in 

Golgi-phagy is still unknown. In contrast to CALCOCO1, which only has one ZF domain, NDP52 

and TAX1BP1 have two C-terminal ZF domains. NDP52 contains an unconventional zinc‐finger 
(ZF1) and a C2H2‐type zinc‐finger (ZF2), but there is no direct coupling between them42. 

TAX1BP1 possesses two unique ubiquitin‐ binding C2H2‐type zinc fingers (UBZ), UBZ1, and 
UBZ2. These two ZFs are directly coupled with each other through a unique Trp‐residue43 

(Figure 3). Both ZF domains in NDP52 and TAX1BP1 serve as ubiquitin-binding domains that 

recognize ubiquitinated intracellular bacteria and therefore promote xenophagy37,44. The ZF 

domains are also involved in the binding to the motor protein myosin VI that mediates 

autophagosome maturation45 in the case of NDP52 and TAX1BP1; the role of the ZF domain 

on CALCOCO1 remains unclear. NDP52 contains also a GIR domain that recognizes Galectin-8 
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accumulated on damaged Salmonella-containing vacuoles (SCVs) or any other damaged 

endosome or lysosome in the cytosol46.  

4. Optineurin (OPTN) 

An additional ubiquitin-binding SAR involved in xenophagy was described in 2011: Optineurin 

(OPTN). It contains several oligomerization-prone coiled-coil domains, a short linear LIR, and a 

C-terminal ubiquitin-binding domains in ABIN proteins and NEMO (UBAN) region and ZF 

domains (Figure 4).  

 

 

Figure 4. Structure of Optineurin10 (adapted from Randow & Youle, 2014). Coiled-coil (CC) regions 

mediate oligomerization, LIR mediates LC3/GABARAP interaction, UBAN mediates interaction with 

signaling molecules and ubiquitin, ZnF mediates interaction with ubiquitin.  

 

OPTN is found enriched in various pathological inclusions, including Lewy bodies in Parkinson 

disease and its mutations are associated with amyotrophic lateral sclerosis (ALS) and 

glaucoma47. In order to clear cytoplasmic Salmonella,  the phosphorylation of its LIR motive 

(S177) and UBAN domain (S473) by TBK1  are essential24,48–50. The phosphorylation of the LIR 

following the recruitment of OPTN strongly increases its affinity to LC3 and polyubiquitin. This 

SAR plays overall an important role in mitophagy, xenophagy and aggrephagy. 

5. Toll-like interacting protein (Tollip) 

In 2014, Stefan Jentsch at the Max Planck Institute identified protein Cue5 containing an N-

terminal ubiquitin-binding Coupling of ubiquitin conjugation to ER degradation (CUE) 

domain51 and a C-terminal AIM (yeast equivalent of LIR) as a SAR for ubiquitinated proteins in 

Saccharomyces cerevisiae52. CUE domains are named for the yeastCue1p protein, which recruits 

the ubiquitin-conjugating enzyme Ubc7p to the ER, where it is essential for misfolded protein 

degradation53. Cue5 is capable of self-interacting and participates in the selective degradation 

of the proteasome (proteaphagy) after its inactivation54. Its human counterpart was Tollip, 

previously implicated in innate immunity and protein trafficking55 as well as in MHC-II molecule 

trafficking56. Tollip has a C-terminal CUE domain preceded by the PI3P-binding C2 domain 

(Figure 5). The interaction with ubiquitin interferes with the PI3P binding, which has unknown 

consequences for the SAR function of Tollip 57. Tollip has two putative LIRs included in C2 that 
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are required for clearing mutant huntingtin52. The presence of putative LIR domains and the 

binding to ubiquitin makes Tollip a SAR.  

 

 

 

Figure 5. Structure of Toll-like interacting protein (adapted from Kirkin & Rogov, 2019). C2 

domain mediates binding to PI3P, two putative LIR domain mediate recruitment of ATG machinery; CUE 

domain mediates binding to ubiquitin. 

 

B. Pathways of selective autophagy  
 

As mentioned previously, several pathways of selective autophagy exist that target pathogens, 

damaged organelles or aggregated proteins. Here, I will focus on aggrephagy, xenophagy and 

mitophagy given their role in innate immunity and their possible link to antigen processing.  

1. Aggrephagy 

Protein aggregation is generated because of improper folding or misfolding caused by 

mutations, incomplete translation, abnormal post-translational modifications and oxidative 

stress58. In addition to molecular chaperones and the ubiquitin-proteasome system (UPS), a 

type of selective autophagy can eliminate protein aggregation, aggrephagy59. Aggrephagy is 

mediated by several SARs including Tollip, p62, NBR1, OPTN and TAX1BP130,48,60,61,551. SARs 

recognize ubiquitinated aggregated proteins and, along with adaptor protein Histone 

Deacetylase 6 (HDAC6), form an aggresome to which the autophagy machinery is recruited9. 

Both p62 and HDAC6 seem to have a preference for K63-linked polyubiquitin chains62 and the 

addition of K63-linked Ub chains has been reported to correlate with the clearance of protein 

inclusions by autophagy63. HDAC6 mediates transport, via dynein molecular motors, of smaller 

Ub-containing aggregates to the microtubule-organizing center (MTOC) region where the 

aggresome is formed, usually encaged by intermediate filaments64–66. HDAC6 may also be 

important for the transport of the autophagy machinery to the aggresomes65. The presence of 

p62 is a common feature of most cytoplasmic and nuclear protein aggregates found in human 

diseases67. A specific protein other than p62 induces most pathological aggregates and the 

recruitment of p62 is a later event induced by the ubiquitination of the aggregates. p62 is not 
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required for the formation of polyglutamine inclusions of Huntington’s disease68 and the 

presence of p62 in aggregates is thought to reflect a role of p62 in autophagic degradation. 

Interestingly, Sarraf et al. reported that the loss of TAX1BP1 leads to a decreased ability to 

target protein aggregates for degradation when compared to the loss of other SARs, including 

p62. In addition, they showed that overexpressing TAX1BP1 promotes aggregate clearance and 

rescues cell viability after exposure to proteotoxic stress. Unlike its homolog NDP52, TAX1PBP1 

is strongly expressed in the brain (human and murine), thus suggesting that SARs present 

spatial and functional specificities at a tissue level551. 

In DCs, inflammation can increase the proportion of Defective Ribosomal Products (DRiPs)69. 

DRiPs can be found in DC aggresome-like induced structures (DALIS)70. During maturation of 

DCs and murine macrophage cell lines, protein synthesis and DRiP degradation are finely 

regulated71,72. The protein chaperones Hsc/Hsp70 recognize and bind newly synthesized DRiPs 

to allow DALIS formation after their ubiquitination73. DALIS formation is believed to promote 

antigen presentation. In the late stages of maturation, accumulated DALIS are bound to 

degradation by the proteasome or by selective autophagy mediated by p62 and the 

chaperones BAG1 and BAG3.  

2. Mitophagy  

Mitophagy designates the specific degradation of mitochondria via autophagy. Damaged 

mitochondria are culled in several cell types to maintain quality control because excess 

mitochondrial damage can perturb cellular homeostasis and must therefore be eliminated 

rapidly74. Mitophagy is also involved in innate immunity, cell differentiation, cell death, cancer 

and neurodegenerative diseases75.  

In mammalian cells, the mitochondrial kinase, PINK1, is stabilized in the outer mitochondrial 

membrane (OMM) of depolarized mitochondria where it subsequently recruits and activates 

E3 ubiquitin ligase Parkin and phosphorylates ubiquitin residues76–78. Parkin is mutated in 

familial cases of Parkinson’s disease79. Parkin then ubiquitinates proteins on the outer 

membrane of mitochondria80,81 (Figure 6). In a HeLa cell model genetically edited to knock out 

five SARs TAX1BP1, NDP52, NBR1, p62 and OPTN (penta KO), Lazarou et al. showed that 

ectopic expression of NDP52 and OPTN and to a lesser extent TAX1BP1 rescued mitophagy82. 

In the same study, neither NDP52 nor OPTN single KO caused a defect in mitophagy, whereas 

NDP52/OPTN DKO and, to a greater extent, NDP52/OPTN/TAX1BP1 TKO inhibited mitophagy. 
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These results suggest that NDP52, OPTN and TAX1BP1 play redundant roles in mitophagy and 

this is not the case for p62, NBR1 and Tollip. Interestingly, the unaltered mitophagy observed 

in OPTN single KO contrasts with a report indicating loss of mitophagy using RNAi-mediated 

knockdown of OPTN in HeLa cells83. This could be explained by the redundant roles of NDP52 

and TAX1BP1 not being efficiently set in motion in a transitory RNAi-mediated silencing of 

OPTN.  

 

 

 

 

 

 

 

 

 

 

Figure 6. PINK and Parkin mediate mitophagy10(adapted from Randow & Youle, 2014). When a 

mitochondrion loses membrane potential or accumulates misfolded proteins, PINK1 accumulates on the 

outer mitochondrial membrane. The PINK1 kinase recruits Parkin to mitochondria from the cytosol and 

activates the E3 ligase to ubiquitinate outer mitochondrial membranes. These ubiquitinated proteins act 

as ‘‘eat-me’’ signals for SARs that signal autophagy. 

 

Ubiquitin motives also recruit myosin VI to damaged mitochondria. The PINK1-Parkin 

mitophagy pathway mediated by OPTN seems to be involved in numerous neurodegenerative 

diseases such as Alzheimer’s disease and has been shown to play a role in diabetic 

necropathies84.  

3. Xenophagy  

Xenophagy designates the selective degradation of foreign organisms by autophagy. This 

pathway is mobilized in the innate immune response to control infections by intracellular 

OPTN/NDP52/TAX1BP1 
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pathogens like bacteria or viruses. It is a fundamental host cell response to invasion by a variety 

of intracellular bacteria including Shigella flexneri, Listeria monocytogenes and Salmonella 

Typhimurium85–87. During a bacterial infection, cells coat bacteria with polyubiquitin33 , this 

constitutes and “eat-me” signal. In 2009, Felix Randow’s group described the SAR NDP52, to 

be associated with ubiquitin-coated Salmonella enterica via its ubiquitin-binding domain and 

to mediate its degradation via autophagy through its LIR domain35 (Figure 7). p62, OPTN and 

TAX1BP1 have also been described as playing a role in restricting Salmonella37,88,89. Upon 

generation of a breach in endosomal compartments, galectins accumulate and recognize 

glycans that are present abundantly in post-Golgi compartments and are lacking in the cytosol 

46. Accumulation of galectin-8 around endosomes breached by S. typhimurium provides 

another “eat me” signal for NDP52 to target bacteria to the autophagy machinery46 (Figure 7). 

Recently, Tollip was found to be recruited to group A Streptococcus-containing vacuoles prior 

to bacterial escape to the cytosol. Interestingly, Tollip knockout prevented the recruitment of 

other SARs such as NBR1, TAX1BP1, and NDP52 to bacteria-containing autophagosomes 

leading to prolonged bacterial survival. Tollip was also shown to be required for the recruitment 

of galectin-1 and -7 to bacteria-containing autophagosomes90.  

 

 

 

 

 

 

 

 

Figure 7. NDP52-mediated xenophagy10 (adapted from Randow & Youle, 2014). On damaged 

vacuoles, exposure of otherwise hidden glycans recruits the danger receptor galectin-8, whose 

accumulation provides an ‘‘eat-me’’ signal for SAR NDP52, inducing autophagy. The ubiquitin coat 
deposited around cytosol-exposed bacteria (which may still be in association with vacuolar membrane 

remnants) serves as an alternative ‘‘eat-me’’ signal for SARs (NDP52, OPTN, p62), thereby inducing 
autophagy. 
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As seen previously, SARs are implicated in different types of selective autophagy by acting in a 

combined, redundant or specific manner, this constitutes an important level of complexity in 

the autophagic pathway. Furthermore, the existence of canonical and non-canonical LIRs adds 

on to the complexity and selectivity of the process by suggesting that specific cargos can be 

bound by SARs and be targeted to what could constitute specific subsets of autophagosomes 

given the diversity of LC3/GABARAP proteins. In addition, before being described as SARs, 

these different molecules were initially characterized as mainly scaffold proteins implicated in 

different signaling pathways. These include, for instance, the TBK1-mediated NF-κB signaling 

pathway (we will see these roles more in detail in the last part of this chapter) known to be 

implicated in both innate and adaptive immune responses91,92. In the next part, I will detail the 

mechanisms of autophagosome formation led by cargo-SAR complexes in order to show the 

interplay between autophagy and immunity and understand how SARs could participate in 

antigen degradation in autolysosomes.   

C. Cargo-SAR-mediated recruitment of the autophagy machinery  
 

It is important to note that other pathways of autophagy (other than macroautophagy) exist: 

microautophagy and chaperone-mediated autophagy (CMA). CMA is a selective process in 

which single proteins are recognized as unfolded/ misfolded when exposing a KFERQ-like 

pentapeptide motive recognized by heat shock cognate protein of 70 kDa (Hsc70)93. This 

pathway has been shown to play a role in MHC-II antigen presentation94,95.  Microautophagy 

can be both unselective and selective and involves the direct engulfment of cytoplasmic 

material by lysosomes or endosomes, either by invagination or by membrane protrusions96,97. 

In this part, I will describe the cargo-SAR-mediated recruitment of the macroautophagy 

machinery as a way to explore the mechanisms potentially delivering antigens to 

autophagosomes for subsequent MHC-II antigen presentation.  

1. The autophagy pathway 

In a simplified way, we can subdivide the process of recruitment of the autophagy machinery 

and the formation of autophagosomes until their maturation in three stages: initiation, 

elongation and maturation.  
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a) Initiation 

This stage corresponds to the recruitment and activation of different protein complexes that 

allow the formation of the phagophore. The transmission of these signals occurs near the ER 

membranes98 where the nucleation of the insulation membrane will take place. Two complexes 

work together to induce autophagy:  the class III PI3K complex and the ULK complex.  

The master cell growth regulator serine/threonine kinase mammalian Target of Rapamycin 

(mTOR), formed by two sub-complexes mTORC1 and mTORC2, is a downstream effector of the 

PI3K-Akt signaling pathway. In basal conditions, mTORC1 is bound to phosphorylated Unc-51-

like kinase 1 and 2 (ULK1/2) forming an inactive complex. Upon nutrient deprivation, mTORC1 

and ULK1/2 are dephosphorylated followed by the release of ULK1/2. ULK1/2 auto 

phosphorylate and phosphorylate Atg13 and focal adhesion kinase family interacting protein 

of 200 kD (FIP200) and form a complex along with and Atg101. The ULK complex 

(ULK1/2:Atg13:FIP200 and Atg101) and Atg9, a transmembrane protein essential for autophagy 

and delivering membranes, are independently recruited to the initiation site. The ULK kinase 

activity recruits the lipid kinase (PI3K) complex VPS34 (formed of vacuolar protein sorting 34 

(VPS34), Beclin-1 and vacuolar protein sorting 15 (VPS15)) that produces membrane patches 

rich in phosphatidylinositol 3-phosphate (PI3P) at the site of nucleation99 (Figure 8). The origin 

of this phosphatidylinositol-2-phosphate-rich (PI3P) membrane is to this day controversial. In 

fact, de novo synthesis is not required and instead this membrane finds its origin in preexisting 

organelle membranes. The endoplasmic reticulum98,100,101, mitochondria102, the plasma 

membrane103and the Golgi apparatus104 are potential sources for the formation of the 

phagophore. PI3P allows the recruitment of effector proteins such as DFCP1 and WIPI that 

participate in phagophore elongation.  

b) Elongation 

The elongation and ultimate closure of the phagophore relies on the conjugation of two 

ubiquitin-like proteins, Atg12 and LC3, to Atg5 and the lipid phosphatidyl ethanolamine (PE), 

respectively105 (Figure 8). To catalyze LC3 lipidation on glycine 120, the Atg12-Atg5 conjugate 

associates with Atg16 into an E3-like enzyme complex, whose localization, together with more 

upstream components, specifies the site of autophagosome biogenesis. While yeasts encode 

only a single Atg8 gene, humans harbor six orthologs that cluster into the LC3 and GABARAP 

subfamilies7. Membrane-associated LC3/GABARAP provide docking sites for receptors that 

deliver specific cargos to phagophores during selective autophagy8,9. 
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Figure 8. Steps of autophagosome formation106 (adapted from Trocoli & Djavaheri-Mergny). 

Autophagy consists of three major steps: initiation, elongation and maturation. Initiation corresponds to 

the induction and nucleation of the phagophore. The phagophore elongates to form a double 

membrane vesicle, the autophagosome. Maturation corresponds to the fusion of the phagophore with 

endosomes and lysosomes to form the autolysosome where the content is degraded. 

 

c) Maturation 

The last step of the process is autophagosome maturation, which allows degrading their 

content after fusion with lysosomes. The VPS34 complex associates with the protein UVRAG 

(UV-radiation resistance associated gene) via its interaction with Beclin-1 and forms a complex 

that contributes to autophagosome maturation99. However, UVRAG associated with VPS34 

complex can also bind Rubicon and this interaction suppresses vesicular transport and inhibits 

autophagosome maturation107,108. Rab7, belonging to the Ras GTPase protein family, plays a 

key role in autophagosome fusion with lysosomes109,110and Rab11 is necessary for the fusion 

of autophagosomes with late endosomes in response to nutrient deprivation111 (Figure 8).  

The fusion of autophagosomes to endolysosomal compartments also requires other tethering 

proteins such as VAMP7 and VAMP8 belonging to the SNARE family112 and proteins from the 

ESCRT complex that are implicated in endosome traffic and endosome biogenesis113.  

Tumbarello et al. showed that NDP52, OPTN and TAX1BP1 act as a bridge between the external 

membranes of autophagosomes, via their LIR motive, and Tom-1-expressing endosomes45,114.  

This occurs through the interaction of the SARs with Myosin VI (MyoVI) via their ubiquitin-

binding regions45,115,116  (Figure 9). MyoVI is capable of interacting with ESCRT protein Tom-1 

Induction and nucleation Elongation Maturation Degradation 
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expressed at the surface of endosomes, allowing the delivery of endocytic cargo to 

autophagosomes, which is necessary for their subsequent maturation and fusion with 

lysosomes. In addition, NDP52 was shown to target intracellular bacteria to autophagosomes 

and to singularly ensure pathogen degradation by regulating bacteria-containing 

autophagosome maturation and promoting xenohagy547. The ability of certain SARs to link 

endocytic vesicles to autophagosomes could confer them a role in antigen delivery to MHC-II 

loading compartments, described as endolysosomal vesicles (I will describe them more in detail 

in the second part of the introduction).  

 

 

 

 

 

 

 

 

Figure 9.  SARs promote autophagosome maturation (adapted from Tumbarello et al., 2013). 

OPTN, NDP52 and TAX1BP1 interact with autophagosomes through their LIR domain and with Myosin 

VI (MyoVI) through their ubiquitin-binding domains. Myo VI interacts with Tom-1-expressing endosomal 

vesicles by binding to Tom-1. OPTN, NDP52 and TAX1B1 link autophagosomes to endosomal vesicles 

and promote autophagosome maturation.  

 

2. How SARs recruit the autophagy core machinery 

Once SARs have bound to their target, it is important to then induce the formation of an 

autophagosome around it in order to isolate the target from the rest of the cytoplasm and 

ensure its proper degradation. Selective autophagy relies on the docking of the cargo to the 

phagophore but also on the upstream autophagy core machinery to initiate phagophore 

formation82,117,118.  

Autophagosome 
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The LIR motive is essential for targeting the cargo to the forming phagophore. Efficient docking 

of the cargo is believed to rely on multiple LC3/GABARAP-SAR interactions119,120 thus the 

phagophore may grow along the selected cargo, as opposed to bulk non-selective autophagy. 

This process requires a certain level of SAR multivalence. p62 uses its PB1 domain to 

oligomerize and concert the formation of an isolation membrane with the ubiquitinated 

cargo120. How other SARs achieve this is still unknown, although it may involve additional LIR 

motives and protein-protein interaction structures such as coiled-coil domains present in 

TAX1BP1 and NDP52121. 

Several studies suggest that SARs directly recruit FIP200 to the cargo. Indeed, Vargas et al. 

showed that NDP52 uses its SKICH domain to interact directly with FIP200. They showed that 

locating NDP52 ectopically on mitochondria or peroxisomes is sufficient to initiate selective 

autophagy and activating the ULK complex in a FIP200-dependent manner and this pathway is 

facilitated by TBK1 interaction with NDP52122.  The SKICH domain of TAX1BP1 similarly binds 

to FIP200123. In addition, p62 was also shown to bind the C-terminal Atg11 homology region 

of FIP200 through its newly defined FIP200-interacting region (FIR). This interaction recruits the 

ULK complex to induce phagophore formation in situ at the cargo site124.  

Components of the ULK complex contain LIR motives and can interact with LC3/GABARAP 

proteins125–127. LC3/GABARAP and FIP200 may therefore play a redundant role. How FIP200 

engages the VPS34 complex in selective autophagy remains poorly characterized. Birgisdottir 

et al. showed that sub-units of the VPS34 complex also contain LIRs and preferentially interact 

with GABARAP proteins. They showed that these interactions stabilize the association of the 

ULK complex with the phagophore and that disrupting the interactions of LC3/GABARAP with 

Atg14 (Atg14 is in the VPS34 complex) led to defective mitophagy128. This suggests that 

LC3/GABARAP proteins act as scaffold proteins in the interplay of the different protein 

complexes. Considering that some SARs only bind to a subset of LC3/GABARAP proteins (e.g. 

NDP52), the involvement of a specific SAR could modulate the signaling pathway by specifically 

recruiting the different actors.  

Another way in which SARs could recruit the autophagy core machinery is via their interaction 

with Tripartite motive (TRIM) proteins involved in “precision autophagy”. More than 80 TRIM 

proteins have been identified in humans and are implicated in different cellular processes. The 

term “precision autophagy” is due to a specific feature of TRIM proteins, which is the ability to 
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act as autophagy receptor regulators. This means that TRIMs can directly bind cargos and act 

as platforms for assembly of the autophagy machinery, such as Beclin-1 and the ULK 

complex548, 549. Certain TRIM proteins have been reported as binding SARs such as p62548, 

making this a means for SARs to recruit the autophagy machinery as well as highly selective 

cargos (not depending on ubiquitin or galectin) to forming autophagosomes. Interestingly, 

TRIM5 binds to the HIV-1 capsid protein550 and contributes to its delivery to autophagic 

degradation. The binding of viral proteins by TRIM proteins could be a way to deliver antigens 

to autophagosomes for further MHC-II antigen presentation. 

 

D. Other roles of SARs in the cell 
 

SARs have different functions outside their role in autophagy. Here I will summarize some 

relevant functions whose study complements the works of my thesis. 

1. Role of SARs in the internalization of transferrin receptor 

OPTN is also a binding partner of transferrin receptor implicated in transferrin-mediated 

uptake and endocytosis. An overexpression of OPTN was shown do decrease transferrin 

uptake129 by inducing the clustering of transferrin receptor molecules to perinuclear foci 

containing OPTN. This caused less availability of transferrin receptors at the surface of the cell 

and showed how OPTN participates in the regulation of this transferrin clathrin-mediated 

endocytosis130. 

2. Role of SARs in vesicle trafficking and maturation 

The SARs TAX1BP1, Tollip and p62 have an additional role in endosome trafficking maturation. 

Via their UBD, they participate in the retention of early endosomes at the perinuclear ER 

membrane. Deubiquitination of p62 releases the early endosomes from the ER/nuclear 

membrane and promotes their release and subsequent maturation into late endosomes131. This 

feature of SARs could be linked to the trafficking of MHC-II loading compartments (MIIC) since 

they are endolysosomal vesicles trafficking from the ER to the cell membrane in a regulated 

manner (Figure 10).  
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Figure 10. SARs promote endosome maturation131 (adapted from Jongsma et al., 2016). The ER-

located E3 ubiquitin ligase RNF26 employs p62 to capture TAX1BP1 and Tollip to retain vesicles in the 

perinuclear cloud. Action of DUB USP15 releases the vesicles in the cytoplasm. The opposite effects of 

RFN26 and USP15 draw the endosomal system’s architecture and orchestrate vesicle maturation and 

cargo trafficking in space and time. 

 

3. Role of SARs in the NF-κB signaling pathway  

A tight regulation of both autophagy and the NF-B signaling pathway is necessary to maintain 

cellular homeostasis. A deregulation of either one of these pathways is often associated with 

cancer development and other pathologies132. Autophagy is involved in numerous cellular 

functions regulated by NF-B such as cell survival, senescence, inflammation and immunity. 

With several common upstream signals, these two pathways coexist in a complex interplay.  

The NF-B family of transcription factors regulates the expression of several target genes by 

dimerizing and binding to specific DNA sequences on their promoters called B sites. The NF-

B dimers are retained in the cytoplasm as latent complexes binding a member of the inhibitor 

of NF-B IB protein family133. Two different pathways can promote NF-B activation: canonical 

and non-canonical. In both pathways, activation is mediated by the phosphorylation of the IB 

kinase (IKK) complex formed by both the catalytic kinases IKKα and IKKβ and the regulatory 
protein NEMO (IKK) or by IKKα homo-dimers106. The NF-B pathway regulates both innate 

and adaptive immune responses and is activated rapidly in response to a wide range of stimuli, 

all converging in the activation of IKK. IKK then phosphorylates IB that is then ubiquitinated 

and targeted for degradation by the proteasome, thereby releasing NF-κB dimers from the 

p62 

TAX1BP1/Tollip 
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cytoplasmic NF-κB–IκB complex and allowing them to translocate to the nucleus. In a normal 

context, NF-B activation is transient and feedback loops that terminate the activation are 

established. Repressors like A20 mediate the K63-deubiquitination and inactivation of signaling 

molecules that are required for NF-B activation134,135 and to this end, they cooperate with 

ubiquitin-binding proteins such as the SAR TAX1BP1136. TAX1BP1 is also known as T6BP (TRAF6 

binding protein) since it was identified as binding to ubiquitinated TNF-receptor-associated 

factor 6 (TRAF6) through its ubiquitin binding domain (UBZ2) and binding to K63-ubiquitinated 

receptor-interacting serine/threonine kinase (RIP). Both TRAF6 and RIP are found upstream of 

the activation of IKK137. Therefore, a model was proposed in which TAX1BP1 functions as a 

ubiquitin-binding adaptor protein that recruits A20 to the signaling proteins TRAF6 and RIP1 

leading to their deubiquitination and disruption of IL-1- and TNF-induced NF-κB 

signaling138,139. Another model suggested, by studying TAX1BP1 deficient cells140, that  A20 can 

also inhibit NF-κB signaling by being recruited by TAX1BP1 to E2 conjugating enzymes (UBC13, 

UBCH5c) and inducing their K48-ubiquitylation and proteasomal degradation thus disrupting 

the binding of E3 ubiquitin ligases (TRAF6, TRAF2, cIAP1) and abolishing the recruitment of 

downstream kinase complexes139 (Figure 11).  
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Figure 11. Schematic representation of the role of SARs in the NF-κB signaling pathway. TAX1BP1 

recognizes ubiquitinated (K63-Ub) TRAF6 and RIP and recruits A20. A20 can induce the deubiquitination 

(K63-deUb) of TRAF6 and RIP as well as the K48-ubiquitination of RIP and further proteasomal 

degradation. OPTN recruits CYLD to K63-ubiquitinated RIP, which induces its deubiquitination. NDP52 

also inhibits RIP K63-ubiquitination. TAX1BP1, OPTN and NDP52 negatively regulate the NF-κB signaling 
pathway by abolishing the recruitment of downstream protein complexes. On the other hand, p62 

promotes TRFA6 K63-ubiquitination and the activation of the NF-κB signaling pathway. 

 

Another SAR involved in the NF-B signaling pathway is OPTN, also known as NRP (NEMO-

related protein)141. OPTN competes with NEMO (NF-κB Essential Modulator) to bind 

ubiquitinated RIP (Ub-RIP) necessary for TNFα-induced NF-κB activation and recruits the 
deubiquitinase CYLD to Ub-RIP causing the blockage of the downstream reaction in the NF-κB 
pathway which results in apoptosis130. In fact, OPTN participates in a retro feedback loop 

involving TNFα and NF-κB activation142 (Figure 11).  

Finally, p62 and NDP52 are also involved in the NF-B signaling pathway. p62 has been 

reported to be involved in the K63-polyubiquitination of TRAF6 necessary for NF-κB 

activation143. In addition, through the use of ubiquitination mutants and overexpression of 

NDP52, Miyashita et al., showed that NDP52 is a negative regulator of the NF-κB signaling 
pathway144 (Figure 11).    

Overall, SARs serve an important function in regulating selective autophagy of proteins, 

invading microorganisms and damaged organelles that could compromise cell homeostasis 

and survival.  Moreover, they also play a significant and much broader role as scaffold proteins 

in vesicle trafficking and cell signaling pathways, which makes them ideal targets for viruses 

and other pathogens to disrupt the cell machinery. Given their role in specific targeting, 

autophagosome generation and maturation as well as in vesicle trafficking, SARs could very 

well play a part in antigen degradation and delivery to MHC-II-containing compartments for 

antigen presentation.  

In the second part of this work, I will overview the MHC-II antigen presentation pathway that 

occurs inside membranes and vesicles of different nature in antigen presenting cells (APC) and 

relies on the cell traffic machinery.  
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II. MHC-restricted antigen presentation pathways 
Antigen presentation by major histocompatibility complex (MHC) molecules is fundamental for 

the establishment of adaptive immunity. Prior to being presented, antigenic peptides must be 

generated from proteins that either are products of the cell’s translation machinery or have 

passed through the endolysosomal degradative system. MHC-peptide complexes interact with 

T lymphocyte receptors (TCR), which leads these cells to mount specific immune responses. In 

this part, I will present the different characteristics of the MHC molecules as well as the different 

mechanisms of antigen presentation. We will then focus on MHC class II (MHC-II) antigen 

presentation, the aim of my thesis being to understand further the mechanisms of endogenous 

antigen presentation by MHC-II molecules.   

A. The human Major Histocompatibility Complex  

The human Major Histocompatibility Complex (MHC) molecules are part of the Human 

Leucocyte Antigen (HLA) system. The HLA name was originally given because these antigens 

were first described after leukocyte-agglutinating antibodies were observed in the serum of 

transfused patients145. This system is composed of a complex set of genes located on 

chromosome 6. The genetic loci historically involved in the rejection of foreign organs are 

known as the MHC and are the most polymorphic genetic system in vertebrates (Figure 12).  

At the molecular level, MHC molecules are surface glycoproteins, divided into class I and class 

II, that present self- and foreign antigens and participate in regulating immune responses.  

 

 

 

 

 

 

 

Figure 12. Schematic representation of the MHC loci on chromosome 6. The class I and II regions 

encode the different proteins involved in MHC-I (red) and MHC-II antigen presentation (yellow 

corresponds to genes and grey corresponds to pseudo genes). The class III region does not encode any 

HLA molecules but contains genes encoding complement components (dark blue) and cytokines 

involved in immune responses.  
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1. Major Histocompatibility Complex Class I (MHC-I) 

 

Human MHC-I molecules are expressed by most nucleated cells and are encoded by three 

genes termed: HLA-A, -B, -C, all highly polymorphic (Figure 12).  

MHC-I molecules are immunoglobulin-type protein complexes resulting from the association 

of an invariant β2m microglobulin sub-unit and a heavy α chain to which 8 to 10 amino acid 
long peptides will bind. The α chain is divided into three domains: the conserved α3 domain 
containing the C-terminal transmembrane region and the α1 and α2 domains. The α1 and α2 
domains form a structure consisting of a platform of eight antiparallel β strands and two 
antiparallel α helices on top. The groove formed by the two α helices and the β strand platform 
is the peptide-binding groove for antigenic peptides. Two binding pockets within the peptide 

binding groove of the MHC-I molecule determine the peptide repertoire binding to a given 

HLA allele. The binding of a peptide and the β2 sub-unit are necessary for MHC-I molecule 

stabilization and migration to the cell membrane.  

 

 

 

 

 

 

 

 

 

 

Figure 13. Schematic representation of the structure of MHC-I molecules.  (A) MHC-I-peptide 

complex constituted by the two sub-units α1 and α2 harboring the peptide groove, the α3 sub-unit and 

the β2m sub-unit (B) and (C) Top and side views of the peptide binding groove with two anchoring 

residues binding pockets formed by the α1 and α2 sub-units. 
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Polymorphism of the α chain is reflected on the variability of amino acid sequences of the α1 
and α2 sub-domains, which control the nature of the peptide binding groove and determine 

the antigenic specificities of the MHC-I molecules. Peptide binding depends on specific anchor 

residues that interact with the binding pockets in the groove and on the interactions between 

the residues of adjacent amino acids and the α helices surrounding them (Figure 13). Therefore, 

the nature of the peptide sequence will determine its capacity to bind to a given MHC-I allele. 

2. Major Histocompatibility Complex Class II (MHC-II) 

The HLA class II loci encode for three variable MHC-II surface molecules HLA-DP, HLA-DQ and 

HLA-DR and two non-variable molecules HLA-DM and HLA-DO. MHC-II molecules are 

heterodimeric glycoprotein complexes composed of an α chain and a β chain non-covalently 

bound, each chain is divided into two sub-domains 1 and 2 (Figure 14). For HLA-DP and HLA-

DQ molecules, a single gene encodes each α and β chain (DPA1 and DPB1 and DQA1 and 

DQB1, respectively) (Figure 12). In the case of HLA-DR molecules, one gene encodes the α 
chain (DRA) and one or two genes encode the β chain (DRB1 and or DRB3) (Figure 12). 

Polymorphic residues are mainly found in the β chains of the three MHC-II molecules146.  

 MHC-II molecules anchor to the cell membrane through their C-terminal region (Figure 14, 

panel A). The peptide-binding groove formed by the α1 and β1 sub-domains consists of two 

α helices on a β-pleated sheet platform, and the peptide sits between the helices as in MHC-I 

molecules147,148. The conformation of the peptide-binding groove allows the binding of 

peptides ranging from 12 to 25 amino acids in length, longer than MHC-I peptides (Figure 14 

panel B). 

The nine amino acid core has 3 to 4 MHC-II anchor residues. The peptides adopt a stretched 

polyproline conformation in which some amino acid side chains, including the anchor residues, 

point toward the peptide-binding groove and some residues are exposed and potentially 

constitute T cell receptor (TCR) contact sites149. Similar to MHC-I molecules, the binding of the 

peptide depends on interactions between the backbone with the α helices and on various 

interactions between the MHC-II anchor residues and the binding pockets (Figure 14). 

Polymorphism is translated in the diversity of the binding pockets, resulting in different pockets 

accepting different peptide anchor residues. Therefore, different peptides bind to different 

alleles150.   
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Figure 14. Schematic representation of the MHC-II peptide-binding groove. (A) MHC-II-peptide 

complex constituted by a heterodimer of α and β chains each composed of two sub-units, the α1 and 
β1 sub-units harboring the peptide. (B) Top and side views of the peptide binding groove with three 

anchoring residues binding pockets formed by the α1 and β1 sub-units. 

I will now proceed to briefly describe the MHC-I antigen presentation pathway with a focus on 

endogenous presentation since there might be a cross talk with MHC-II-restricted antigen 

presentation, the subject of my thesis work.  

B. Antigen presentation by MHC-I molecules 
 

MHC-I molecules present peptides derived from endogenous sources such as neosynthesized 

viral proteins or cytosolic and nuclear cellular proteins. They can also present peptides derived 

from exogenous sources such as pathogens or cancer cells. The peptide-loaded MHC-I 

molecules expressed at the cell surface are recognized by the TCR of CD8+ cytotoxic 

lymphocytes allowing a rapid detection of tumor or infected cells. 

1. Endogenous antigen presentation by MHC-I molecules 

Historically, MHC-I molecules are known to present endogenous peptides derived from 

cytosolic or nuclear proteins. The generation of MHC-I endogenous peptides is dependent on 

protein synthesis and the Ubiquitin-proteasome System (UPS) to degrade them.  

a) The role of the proteasome 

MHC-I endogenous antigen presentation begins when proteins are recognized and degraded 

by the UPS151. The UPS ensures protein degradation via two successive steps. First, the substrate 

is tagged by covalent attachment of multiple ubiquitin molecules, and then the tagged protein 
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is degraded by the proteasome with release of free and reusable ubiquitin152. There is a 

distinction between the constitutive proteasome, ubiquitously expressed in every cell, and the 

immunoproteasome, more active and expressed in professional antigen presenting cells 

(pAPC) upon  IFNγ and TNF induction153. The constitutive proteasome 26S is composed of a 

20S subunit, ensuring the proteolytic activity of the complex, and a 19S subunit that recognizes 

ubiquitinated proteins to be translocated to the 20S subunit154 (Figure 15). The constitutive 

proteasome generates peptides containing an acid C terminal end that prevents them from 

properly binding MHC-I molecules155,156. Immunoproteasomes contain replacements for the 

three catalytic subunits of standard proteasomes: LMP2, LMP7 and LMP10, which generate 

peptides with a hydrophobic or basic C-terminal increasing their affinity to MHC-I molecules157 

(Figure 15). Modifying these three catalytic subunits affects the MHC-I peptide repertoire and 

antiviral CD8+T cell responses158,159.  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. The constitutive proteasome and the immunoproteasome. The constitutive proteasome 

26S is composed of a 20S sub-unit and two 19S sub-units. The 20S sub-unit, composed of four 

heptameric rings containing catalytically active β-sub-units, ensures the proteolytic activity of the 

complex and the 19S sub-units recognize and target ubiquitinated proteins for degradation. In the 

immunoproteasome, three catalytic β-sub-units are modified, improving its capacity to generate high 

affinity MHC-I restricted peptides. 
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b) The proteasome substrates 

The generation of peptides presented by MHC-I molecules depends, on the one hand, on 

protein degradation by the UPS and, on the other hand, on ribosomal translation and protein 

synthesis151,160. Inhibiting protein synthesis or proteasome degradation drastically decreases 

MHC-I-restricted antigen presentation161–163. The source of MHC-I peptides can be short-lived 

proteins (degraded in less than 10 min) or long-lived peptides (degraded on average in 24h)164–

168, the preferred source is still a matter of debate169. Amongst the short-lived proteins, we can 

distinguish mature and functional proteins from the products of transcription or translation 

errors, in which case they are called Defective Ribosomal Products (DRiPs)165,166,168,170. The 

existence of DRiPs was first suggested to explain kinetic observations of virus-infected cells 

that were recognized by antigen-specific CD8+ cytotoxic T cells soon after infection, long 

before the source proteins could be detected164,171. Although it was first suggested that DRiPs 

derived from deliberate premature termination or nascent-chain misfolding, the definition has 

broadened to include defective polypeptides emerging from alternative or defective mRNAs172, 

ribosomal frame shifting173,174, downstream initiation on bona fide mRNAs175 and other 

transcription errors176.  

c) Peptide transport to the ER and loading on MHC-I molecules 

The peptides are transported from the cytosol to the ER lumen, by the ATP-binding transporter 

associated with antigen processing (TAP). TAP allows the translocation of peptides ranging 

from 8 to 40 amino acids but favors peptides between 8 and 12. Cells deficient of either of the 

TAP subunits (TAP1 or TAP1) do not form MHC-I-peptide complexes because there is no 

peptide translocation to the ER154. The ER aminopeptidase associated with antigen processing 

(ERAAP) as well as its human homologs ERAP1 and ERAP2 shorten long peptides on their N-

terminal end to obtain an optimal length to bind to MHC-I molecules thus making ERAAP 

crucial to form stable MHC-I-peptide complexes177–180. 

The nascent heavy α MHC-I chain is anchored to the ER membrane during translation and is 

then N-glycosylated and stabilized by the chaperone Calnexin (CANX) until the incorporation 

of the β2m subunit when CANX is exchanged with another chaperone Calreticulin (CRT)181 

(Figure 16).  The protein ERp57 then binds the MHC-I-β2m complexes and stabilizes them.  
Tapasin (Tsn) binds to ERp57 and, along with MHC-I-β2m and TAP, form the peptide-loading 

complex (PLC)154 (Figure 16). The PLC orchestrates stringent peptide proofreading and quality 

control processes; in fact, Tsn selects high-affinity peptides by creating an energy barrier 
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through a widening of the peptide groove and promotes the exchange of intermediate- and 

low-affinity peptides for high-affinity epitopes182. The structural homolog of Tsn, TAP-binding 

protein-related (TAPBPR), also recognizes peptide-receptive MHC-I in the ER and catalyzes 

peptide proofreading thus altering the MHC-I peptidome183. Peptide proofreading and proper 

MHC-I-peptide assembly is coupled to glycan processing of MHC-I molecules in the ER184.  The 

stable MHC-I-peptide complexes then leave the PLC and are transported to the Golgi 

apparatus and then to the cell surface where they interact with CD8+T cells (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. The MHC-I antigen presentation pathway154 (adapted from Blum et al., 2013). Peptides 

derived from cellular translation, viral protein translation or non-functional peptides called DRiPs and 

degraded by the proteasome are translocated to the ER by the transporter TAP. The peptides are loaded 

directly on MHC-I molecules or shortened by ERAAP/ERAP1 or ERAP2 before loading. The MHC-I-

peptide complexes are released by the PLC and transported to the plasma membrane to interact with 

CD8+T lymphocytes.  
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2. Exogenous antigen presentation by MHC-I molecules 

APCs can process and present antigenic peptides derived from phagocytosed external sources 

on MHC-I molecules (virus-infected cells, pathogens and tumoral cells). The antigens can also 

be routed into phagosomes in a surface receptor-mediated manner. This antigen presentation 

pathway is named cross-presentation and plays a role in CD8+T cell cytotoxic response 

initiation185. There are two main mechanisms of cross-presentation: the cytosolic pathway and 

the vacuolar pathway. 

a)  Cytosolic pathway 

This pathway is modulated by surface receptors recognizing danger patterns on APCs. During 

HIV infection, the type-C lectin DC-SIGN captures viral particles by binding the envelope 

protein gp120 and promotes CD4+T cell trans-infection186,187. Although the transport 

mechanisms remain poorly understood, the cytosolic pathway can be TAP- and proteasome-

dependent. It is suggested that the ER-associated (ERAD) translocation machinery is recruited 

to phagosomes and helps translocating the exogenous antigens to the cytosol and then the 

proteasome to generate MHC-I peptides188. Traffic regulator proteins, such as Sec22b, regulate 

the traffic of the PLC from the ER to phagosomes. Peptide loading could overall happen in both 

ER and phagosomes since both resident aminopeptidases seem implicated in peptide 

generation189,190 (Figure 16).  

b)  Vacuolar pathway 

Upon phagocytosis of a pathogen, antigenic peptides can be directly generated or pre-

processed by cathepsins191. MHC-I molecules and the PLC can be already present in 

phagosomes and thus peptide loading car occur on site192. MHC-I molecules could also be 

recycled from the cell surface193,194. This pathway is resistant to proteasome inhibitors but 

sensitive to inhibitors of lysosomal proteolysis, particularly cathepsin S inhibitors, confirming 

that both antigen processing and loading on MHC-I molecules occurs inside phagosomes in a 

proteasome- and TAP-independent manner185 (Figure 16).  
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C. Antigen presentation by MHC-II molecules 
 

MHC-II molecules are historically known to present antigens derived from external sources 

(exogenous presentation), such as internalized pathogens, to CD4+T cells but they can also 

present antigens derived from internal sources (endogenous presentation) such as cytosolic 

and nuclear proteins or neosynthesized viral proteins. I will proceed to describe the trafficking 

of MHC-II molecules, the different mechanisms participating in the generation of peptides as 

well as the different possible sources.  

1. Expression of MHC-II molecules and control by CIITA 

The expression of MHC-II molecules is constitutive in APCs and controlled by the Class II Major 

Histocompatibility Complex Transactivator CIITA195–197. The CREB-NFY-RFX complex recruits 

CIITA on the conserved regions X1, X2 and Y of the « X box region » upstream of the Class II 

locus promoter198. Expressing CIITA alone is sufficient to induce the expression of MHC-II 

molecules in any cell type199.  CIITA expression is inducible by IFNγ and other inflammatory 
signals195,200 and also regulates the expression of genes encoding proteins involved in MHC-II 

antigen presentation such as the invariant chain li (CD74) and the chaperones HLA-DM and 

HLA-DO199. The differential activation of certain promoters and isoforms of CIITA in a cell-

specific manner finely tune the expression of the MHC-II locus200–202.  

2. MHC-II antigen presentation route 

a) ER assembly of MHC-II molecules  

MHC-II α and β glycoproteins are synthesized and assembled in the ER where they interact 

with different chaperones such as CANX and the invariant chain li (Figure 18). The ER chaperone 

CANX associates rapidly with newly synthesized MHC-II α and β chains and with li trimers. A 
combination of pulse-chase and cross-linking experiments showed that this association with 

CANX endures until the formation of a nonameric complex composed of a trimer of li and three 

αβ heterodimers203 and that CANX only dissociates once the αβ-li complex is addressed out of 

the ER204. This suggests that CANX plays a key role in the assembly process of the nonamer. 

Nevertheless, it was later shown that inhibiting the li-CANX interaction does not prevent αβ-li 

nonamers from forming but enhances li pre-endosomal degradation; thus suggesting CANX is 

not absolutely required for nonamer formation but rather retains li and α and β chains in the 
ER to inhibit their degradation205. Unlike the GRP94 and ERp72 ER chaperones that only interact 
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with MHC-II molecules, CANX is the only one that can also interact with the invariant chain li 

and thus with the three elements of the αβ-li complexes206,207. 

The invariant chain li is a non-polymorphic transmembrane glycoprotein that acts as a 

chaperone promoting the assembly αβ-li nonamers. In addition, Ii protects the peptide-binding 

groove on MHC-II molecules via its CLIP domain208–210, thus preventing the binding of low 

affinity peptides to MHC-II molecules in the ER or to intact polypeptides also present in the 

ER210,211. The invariant chain is composed of a 30 residue cytoplasmic tail at its N-terminal 

region, a transmembrane domain between residues 30 and 60; and a C-terminal ER luminal 

domain212–214 (Figure 17). Remarkably, the cytoplasmic region contains a di-leucine-targeting 

motive that directs αβ-li complexes into the endocytic pathway from the trans-Golgi network 

or via rapid internalization from the cell membrane212,215,216 and a di-arginine ER retention 

motive (RXR) involved in li trimerization217 (Figure 17). Thereafter, Ii plays a dual role in MHC-II 

biology, directing MHC-II molecule trafficking through its cytosolic tail and protecting the 

peptide-binding groove from low-affinity peptide binding with its CLIP domain (Figure 18). 

Four isoforms of li have been described in humans and are named based on their molecular 

weight: p33, p35, p41 and p43; p33 being the prototypic and most abundantly expressed218. 

p35 and p43 are N-terminally extended due to the use of an alternative upstream start codon 

while p41 and p43 both contain an additional luminal domain due to alternative splicing219. 

 

 

 

 

 

 

Figure 17. The different domains on the li invariant chain217 (adapted from Cloutier et al., 2021). 

The 30-residue N-terminal cytoplasmic tail contains a di-leucine-targeting motive that directs MHC-II 

complexes into the endocytic pathway and a di-arginine (RxR) motive involved in li trimerization. The 

transmembrane domain (TM) allows anchoring to cytosolic membranes. The C-terminal ER lumen 

domain contains the peptide CLIP that ultimately stabilizes MHC-II molecules before its exchange with 

high-affinity peptides. 
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b) Traffic of αβ-li complexes 

The di-leucine motive that targets αβ-li complexes to the endocytic pathway allows the 

interaction of li with clathrin adaptors AP-1 and AP-2220,221. AP-1 is an adaptor of the trans-

Golgi network and AP-2 a cell membrane adaptor. ER-exiting αβ-li complexes can follow two 

routes: traffic to the plasma membrane and then rapidly re-internalize in the endocytic 

pathway216 via AP-2 or traffic directly to the MHC-II loading compartment (MIIC) via the trans-

Golgi network203 in an AP-1-dependent manner (Figure 18). AP-2 endocytosis is preferentially 

observed in B cells, immature dendritic cells (DC) and Hela cells222, whereas in mature DCs 

MHC-II molecules traffic directly to the MIIC223.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. The MHC-II antigen presentation pathway153 (adapted from Neefjes et al., 2011). The 

αβ-li complexes are synthesized in the ER and then traffic through the trans-Golgi network to join the 

plasma membrane. αβ-li complexes can traffic to the plasma membrane and then rapidly re-internalize 

in the endocytic pathway in an AP-2-dependent manner to reach the MHC-II loading compartment 

(MIIC) or they can traffic directly to the MIIC in an AP-1-dependent manner. In the MIIC, li is degraded 

by vesicular proteases. CLIP is liberated from the peptide-binding groove by the chaperone HLA-DM. 

The newly formed αβ-peptide complexes are then transported to the plasma membrane where they 

interact with the TCR of CD4+T cells. 

AP-1-

dependent 

AP-2-

dependent 
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c) Antigen loading in the MIIC  

The MIIC was first described as a late endosome-like acidic compartment presenting a 

multivesicular (MVB) or multilamellar morphology when visualized by electron microscopy224 

(Figure 18). This compartment assembles MHC-II molecules, the chaperone HLA-DM (Figure 

18) and lysosomal cathepsins such as B and S responsible for the generation of antigenic 

peptides225,226. Conventional late-endosome markers and tetraspanin markers also serve to 

characterize the MIIC: Lamp-1, CD63 and CD82.  Tetraspanins are believed to facilitate the 

interaction between HLA-DM and MHC-II molecules227.  According to the cell type, the MIIC 

seems to have a different morphology: MVB, late endosome, multilamellar or a combination of 

these228, which would reflect the maturation state of the MIIC153. Regions of the MIIC 

membrane invaginate to form intraluminal vesicles (ILVs) where MHC-II molecules and HLA-

DM are incorporated229. 

Once the αβ-li complex arrives in the MIIC, due to acidification of the endolysosomal 

compartments, li is progressively cleaved by pH-dependent cathepsins. li is ultimately fully 

degraded with the exception of a fragment of around three kDa named CLIP embedded in the 

peptide-binding groove of MHC-II molecules230 (Figure 19). CLIP is then in turn exchanged with 

high affinity peptides in the MHC-II peptide-binding groove208,231,232 (Figure 18).  

The processing of li critically determines the timing and location of MHC-II-restricted peptide 

loading. Asparagine endopeptidase (AEP) has been described as the first cathepsin to process 

li233. Cathepsins B, L and S are believed to play a major role in the last steps of li 

degradation234,235. Cathepsin S plays a major role in li processing in professional APCs in vivo236–

238 and in vitro239,240 (Figure 19). Cath S also regulates li processing in human CD4+T cells 

expressing HLA-DR241. Cathepsin L plays an important role in the final processing steps of li in 

thymic epithelial cells and participates in the selection of CD4+T cells235. Moreover, li p41 

isoform contains a motive recognized by cathepsin L242,243 that stabilizes its mature form, 

blocking its activity244,245. This suggests that the processing of the invariant chain can regulate 

cathepsin activity.  

The implication of each cathepsin in li processing and thus MHC-II trafficking through the 

endosomal route can vary according to the type of APC246,247. li proteolysis steps are 

coordinated by HLA-DM and cathepsins and generate several maturation cleavage 
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intermediates: the 22-kDa Lip fragment visible after treatment with protease inhibitor 

leupeptin; and the 10-kDa Slip fragment that will be later cleaved to become CLIP (Figure 19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. The processing of li by lysosomal proteases248 (adapted from Sercarz & Maverakis, 

2003). The processing of the li invariant chain is regulated by lysosomal proteases. Stepwise processing 

of li, several of its functional sites of interaction with MHC class II molecules are indicated: TM, 

transmembrane; CLIP, class II-associated li peptide; CN-ADJ, CLIP amino-terminal adjacent peptide; CC-

ADJ, CLIP carboxy-terminal adjacent peptide; TRIMER, trimerization domain. (a) and (b), sites A and B on 

the MHC-II molecule present areas that have a binding affinity for regions of li; site C is the peptide 

binding groove binding the CLIP peptide. After arrival in vesicular compartments, there is a stepwise 

reduction of the flanking ends of li until final cleavage by cathepsin S produces αβ-CLIP. (c), 

subsequently, HLA-DM molecules catalyze the removal of CLIP and its exchange with high affinity 

peptides.  

 

The CLIP region plays an essential role in the chaperone functions of li209,249 and inhibits the 

binding of low affinity peptides on MHC-II molecules250,251. The presence of CLIP in the binding 

groove suffices to ensure trafficking of MHC-II molecules252. HLA-DM plays the role of a 

chaperone that lightly modifies the MHC-II peptide-binding groove and is also a versatile 
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peptide editor that selects high-stability αβ-peptide complexes by kinetic proofreading before 

these complexes are presented to T cells253. HLA-DM exchanges CLIP with high affinity 

peptides254,255 (Figure 18). The role of HLA-DM256 was discovered in mutant APC cell lines that 

showed an impairment in the presentation of peptides derived from internalized proteins. 

When the MHC-II immunopeptidome (peptide repertoire presented by MHC-II molecules at a 

specific time point) was analyzed, it contained numerous CLIP peptides associated to li, 

showing an impairment of CLIP exchange for high affinity peptides on MHC-II molecules in the 

absence of HLA-DM257–259. HLA-DM also stabilizes unbound “empty” MHC-II molecules and 

regulates their maturation260. In the absence of HLA-DM, a failed peptide-editing process leads 

to the appearance of MHC-II-peptide complexes that are structurally immature in vesicles and 

at the plasma membrane 259. Interestingly, in cells not expressing li (hence not expressing CLIP) 

an aberrant HLA-DM-HLA-DR association and HLA-DM retention in the ER was observed 

showing a possible role of li in maintaining the function of HLA-DM261. 

Human B-lymphocytes, certain subtypes of DCs and thymic epithelial cells262 express the 

chaperone HLA-DO, a negative regulator of HLA-DM263. HLA-DO-dependent inhibition of HLA-

DM is high in naïve B cells and immature DCs. This could be explained by a more tolerogenic 

immunopeptidome (less HLA-DM activity and broader peptide repertoire) in naïve APCs versus 

a more immunity-induced immunopeptidome (more HLA-DM activity thus more high-stability 

peptides) in mature APCs223. Alvaro-Benito et al. showed, by an immunopeptidomics approach, 

that different levels of HLA-DM affect the HLA-DR immunopeptidome in a quantitative and 

qualitative manner264–266, thus highlighting the importance of HLA-DM activity in the MHC-II 

immunopeptidome.   

d) Traffic of MHC-IIαβ-peptide complexes to the cell membrane 

After li degradation, αβ-peptide complexes are transported from proteolytic 

endosomal/lysosomal MIIC compartments to the cell surface where they interact with CD4+T 

cells (Figure 18). This occurs by direct transport and fusion of the MIIC with the plasma 

membrane267 or via an intermediary tubular step, which is the case for activated DC’s268 (Figure 

20). The mechanism by which MIICs fusion with the plasma membrane remain unclear153 but 

have been studied further in mature DCs. In mature DCs, membrane-bound proteins such as 

MHC-II, HLA-DM and tetraspanins are transferred from ILVs to the surface membrane of the 

MIIC that fuses with the plasma membrane269.   
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Figure 20. Tubulation of multivesicular MIICs during DC maturation268 (adapted from Kleijmeer 

et al., 2001). Upon stimulation, MIICs in DCs undergo a dramatic shape change from vacuolar to tubular, 

most likely by fusion of the MIIC internal membrane vesicles with the limiting membrane. This implies 

that MHC II–rich internal membranes stored in the lumen of the MIIC relocate to the limiting membrane, 

allowing egress of MHC II from these tubules to the plasma membrane. The final transport step to the 

cell surface is probably mediated by transport vesicles, which bud from the tubular MIICs and non-

selectively incorporate MHC II molecules. Because of MHC II translocation to the DM-rich limiting 

membrane, contact between DM and MHC II is increased, which may facilitate peptide loading and 

editing during maturation.  

 

Both direct and tubular transport mechanisms imply vesicle movement in a bidirectional 

manner along microtubules and the actin-myosin cytoskeleton.  

In B-lymphocytes, the inhibition of Myosin II affects cell-surface expression levels of MHC-II 

molecules and the targeting of BCR-antigen complexes into lysosomes and thus the antigen 

processing and formation of αβ-peptide complexes270. In a genome-wide multidimensional 

RNAi screening, Paul et al.  identified the motor Myosin 1E as being recruited by the effector 

protein ARD7EP controlled by GTPase ARL14/ARF7; and controlling the movement of MHC-II 

vesicles along the actin cytoskeleton in human DCs271 (Figure 21). It would be relevant to study 

the role of Myosin VI in MIIC traffic given its essential role in the transport and steady-state 

localization of vesicles and organelles, in the dynamic remodeling of the plasma membrane 

and its role on exocytosis and secretion272,273. 

  

46



 

 

 

 

 

 

 

 

 

Figure 21. Transport of αβ-peptide complexes to the cell membrane153 (adapted from Neefjes et 

al., 2011).The MIIC is transported to the plasma membrane via the actin-myosin cytoskeleton or along 

the microtubules: by the ARL14/ARF7EP complex and Myosins 1E and II, or by Rab7 and the dynein-

kinesin cytoskeleton, respectively. 

 

The MIIC can also traffic along microtubules motored by kinesin motors in the direction of the 

plasma membrane and by dynein motors in the direction of the nucleus274 (Figure 21).  The 

small GTPase Rab7, found on late endosome vesicles, may accomplish this bidirectional 

movement of the MIIC. Rab7 on the MIIC forms a complex with RILP, ORP1L and βIII spectrin 
to interact with Dynein and Kinesin and regulate vesicle movement275.   

A fraction of αβ-peptide complexes acquires a stable conformation resistant to dissociation by 

SDS. Several teams have used SDS stable MHC-II αβ dimer detection as a marker of maturation 

of MHC-II molecules276–278. Mature αβ-peptide complexes can be found in micro domains 

known as lipid rafts at the surface of APCs279 along with HLA-DM and other markers such as 

CD82 and CD86280. These micro domains serve the purpose of clustering and favoring antigen 

presentation to CD4+T cells279,281. 

Unlike HLA-DM and li, MHC-II molecules do not have an internalization sequence in their 

cytoplasmic region. Therefore, the turnover of MHC-II molecules is ensured by their 

ubiquitination.  
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3. What becomes of surface MHC-II molecules 

Once at the plasma membrane, MHC-II molecules recycle to early endosomes and back to the 

plasma membrane. This was shown by the presentation of antigenic epitopes that only require 

unfolding and limited proteolysis and do not require li-dependent MHC-II transport282. 

Ubiquitination seems to play a role in αβ-peptide complex degradation283,284. MHC-II molecules 

can be ubiquitinated on a single lysine at position 225 in the cytoplasmic domain of the β-

chain283. Membrane-Associated RING-CH-domain containing (MARCH) E3 ubiquitin ligases are 

a family of E3 ubiquitin ligases that participate in the ubiquitination of MHC-II molecules, in 

particular MARCH-I in B cells and DCs284–286. Ubiquitination of MHC-II molecules could play a 

role in recycling MHC-II molecules to the endosomal pathway153,287.  

In immature DCs, there is a rapid turnover of MHC-II molecules288 (Figure 22). Upon DC 

activation, this turnover is strongly decreased and the half-life of αβ-peptide complexes is 

increased289. Results from MARCH-I KO and K255R ubiquitination-mutant mice demonstrated 

that MARCH-I regulates MHC-II surface expression by ubiquitinating MHC-II molecules287. 

Moreover, DC activation induces a decrease of MHC-II ubiquitination287 (Figure 22). In fact, 

MARCH-I mRNA expression is rapidly downregulated following DC activation. Furthermore, 

MARCH-I has a short half-life and is regulated by auto-ubiquitination, which explains that the 

termination of March-I mRNA expression leads to a rapid drop in March-I protein levels290. 

Inhibiting lysosomal proteolysis delays March-I-induced MHC-II degradation, which suggests 

that ubiquitinated MHC-II is degraded in late endosomes/lysosomes. The expression of CD83 

on mature DCs inhibits MARCH-I and promotes surface expression of CD86 and MHC-II 

molecules291. Both CD83 and MARCH-I are found in early and recycling endosomes where 

MHC-II ubiquitination is thought to occur56.  
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Figure 22. The role of ubiquitination in MHC-II degradation56 (adapted from Roche & Furuta, 

2015). In immature and mature DCs, surface αβ-peptide complexes are recycled in early endosomes. 

MARCH-I ubiquitinates MHC-II molecules to target them to lysosomal degradation. Upon DC 

maturation, MARCH-I expression is inhibited, which prevents MHC-II ubiquitination and subsequent 

degradation. Recycling to the cell membrane is then favored. 

 

Anti-inflammatory cytokine IL-10 up-regulates MARCH-I expression and MHC-II 

ubiquitination292, which reduces MHC-II molecule survival284,285,287. Although MARCH-I is also 

expressed by resting B cells and macrophages, it remains to be determined whether activation 

of these cells also suppresses MARCH-I. In B cells, MHC-II molecules are also ubiquitinated but 

do not seem to accumulate in lysosomes. Recent data suggests that different ubiquitin chain 

lengths in B cells and DCs may affect MHC class II localization. In DCs, MHC-II molecules contain 

longer ubiquitin chains that preferentially target them to late endolysosomal compartments, 

whereas in B cells MHC-II molecules contain short ubiquitin chains that target them to early 

endosomes293. Overall, in DCs and B cells, MARCH-I regulates MHC-II ubiquitination and 

survival but the role of MHC-II ubiquitination in internalization kinetics remains controversial290. 

Interestingly, in mice bearing mutant MHC-II molecules unable to be ubiquitinated, efficiency 

of antigen presentation of a model ovalbumin-derived antigen to appropriately specific T cells 

remained unaffected. In addition, the animals present normal CD4+T cell populations and are 
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capable of generating antigen-specific antibodies in response to model antigens and viral 

infection. Thus, these results suggest that MHC-II trafficking via ubiquitination might not be 

essential for the function of MHC-II molecules in antigen presentation or antibody 

production294. It is suggested that before incorporation into ILVs, ubiquitin may be removed 

and recycled by deubiquitinating enzymes295.  

In HeLa-CIITA cells, Tollip reduces the expression of MARCH-I and enhances the expression of 

MHC-II molecules. Tollip and MARCH-I compete to interact with MHC-II molecules296. This 

underlines the importance of ubiquitination in the regulation of MHC-II expression in APCs. 

Whether other SARs might also regulate MHC-II ubiquitination is unknown.  

 

4. Regulation of li and antigen processing 

a) Lysosomal cathepsins 

Antigen and invariant chain li processing are important determinants of the quality and the 

magnitude of CD4+T cell responses297,298. The processing of li mainly takes place in the MIIC, 

although it can also take place in the different compartments along the endo/lysosomal 

pathway299. Antigen processing takes place in numerous low-pH vesicles as we have mentioned 

in the previous paragraph. A balanced proteolytic environment is necessary for adequate 

antigen processing to generate MHC-II ligands ranging from 12 to 25 amino acids in 

length299,300.  

As already discussed, late endosome-like compartments with an acidic pH, such as the MIIC, 

contain endo/lysosomal proteases that generate antigenic peptides; amongst these proteases, 

we find different families of cathepsins. These include cysteine proteases (B, C, F, H, K, L, O, S, 

V, X ,W and AEP), serine proteases (A and G), aspartate proteases (D and E) and an IFNγ-

inducible lysosomal thiol reductase GILT/IFI30 which does not cleave proteins but reduces 

disulfide bonds making the proteins better substrates for cathepsins301. The protease 

nomenclature designates the amino acid of the protease active site that catalyzes hydrolysis of 

the substrate. Some exclusive roles in antigen generation have been defined for cathepsins; 

nevertheless, these proteases seem to have also redundant functions in acidic vesicles299. In 

fact, the processing machinery for MHC-II peptides varies between immune cell types and this 

includes the expression of different proteases. Therefore, the kinetics and efficiency of antigen 

fragmentation may differ from one cell type to another302,303.  
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b) Regulation of processing activity  

Several factors influence and regulate the activity of the processing enzymes found in the MHC-

II pathway. Among these factors, there is vesicular pH, endogenous inhibitors, activators and 

chaperones.  

Some lysosomal proteases arrive in the endocytic compartments as preforms or zymogens and 

require a low pH and/or other protease precursors (or themselves) to remove their propeptide 

by proteolysis304. This is the case for cathepsin L, which cleaves itself into a 30 kDa active form 

and requires AEP to attain a two-chain form. Another example is the regulation by GILT of 

cathepsin B expression in B cells299. Interestingly, Trombetta et al. showed that DC maturation 

induced the activation of the vacuolar proton pump V-ATPase, enhancing lysosomal 

acidification. Acidification enhanced efficient proteolysis in mature DCs that were, in turn, more 

capable of degrading internalized antigens305. Although proteases cleave antigens, thus 

generating peptides, proteolysis can also be responsible for peptide destruction in lysosomes. 

Epitope stability is dependent on the type of antigen and its sensitivity to proteolysis, therefore 

a regulated proteolysis can favor antigen presentation in APCs302. Stable epitopes, resistant to 

proteolysis, can be more immunogenic and favor CD4+T cell activation in vivo306.  

One of the major regulators of cathepsin activity are cystatins. These are high-affinity inhibitors 

expressed ubiquitously in nucleated cells and regulate cathepsin activity246. Cystatin C was 

shown to regulate cathepsin S activity in DCs. Maturation of DCs was accompanied by a 

decrease in cystatin C expression levels and a modification of its localization in relation to 

cathepsins S and L307.  

li fragment p41, characterized by the presence of an additional segment with significant 

homology to thyroglobulin type 1 domains, inhibits cysteine cathepsins242. This fragment 

inhibits cathepsins L, V, K and F, and to a lesser extent cathepsin S by structurally mimicking 

the N-terminal region of cystatins. Thus, li itself can modulate cathepsin activity in acidified 

vesicles and potentially play a role in MHC-II antigen presentation299. 

Overall, the regulation of cathepsins S and L is essential for li processing and antigen 

presentation in APCs since these proteases do not seem to play redundant roles in B cells, DCs 

or thymic epithelial cells236,238,308.  In addition, cathepsin B has been described as playing a role 

in MHC-II-restricted antigen presentation308. Nevertheless, testing non-redundancy of 

cathepsins is still a complex task due to the lack of specific, non-broad, inhibitors available.  
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D. Pathways of antigen delivery to the MIIC 

It is historically admitted that peptides presented by MHC-II molecules are exclusively derived 

from extracellular antigenic sources (bacteria, fungi) phagocytosed by APCs. However, since 

the end of the 1980s, it became evident that MHC-II molecules could also present peptides 

derived from endogenous sources. Several studies showed that peptides derived from 

endogenous (synthesized by the cell) self and viral antigens (from MeV, HIV, influenza, vaccinia 

virus, EBV) can be presented to MHC-II molecules to activate CD4+T cells309–314. 

Here, I will highlight how different degradation pathways can converge in the generation of 

peptides to be loaded on and presented by MHC-II molecules.  

1. Endocytosis 

In endocytosis, receptor-ligand complexes, membrane proteins and soluble macromolecules 

are internalized. Enhanced antigen presentation by MHC-II molecules has been observed 

following antigen uptake via several receptors that cluster in clathrin-coated domains, 

including Fc receptors, C-type lectin family receptors, as well as mannose and transferrin 

receptors315–318. B cells with antigen-specific B Cell Receptors (BCR) are more efficient in 

processing and presenting antigens to cognate T cells than B cells with BCRs specific for an 

irrelevant antigen319. They rely mostly on BCR-mediated endocytosis320 and can only internalize 

extracellular antigens by fluid phase endocytosis when present at high concentrations. The 

binding of antigens on lectin DEC205, expressed by DCs and B cells, potentiates antigen-

specific CD4+T cell activation in vivo and in vitro317,321. In HIV-1 infection, DC-SIGN captures 

viral particles and promotes MHC-II viral antigen presentation to virus-specific CD4+T cells318. 

2. Phagocytosis 

Phagocytosis consists of the capture of pathogens at the plasma membrane into a 

microenvironment containing reactive oxygen species (ROS), proteases and anti-microbial 

agents. It is an essential mechanism of foreign antigen uptake by DCs and macrophages in 

vivo322,323 that can also be mediated by receptors such as C-type lectins, Fc receptors and  

complement receptors. This process requires large amounts of membranes to capture the 

cargo into phagosomes that later fuse with endosomes and lysosomes to constitute 

phagolysosomes324. 
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3. Macropinocytosis 

Macropinocytosis is a non-selective process in which large portions of extracellular material 

are captured by membrane ruffling. This pathway exists in DCs, B cells and macrophages 

although it is believed to be a major mechanism of antigen uptake by DCs and the main mode 

of entry of viruses such as adenovirus type 3 and herpes simplex virus325. Vesicle maturation 

drives an increase in luminal acidification and fusion with TGN-derived vesicles delivering 

enzymes that promote antigen denaturation and proteolysis. Lowering the temperature from 

37°C to 18°C has been shown to block the maturation step and also disrupts the presentation 

of several exogenous antigens by MHC-II molecules326.  

For endocytosis and macropinocytosis, early endosomes and macropinosomes fuse with the 

external membrane of the MIIC to deliver antigens. In the case of phagosomes, antigen delivery 

to the MIIC is still unclear and it is possible that the MHC-II loading machinery is present in 

those compartments56. 

4. MHC-II recycling 

Pinet et al. reported on an HLA-DR-restricted influenza hemagglutinin (HA) epitope whose 

presentation from input virus did not require Ii or MHC-II synthesis. They showed that antigen 

presentation was abrogated when the cytoplasmic tails of HLA-DR were truncated, which 

prevented their internalization327. In addition, the Eisenlohr group showed that the presentation 

of an acidification-sensitive influenza antigen by B cells was inhibited upon treatment with 

primaquine, a compound that prevents recycling of surface molecules. Moreover, the use of 

brefeldin A, which inhibits the exit of proteins from the endoplasmic reticulum, did not 

abrogate the presentation of the same antigen, thus confirming that no nascent MHC-II 

molecules were required328.   

5. Role of autophagosomes 

Analysis of experiments involving the elution of peptides presented by MHC-II molecules 

(ligandome) showed that a fraction of the peptides derives from nuclear and cytosolic 

proteins156,329–331. In fact, upon APC starvation-induced autophagy there is an increase in MHC-

II presentation of certain cytosolic antigens332. 

In cells infected by Epstein Barr virus (EBV), the Münz laboratory detected the nuclear antigen 

EBNA1 in autophagosomes and showed that silencing the autophagy protein Atg12 partially 

inhibited the presentation of an EBNA1-derived epitope by MHC-II molecules333. Also in EBV-
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infected cells, Leung et al. studied three EBNA1-derived epitopes, two weakly presented to 

CD4+T cells and one not presented. Amongst the two, one was processed through autophagy 

and the other one processed through another endogenous route. They showed that when 

EBNA1 is expressed in the cytoplasm, all three studied epitopes were presented more efficiently 

to CD4+T cells via autophagy334. Münz’s team also reported that LC3-containing 

autophagosomes could fuse to the MIIC335 and that coupling a cytosolic antigen to the 

autophagy protein LC3 allows its targeting to autophagosomes inducing MHC-II presentation 

of this antigen. Other evidence that autophagy plays a role in MHC-II antigen presentation 

comes from in vitro studies using APCs transfected with cDNAs encoding tumor antigens 

targeted to autophagosomes336. In 2016, my laboratory showed that targeting an HIV-gag 

antigen to autophagosomes via fusion to LC3 induced an increase in the activation of gag-

specific CD4+T cells by DCs337.  

Altogether, these experiments connect autophagy to the endogenous MHC-II-restricted 

antigen presentation pathway.  

Autophagy is also implicated in MHC-II presentation of exogenous antigens from HSV-1 and 

HSV-2 and HIV338,339. In mice, in cells deficient for Atg5, anti-HSV-1-specific CD4+T cell response 

drastically diminished and the mice died after infection by HSV-2. In fact, in these cells the 

absence of Atg5 seems to affect the fusion of autophagosomes to lysosomes and therefore 

proper antigen degradation.   

Autophagy also plays a role in the delivery of antigens derived from nuclear or cytosolic 

citrullinated proteins to MHC-II molecules340,341. In fact, peptides containing citrullinated 

residues are a unique set of antigens and this could be relevant in the autoimmune disease 

context since autoantibodies against citrullinated proteins can be found abundantly in 

rheumatoid arthritis299. 

6.  The role of LC3-associated phagocytosis (LAP) 

MHC-II antigens can be degraded in LAPosomes generated through LC3-associated 

phagocytosis (LAP). LAPosomes are single membrane vesicles (instead of the characteristic 

double membrane of autophagosomes) decorated with LC3 on their cytosolic side342. 

Extracellular material is phagocytosed, engaging different receptors, such as Toll-like receptor 

2 (TLR2), TLR4, antibody Fc receptors, type-C lectins or the apoptosis-related receptor TIM4343. 
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This pathway depends on VPS34 and LC3/Atg8 complexes but does not require the ULK 

complex unlike canonical autophagy344. VPS34 induces PI3P marks on the phagosomal 

membrane, which allows the recruitment of NADPH oxidase 2 (NOX2). NOX2 generates 

reactive oxygen species (ROS) required for LAP and induces an oxidative burst345. Atg16L1-

mediated recruitment of Atg5 and Atg12 then allows LC3/Atg8 conjugation to the cytosolic 

side of phagosomes. LC3 tags are only removed prior to LAPosome fusion with lysosomes and 

the MIIC342,346 (Figure 23). The binding of the phagocytosis receptor Dectin-1 to sugar moieties 

present on the membrane of parasites such as Candida Albicans induces LAP and improves 

MHC-II antigen presentation of parasite-derived antigens293. Romao et al. showed, in human 

monocyte-derived macrophages, that LAPosomes store antigens for prolonged processing and 

improve MHC-II-restricted fungus-derived antigen presentation346. Experiments on mice with 

Atg5 deficiency showed that LAP also affects autoantigen processing and MHC-II-restricted 

presentation to autoreactive CD4+T cells347. In addition, Frédéric Gros’s team showed that BCR 

polarization, crucial for antigen presentation, is Atg5-dependent and relies on the Beclin-1-

PI3K pathway but does not depend on ULK-dependent signaling. This suggests that BCR 

trafficking occurs in vesicles that may resemble LAPosomes348. 

 

 

 

 

 

 

 

 

 

Figure 23. LC3-associated phagocytosis (LAP) improves MHC-II-restricted antigen presentation349 

(adapted from Müntz, 2018). Phagocytosis mediated by Toll-like receptor 2 (TLR2), Dectin-1, T-cell 

immunoglobulin and mucin domain-containing molecule 4 (TIM4) or antibody Fc receptors (FcR) leads 

to LC3 conjugation to the phagosomal membrane forming a LAPosome. Presumably, prior to LC3 

conjugation, PI3 kinase modifies the membrane to recruit NADPH oxidase 2 (NOX2), whose reactive 

oxygen species (ROS) production is required for LAP. The cargo contained in the LAPosome is then more 

efficiently processed for MHC-II antigen presentation when delivered to the MIIC.  
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Therefore, LAP vesicles constitute appropriate compartments where pathogens are sensed and 

can deliver antigens to MHC-II-enriched compartments for antigen presentation. 

7. The role of chaperone-mediated autophagy (CMA)  

In CMA, proteins containing the peptide sequence KFERQ motive are transferred from the 

cytoplasm to lysosomes in a lysosome-associated membrane protein-2a (LAMP-2a)-

dependent manner350. Within the lumen of the lysosome, Hsc70 protects peptides from 

degradation by binding and delivering them to MHC class II molecules for presentation351. In 

a human B cell line expressing a model cytosolic glutamate decarboxylase (GAD) antigen, 

peptides derived from GAD degradation are processed and presented by MHC-II molecules in 

a LAMP-2a-dependent manner94. Overexpressing LAMP-2a or Hsc70 in these cells increases 

the loading of a GAD-derived epitope on MHC-II molecules and potentiates CD4+T cell 

activation. Under nutritional stress, Hsc70 plays a key role in MHC-II antigen presentation by 

selectively regulating endocytosis and autophagy in B cells351. More recently, Blum’s team 
showed that LAMP-2c, a LAMP-2 isoform, modulates the expression of several cytoplasmic 

proteins targeted for degradation by CMA, diminishing peptide translocation in B cells. This 

inhibition of CMA affected MHC-II-restricted antigen presentation of cytoplasmic antigens352.   

8. Bona fide cytosolic processing  

The main path of cytosolic degradation is the proteasome, well known for generating peptides 

conveyed via the transporter TAP for MHC-I antigen presentation. Nevertheless, the 

proteasome can also serve to generate MHC-II-restricted epitopes. By tracking the 

presentation of a minigene-encoded peptide derived from influenza HA, the Long laboratory 

showed that MHC-II presentation was reduced in the absence of TAP353. Furthermore, the 

Eisenlohr group has demonstrated with several epitopes that highly specific proteasome 

inhibition abrogates in vitro presentation from endogenous sources of influenza virus 

proteins282,354,355. Remarkably, they find that proteasome-dependent epitopes drive an 

important part of the CD4+T cell response to influenza. TAP can be located at the membrane 

of phagosomes and endosomes and could participate in MHC-II antigen loading in these 

compartments upon MHC-II recycling. 

9. Regulation by Heat Shock Protein 90 (Hsp90)  

Hsp90 seems to play an important role in the presentation of model and tumor antigens by 

MHC-II molecules. Rajagopal et al. showed that overexpressing Hsp90 enhanced the levels of 
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SDS-stable αβ-peptide complexes, which correlated with enhanced MHC-II-restricted antigen 

presentation. In addition, treatment of mouse APCs with an Hsp90 inhibitor abrogated MHC-

II-mediated presentation of endocytosed and cytosolic proteins as swell as synthetic peptides 

to specific T cells356. Houlihan et al. demonstrated the role of Hsp90 in the presentation of 

select antigens to MHC-II molecules357. Moreover, in a melanoma cell line expressing the NY-

ESO-1 epitope, its processing was shown to be independent of CMA, autophagy and TAP but 

dependent on the proteasome and endolysosomal proteases. The presentation of the epitope 

was dependent on endosomal proteases and chaperoning by the cytosolic Hsp90, believed to 

translocate antigenic peptides between the cytoplasm and endosomes/lysosomes in a process 

similar to CMA358.  

To conclude, exogenous and endogenous antigens can be delivered to the MIIC through 

several pathways. The quality of the T cell responses can be dependent on the antigen itself 

and its localization in the cell (e.g. Autophagosomes). In addition, antigen degradation 

pathways can also be cell-specific. For several pathways, the mechanisms involved in antigen 

delivery to the MIIC remain to be further elucidated. It is important to investigate the 

mechanisms leading to MHC-II antigen presentation given its importance in eliciting CD4+T 

cell activation and thus modulating adaptive immunity. Moreover, understanding these 

mechanisms can confer a better insight on how pathogens are sensed and subsequently 

eliminated and, as importantly, on how pathogens can modulate the cell machinery to evade 

immune responses.  
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III.  Viruses and immunity:  interaction with selective autophagy 

receptors and the MHC-II pathway  
 

Recognition of peptides bound to MHC-II molecules by CD4+T cells and their subsequent 

activation is a major step in the orchestration of adaptive immune responses. During viral 

infections, CD4+T cells play an essential role as helpers of CD8+T cells leading the CTL response. 

More recently, CD4+T cells have been shown to exert a cytotoxic activity of their own. Therefore, 

many viruses have evolved numerous mechanisms to escape helper CD4+T cell recognition, 

thus to block and avoid MHC-II antigen presentation and escape antiviral immunity altogether.   

In this part, I will show how viruses can manipulate the MHC-II antigen presentation pathways 

and SARs to their benefit. Finally, I will focus on HTLV-1, the immune responses elicited by the 

virus and more specifically the transactivator Tax, which recruits SARs to modulate innate 

immune responses.  

 

A. Viral manipulation of MHC-II-restricted antigen presentation 

I have previously detailed the MHC-II antigen presentation pathway. Here, I will present 

different mechanisms that viruses employ to manipulate this antigen presentation pathway. 

 

1. Targeting CIITA function  

The transcription of the HLA-II locus is highly dependent on CIITA expression. CIITA is 

constitutively expressed in professional APCs, such as DCs, B cells and macrophages and in 

thymic epithelial cells (TECs) and activated T cells. In other cells, such as keratinocytes, 

fibroblasts and epithelial cells, IFN-γ induces CIITA expression and thus MHC-II 

expression56,202,359. Several viruses have developed different mechanisms to inhibit constitutive 

and IFN-γ –induced CIITA expression, both leading to a downregulation of MHC-II molecules.  

Two of the four promoters regulating CIITA gene expression contain regulatory elements that 

are targets of the signal transducer and activator of transcription 1 (STAT1), major regulator of 

the Jak-STAT signaling pathway360–362. IFN-γ induces the dimerization of cytoplasmic STAT1, 
which then relocates to the nucleus and binds to CIITA promoters as well as other IFN-induced 

genes363 (Figure 24).  
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Figure 24. Induction of MHC class II gene expression by interferon-γ362 (adapted from Hegde et 

al., 2003). (a) Binding of IFN-γ promotes homodimerization of IFN-γ receptor R1 subunits and 

recruitment of R2 subunits. This results in the approximation and phosphorylation (P) of Jak1 and Jak2. 

(P)Jak1 phosphorylates R1, which becomes a docking site for the signal transducer and activator of 

transcription 1 (STAT1). Jak2 then phosphorylates STAT1. (b) (P)STAT1 homodimerizes and translocates 

to the nucleus to activate transcription of IFN-γ-induced genes, including the gene encoding the class II 

transactivator (CIITA). (c) Each CIITA promoter contains three regulatory elements: (1) a g-activation 

sequence (GAS) box, (2) an E box, and (3) an IFN responsive factor (IRF) box. These elements are 

cooperatively bound by basal and IFN-inducible transcription factors.  

 

The Jak-STAT pathway can be a target for viruses to prevent IFN-γ-induced CIITA transcription. 

Varicella Zoster Virus (VZV) can prevent the IFN-γ-induced CIITA expression in human foreskin 

fibroblasts and inhibit the expression of MHC-II molecules364. Likewise, adenovirus (Ad) E1A 

protein binds STAT1 inhibiting its function whilst decreasing its levels in the cells365. E1A also 

inhibits transcription of IFN-γ receptor subunit R2 and overall inhibits transcription of 

CIITA360,361,366. Furthermore, HCMV can also induce the degradation of Jak2 and repress IFN-γ-

induced CIITA transcription367,368 (Figure 25). Overall, viral targeting of the Jak-STAT signaling 

pathway certainly plays a broader role since CIITA is not the only gene targeted by IFN that will 

play an antiviral role362.  

Several herpesviruses have been shown to inhibit CIITA function. BZLF1, the master regulator 

of EBV lytic cycle, can bind the CIITA promoter and inhibit its transcription and further 
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constitutive expression369,370.  LMP2A, also an EBV protein, can indirectly downregulate CIITA 

by inhibiting (via the activation of the PI3K/Akt signaling pathway) the two transcription factors 

E47 and PU.1 positively regulating the P3 CIITA promoter in B cells. LMP2A downregulates 

CIITA, MHC-II and li expressions371. Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) encodes 

for latency associated nuclear antigen (LANA). LANA interacts directly with IRF-4, an activator 

of both the P3 and P4 CIITA promoters, and blocks the DNA-binding ability of IRF-4 on both 

promoters thus suppressing CIITA transcription to evade MHC-II antigen presentation372,373. 

The protein vIRF3, also from KSHV, can also downregulate CIITA transcription and modulate 

MHC-II expression and antigen presentation374,375.  

HCMV has also been shown to reduce CIITA transcript levels in mature Langerhans cells in a 

mechanism that remains to be elucidated376.  

Furthermore, HIV transcriptional transactivator (Tat) protein competes with CIITA for the 

binding of cyclin T1, a binding necessary for productive transcription of the HLA-II locus377.  

 

2. Targeting invariant chain (li) function 

The invariant chain li is involved in the trafficking of MHC-II molecules and plays an important 

role in peptide loading in the MIIC and endolysosomal vesicles378,379. It is hence a common 

target of viruses to modulate MHC-II antigen presentation.  

Neumann et al. showed an 80% reduction in li expression levels after 64h of Herpes Simplex 

Virus 1 (HSV-1) infection in B cells but no impact on HLA-DR or HLA-DM expression levels. 

Moreover, the amount of SDS-stable of αβ-peptide complexes was highly reduced upon 

infection, thus suggesting that HSV-1 infection induces li degradation and impairs peptide 

loading and subsequent MHC-II antigen presentation380 (Figure 25).  

Distinct from its previously mentioned role on CIITA, EBV-encoded BZLF1 downregulates li in 

a yet unknown post-transcriptional manner and evades CD4+T cell recognition381. Vaccinia virus 

(VACV) has also been shown to inhibit MHC-II antigen presentation382–384, in part through li 

downregulation385. In fact, the virulent factor A35, localized in endosomes, is believed to 

modulate the exchange of CLIP for antigenic peptides386,387.   
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In addition to modulating li expression levels, the HCMV-encoded US3 protein binds MHC-II 

αβ dimers and decreases their affinity for li, thus partially abrogating MHC-II expression at the 

cell surface and preventing CD4+T cell activation362.  

Finally, HIV Nef protein upregulates li and surface-expressed αβ-li complexes (immature MHC-

II molecules). This interferes with αβ-peptide complex formation and presentation at the cell 

surface388,389.  

 

3. Targeting MHC-II molecules 

MHC-II αβ dimers and their correct folding, assembly and trafficking are essential for proper 

MHC-II-restricted antigen presentation. Viruses have evolved to target these different aspects 

(Figure 25).  

Tomazin et al. reported that HCMV-US2 causes the rapid proteasome-mediated degradation 

of the α subunits of both DR and DM, without affecting β subunits, and inhibits the 

presentation of exogenous antigens to CD4+T cells390. US3, another HCMV-encoded protein, 

was shown to block exogenous MHC-II antigen presentation. In fact, US3 binds to αβ dimers 
in the ER preventing their association with li, thus leading to their mislocalization and delay in 

reaching the MIIC where fewer αβ-peptide complexes are formed391.  

 The use of a mutant HCMV lacking pp65 prevented the accumulation and degradation of HLA-

DR in vacuoles or lysosomes near the nucleus, usually observed upon HCMV infection, thus 

suggesting that pp65 also participates in the degradation of HLA-DR392. Similarly, EBV late lytic 

protein BDLF3 was shown to induce MHC-II ubiquitination and subsequent proteasomal 

degradation of surface MHC-II molecules. BDLF3 enhances the internalization of surface MHC-

II molecules and delays their rate of appearance at the plasma membrane393. In the study, the 

authors discuss the recruitment of MARCH proteins by BDLF3 but underline that no protein is 

known to induce ubiquitination of MHC-II and this without affecting other surface markers. 

Koch’s team identified, using a bioinformatics approach, a sequence in HSV-1-gB identical to 

the highly conserved HLA-DR binding motive in human li. The sequence identity was confirmed 

experimentally by the association of gB with different HLA-DR allotypes394. Using an HSV-1 

infected B cell model, they showed that gB can also bind HLA-DM independently of HLA-DR. 

In addition, the team showed that gB can compete with li for binding to MHC-II 
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heterodimers380. Both gB-associated HLA-DR and HLA-DM heterodimers can be exported from 

the ER to Golgi compartments. Nevertheless, the association of HLA-DR with gB changes the 

intracellular localization of HLA-DR,thus reducing its expression at the cell surface. Overall, the 

binding of gB to MHC-II molecules inhibits peptide loading and prevents the presentation of 

viral peptides. 

HIV-Nef also affects MHC-II proteins, reducing endogenous HA-derived peptide presentation 

to CD4+T cells. In HeLa cells expressing CIITA and Nef, cells express 50% less surface mature 

MHC-II molecules than control cells and express, in contrast, more αβ-li complexes at the 

surface388.  

Other mechanisms of viral targeting of MHC-II molecules include the arrest of global host 

protein synthesis. Following entry into lytic cycle (alpha- and gamma-herpesviruses are 

concerned); virus host shutoff (vhs) genes are expressed decreasing cellular mRNA half-life and 

diminishing MHC-II antigen presentation pathways by limiting the availability of newly 

synthesized MHC molecules395. 

 

4. Targeting degradation pathways 

Certain viruses induce cellular IL-10 or express viral IL-10 homologs. Remarkably, both decrease 

cell-surface MHC-II molecule expression (Figure 25) and increase the pH of the MIIC, inhibiting 

cathepsin activity and therefore reducing the generation of antigenic peptides362. 

HSV-1 ICP34.5 targets directly Beclin-1 to block autophagy396 and is also described as 

interacting with TBK1397. TBK1 is a necessary factor for autophagic maturation and can 

phosphorylate the selective autophagy receptors p62 and OPTN to regulate cargo recruitment 

into phagophores for degradation398.  

Finally, Gannagé et al. showed that influenza A virus, an important human pathogen, causes 

the accumulation of autophagosomes in infected cells by blocking their fusion with lysosomes. 

The matrix protein 2 (M2) is necessary for this inhibition of autophagosome degradation and 

was shown to interact with Beclin-1, known to facilitate autophagosome fusion with lysosomes. 

The team suggests that trapping viral antigens in autophagosomes might prevent their 

degradation for direct presentation on MHC molecules in an M2-dependent manner399. 
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Several HIV-1 proteins target autophagy to protect the virus from degradation. This is the case 

for Vif, Vpr and Nef. Vif binds LC3B and inhibits autophagy400. Vpr decreases the expression 

levels of LC3B and Beclin-1 and an autophagy-related protein BNIP and Nef counteracts 

autophagy at late stages of infection also by interacting with regulatory factor Beclin-1401,402. 

Limiting autophagy pathways could limit antigen presentation by preventing the delivery of 

viral peptides to the MHC molecules. 

 

5. TCR recognition inhibition  

In addition to targeting different intracellular actors of the MHC-II antigen presentation 

pathway, viruses have evolved to modulate MHC-II antigen presentation even after the αβ-

peptide complexes have reached the cell surface (Figure 25).  

The EBV lytic phase protein gp42 can bind to MHC-II molecules at the cell surface. More 

particularly gp42 binds the β-chain on a domain that participates in the formation of peptide 

binding pockets403. Crystal structure studies revealed that gp42 sterically competes with 

cognate TCR binding404,405 thus, by physically preventing αβ-peptide-TCR interactions, gp42 

decreases CD4+T cell activation406.  

More recently, research on poxviruses revealed that the virulence factor B22 is necessary and 

sufficient for inhibition of CD4+T cell responses. B22 is located on the cell surface of APCs and 

affects TCR signaling, leading the authors to suggest that B22 engages an inhibitory co-

receptor407.  
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Figure 25. Viruses target the MHC-II antigen presentation pathway. Viruses can target the different 

stages of the MHC-II antigen presentation pathway: CIITA transcription and expression of MHC-II 

molecules, αβ-li complexes and their expression at the cell surface; HLA-DM interaction with MHC-II 

molecules and the exchange of CLIP for high affinity peptides, the delivery of autophagosome content 

to the MIIC, mature MHC-II molecule expression at the cell surface, interaction with TCR and antigen 

presentation to CD4+T cells.  

 

B. Viral interaction with selective autophagy receptors  

Amongst the several cellular factors targeted by viruses, we will focus on SARs. As we have 

seen in the first part of the introduction, SARs play an important role in the clearance of 

pathogens including viruses (Virophagy) and act as scaffold proteins involved in innate 

immunity signaling pathway.  

1. Exploiting SAR function to promote viral replication 

Viruses can also take advantage of the host cell selective autophagy machinery to promote 

their replication.  

Measles Virus (MeV) benefits from inducing a complete autophagic flux to improve its 

replication408. More specifically, SARs TAX1BP1 and NDP52 were identified as essential for 

autophagy-mediated viral maturation by means of the interactions of TAX1BP1 with MeV-N 

protein and NDP52 with MeV-C and MeV-V. Petkova et al. showed that silencing TAX1BP1 and 

NDP52 strongly reduced the ability of MeV to produce infectious particles in infected cells; this 

was not the case when silencing other SARs like p62 or OPTN. Moreover, treating infected cells 
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with non-specific autophagosome maturation blocking agents did not have a comparable 

impact in virus replication compared to TAX1BP1 and NDP52 individual silencing. In addition, 

concomitant silencing decreased MeV replication even further than individual SAR silencing. 

The authors concluded that TAX1BP1 and NDP52 could regulate the maturation of distinct 

types of autophagosomes, both required for optimal MeV replication. How MeV distinguishes 

different autophagosomes, mechanisms potentially involving N, C or V proteins, is still 

unclear409. 

2. Inhibiting SAR function to escape cell intrinsic antiviral immunity 

 Viruses can target SARs that play a role in selective autophagy of viral components; this 

process is known as virophagy 410. In fact, one strategy to resist virophagy involves the cleavage 

of SARs by viral proteases411. Coxsackievirus B3 (CVB3)-encoded proteases 2A and 3C cleave 

p62, NBR1 and NDP52412,413 (Figure 26). NDP52 and p62 are known to target ubiquitinated VP1 

capsid component for degradation414. Other viruses such as Enterovirus D68 (EV-D68), 

rhinovirus 1A (RV1A) and poliovirus 1 (PV) also encode for proteases that are able to cleave 

p62 (Figure 26) and other components that allow fusion of autophagosomes to lysosomes to 

prevent degradation of viruses  and promote viral replication and exit from the cell415.  

 

 

 

 

 

 

 

 

 

Figure 26. Viral strategies to target SARs101 (adapted from Ylä-Anttila, 2021). Targeting for 

proteasomal degradation, herpes simplex virus type 1 (HSV-1); Epstein–Barr virus (EBV), classical swine 

fever virus (CSFV); proteolytic cleavage, coxsackievirus B3 (CVB3), poliovirus (PV), rhinovirus (RV), 

enterovirus D68 (EV-D68); binding and/or unknown mechanism, measles virus (MeV), influenza A virus 

(IAV), hepatitis C virus (HCV), chikungunya virus (CHIKV). 
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Other viruses like HSV-1 can also inactivate SARs by targeting them to proteasomal 

degradation. Waisner and Kalamvoki showed that ICP0, an early phase protein, is involved in 

high levels of ubiquitination of OPTN and p62 leading to their proteasomal degradation. By 

overexpressing p62, they restricted early HSV-1 growth (Figure 26). Although the type and 

mechanisms of antiviral functions involving p62 and OPTN remain unknown, they do not 

exclude that other SARs might follow the same fate given their multiple roles in an outside 

selective autophagy416. 

 

3. SAR targeting by viruses to modulate innate immune signaling 

By means of a yeast two-hybrid approach, Leymarie et al. identified influenza A virus (IAV) 

protein PB1-F2 as an interactor of NDP52.  PB1-F2 is well known for enhancing the host pro-

inflammatory response induced by IAV infection in lung epithelial cells. The team showed, 

using an NF-κB -luciferase reporter construct, that overexpressing NDP52 and PB1-F2 highly 

potentiates the NF-κB activity mediated by Mitochondrial Antiviral Signaling (MAVS) protein. 

In addition, silencing NDP52 reduced TBK1-mediated IFN-stimulated response element (ISRE) 

activity, thus suggesting that the interaction of PB1-F2 with NDP52 is involved in the 

pathological process induced by IAV417.  

To avoid hyperactivation of IFN responses that could trigger severe immunopathology, several 

SARs are reported to mediate selective degradation of the key signal components at each level 

of the IFN signaling pathway418–422. Several viruses promote the autophagic degradation of 

adaptor proteins in the IFN pathway to block signal amplification. IAV H7N9 PB1 protein 

recruits host E3 ligase RNF5 to induce K27-linked ubiquitination of MAVS at its Lys362 and 

Lys461, which will subsequently be recognized by NBR1 and lead to its autophagic 

degradation. The PB1 protein-mediated degradation of MAVS decreases RIG-I-MAVS IFN 

signaling and enhances H7N9 infection423. SARS-CoV-2 helicase NSP13 can promote the 

autophagic degradation of TBK1, central kinase in the IFN pathway, in cooperation with p62 

thus inhibiting IFN production424. 

Overall, viruses are capable of targeting SARs either to diminish their function in antiviral 

selective autophagy or to highjack other functions they accomplish, such as autophagosome 

maturation or innate immune signaling.  
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To conclude this chapter, I will center on the Human T-cell Leukemia Virus type 1 (HTLV-1). I 

will briefly describe its viral cycle; the T cell responses elicited by the virus and will then focus 

on the oncoprotein Tax. Tax is known to recruit SARs to subvert the NF-κB signaling pathway.  

 

 

C. Human T cell leukemia virus type 1 

In 1980, Human T-cell leukemia virus type 1 (HTLV-1) was the first oncogenic human retrovirus 

discovered425. It is the etiologic agent of Adult T-cell Leukemia (ATL)426 and various neurological 

pathologies, primarily HTLV-Associated Myelopathy/ Tropical Spastic Paraparesis (HAM/TSP). 

It is estimated that between five to ten million people are infected worldwide, most of them 

residing in Japan and the Caribbean Basin427. Approximately, 2%-6% of infected individuals 

acquire ATL or HAM/TSP.  

 

1. HTLV-1 viral cycle 

HTLV-1 is an enveloped virus, approximately 100 nm in diameter, containing a single stranded 

positive sense RNA genome. The inner virion envelope membrane contains the viral matrix 

protein (MA), which encloses the viral capsid (CA) carrying two identical strands of the genomic 

RNA as well as functional protease (Pro), integrase (IN), and reverse transcriptase (RT) 

enzymes428. 
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Figure 27. Major steps of HTLV-1 replication cycle429 (adapted from Martin et al., 2016). (A) 

Following fusion, the viral core containing the viral genomic RNA (gRNA) is delivered into the cytoplasm 

(B), and during and/or following entry the gRNA genome undergoes reverse transcription to convert the 

gRNA into double stranded DNA (dsDNA) (C). The dsDNA is transported to the nucleus (D) and is 

integrated into the host genome; (E,F). The provirus is transcribed by cellular RNA polymerase II (G), as 

well as post-transcriptionally modified (H). Both full-length and spliced viral mRNAs are exported from 

the nucleus to the cytoplasm (I). The viral proteins are then translated by the host cell translation 

machinery (J), and the Gag, Gag-Pol and Env proteins transported to the plasma membrane (PM) along 

with two copies of the gRNA genome (K). These viral proteins and gRNA assemble at a virus budding 

site along the PM to form an immature virus particle (L). The budding particle releases from the cell 

surface (M), and undergoes a maturation process through the action of the viral protease, which cleaves 

the viral polyproteins to form an infectious, mature virus particle (N).  

 

CD4+T cells are the primary targets of HTLV-1 infection but the virus can also infect other cell 

types, such as CD8+T cells, B cells, monocytes, epithelial cells or DCs430–433. HTLV-1 is able to 

interact with this variety of cells because it binds to three widely distributed cellular surface 

receptors: glucose transporter (GLUT1), heparin sulfate proteoglycan (HSPG) and VEGF-165 

receptor neuropilin-1 (NRP-1)429. Viral entry into the cytoplasm occurs by membrane fusion 

through the interaction of HTLV-1 Env protein with HSPG, NRP-1 and GLUT1 (Figure 27). The 

RT reverse transcribes the viral RNA into double stranded DNA, then transported to the nucleus 

to be integrated into the host chromosome forming the provirus434,435 (Figure 27).  
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The long terminal repeats (LTR) of the provirus contain the promoter and enhancer elements 

necessary to initiate RNA transcription. The retroviral plus strand genome encodes structural 

proteins Gag (capsid, nucleocapsid, matrix), Pro, polymerase (Pol) and Env436–438 and regulatory 

and accessory proteins, such as Tax and Rex (Figure 28). Only one protein is encoded by the 

minus strand genome, originating from the 3’ LTR, HTLV-1 bZIP factor (HBZ)439 . HBZ is involved 

in viral transcriptional regulation and cell proliferation440 (Figure 28).   

 

 

 

 

 

 

 

 

Figure 28. Structure of the HTLV-1 proviral genome and gene product key functions428 (adapted 

from Kannian & Green, 2010). The proviral DNA with the LTRs, and the unspliced, singly spliced and 

doubly spliced mRNA transcripts are shown. The names of the gene transcripts and the key functions 

associated to the proteins are given. 

Tax is the transactivator gene. It increases the rate of viral transcription441–443 and regulates the 

transcription of multiple cellular genes involved in cell proliferation, differentiation, cycle 

control and DNA repair444–448.  

Tax was shown to be an oncogenic protein in Tax transgenic mice that developed different 

tumors according to the promoter used to drive Tax expression449,450 and is necessary for HTLV-

1 transformation of T cells451–454.  

Viral particles form after Gag traffics from the cytoplasm to the plasma membrane in what is 

still an unknown mechanism.  The nucleocapsid protein as well as the matrix protein both bind 

viral RNA. It is still unclear how viral mRNA reaches the membrane and budding sites. HTLV-1 

full-length viral RNA could diffuse through the cytoplasm to reach the membrane, but it could 

also bind to Gag before reaching the membrane429.  
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Gag interacts with the viral genomic RNA (gRNA), with the membrane and with other Gag 

proteins. All these interactions are required for the assembly and budding of viral particles455. 

Budding sites are determined by the interactions between the matrix and membrane lipid 

rafts456,457. The budding results in the release of immature viral particles458 in which the viral 

protease cleaves Gag and Pol polyproteins shortly after the release459.  

HTLV-1 virions are poorly infectious and cell-mediated infection is much more efficient460. A 

virological synapse by cell-cell contact is formed by productively infected HTLV-1+ cells with 

uninfected T cells mediated by interactions between ICAM-1 and LFA-1 adhesion 

molecules461,462. The virological synapse ensures the spread of HTLV-1 core complexes and the 

HTLV-1 genome.  

2. Tax modulation of the NF-κB signaling pathway  

Tax protein is composed of 353 amino acids (40 kDa) and contains several domains that 

mediate interactions with many cellular proteins463 (Figure 29). Tax localizes in different 

compartments of the cell: cytosol, nucleus, Golgi apparatus and endoplasmic reticulum (ER) for 

dedicated functions that benefit viral replication and persistence. The presence of a nuclear 

localization sequence (NLS) and a nuclear export sequence (NES) allows the shuttling between 

these different cellular compartments464. Tax can also be secreted to the extracellular 

environment where it can contribute to inflammation and pathogenesis465.  

 

 

 

 

 

 

 

Figure 29. Domains of Tax for interactions and post-translational modifications466 (adapted from 

Lavorgna and Harhaj, 2014). (A) Schematic representation of Tax protein-protein interaction domains 

and other motives regulating Tax function. (B) Schematic representation of known ubiquitination (Ub), 

SUMOylation (SUMO) and acetylation (Ac) sites in Tax. 
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Tax ensures multiple functions and regulates different cellular signaling pathways such as AP-

1, NFAT, CREB and NF-κB467,468 (Figure 29). One of the major cellular targets is the transcription 

factor NF-κB, modulated by Tax in the cytoplasm and cis-Golgi, whereas the regulation of viral 

gene expression occurs in the nucleus.  

Tax interacts with specific components of the canonical and non-canonical NF-κB pathways to 
drive the proliferation, survival and transformation of HTLV-1-infected T cells. The canonical 

NF-κB signaling pathway is induced upon stimulation by pro-inflammatory cytokines, such as 

TNFα, IL-1b and IL-6, pathogen-associated molecular patterns (PAMPs) from viruses and 

bacteria and agonists for the B or T cell antigen receptors. The non-canonical NF-κB signaling 

pathway is induced by a subset of TNF family members such as B cell activating factor (BAFF), 

lymphotoxinβ-(LTβ) and CD40L466. Thus, each pathway contains its own receptors, molecules 

and generated responses469. Tax constitutively activates both pathways470,471 by interacting with 

the NEMO subunit of the IKK complex and persistently activating it472–474. Upon IKK activation, 

IKKβ phosphorylates and triggers the degradation of IκBα and IκBβ followed by the nuclear 
translocation of RelA/p50 dimers475. Robek and Ratner showed that a Tax mutant unable to 

activate IKK, and hence NF-κB, is unable to induce cell proliferation and immortalization of T 

cells452. The activation of the non-canonical pathway occurs by interaction of Tax with 

IKKγ/NEMO and p100 to induce its proteasome-mediated processing476.  

Consistent with many viral infections, HTLV-1 takes advantage of the host cell machinery 

including the autophagic machinery and post-translational modifications (PTM). 

Tax is subjected to multiple PTMs such as ubiquitination, SUMOylation, phosphorylation and 

acetylation.  To note, Tax has 10 lysine (K) residues (K1 to K10) of which K4 through K10 are 

the main targets of both monoubiquitination and polyubiquitination477–479 (Figure 29). Tax 

ubiquitination, by E2 enzyme Ubc13, is largely composed of K63-linked polyubiquitin chains.  

K63-linked polyubiquitin was found to regulate Tax stability and to be required for its 

interaction with NEMO and NF-κB activation138. Therefore, the recruitment of IKK and 

subsequent NF-κB persistent activation occurs in a macromolecular IKK signalosome based on 

ubiquitin-dependent interactions (Figure 30). Tax has also been shown to activate IKK in Golgi-

associated lipid raft microdomains (LRD) as well as near the centrosome480,481. Tax thus appears 

to use the Golgi as a specific platform for IKK activation. 
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In addition, Journo et al. showed that K63-linked polyubiquitinated Tax recruits NEMO-related 

protein (NRP)/Optineurin (OPTN) and Tax-1 Binding Protein (TAX1BP1) to perinuclear Golgi 

structures, and the recruitment of SARS is required to induce sustained NF-κB activation482 

(Figure 30). It is therefore likely that Tax recruits SARs to the IKK signalosome. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Tax-induced relocalization466 (adapted from Lavorgna and Harhaj, 2014). Relocalization 

and activation of canonical and non-canonical NF-κB signaling pathways. Tax relocates NEMO, OPTN 

and TAX1BP1 to perinuclear Golgi structures to induce sustained activation of the NF-κB signaling 

pathway. 

 

Historically, TAX1BP1 was identified in a yeast two-hybrid screen as an interactant of Tax named 

TXBP151483,484. TAX1BP1 is involved in the recruitment of the deubiquitinase A20 and the 

negative control of TNFα, IL-1- and LPS-mediated NF-κB activation138,485. In addition to 

TAX1BP1, A20 is also dependent on other co-factors including the E3 ligases RNF11 and Itch 

that assemble to form the A20-ubiquitin-editing complex, upon induction486,487. Tax prevents 

the assembly of the A20 complex by blocking IKKα-mediated phosphorylation of TAX1BP1488 

and relocates TAX1BP1 to inactivate the A20 complex by impairing interactions between 

members of the complex486. Tax inactivation of A20 alleviates the negative feedback control of 
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NF-κB and facilitates persistent NF-κB signaling that drives cell transformation. Recently, 

Schwob et al. showed that Tax also recruits p62 via polyubiquitin chains to the peri-Golgian 

Tax-induced Signalosome, where the other SARs are recruited, and potentiates sustained NF-

κB activation489. 

3. Anti-HTLV-1 T cell responses 

CD4+T cells are the major targets of HTLV-1 chronic infection. The establishment of a chronic 

infection suggests that HTLV-1 manipulates the immune responses normally initiated upon 

primo-infection. As we have seen previously, the effect of Tax on the NF-κB signaling pathway 

is an important factor in the establishment of chronicity. In addition, during the chronic phase 

of infection, disruption of the equilibrium between viral replication and HTLV-1-specific T cell 

responses (reflected by an increase in the proviral load (PVL)) is an important determinant of 

disease progression490. Strong HTLV-1-specific CD8+T cytotoxic T cell (CTL)491,492 and CD4+ 

helper T cell493,494 responses are observed in the blood of HTLV-1-infected individuals, and ex 

vivo, Tax-specific CTL from patients have been shown to kill Tax-expressing autologous cells430. 

Surprisingly, there is no clear correlation between the magnitude of T cell responses and the 

PVL495. It seems that the quality, rather than the magnitude of HTLV-1-specific T cell responses, 

might allow chronicity and determine the disease outcome. Resistance to disease progression 

has been associated with protective HLA alleles, such as HLA-A*02 or -Cw*08496–498 whereas 

disease susceptibility has been associated with HLA-B*5401 or HLA-DRß1*0101497,498. 

Compared to healthy carriers of the virus, HAM/TSP patients exhibit an HTLV-1-specific CTL 

compartment with compromised expression of stimulatory molecules and lower degranulation 

capacity499. Comparing the frequency and lytic activity of HTLV-1-specific CTLs in fresh 

unstimulated PBMCs of patients, Kattan et al. also concluded that the efficient control of HTLV-

1 in vivo depends on the CTL lytic efficiency500. An inverse correlation between the PVL501 and 

the expression of exhaustion markers (PD-1) by Tax-specific CTLs has been reported, further 

highlighting that the quality of CTL responses is critical for clinical evolution. Interestingly, a 

strong negative correlation has been observed between the frequency of CD4+FoxP3+ Tregs and 

the CTL activity in HTLV-1-infected individuals502, indicating that the quality of CD4+T cell 

responses might be one of the largest single determinants of the quality of the HTLV-1-specific 

CTL responses. 
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Remarkably, myeloid cells503–505 and HTLV-1-specific T cells from infected individuals show 

compromised phenotypes and functions, strongly suggesting that the establishment of a 

chronic infection, and the subsequent development of diseases, may be primed by an early 

defect in the initiation of immune responses to the virus. In addition, as mentioned above, 

HTLV-1 infection is often associated with a higher susceptibility to opportunistic infections506, 

indicating immune dysfunctions that may not be restricted to HTLV-1-specific responses, but 

whose origin remains largely unclear. As APCs, DCs dictate the quality of T cell responses, 

through the kinetics and amount of antigens presented, but also the engagement of co-

stimulatory or co-inhibitory signals and the cytokine environment. Several groups have 

documented the productive in vitro infection of myeloid DCs and of monocyte-derived DCs 

(MDDCs)504,505,507–509. Very little is known about the capacity of HTLV-1-infected DCs to prime 

efficient T cell responses. Several studies have shown that blood DCs from HTLV-1-infected 

patients433,503,504 and DCs from uninfected individuals, exposed in vitro to HTLV-1510, induce an 

abnormal proliferation of autologous T cells, with a more pronounced influence on CD4+T cell 

stimulation504. Specifically, MDDCs from ATL patients have altered capacities to stimulate the 

proliferation of allogenic T cells in mixed lymphocyte reactions, independent of antigen 

recognition505,511. Exposure of MDDCs to recombinant Tax increased the expression of 

activation and maturation markers512, the secretion of pro-inflammatory cytokines513, and the 

induction of antigen-independent T-cell proliferation513, in an NF-κB-dependent manner. This 

suggests that, as in CD4+T cells, Tax modulates NF-κB with a potential effect on antigen 
presentation and activation of CD4+T cells. However, the detailed signaling properties of Tax 

in DCs remain to be investigated. 

4. Tax modulation of autophagy 

HTLV-1 has also been shown to promote autophagy via IKK activation, supporting the 

proliferation and survival of HTLV-1 transformed cell lines514. This capacity to increase 

autophagosomes depends on the capacity of Tax to activate the NF-κB pathway515. In fact, Tax 

recruits Beclin-1 and Bif-1 to LRDs, inducing the recruitment of all the elements for 

autophagosomes biogenesis (Figure 31). The IKK signalosome is necessary in this Tax-

mediated autophagy dysregulation since Tax does not localize in the Golgi-associated LRDs in 

absence of IKKγ/NEMO and depletion or impairment of any IKK complex member prevents 

Beclin-1 and Bif-1 recruitment514. Golgi-associated LRDs seem to function as platforms where 
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Tax engages the NF-κB and autophagy pathways by the local interaction of Tax, Beclin-1, SARs 

and the IKK complex469 (Figure 31).  

The Tax-mediated deregulation of autophagy is completed on the final steps of 

autophagosome maturation. Tang et al. showed that Tax inhibits autophagosome-lysosome 

fusion. Interestingly, treatment with bafilomycin A improves Tax stability suggesting that Tax 

could be degraded into lysosomes via the autophagy pathway. The team then showed that Tax 

inhibits the fusion of these degrading vesicles. Therefore, Tax interferes with the autophagy 

pathway by generating autophagosome accumulation but impeding their maturation and thus 

preventing its own degradation515.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Tax-induced autophagy modulation469 (adapted from Ducasa et al., 2021). Tax interferes 

at several steps of both canonical and noncanonical NF-κB pathway to induce cellular transformation. 

By interaction with IKKγ/NEMO, Tax recruits and activates the IKK complex in Golgi-associated lipid raft 

domains (LRDs). After IKK activation, Tax recruits the autophagy proteins Beclin-1 (BECN1), Bif-1 and the 

PI3KC3 complex through its direct interaction with BECN1, which in turn binds also with IKKα, IKKβ. Tax 
deregulates the autophagy pathway fostering autophagosome biogenesis whilst blocking the 

autophagosome-lysosome fusion. Autophagosome accumulation enhances HTLV-1 replication. 
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Taken together, it appears that Tax utilizes the Golgi-located Signalosome, and possibly other 

cytoplasmic substructures, as a specific platform for IKK activation and modulation of the NF-

κB and autophagy pathways.  

Tax relocation of SARs could also have other effects, for example in vesicle trafficking, given 

the diverse roles played by SARs described in the first part of this introduction. The blockage 

of autophagosome maturation by Tax could also have an impact on antigen processing, 

especially considering that Tax not only infects CD4+T lymphocytes but also infects DCs.  

In conclusion, we have seen that viruses have developed numerous mechanisms allowing them 

to target and escape the different pathways of MHC-II-restricted antigen presentation and 

CD4+T cell activation. SARs seem to be at the crossroads of immune sensing. Indeed, their 

modulation can play a role not only in antigen processing, but also in antiviral intrinsic 

immunity, innate immune signaling pathways and can be subverted for viral profit. In the first 

part of my phD, together with my team, we recently showed that TAX1BP1, amongst the SARs 

recruited by Tax to induce NF-κB activation, is a key player in MHC-II antigen presentation. 

One of the main questions raised was whether TAX1BP1 and other SARs might be viral targets 

to escape MHC-II-mediated antiviral immunity.  
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Scientific context and thesis objectives 

Several groups have shown the contribution of the different forms of selective autophagy, such 

as CMA, in antigen processing and MHC-II-restricted antigen presentation. My team is 

interested in the interplays between autophagy and antiviral immunity.  

Following the demonstration by the laboratory that targeting the HIV antigen gag to 

autophagosomes induced a more potent activation of gag-specific CD4+T cells than the one 

elicited by the native antigen, the team decided to focus on the role of selective autophagy 

receptors (SARs) in MHC-II-restricted viral antigen presentation.  

When I arrived in the laboratory, the team had shown that silencing the expression of TAX1BP1 

affected viral antigen presentation and virus-specific CD4+T cell activation in model APCs. In 

the same functional screen, they had silenced other SARs as well but this had no impact on 

MHC-II antigen presentation. In addition, they had analyzed the MHC-II peptide repertoire in 

the absence of TAX1BP1 and observed a drastic effect on the quantity and the quality of the 

peptides presented compared to cells expressing TAX1BP1.  

The objective of the first part of my thesis was to characterize the mechanisms underlying the 

effect of TAX1BP1 silencing on MHC-II-restricted antigen presentation. To this end, I aimed at 

studying the biology and kinetics of different elements of the MHC-II antigen presentation 

pathway in the absence of TAX1BP1. In addition, I aimed at characterizing novel interactants of 

TAX1BP1 and their role in MHC-II-restricted antigen presentation to get a better insight on the 

mechanisms governing the effect of TAX1BP1 silencing on MHC-II antigen presentation.  

After describing TAX1BP1 as a key player in MHC-II antigen presentation, I then sought to 

study whether viral proteins might target SARs, amongst them TAX1BP1, to escape MHC-II 

antigen presentation and thus antiviral immunity.  

The objective of the second part of my thesis was to use HTLV-1 Tax oncoprotein, known to 

target SARs including TAX1BP1, as a tool to assess the impact of SAR hijacking on MHC-II 

antigen presentation. To this end, I aimed at studying the effect of Tax expression on MHC-II-

restricted viral antigen presentation as well as on the biology and kinetics of the MHC-II antigen 

presentation pathway including the MHC-II immunopeptidome. In addition, I aimed at 

evaluating the role of different SARs in the effect of Tax expression on MHC-II viral antigen 

presentation.  
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Project 1: article published in EMBO Reports in 2022 

 

To study the role of selective autophagy receptors (SARs) in MHC-II-restricted antigen 

presentation, we performed a functional siRNA screen of NDP52, TAX1BP1, OPTN and p62 I 

nour model HeLa-CIITA cells. We observed that only the silencing of TAX1BP1 affected the 

presentation of the HIV gag antigen fused to LC3 (gag-LC3) to CD4+T cells and induced a 

decrease of CD4+T cell activation. Remarkably, TAX1BP1 also affected the presentation of the 

native gag antigen and the mutant form of gag-LC3 (G120A), which cannot be included in 

autophagosomes. To determine whether the absence of TAX1BP1 might influence MHC-II 

kinetics, we assessed the internalization of mature MHC-II-complexes as well as their surface 

expression and found no significant effect of TAX1BP1 silencing on MHC-II internalization 

kinetics. Given these results, we then asked whether TAX1BP1 silencing might affect the stability 

of MHC-II-peptide complexes. In fact, a fraction of peptide-loaded MHC-II heterodimers 

adopts a stable conformation resistant to dissociation by SDS at room temperature but not at 

95°C276. I found that SDS-stable complexes were greatly reduced in the absence of TAX1BP1. 

The nature of the peptides presented can influence the quality of MHC-II-peptide complexes56. 

We therefore analyzed the global peptide repertoire (immunopeptidome) presented by MHC-

II molecules in cells silenced or expressing TAX1BP1 and found that TAX1BP1 expression has a 

strong influence on the peptide repertoire, the relative abundance, and the relative affinity of 

epitopes presented by MHC-II molecules. These results could explain the effect of TAX1BP1 

silencing on viral antigen presentation and CD4+T cell activation; and show a broad role of 

TAX1BP1 on the MHC-II immunopeptidome.  In order to understand the effect of TAX1BP1 on 

the peptide repertoire, we asked whether TAX1BP1 might play a role in the intracellular 

trafficking of MHC-II molecules prior to reaching the plasma membrane. To this end, using 

confocal microscopy, I evaluated the effect of TAX1BP1 silencing on the subcellular localization 

of MHC-II molecules together with other markers of the MHC-II loading compartment (MIIC), 

such as HLA-DM, and markers of endo-lysosomal vesicles. Of note, HLA-DM is a chaperone 

involved in MHC-II peptide loading257. Combined together, MHC-II, HLA-DM and endo-

lysosomal markers serve to identify the MIIC. Strikingly, MHC-II positive vesicles localized closer 

to the nucleus in cells silenced for TAX1BP1. I observed a similar strong relocalization of HLA-

DM and the different endo-lysosomal markers we assessed. Therefore, TAX1BP1 influences the 
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positioning of the MIIC. The relocalization of the MIIC towards the nucleus, in the absence of 

TAX1BP1, could partially account for the defect of MHC-II maturation and could sustain the 

dramatic changes in the global MHC-II peptide repertoire. The invariant chain li (CD74) is 

essential for the trafficking and maturation of MHC-II molecules208,212,215,516. In the MIIC, li 

degradation is also strictly regulated to ensure appropriate loading of MHC-II molecules with 

high-affinity peptides233,236. I therefore assessed the effect of TAX1BP1 silencing on li expression. 

Remarkably, the absence of TAX1BP1 induces an exacerbated li degradation. I could recover li 

expression upon treatment with chloroquine, suggesting that li is degraded in acidified vesicles 

in the absence of TAX1BP1. li has been shown to influence both the cellular trafficking and the 

immunopeptidome of MHC-II molecules265, therefore the exacerbated degradation of li could 

explain the strong influence of TAX1BP1 silencing on the MHC-II immunopeptidome in our 

model.  

To decipher the mechanism by which T6BP influences MHC-II-restricted endogenous antigen 

presentation, we decided to define the interactome of T6BP in HeLa-CIITA cells. We used a 

plasmid encoding GFP-TAX1BP1 and performed a large-scale immunoprecipitation (IP) using 

GFP as a tag. We used as negative control the same plasmid encoding GFP. We identified a 

novel partner of TAX1BP1, the ER chaperone Calnexin (CANX). We focused on this protein 

because of its known interaction with li204. I confirmed TAXBP1 interaction with CANX in our 

model APCs and in model DCs and B cells and showed that CANX interacts with TAX1BP1 

through its cytosolic tail. In addition, I showed that silencing CANX recapitulates li exacerbated 

degradation and MHC-II antigen presentation and subsequent CD4+T cell activation decrease. 

The same effects observed upon TAX1BP1 silencing. We suggest that TAX1BP1 silencing affects 

CANX functions resulting in li degradation and aberrant MHC-II peptide loading and antigen 

presentation to CD4+T cells.   

Overall, we demonstrate that TAX1BP1 regulates de loading and presentation of endogenous 

viral antigens by MHC-II molecules, with a direct effect on CD4+T cell activation. We provide 

evidence that TAX1BP1 regulates CANX functions, which include the stabilization of li. 

Nonetheless, we believe that TAX1BP1 might also influence MHC-II-restricted antigen 

presentation through the regulation of the trafficking of MHC-II-loading compartments and 

more globally of acidified vesicular compartments. 
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Abstract

CD4+ T lymphocytes play a major role in the establishment and

maintenance of immunity. They are activated by antigenic pepti-

des derived from extracellular or newly synthesized (endogenous)

proteins presented by the MHC-II molecules. The pathways leading

to endogenous MHC-II presentation remain poorly characterized.

We demonstrate here that the autophagy receptor, T6BP, influen-

ces both autophagy-dependent and -independent endogenous pre-

sentation of HIV- and HCMV-derived peptides. By studying the

immunopeptidome of MHC-II molecules, we show that T6BP

affects both the quantity and quality of peptides presented. T6BP

silencing induces the mislocalization of the MHC-II-loading com-

partments and rapid degradation of the invariant chain (CD74)

without altering the expression and internalization kinetics of

MHC-II molecules. Defining the interactome of T6BP, we identify

calnexin as a T6BP partner. We show that the calnexin cytosolic

tail is required for this interaction. Remarkably, calnexin silencing

replicates the functional consequences of T6BP silencing: decrea-

sed CD4+ T cell activation and exacerbated CD74 degradation. Alto-

gether, we unravel T6BP as a key player of the MHC-II-restricted

endogenous presentation pathway, and we propose one potential

mechanism of action.

Keywords calnexin; CD4+ T cell activation; interactome; immunopeptidome;

virus
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Introduction

CD4+ helper T cells that orchestrate adaptive immune responses rec-

ognize pathogen- or tumor-derived peptides presented by the major

histocompatibility complex class II (MHC-II) molecules. MHC-II

molecules are expressed by professional antigen-presenting cells

(APC) such as B cells, macrophages and dendritic cells (DC), thymic

epithelial cells (TEC), and by nonprofessional APCs in inflammatory

conditions (Roche & Furuta, 2015; Wijdeven et al, 2018). The MHC-

II transactivator, CIITA, governs the transcription of the MHC-II

locus that includes genes encoding for the a- and b-chains of MHC-II

molecules, the invariant chain (called Ii or CD74), and the chaperon

proteins HLA-DM/HLA-DO (Reith et al, 2005). The transmembrane

a- and b-chains are assembled within the endoplasmic reticulum

(ER), where they associate with CD74 leading to the formation of

nonameric ab-CD74 complexes that traffic into late endo-lysosomal

compartments named MIIC (Bakke & Dobberstein, 1990; Lotteau

et al, 1990; Neefjes et al, 1990; Roche et al, 1991). In the MIIC,

CD74 is progressively cleaved by vesicular proteases (Riese

et al, 1996; Nakagawa et al, 1998; Shi et al, 2000; Manoury
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et al, 2003), leaving a residual MHC-II-associated Ii peptide (CLIP)

that occupies the peptide binding groove (Roche & Cresswell, 1991;

Bijlmakers et al, 1994; Busch et al, 1996). HLA-DM then facilitates

the exchange of the CLIP fragments with high-affinity peptides gener-

ated from pathogen- or tumor-derived antigens (Morris et al, 1994;

Sanderson et al, 1994; Denzin & Cresswell, 1995). MHC-II molecules

are then transported to the plasma membrane to expose antigenic

peptides to CD4+ T cells (Thibodeau et al, 2019).

MHC-II molecules present peptides derived from extra- and intra-

cellular sources of antigens, so-called exogenous and endogenous

presentation, respectively (Watts, 2004; Veerappan Ganesan &

Eisenlohr, 2017). Extracellular antigens are captured and internal-

ized into APCs by various means including macropinocytosis,

phagocytosis, or receptor-mediated endocytosis (Roche &

Furuta, 2015). Antigens are then delivered to the MIIC where they

are progressively degraded by endo-lysosomal proteases such as

cathepsins (Watts, 2004), into peptides (or epitopes) ranging from

12 to 25 amino acids in length, that can be loaded on nascent MHC-

II molecules (Rudensky et al, 1991; Unanue et al, 2016). Epitopes

from extracellular antigens can also bind, in early endosomes, to

recycling MHC-II molecules (Pinet et al, 1995; Sinnathamby &

Eisenlohr, 2003). The endogenous pathway relies on protein antigen

synthesis by virus-infected (Jacobson et al, 1988; Sekaly et al, 1988;

Eisenlohr & Hackett, 1989; Jaraquemada et al, 1990; Nuchtern

et al, 1990; Thiele et al, 2015) or tumor cells (Tsuji et al, 2012).

Some early in vitro studies showed that neosynthesized self-

epitopes are displayed, after lysosomal proteolysis, by MHC-II mole-

cules leading to CD4+ T cell activation (Bikoff & Birshtein, 1986;

Rudensky & Yurin, 1989; Weiss & Bogen, 1989). More recently, it

was shown that the initiation of CD4+ T cell responses to influenza

virus is mainly driven by epitopes derived from the processing of

intracellular antigens within APCs (Miller et al, 2015). However,

the pathways leading to the loading of MHC-II molecules with

endogenous antigens remain poorly characterized. Components of

the MHC class I (MHC-I) processing pathway such as proteasome

have been implicated (Lich et al, 2000; Tewari et al, 2005). One

unresolved issue is how cytosolic antigens are transported into

MHC-II-enriched compartments (Dani et al, 2004; Crotzer &

Blum, 2008). For some specific epitopes but not others, the trans-

porter associated with antigen presentation of MHC-I molecules

(TAP) has been linked with the delivery of endogenous peptides on

MHC-II molecules (Malnati et al, 1992; Tewari et al, 2005). In fact,

depending on the cellular localization, the trafficking, and the

nature of the antigen itself, different pathways might be involved in

the degradation and delivery of endogenous antigens to MHC-II

loading compartments (Mukherjee et al, 2001; Tewari et al, 2005;

Leung, 2015).

The pathways of autophagy contribute to the processing of MHC-

II-restricted endogenous antigens. The receptor of chaperone-

mediated autophagy, LAMP-2A, has been shown to facilitate the

presentation of a cytosolic self-antigen by MHC-II molecules (Zhou

et al, 2005). The analysis of the MHC-II immunopeptidome revealed

that macroautophagy (herein referred to as autophagy) also con-

tributes to the processing of cytoplasmic and nuclear antigens

(Dengjel et al, 2005). Autophagy is a self-eating cellular degradation

pathway, in which double-membrane autophagosomes deliver their

cytoplasmic constituents for lysosomal degradation (Kirkin, 2020).

Using various models, several labs established that autophagy

participates, in TECs, in the generation of MHC-II-restricted endoge-

nous epitopes and strongly influences the thymic selection of

autoreactive CD4+ T cells (Aichinger et al, 2013; Schuster

et al, 2015). Other evidence that autophagy plays a role in endoge-

nous antigen presentation comes from in vitro studies using APCs

transfected with mRNAs encoding tumor antigens (Dorfel

et al, 2005) or cDNAs encoding tumor or viral antigens targeted to

autophagosomes (Schmid et al, 2007; Jin et al, 2014; Coulon

et al, 2016; Fonteneau et al, 2016). Targeting antigens to

autophagosomes through the fusion to LC3, an autophagy effector

that incorporates into and participates in the elongation of

autophagosomes enhances the capacity of APCs to activate antigen-

specific CD4+ T cells (Coulon et al, 2016). However, overall, there

are few examples where endogenous degradation of native tumors

or viral antigens has been shown to be dependent on autophagy

(Paludan et al, 2005; Leung, 2015). In fact, autophagy effectors may

directly or indirectly affect the presentation of MHC-II-restricted

antigens (Fletcher et al, 2018) by regulating, for instance, the deliv-

ery of proteases into the MIIC (Lee et al, 2010). Thereafter, autop-

hagy also contributes to the exogenous presentation of viral and

bacterial antigens (Jagannath et al, 2009; Blanchet et al, 2010). The

molecular links between autophagy and MHC-II-restricted antigen

presentation, in particular the mechanisms allowing the delivery of

autophagy-degraded antigens to the MIIC, are poorly defined.

A growing body of evidence indicates that autophagosomes

selectively target their cargos while excluding the rest of the cyto-

plasmic content (Kirkin, 2020). Several forms of selective autophagy

exist, depending on the substrate, but all rely on the so-called autop-

hagy receptors (ARs) that include: Nuclear Dot Protein 52 (NDP52),

Optineurin (OPTN), Sequestosome-1 / p62, Next to BRCA1 gene

protein-1 (NBR1) and TAX1-binding protein-1 also called TRAF6-

binding protein (TAX1BP1/T6BP) (Kirkin & Rogov, 2019). ARs con-

tain ubiquitin (Ub) and LC3-binding domains that allow, on the one

hand, binding to ubiquitinated proteins and, on the other hand,

their targeting into autophagosomes through interaction with LC3

on the internal membranes of forming autophagosomes (Kirkin &

Rogov, 2019). As such, ARs are involved in multiple cellular pro-

cesses including selective degradation of incoming bacteria and of

damaged mitochondria, processes called xenophagy (Tumbarello

et al, 2015) and mitophagy (Randow & Youle, 2014), respectively.

In addition to their role in selective autophagy, T6BP, NDP52, and

OPTN are required for the maturation of autophagosomes (Tum-

barello et al, 2012). Thanks to the binding to myosin-VI, these ARs

bridge autophagosomes to Tom-1-expressing endosomes and lyso-

somes, thus facilitating their fusion (Sahlender et al, 2005; Morris-

wood et al, 2007; Tumbarello et al, 2012). T6BP, OPTN, and

NDP52, by promoting autophagosome maturation (Verlhac

et al, 2015), are essential for the degradation of Salmonella typhi-

murium (Thurston et al, 2009; Wild et al, 2011; Lin et al, 2019).

Remarkably, T6BP, NDP52, and p62 were also shown to orchestrate

the maturation of early endosomes into late endosomes (Jongsma

et al, 2016). This process also involves the Ub-binding domain of

these receptors (Jongsma et al, 2016). Therefore, ARs exert multiple

redundant but also exclusive roles in selective autophagy and in the

traffic and maturation of vesicles such as autophagosomes and

endosomes.

Here, we hypothesize that ARs may contribute at various, so far

unknown, levels to MHC-II-restricted viral antigen presentation. We
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show that silencing of NDP52, OPTN, and p62 in model APCs does

not significantly affect the presentation of an autophagy-dependent

antigen to CD4+ T cells. By contrast, T6BP influences both

autophagy-dependent and -independent endogenous viral, as well

as cellular, antigen processing and presentation by MHC-II mole-

cules. In fact, the action of T6BP is not limited to viral antigens since

the global repertoire of peptides presented by MHC-II molecules (im-

munopeptidome) is dramatically changed upon T6BP silencing. We

show that T6BP silencing does not perturb the global cell-surface

expression nor internalization kinetics of MHC-II molecules. How-

ever, it induces significant relocalization of the MIIC closer to the

nucleus and the generation of unstable MHC-II-peptide complexes.

Importantly, we demonstrate that the absence of T6BP expression

induces a strong and rapid degradation of the invariant chain CD74,

which directly influences the quality of the peptide repertoire loaded

on MHC-II molecules. Finally, to get a hint on possible mechanisms,

we defined the interactome of T6BP and identified novel protein

partners that potentially participate in the T6BP-mediated regulation

of the MHC-II peptide loading process. Among them, we identified

the ER chaperone calnexin (CANX). We show that T6BP binds the

cytoplasmic tail of CANX known to regulate its ER functions.

Finally, we provide the direct demonstration that silencing CANX

also induces CD74 degradation and decreases the capacity of model

APCs to activate CD4+ T cells. Altogether, this study unravels a new

role for T6BP as a key player in MHC-II-restricted antigen presenta-

tion, and in CD4+ T cell immunity.

Results

T6BP silencing influences endogenous viral antigen presentation

and CD4+ T cell activation

Owing to their functions in selective autophagy and in the matura-

tion of autophagosomes, we focused our work on NDP52, OPTN,

and T6BP asking whether these ARs might be involved in endoge-

nous antigen presentation by MHC-II molecules and subsequent

activation of CD4+ T cells. To this end, HeLa cells modified to

express CIITA (HeLa-CIITA) were silenced for the expression of ARs

using siRNAs targeting NDP52, OPTN, and T6BP and evaluated for

their capacity to activate CD4+ T cell clones (Fig 1A). An siRNA tar-

geting p62 was also included as this AR plays, in multiple models, a

dominant role in selective autophagy but does not participate in the

maturation of autophagosomes (Tumbarello et al, 2012). 24 h post-

siRNA transfection HeLa-CIITA cells were transfected with a plas-

mid encoding HIV Gag protein fused to LC3. This Gag-LC3 fusion

enables specific targeting of Gag into autophagosomes and enhances

HIV-specific T cell activation in an autophagy-dependent manner

(Coulon et al, 2016). 48 h post-siRNA treatment (24 h post-DNA

transfection), we analyzed by flow cytometry the percentages of liv-

ing and of Gag-positive (Gag+) cells, using viability dye and Gag

intracellular staining, respectively (Appendix Fig S1A). In all tested

conditions, the levels of Gag+ cells were similar and the sequential

transfections (siRNA and cDNA) had no significant influence on cell

viability (Appendix Fig S1B and C). The silencing of AR expression

was also analyzed by Western Blot (WB). As compared to the con-

trol siRNA (CTRL), all siRNAs led to a marked decrease in AR

expression (Fig 1B). HeLa-CIITA cells were then co-cultured with

Gag-specific CD4+ T cells that we previously isolated and character-

ized (Moris et al, 2006). These Gag-specific CD4+ T cell clones rec-

ognize HIV-infected cells (Moris et al, 2006; Coulon et al, 2016).

CD4+ T cell activation was monitored using IFNc-ELISPOT (Fig 1C).

Cells transfected with CTRL, NDP52, OPTN, or p62 targeting siRNAs

led to similar levels of CD4+ T cell activation (Fig 1C, right and left

panel). By contrast, T6BP silencing greatly decreased the activation

of Gag-specific T cells (Fig 1C, left panel). On average, T6BP silenc-

ing led to a 75% decrease in Gag-specific CD4+ T cell activation

(Fig 1C, right panel).

We next analyzed the effect of T6BP silencing on autophagy-

independent endogenous viral antigen processing and presentation

by MHC-II molecules. As previously, HeLa-CIITA cells were first

transfected with CTRL- or T6BP-targeting siRNAs (siCTRL and

siT6BP, respectively), then transfected with various plasmids encod-

ing Gag, Gag-LC3G120A, or Gag-LC3, and co-cultured with the Gag-

specific CD4+ T cells (Fig 1D). Importantly, in our previous work we

demonstrated that newly synthetized Gag is processed in an

autophagy-independent manner both in monocyte-derived DCs

(MDDCs) and in HeLa-CIITA cells (Coulon et al, 2016). This was

shown by using productively infected MDDCs and Gag-cDNA-

transfected HeLa-CIITA cells treated with various drugs influencing

autophagy (e.g., 3-MA, Spautin-1, and Torin-1), shRNA targeting

LC3 or overexpressing a trans-dominant mutant of Atg4B

(Atg4BC74A), which blocks the formation of autophagosomes.

Using the same tools, we also showed that the fusion with LC3

(Gag-LC3) targets Gag to autophagosome-mediated degradation

leading to an enhancement of CD4+ T cell activation. Gag-LC3G120A

was also used as a negative control for autophagy-dependent degra-

dation, as the G120A mutation in the C-terminus of LC3 abolishes

the lipidation and incorporation of LC3 in the nascent membranes

of autophagosomes, thus preventing Gag targeting into autophago-

somes. Finally, we showed that upon Gag-LC3G120A-transfection,

Gag antigens are processed in an autophagy-independent manner

(Coulon et al, 2016). 24 h post-transfection and prior co-culture

with the CD4+ T cells, the percentage of Gag+ cells, Gag expression

levels and the cell viability were similar in all tested conditions

(Appendix Fig S1C). As previously, T6BP silencing strongly

decreased the capacity of HeLa-CIITA cells expressing Gag-LC3 to

activate the Gag-specific T cells (Fig 1D, left panel). However, we

observed that the effect of T6BP silencing was not limited to Gag-

LC3 as the capacity of HeLa-CIITA expressing Gag- or Gag-LC3G120A

to activate the CD4+ T cell clones, was also reduced in siT6BP-

treated cells (Fig 1D, left panel). Importantly, T6BP silencing did

not interfere with the ability of HeLa-CIITA cells to present the cog-

nate peptide recognized by Gag-specific T cells when the peptide

was added exogenously (Fig 1D, right panel). These results suggest

that T6BP silencing influences the generation of Gag-, Gag-LC3- and

Gag-LC3G120A-derived endogenous epitopes and their subsequent

presentation by MHC-II molecules to Gag-specific CD4+ T cells but

does not affect the presentation of exogenous peptides by MHC-II

molecules. Note that we obtained similar results with several

siRNAs targeting different exons and introns of T6BP mRNA. We

then sought to extend these observations to additional viral anti-

gens. To this end, HeLa-CIITA cells treated with siCTRL or siT6BP

were transfected with a plasmid encoding the immunodominant

pp65 HCMV antigen and co-cultured with a pp65-specific CD4+ T

cell line (Fig 1A and E). Remarkably, T6BP silencing also led to a
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Figure 1. T6BP silencing decreases endogenous viral Ag presentation and CD4+ T cell activation.

A Schematic representation of the experiment. Hela-CIITA cells were transfected with siRNAs targeting ARs and 24 h later with plasmids encoding the antigens: Gag,

Gag-LC3, Gag-LC3 G120A, or pp65. 24 h post-DNA transfection, the HeLa-CIITA cells were co-cultured with antigen-specific CD4+ T cells and T cell activation was

assessed using IFNc-ELISPOT. AR: Autophagy Receptor; D: day; TCR: T cell receptor.

B 48 h post-transfection of HeLa-CIITA cells with siRNAs targeting NDP52, T6BP, OPTN, and p62, AR expression was analyzed using Western Blot. Tubulin was used as

control. The results are representative of at least 3 independent experiments and correspond to AR expression levels of the experiment in (C), left panel.

C Monitoring of Gag-specific CD4+ T cell activation. HeLa-CIITA cells were treated as indicated above and transfected with a plasmid encoding Gag-LC3. Left panel, a

representative experiment is shown (� SD of three technical replicates). Right panel, three biological replicates are combined and presented as mean percentage

(� SD). The y-axis represents the relative percentage of IFNc spots reported to the secretion of IFNc by the CD4+ T cell clones incubated with the siCTRL-treated

HeLa-CIITA and set to 100%. The mean T cell activation levels of the three experiments using siCTRL or siT6BP were (100, 195, 119) and (35, 53, 38) IFNc+ spots, respec-

tively. 5,000 T cell clones were seeded per well in technical triplicates.

D Left panel, as in (C) right panel, but using DNA encoding Gag-LC3, Gag-LC3G120A, or Gag. With Gag-LC3, Gag-LC3 G120A or Gag antigens, the mean T cell activation

levels using siCTRL or siT6BP were (199, 435, 384), (91, 141, 119) and (343, 415, 385) or (98, 273, 171), (27, 50, 19) and (97, 148, 131) IFNc+ spots, respectively. 5,000 T cell

clones were seeded per well in technical triplicates. Three biological replicates are combined and presented as mean percentage (� SD). Right panel, influence of

T6BP silencing on peptide presentation by Hela-CIITA cells. The cognate peptide was added exogenously (gag2, 0,1 lg/mL) on siRNA-treated cells (2 h, 37°C), washed

and T cell activation monitored using IFNc-ELISPOT. The mean T cell activation levels using siCTRL or siT6BP were (100, 45, 42) and (71, 45, 33) IFNc+ spots, respec-

tively. 1,000 T cell clones were seeded per well in technical triplicates. Three biological replicates are combined and presented as mean percentage (� SD).

E As in (D) but using cDNA encoding HCMV pp65 antigen (left panel) or pp65 peptide (0,5 lg/mL; right panel) and a pp65-specific CD4+ T cell line. Results of three indepen-

dent experiments are represented. The mean T cell activation levels using siCTRL or siT6BP and pp65 DNA were (66, 106, 99) and (39, 50, 33) IFNc+ spots, respectively. For

the peptide: siCTRL or siT6BP: (185, 317, 415) and (163, 292, 381) IFNc+ spots, respectively. 1,000 or 2000 T cell clones were seeded per well in technical triplicates.

Data information: For all ELISPOT experiments, the background secretions of IFNc by CD4+ T cells co-cultured with mock-treated HeLa-CIITA cells were used as negative

controls and subtracted. CTRL—control. Wilcoxon’s test; the symbols correspond to **P < 0.01 and #P > 0.05 comparing each experimental conditions solely with its

internal control (siCTRL).

Source data are available online for this figure.
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strong reduction in CD4+ T cell activation (Fig 1E, left panel). As

previously, the capacity of HeLa-CIITA cells to present the cognate

pp65-derived peptide, added exogenously, was not affected (Fig 1E,

right panel). These results demonstrate that regardless of the anti-

gen tested, T6BP silencing dramatically influences the capacity of

APCs to activate antigen-specific CD4+ T cells. The effect of T6BP

silencing is broader than we initially anticipated as it impacts both

autophagy-dependent and -independent endogenous viral antigen

processing and presentation by MHC-II molecules.

T6BP silencing lowers the stability of newly formed MHC–peptide

complexes but does not significantly influence MHC-II molecule

cell-surface expression and internalization

Although T6BP silencing does not significantly alter the capacity of

cells loaded with exogenous peptides to activate antigen-specific

CD4+ T cells (Fig 1D and E right panels), we asked whether T6BP

might influence the internalization of MHC-II molecules. Using flow

cytometry, we first monitored on T6BP-silenced HeLa-CIITA cells,

the expression levels of HLA-DR molecules using the L243 and

T€U36 antibodies that recognize mature HLA ab and immature HLA

ab heterodimers associated with the invariant chain (Ii), respec-

tively (Fig 2A, left panel: L243 and right panel: T€U36). Using both

antibodies, we noticed a slight increase in HLA-DR cell-surface

expression levels on cells silenced for T6BP expression (Fig 2A). We

next analyzed the effect of T6BP silencing on the internalization

kinetics of MHC-II molecules. HeLa-CIITA cells treated with siCTRL

or siT6BP were coated at 4°C for 30 min with the L243 antibody that

has been shown to act as an agonist of MHC-II molecules leading to

their cellular internalization (De Gassart et al, 2008). The cells were

then incubated at 37°C to follow internalization of MHC-II molecules

(Fig 2B) or maintained at 4°C to monitor the antibody drop-off

(Fig 2C). The cells were collected at the indicated time points and

stained at 4°C with a labeled secondary antibody to detect the

remaining L243 antibody conjugated with MHC-II molecules at the

cell surface (Fig 2B and C). At 4°C, the mean fluorescent intensity

(MFI) of HLA-DR molecules remained stable (Fig 2C). By contrast,

at 37°C, the MFI dropped reaching a plateau after 40 min in both

experimental conditions (Fig 2B, left panel), thus suggesting that

the L243 antibody induced the internalization of HLA-DR molecules

in the presence or absence of T6BP expression. As previously, com-

pared with control condition, the silencing of T6BP slightly

increased the expression levels (MFI) of HLA-DR molecules on the

cell surface. However, it did not influence the kinetics of internaliza-

tion of HLA-DR (Fig 2B, right panel).

We then asked whether the silencing of T6BP might affect the

stability of peptide-loaded HLA ab heterodimers. A fraction of

peptide-loaded MHC-II ab heterodimers adopts a stable conforma-

tion resistant to dissociation by SDS at room temperature but not at

95°C (Germain & Hendrix, 1991). 48 h post-transfection, we thus

analyzed the influence of siT6BP on the formation of SDS-stable

HLA-DR ab heterodimers (Fig 2D). To this end, cells were pulsed

with S35 labeled methionine and cysteine, and then chased for 4 h,

lysed and submitted to immunoprecipitation using T€U36 that recog-

nizes HLA ab heterodimers and HLA abIi complexes but not free a-,

b-chains and Ii (Benaroch et al, 1995). Prior to loading onto the

SDS–PAGE gel, samples were either boiled (B) or incubated at room

temperature (not boiled, NB) for 30 min in SDS-sample buffer

(Fig 2D). Immediately after the pulse, boiling of the samples

revealed the a, b and the fragment lip33/Iip35 of the invariant chain

(Fig 2D, B, chase 0 h). As expected from previous work, less a, b,

and Ii were detectable after 4 h of chase (Fig 2D, NB, chase 4 h)

(Benaroch et al, 1995). The nonboiled samples revealed the exis-

tence of SDS-resistant stable peptide-loaded HLA-DR ab heterodi-

mers but only after 4 h of chase (Fig 2D, NB). Remarkably, in cells

silenced for T6BP expression the band corresponding to SDS-

resistant MHC ab heterodimers was greatly reduced as compared to

cells transfected with siCTRL (Fig 2D, NB, chase 4 h), strongly sug-

gesting that T6BP expression facilitates the formation of stable

peptide-loaded HLA molecules. Overall, these results show that

T6BP silencing does not influence MHC-II internalization and cellu-

lar expression levels, in a significant manner. However, it has a

strong impact on the stability of peptide-loaded MHC-II ab hetero

dimers.

T6BP silencing dramatically alters the immunopeptidome of

MHC-II molecules

Various parameters affect the quality of peptide-loaded MHC com-

plexes, including the nature of the peptide itself (Roche &

Furuta, 2015). We thus decided to analyze the global peptide reper-

toire (immunopeptidome) presented by MHC-II molecules. In addi-

tion, analyzing the immunopeptidome might also reveal whether

T6BP silencing affects a broader range of potential antigens. To

study the immunopeptidome, HeLa-CIITA cells were either Mock-

treated or transfected with CTRL or T6BP-silencing siRNA and

MHC-II molecules were immunoprecipitated by using the T€U39 anti-

body (specific to mature HLA-DP, DQ, and DR). Finally, the peptide

ligands were identified using mass spectrometry (LC–MS/MS). To

assess the intrinsic variability of the MHC-II ligandome in HeLa-

CIITA cells, we analyzed simultaneously the ligandome of two sam-

ples from mock-treated HeLa-CIITA cells that were split 48 h prior

to lysis and MHC-II immunoprecipitations (IP). In these settings,

57% of identified peptides were shared by both samples of mock-

treated cells (Fig 3A, left panel). Two biological replicates of siRNA-

treated cells were analyzed, one is presented in Fig 3. We observed

that 1,349 peptides (representing 25% of the peptides) were pre-

sented by MHC-II molecules exclusively in HeLa-CIITA cells

expressing T6BP (Fig 3A, right panel, siCTRL). Remarkably, in the

absence of T6BP expression, 2,198 new MHC-II ligands (40% of the

peptides) were identified (Fig 3A, right panel, siT6BP) and only

35% of the peptides (1914 peptides) were shared between control

and the T6BP-silenced conditions (Fig 3A, right panel). Overall,

siT6BP-treated cells shared significantly less MHC-II peptide ligands

with the three other experimental conditions (Mock1, Mock2, or

siCTRL) (Fig EV1A). Together these results show that, although

there is an intrinsic variability of the MHC-II ligandome in cells, the

absence of T6BP has a pronounced and dramatic influence on the

repertoire of peptides presented by MHC-II molecules.

We then asked whether T6BP expression might affect the source

of peptides, i.e., the set of proteins supplying peptides for MHC-II

loading. To this end, we submitted the LC–MS/MS data to cell com-

ponent enrichment analysis using Funrich software (Pathan

et al, 2015). As expected from previous work (Dengjel et al, 2005;

Marcu et al, 2021), according to Funrich annotation and as com-

pared with the human proteome, in both siCTRL- and siT6BP-
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treated cells, the MHC-II-ligand source proteins were enriched in cel-

lular fractions belonging to membranes, secretory pathways (e.g.,

exosomes and vesicles) but also to the cytosolic compartment of the

cell (Fig EV1B). In siCTRL-treated cells MHC-II source proteins were

also augmented in nuclear fractions, which was not the case for

siT6BP-transfected cells. By contrast, MHC-II-ligand source proteins

belonging to the cytoplasm were enriched in siT6BP-treated cells

(Fig EV1B). Overall, this analysis shows that the bulk of MHC-II-

ligand source proteins is provided by the same cellular fractions

mainly membranes, secretory pathways, and the cytosol. However,

the presence of T6BP might also favor the presentation of peptides

derived from the nucleus.

A

B

C

D

Figure 2.
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We then sought to analyze the influence of T6BP on the relative

abundance and the quality, i.e., the affinity to MHC-II molecules, of

peptides presented. However, peptides eluted from MHC-II mole-

cules are variable in length and one core epitope required for MHC-

II binding, usually 13 amino acid long, can be found in multiple pep-

tides with N- and C-terminal extensions (Rammensee et al, 1999).

To circumvent this limitation, we adapted a protocol, published by

Alvaro-Benito et al, to identify the core epitopes within our datasets

using the Peptide Landscape Antigenic Epitope Alignment Utility

(PLAtEAU) algorithm (Alvaro-Benito et al, 2018). A total of 864 and

1,245 unique core epitopes were identified in the groups Mock1/

Mock2 and siCTRL/siT6BP, respectively. PLAtEAU also allows cal-

culating the relative abundance of the core epitopes based on the

LC–MS/MS intensities of peptides containing the same core epitope.

Between the two mock-treated samples, around 5% of the core epi-

topes showed a significant difference in their relative abundances

(Fig 3B, left panel). Remarkably, between the siCTRL and siT6BP

conditions, 55% of the core epitopes displayed a relative abundance

that was significantly different between siCTRL and siT6BP condi-

tions, with 436 and 246 epitopes more abundant in the siT6BP or

siCTRL-treated cells, respectively, among 1,245 peptides (Fig 3B,

right panel). Therefore, T6BP silencing influences both the peptide

repertoire (Fig 3A) and the relative abundance of a majority of the

core epitopes presented by MHC-II molecules (Fig 3B).

Having identified the core epitopes, using NetMHCIIpan4.0 algo-

rithm (Reynisson et al, 2020), we next analyzed the relative binding

affinities of exclusive peptides, identified in siCTRL and siT6BP con-

ditions, to the HLA-DRb1*0102 allele that is expressed by HeLa-

CIITA cells. Strikingly, when T6BP is expressed (siCTRL), more than

90% of the epitopes were predicted to be HLA-DRb1*0102 binders

(26% and 65%, strong and weak binders, respectively). By contrast,

in T6BP-silenced cells, below 50% of peptides were predicted to

bind HLA-DRb1*0102 (16% and 33%, strong and weak binders,

respectively) (Fig 3C). Together, these results suggest that in the

absence of T6BP, the peptides presented by HLA-DRb1*0102 mole-

cules have a predicted weaker relative affinity.

Note that we also analyzed on the same samples whether T6BP

might influence the immunopeptidome of MHC-I molecules. Cells

transfected with siCTRL or siT6BP and the two mock-treated sam-

ples were submitted to IP but using the pan anti-MHC-I antibody,

W632, and the peptide ligands sequenced using LC–MS/MS. We did

not observe a significant influence of T6BP on the percentage of

shared or exclusive peptides comparing siCTRL/siT6BP conditions

(Fig EV2A). We further analyzed the relative affinities of the exclu-

sive peptides bound to siCTRL- and siT6BP-treated cells. In contrast

to MHC-II ligands, MHC-I molecules present short 9-mer peptides

that correspond to the core epitope (Rammensee et al, 1999). We

thus directly analyzed the relative affinities using the NetMHCpan

4.0 algorithm (Jurtz et al, 2017). The percentages of strong, weak,

and nonbinder peptides were similar in control and T6BP-silenced

cells (Fig EV2B). Therefore, the action of T6BP seems to be limited

to the MHC-II-restricted antigen presentation pathway. T6BP expres-

sion has a strong influence on the peptide repertoire, the relative

abundance, and the relative affinity of epitopes presented by MHC-II

molecules.

T6BP silencing affects the cellular localization of the MIIC

We then asked whether T6BP might play a role in the intracellular

trafficking of MHC-II molecules before mature peptide-loaded MHC-

II molecules reach the plasma membrane. To this end, using confo-

cal microscopy analysis, we evaluated in HeLa-CIITA cells the effect

of T6BP silencing on endo-lysosomal compartments. We first con-

firmed previous results (Petkova et al, 2017) showing that T6BP

silencing leads to the accumulation of LC3-positive puncta corre-

sponding to autophagosomes (Fig EV3A and B). Note that at a

steady state in HeLa-CIITA-cells, T6BP did not co-localize with LC3+

puncta (Fig EV3B). We extended this observation using electron

microscopy of the morphology of siRNA-treated cells and confirmed

that large (around 1 lm in length) vesicles with a double membrane

(with 20 to 30 nm interspace) accumulated in about 80% of the

cells silenced for T6BP expression (Fig EV3E). These structures

were not observed in the siCTRL-treated cells. Two independent

experiments were performed and at least 40 cells for each treatment

were analyzed. We then analyzed, by confocal microscopy, the sub-

cellular localization of MHC-II molecules together with markers of

autophagosomes, late endosomes and lysosomes. In HeLa-CIITA

cells (Bania et al, 2003), MHC-II molecules, stained with an anti-

body to mature HLA-DR molecules (L243), localized in patches cor-

responding to intracellular vesicles that did not include T6BP

(Fig 4A). Whatever the siRNA treatment, MHC-II molecules did not

co-localize with LC3-positive puncta (Fig EV3C and D). However,

when compared to the control condition, MHC-II molecules seemed

to localize closer to the nucleus upon T6BP silencing (Fig 4A). We

determined the average distance to the nucleus and the number of

vesicles in more than 150 cells representing over 20,000 MHC+

◀
Figure 2. T6BP silencing influences the stability of HLA ab dimers,mildly their cell-surface expression levels but has no impact on their internalization kinetics.

A Cell-surface expression of MHC-II molecules was assessed using flow cytometry. HeLa-CIITA cells were transfected with siCTRL and siT6BP. 48 h post-treatment,

HLA-DR molecules were detected using L243 (left panels) and T€u36 antibodies (right panels) that recognize mature (HLA ab heterodimers) and both mature and

immature (HLA ab and abIi complexes), respectively. Left, MFI of one representative experiment is presented as histogram. Light gray lines: isotype negative con-

trols; black lines and filled gray lines: anti-MHC-II staining of siCTRL- and siT6BP-treated cells, respectively. Right, five biological replicates were combined and pre-

sented as the means (� SD) of mean fluorescent intensity (MFI) standardized to the control conditions. CTRL: control. Mann–Whitney’s test; *P < 0.05; #P > 0.05.

B, C I nternalization kinetics of cell-surface HLA-DR molecules. HeLa-CIITA cells were transfected as above. 48 h post-treatment, mature HLA-DR molecules were stained

at 4°C using L243 antibody. Cells were then incubated at 37°C (B) or at 4°C (C). At indicated time points, cells were stained with a fluorescent secondary antibody

at 4°C. Results are represented as MFI of MHC-II molecules stained with the L243 antibody remaining at the cell surface (B and C, left panels), or as percentage (%)

of MFI relative to time 0 h (100%) (B and C, right panels). Results are presented (� SD) of technical replicates and representative of three independent experiments.

D T6BP silencing affects the formation of stable MHC–II-peptide complexes. HeLa-CIITA cells were transfected as above and pulse-labeled with 35S-Met/Cys for

30 min, washed, and chased for 4 h at 37°C. MHC-II molecules were then immunoprecipitated using T€U36 antibody and analyzed on SDS–PAGE after incubation of

the immunoprecipitated protein complexes with SDS at 95°C (B: boiled) or room temperature (NB: nonboiled) to visualize a, b, and Ii chains and SDS-resistant ab

dimers, respectively. The bands corresponding to a, b, and Ii chains are indicated. The arrow indicates the SDS-resistant stable HLA ab heterodimers. This gel is rep-

resentative of two independent experiments.
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puncta (Fig 4B). We noticed a slight but significant decrease of

MHC-II-positive vesicle distance to the nucleus upon T6BP silencing

(Fig 4B). The numbers of MHC-II+ spots per cell were not

significantly different (Fig 4B). Using an anti-LAMP1 antibody, we

then analyzed the effect of T6BP expression on late endo-lysosomal

compartments. As compared to control cells, we observed a

A

B

C

Figure 3. T6BP silencing alters the immunopeptidome of MHC-II molecules.

A Left panel, mock-treated HeLa-CIITA cells were split and cultured for 48 h (giving rise to Mock1 and Mock2), then cells were lysed, MHC-II molecules were immuno-

precipitated using T€U39 antibody and the peptide ligands sequenced using mass spectrometry (LC–MS/MS). Right panel, HeLa-CIITA cells were transfected with

siCTRL and siT6BP siRNA and were treated as in the left panel. The number and the percentage among sequenced peptides (Venn diagrams) of exclusive or shared

peptides for each condition are presented.

B, C Quantitative (B) and qualitative (C) assessment of T6BP influence on the immunopeptidome. Data from (A) were submitted to PLAtEAU algorithm to allow identification

and label-free quantification of shared consensus core epitopes. (B) Volcano plots showing the log2 fold change of core epitope intensity between siCTRL and siT6BP-

treated cells (right panel) and Mock1 and Mock2 (left panel). For peptides exclusive to one or the other conditions, a background score was imputed to allow log2 fold-

change presentation. An FDR of 0.01 and an S0 of 0.2 as a correction factor for differences in the means were used. The resulting interval of confidence is highlighted by

solid lines shown in each graph. The total number (n) of core epitopes and the number of epitopes with significant fold change are indicated. (C) Relative binding affini-

ties, presented as pie charts, of exclusive core epitopes identified by PLAtEAU in siCTRL (left) and siT6BP (right) conditions (number of epitopes are indicated in brackets).

NetMHCIIpan was used to predict the relative affinities to HLA-DRb1*0102 expressed by HeLa-CIITA cells. The results are presented as stated from NetMHCIIpan analysis

as strong (for strong binders), weak (for weak binders), and no score (for epitopes for which no binding score could be determined).

Data information: One representative experiment is shown out of two biological replicates. For each experiment, 5 technical replicates per sample were analyzed. Nb—

number; %—percentage.
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significant relocalization of LAMP-1-positive vesicles at the proxim-

ity of the nucleus in T6BP-silenced cells (Fig 4C and D). The num-

ber of LAMP-1-positive vesicles was globally unchanged (Fig 4C

and D).

We next asked whether the MIIC itself might be affected by T6BP

silencing in HeLa-CIITA cells. The MIIC is a labile ill-defined acidi-

fied compartment that has been shown to be positive for multiple

markers that do not always overlap (Roche & Furuta, 2015). We

used Lysotracker that stains acidified compartments, CD63, a tetra-

spanin molecule anchored to the membrane of the intraluminal vesi-

cles of the MIIC (Roche & Furuta, 2015), HLA-DM, the chaperone

involved in MHC-II peptide loading, and MHC-II molecule staining

to identify the MIIC. In the absence of T6BP, we observed a pro-

nounced, statistically significant, relocalization of Lysotracker-

positive vesicles close to the nuclei but the number of Lysotracker-

positive vesicles was unchanged (Fig 4E and F). Remarkably, in

siT6BP-treated cells, Lysotracker-positive vesicles showed increased

co-localization with MHC-II molecules (Fig 4E and F). Upon T6BP

silencing, CD63-positive vesicles were also strongly relocalized

around the nucleus and showed an increased co-localization with

MHC-II-positive puncta (Fig 4G and H). The number of CD63-

positive vesicles was strongly reduced in T6BP-silenced cells

(Fig 4H). Finally, we analyzed the influence of T6BP silencing on

the cellular localization of HLA-DM. As for CD63, in T6BP-silenced

cells, HLA-DM+ vesicles were strongly relocalized around the

nucleus and their number was reduced as compared to mock-

treated cells (Fig EV3F and G). In summary, in T6BP-silenced cells,

LAMP-1+, HLA-DM+, CD63+, Lysotracker+ an MHC-II+ vesicles

showed a repositioning at the proximity of the nucleus (Fig 4).

siT6BP silencing also induced a slight accumulation of EEA1+

early endosomes in the perinuclear region (Appendix Fig S2A and

B). Whatever the treatment, no colocalisation between EEA1 and

MHC-II was observed (Appendix Fig S2A and B). Also note that

overall, T6BP-silencing did not significantly reduce the expression

levels of the various markers analyzed using flow cytometry (Fig 2),

WB (Fig 5), and IF (Appendix Fig S2C–H). Taken together these

results show that T6BP expression influences the positioning of the

MIIC, which is relocalized closer to the nucleus in the absence of

T6BP. This repositioning of the MIIC could at least partially account

for the defect of MHC-II maturation and could sustain the dramatic

changes in the global MHC-II peptide repertoire, observed in the

absence of T6BP.

T6BP silencing leads to exacerbated CD74 degradation in

HeLa-CIITA cells

CD74 (Ii) is essential for the traffic and the maturation of MHC-II

molecules within the cell (Bakke & Dobberstein, 1990; Lotteau

et al, 1990; Neefjes et al, 1990; Roche et al, 1991). In the MIIC,

CD74 degradation is also strictly regulated to ensure appropriate

loading of MHC-II molecules with high-affinity peptides (Riese

et al, 1996; Nakagawa et al, 1998; Shi et al, 2000; Manoury

et al, 2003). We thus assessed the effect of T6BP silencing on CD74

expression. Note that in humans, among the four CD74 isoforms

(Iip33, Iip35, Iip41, and Iip43) Iip33 is the most abundant (Thi-

bodeau et al, 2019). As previously, HeLa-CIITA cells were trans-

fected with siRNAs, and CD74 expression was assessed by WB. In

control cells, Iip33 was readily detected together with its cleavage

product Iip16 (Fig 5A). By contrast, upon T6BP silencing, Iip33 and

Iip16 detection was strongly decreased (Fig 5A). Normalized to the

housekeeping gene (actin), the decrease in Iip33 expression reached

up to 50% (Fig 5A, right panel). As a control, using WB, we also

assessed the expression level of HLA-DR molecules. As expected

from our flow cytometry and microscopy results (Figs 2 and 4,

respectively), the global expression of HLA-DR molecules was simi-

lar in siCTRL- and siT6BP-treated cells (Fig 5B). In addition, we

asked whether T6BP silencing might also affect the expression of

HLA-DM, the chaperone involved in quality control of peptide load-

ing on MHC-II molecules. As for HLA-DR, the expression levels of

HLA-DM were not affected by the extinction of T6BP expression

(Fig 5C). Using confocal microscopy, we confirmed that T6BP-

silenced cells exhibit about 50% lower expression levels of CD74

than control cells (Fig EV4A and B). Note that, in control cells, the

T6BP staining did not co-localize with CD74 (Fig EV4A and C).

We then asked at which level CD74 expression was affected, i.e.,

at the RNA or protein levels. To this end, we first used RT–qPCR to

monitor CD74 and T6BP mRNA relative quantities in control and

T6BP-silenced HeLa-CIITA cells. As anticipated T6BP mRNA levels

were strongly reduced in siT6BP-treated cells (Fig EV4D). By con-

trast, mRNA levels of CD74 were not influenced by T6BP silencing

(Fig EV4E). We next analyzed whether CD74 expression could be

reversed, in siT6BP-silenced cells, upon treatment with drugs

inhibiting lysosomal or proteasomal degradation, using chloroquine

or epoxomycin, respectively. As expected, since the proteolytic

cleavages of CD74, required for MHC-II peptide loading are depen-

dent on cathepsin activities (Riese et al, 1996; Nakagawa

et al, 1998; Shi et al, 2000; Manoury et al, 2003), the treatment of

control cells with chloroquine allowed the detection of the interme-

diate degradation fragment Iip22 (Fig 5D). Remarkably, when com-

pared to control untreated cells, chloroquine treatment allowed a

strong recovery of both Iip33 and Iip16 expression in siT6BP-treated

cells (Fig 5D). By contrast, although proteasomal inhibition

induced, as expected, the accumulation of polyubiquitinated pro-

teins (Appendix Fig S3), epoxomycin treatment did not affect the

expression levels of CD74 (Fig 5D).

These results prompted us to analyze the kinetics of degradation

of CD74 complexes. To address CD74 proteolysis in control and

T6BP silenced Hela-CIITA cells, 48 h post-transfection cells were

pulsed with S35 Met/Cys for 30 min and chased for different times.

HLA-CD74 complexes were isolated by immunoprecipitation with

T€U36 antibody and in a second set of experiments CD74 was first

immunoprecipitated, together with HLA molecules, using T€U36 anti-

body and then reimmunoprecipitated using VICY1 antibody, which

binds the cytosolic tail of CD74. As shown in Fig 5E, in control cells,

CD74 isoforms (Iip41 and Iip33) and their fragments (Iip16)

appeared in the pulse and during the chase. By contrast, when Hela-

CIITA was silenced for T6BP much less Iip41, Iip33 and Iip16 were

detected. In fact, in the control conditions, the invariant chain

degradation product, Iip16, was detected mostly after 1 h of chase

(Fig 5E). By contrast, Iip16 was immediately detected after the pulse

(time 0 h) in the T6BP-silenced cells (Fig 5E) suggesting a rapid

CD74 degradation (see quantification on the right panel). Further-

more, when HLA/CD74 complexes were first immunoprecipitated

with T€U36 antibody and reimmunoprecipitated with VICY1 anti-

body, much less CD74 (Iip33) was detected in T6BP silenced cells

(Fig 5F). Altogether these results suggest a much faster degradation
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of CD74, either free or associated with MHC-II molecules, in the

absence of T6BP.

Interestingly, the expression of CD74 has been shown to influ-

ence both the cellular trafficking and the immunopeptidome of

MHC-II molecules (Muntasell et al, 2004). It has also been sug-

gested that in cells lacking MHC-II expression, CD74 might regulate

endosomal maturation (Schröder, 2016).

T6BP interactome reveals novel binding partners

To decipher the mechanism by which T6BP influences MHC-II-

restricted endogenous antigen presentation, we decided to define

the interactome of T6BP in HeLa-CIITA cells. To this end, HeLa-

CIITA cells were transfected with a plasmid encoding GFP-T6BP, a

construct that was previously functionally characterized

A B

C D

E F

G H

Figure 4.
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(Morriswood et al, 2007), and as negative control the same plasmid

encoding GFP (Appendix Fig S4A). We then performed a large-scale

immunoprecipitation (IP) using GFP as a tag. Three biological repli-

cates were performed. As a quality control, the lysates and the vari-

ous fractions of the immunoprecipitation procedure were analyzed

using Coomassie blue staining and anti-GFP staining in WB

(Appendix Fig S4B). The immunoprecipitation products of the three

replicates (presented in Appendix Fig S4C) were then submitted to

mass spectrometry (LC–MS/MS) analysis to identify the proteins

interacting with GFP-T6BP. The Uniprot Homo sapiens database was

used to assign a protein name to the peptides sequenced by MS. The

results were compared against the 3 IP replicates of GFP-transfected

cells and a bank of 8 control experiments, also performed with GFP-

Trap agarose magnetic beads, using the online contaminants data-

base CRAPome.org (Mellacheruvu et al, 2013). Using a fold-change

(FC) threshold of ≥10 and a Significance Analysis of INTeractome

(SAINT) probability threshold of ≥0,8 (Choi et al, 2011), we identi-

fied 116 high-confidence T6BP proximal proteins (Fig 6 and

Dataset EV1). These included previously known T6BP-interactants

such as the E3 ligase ITCH (Shembade et al, 2008), the kinase TBK1

(Richter et al, 2016), and TRAF2, all involved in NF-jB signaling

pathways (Shembade et al, 2010). This screen also confirmed that

T6BP interacts with the autophagy receptor p62 (SQSTM1) (Milden-

berger et al, 2017). It revealed novel potential partners that might

bind directly or as part of larger T6BP-associated protein complexes.

These candidates could be grouped in 6 major functional cellular

pathways based on Ingenuity (Fig 6). As expected, from the known

T6BP functions, some candidate partners were enriched in the ubiq-

uitin/proteasome (P-value = 3,16E-18) and NF-jB signaling (P-

value = 1,15E-02) pathways but also in the unfolded protein

response (UPR)/protein folding (P-value = 2,69E-04), endocytosis

(P-value = 6,03E-05), and antigen presentation (P-value = 2,34E-06)

pathways (Fig 6). The antigen presentation group includes HLA-A, -

C, -DQa1, -DRb1 molecules (Fig 6). In the UPR/protein folding

group, the ER-resident chaperone protein Calnexin (CANX) is 22

times enriched in T6BP-GFP IP as compared to GFP only IP (Fig 6

and Appendix Table S1). CANX drew our attention because: (i) it

has been shown to interact with CD74 (Anderson & Cress-

well, 1994) and (ii) the inhibition of CANX/CD74 interaction

induces CD74 degradation without influencing the formation of

MHC-II complexes (Romagnoli & Germain, 1995).

T6BP and Calnexin interaction is observed in professional APC

and relies on Calnexin cytosolic tail expression

To verify that CANX interacts with T6BP, as previously, we immuno-

precipitated GFP-T6BP and GFP from HeLa-CIITA transfected cells and

analyzed, using WB, the presence of Calnexin in the immunoprecipi-

tated fractions. The IP of the GFP-transfected cells leads to the immuno-

precipitation of a larger GFP-positive fraction than the IP of the T6BP-

GFP-transfected cells (Appendix Fig S4D, anti-GFP Ab). Nonetheless,

we observed a 3-fold enrichment of CANX in cells transfected with

GFP-T6BP as compared to GFP-transfected cells (Appendix Fig S4D).

In HeLa-CIITA cells, we further confirmed the specific interaction

between T6BP and CANX using two different techniques: (i) by

immunoprecipitation of endogenous T6BP and endogenous CANX, we

revealed that the IP fractions of anti-T6BP and anti-CANX IPs contained

CANX and T6BP, respectively (Fig 7A and B); (ii) by proximity ligation

assay (PLA) on control cells and siT6BP-transfected cells a specific

T6BP/CANX interaction was detected only in cells expressing T6BP

(Fig 7C). To demonstrate that T6BP/CANX interaction is not restricted

to Hela-CIITA cells, we then immunoprecipitated endogenous T6PB

and CANX from two professional APCs, namely B cells and DC. As in

Hela-CIITA, we revealed in the anti-T6BP and anti-CANX IP fractions,

of both B cells and DC, the presence of CANX and T6BP, respectively

(Fig 7A and B). Altogether, these results strongly support that CANX

interacts with T6BP directly or as part of a larger protein complex.

In order to characterize the molecular interactions between

CANX and T6BP, we then engineered a construct containing solely

the transmembrane domain and the cytosolic tail of CANX fused to

a GST tag. Since T6BP expression is mainly cytosolic, we reasoned

that T6BP and CANX might interact through the cytosolic tail of

CANX. The GST-TM-cytosolic Tail construct was transfected in

Hela-CIITA cells and immunoprecipitated using anti-GST antibodies.

Western blotting revealed that T6BP is co-immunoprecipitated with

anti-GST in cells transfected with GST-TM-cytoTail-CANX and not

in cells transfected with the control vector (Fig 7D). Taken together,

we demonstrate here that T6BP interacts with CANX through its

◀
Figure 4. T6BP silencing leads to perinuclear relocalization of the MIIC.

A MHC-II and T6BP expressions were assessed using confocal microscopy. HeLa-CIITA cells were transfected with control and T6BP-silencing siRNAs. 48 h post-

treatment, MHC-II and T6BP were detected using L243 and anti-T6BP antibodies, respectively, and revealed with species-specific secondary antibodies. Nuclei were

stained using DAPI.

B Quantitative analysis using in-house ImageJ script displaying distance of each MHC-II+ vesicles to the nucleus and number of vesicles per cell. At least 20,000 vesicles

from 160 cells corresponding to five biological replicates were analyzed. Right panel, quantification in the siCTRL cells of the co-localization between MHC-II+ and

T6BP+ dots using Pearson’s coefficient where the dotted lines (at 0.5) indicate the limit under which no significant co-localization is measured (number of cells = 54).

C As in A, T6BP and LAMP-1 expressions were analyzed.

D The localization of LAMP-1+ vesicles and the number of vesicles per cell were quantified as in B. At least 2000 vesicles from 20 cells corresponding to two biological

replicates were analyzed.

E As in A, adding Lysotracker staining.

F As in B, quantitative analysis of Lysotracker+ vesicles: localization to the nucleus and number of vesicles per cell. Co-localization of Lysotracker+ vesicles with MHC-II+

puncta was analyzed using JACoP plugin (scales start at 0.5 above which the % of co-localization is considered significant); a number of vesicles >2000 from at least

three biological replicates were analyzed corresponding to 20 cells.

G As in E, CD63 and MHC-II expressions were assessed.

H Quantitative analysis as represented in F. At least 2000 vesicles from 20 cells corresponding to two biological replicates were analyzed.

Data information: In graphs representing the number of vesicles per cell, each dot displayed corresponds to a single cell. Within the violin plots, continuous and dotted

lines correspond to medians and quartiles, respectively. Scale bars: 2 lm. CTRL—control. Mann–Whitney’s test; *P < 0.05; **P < 0.002; ***P < 0.0003; ****P < 0.0001;
#P > 0.05.
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cytosolic tail. We propose that, through the binding to the cytosolic

tail of CANX, T6BP promotes the interaction of CANX with CD74

leading to CD74 stabilization.

Calnexin silencing induces CD74 degradation and reduces MHC-

II-restricted antigen presentation to CD4+ T cells

Finally, we investigated the direct role of CANX in MHC-II-restricted

antigen presentation. To this end, we screened several siRNA targeting

Calnexin and identified an siRNA whose transfection led to a strong

decrease in CANX expression (siCANX) (Appendix Fig S4E). Using

WB, we first analyzed the influence of CANX-silencing on CD74

expression. In siCANX-treated cells, we observed a strong reduction in

CD74 expression levels (Fig 7E) reminiscent of what we observed in

cells silenced for T6BP expression (Figs 5A and D, and 7E). Note that

neither siT6BP nor siCANX transfections lead to an increased expres-

sion of CANX or T6BP, respectively (Fig 7E and Appendix Fig S4E).

To monitor the influence of Calnexin on antigen presentation, HeLa-

A

D

E

F

B C

Figure 5.
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CIITA cells were transfected with siCANX side by side with siCTRL or

siT6BP used as negative and positive controls, respectively. As in

Fig 1E, the cells were then transfected with the plasmid encoding the

HCMV pp65 antigen and co-cultured with the anti-pp65 CD4+ T cell

line. CANX-silencing induced a marked inhibition of CD4+ T cell acti-

vation by pp65-transfected cells (Fig 7F, left and middle panels). By

contrast, the inhibition of CANX expression did not influence the

capacity of peptide-loaded cells to activate pp65-specific CD4+ T cells

(Fig 7F right panel), confirming that CANX inhibition influences nei-

ther HLA-DR expression nor the viability of the cells. We show here

that T6BP silencing affects CANX functions resulting in CD74 degrada-

tion and aberrant MHC-II peptide loading and antigen presentation to

CD4+ T cells.

Discussion

We demonstrate here that T6BP regulates the loading and presenta-

tion of endogenous viral antigens by MHC-II molecules. This func-

tion of T6BP in antigen presentation has a direct implication in the

activation of virus-specific CD4+ T cells. The action of T6BP is

broader than what we initially anticipated as it affects the presenta-

tion of various antigens whose processing is dependent or indepen-

dent on autophagy degradation. We further show that T6BP shapes

the immunopeptidome of MHC-II molecules. We provide evidence

that T6BP controls MHC-II molecule peptide loading in particular

through its interaction with the cytosolic tail of CANX that stabilizes

the invariant chain. However, this is probably not the only way by

which T6BP affects MHC-II-restricted antigen presentation as it also

participates in the regulation of the trafficking of MHC-II-loading

compartments and more globally of acidified vesicular compart-

ments.

We previously reported that HIV-infected cells present MHC-II-

restricted HIV Gag- or Env-derived antigens to HIV-specific CD4+ T

cells (Coulon et al, 2016). The processing of these native antigens

does not rely on the autophagy pathway. However, when targeted

to autophagosomes, using LC3, HIV Gag processing is dependent on

autophagosomal degradation. In fact, using DC and HeLa-CIITA

cells we showed that as compared to native HIV Gag protein, the

targeting of HIV Gag to autophagosomes leads to more robust acti-

vation of Gag-specific T cells (Coulon et al, 2016). We concluded

that depending on the cellular localisation, the same antigens may

be degraded by various endogenous routes leading to MHC-II load-

ing. We reveal here that T6BP modulates Gag antigen presentation

independently of its cytosolic or autophagosomal cellular localisa-

tion. Likewise, T6BP affects the presentation of an HCMV pp65-

derived peptide. Our analysis of the immunopeptidome of HeLa-

CIITA cells uncovers that T6BP has a broad influence on the reper-

toire and relative abundance of the peptides presented by MHC-II

molecules. Without excluding the possibility, these observations do

not indicate whether T6BP also affects the exogenous pathway of

antigen presentation by MHC-II molecules. Indeed, others and we

(Fig EV1) have demonstrated that the landscape of peptides natu-

rally presented by MHC-II molecules contains a large fraction of

peptides derived from intracellular proteins (Rudensky et al, 1991;

Rammensee et al, 1999; Muntasell et al, 2002). In our model sys-

tem, HeLa-CIITA cells, we could not ask whether the silencing of

T6BP affects the exogenous pathway because these cells lack the

ability to present exogenous viral antigens to CD4+ T cells (Coulon

et al, 2016). This is a weakness but also a strength of this model

system since it allowed focusing our work on the endogenous path-

way. Nevertheless, we intended to ask whether T6BP might affect

antigen presentation by primary APCs. We used several means to

silence T6BP in MDDCs including siRNA and shRNA. Unfortunately,

whatever the protocol and independently of T6BP expression, the

tools used to transfect or to transduce MDDC induced maturation of

the cells and affected the traffic of MHC-II molecules, which prohib-

ited drawing any conclusion on the potential role of T6BP in

MDDCs. Nonetheless, our results strongly suggest that at least in

epithelial cells that can turn into APCs upon inflammation (Wijde-

ven et al, 2018), T6BP expression shapes the peptide repertoire, the

relative abundance, and the relative affinity of epitopes presented

◀
Figure 5. T6BP silencing leads to exacerbated CD74 (Ii) degradation.

A CD74 expression was assessed using Western Blot. HeLa-CIITA cells were transfected with siCTRL and siT6BP. 48 h post-treatment, the Iip33 CD74 isoform, a degra-

dation product (Iip16), T6BP, and actin were detected using indicated antibodies. Left panel, a representative Western Blot experiment is shown. Right panel, expres-

sion levels of five biological replicates were quantified using ImageJ and are presented as mean ratios (� SD) of CD74 to actin used as control housekeeping gene

expression.

B As in (A) assessing HLA-DR and actin expression levels. Top panel, a representative Western Blot experiment is shown. Bottom panel, in three biological replicates,

HLA-DR expression was quantified using ImageJ and is presented as mean ratios to actin (� SD).

C As in (B) assessing HLA-DM and actin expression levels. Bottom panel, HLA-DM expression was quantified in three biological replicates and presented as mean ratios

to actin (� SD).

D CD74 expression is partially recovered by blocking lysosomal acidification. As in (A), following siRNA transfection of Hela-CIITA cells, CD74 expression was assessed.

The last 16 h prior to harvesting, cells were treated with chloroquine (CQ) or epoxomicin (Epo). Left panel a representative experiment is shown, membranes were

blotted using anti-T6BP, -CD74, and -actin antibodies. The different degradation fragments of CD74 are indicated (Iip33, Iip22, and Iip16). Right panel, expression

levels of Iip33 (top) and Iip16 (bottom) were quantified in three biological replicates using ImageJ and are presented as mean ratios of each fragment to actin

(� SD).

E, F Analysis of CD74 proteolysis. HeLa-CIITA cells were transfected with siCTRL and siT6BP. 48 h post-treatment, cells were pulsed for 30 min with 35S-Met/Cys, washed,

and chased for 1, 2, and 4 h. HLA-DR/CD74 complexes were first immunoprecipitated using T€u36 antibody (E) and then reimmunoprecipitated with VICY1 antibody

(F). Samples were boiled and analyzed using SDS–PAGE. The bands corresponding to CD74 isoforms (Iip41 and Iip33) and the cleavage products (Iip16) are indicated.

(E right panel) Iip16 expression was quantified using ImageJ and presented as a percentage of Iip16 normalized to the highest quantity of Iip16 detected after 1 h

of chase in the control condition. Results are representative of two biological replicates. Ii: invariant chain (CD74); CTRL: control.

Data information: (A-C) Wilcoxon’s test; *P < 0.05; #P > 0.05. (D) One-way ANOVA statistical test combined with the Bonferroni’s multiple comparison test was applied.

Dotted lines indicate statistically significant differences between conditions.

Source data are available online for this figure.
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by MHC-II molecules. Indeed, our immunopeptidomic data suggest

that the expression of T6BP favors the loading of peptides with a

higher binding capacity to HLA-II molecules. As expected, based on

previous work with cell lines (Alvaro-Benito et al, 2018) or analyz-

ing tissue samples (Marcu et al, 2021), we observed a natural varia-

tion of the MHC-II immunopeptidome between two mock-treated

Figure 6. T6BP interactome reveals novel binding partners.

Diagram of the T6BP protein interaction network identified by immunoprecipitation followed by LC–MS/MS and represented using Cytoscape. T6BP (white) coupled to

GFP was immunoprecipitated using anti-GFP camel antibodies (GFP-Trap Chromotek). GFP alone was used as control. Proteins were considered as relevant partners

based on the following criteria: at least 2 peptides were identified by LC–MS/MS, the fold change (FC) to the GFP control condition ≥10, SAINT probability threshold ≥0,8.

For data analysis, the Resource for Evaluation of Protein Interaction Networks (REPRINT) and its contaminant repository (CRAPome V2.0) were used. The edge’s length is

inversely proportional to the FC score (short edge = high FC) and the node’s color intensity is directly proportional to the FC score (the more intense the higher the FC).

The size of the node is directly proportional to the SAINT score (lower confidence = smaller node). Blue border indicates previously described partners of T6BP. The shape

of the node highlights the functional pathway in which the candidate protein is enriched based on Ingenuity. Green border indicates Calnexin = CANX.
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samples with about 60% of shared peptides. However, in these

mock samples, we did not notice a significant difference in terms of

the relative quantity of core epitopes. This is in sharp contrast to the

comparison of wild-type and T6BP-silenced cells where half of the

MHC-II binding core epitopes were differentially presented. Remark-

ably, we also observed a natural variation of the immunopeptidome

of MHC-I molecules, with about 50% of shared peptides. Notably,

T6BP silencing did not have a strong influence on the repertoire of

peptides presented by MHC-I molecules, as the percentage of shared

peptides with the control siRNA-treated cells was also around 50%.

In addition, the affinity of MHC-I ligands was comparable in wild-

type cells and cells silenced for T6BP expression. Our results

strongly suggest that the action of T6BP is restricted to the MHC-II

antigen presentation pathway and affects both the abundance and

the affinity of core epitopes to HLA molecules.

The chaperones HLA-DM and the invariant chain (Ii) CD74

tightly regulate the loading of peptides on MHC-II molecules. Previ-

ous studies have shown that the levels of expression of both HLA-

A B C

D

E

F

Figure 7.
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DM and CD74 affect the repertoire and the affinity of the peptides

presented by various HLA-DR and HLA-DQ alleles (Ramachandra

et al, 1996; Muntasell et al, 2004; Alvaro-Benito et al, 2018).

Remarkably, in the absence of T6BP, we noticed a reduced expres-

sion level of CD74 whereas HLA-DM and HLA-DR expression levels

remained unchanged. Overall, we did not observe a significant influ-

ence of T6BP silencing on the expression levels of other intracellular

markers/proteins than CD74. Our analysis of the expression kinetics

of MHC-II complexes, using pulse/chase experiments, further

showed that the lack of T6BP induces a rapid and exacerbated

degradation of CD74. The expression levels of CD74 could be res-

cued by inhibiting lysosomal acidification but not proteasomal func-

tions suggesting that CD74 is aberrantly degraded in endo-

lysosomes in T6BP-depleted cells. These observations probably

explain the modifications of the immunopeptidome and the instabil-

ity of peptide-loaded MHC-II ab heterodimers, observed in the

absence of T6BP expression. However, the diversity of the

immunopeptidome could also be due to variations in the origin of

the peptides presented by MHC-II molecules (Muntasell et al, 2004),

in particular, since we observed a global modification of the cellular

distribution of acidified vesicular compartments in the absence of

T6BP. Although we observed, using functional enrichment analysis

(Funrich, Fig EV1), a slight influence of T6BP silencing on the cellu-

lar distribution of the source protein of MHC-II ligands, this cannot

by itself explain the effects of T6BP on the peptide repertoire. In par-

ticular since, T6BP expression also dictates the relative affinity of

peptides presented by MHC-II molecules. Overall, our observations

suggest that T6BP expression influences the degradation kinetics of

CD74 with a direct influence on the diversity and affinity of the

immunopeptidome of MHC-II molecules.

The ER chaperone CANX that participates in the quality control

of protein folding in the ER has been shown to play an important

role in the assembly of the nonameric MHCab-CD74 complexes

(Arunachalam & Cresswell, 1995). CANX retains and stabilizes

CD74 in the ER until it assembles with the MHC a- and b-chains

(Romagnoli & Germain, 1995). It also binds newly synthetized a-

and b-chains of HLA molecules until it forms, with CD74, a com-

plete nonamer (Anderson & Cresswell, 1994). Interestingly, it has

been shown that the treatment with Tunicamycin or the expression

of CD74 mutants, lacking N-linked glycosylation, both impeding the

interactions with CANX, can induce CD74 degradation (Romagnoli

& Germain, 1995). We corroborate here that CANX influences CD74

expression. Using siRNA silencing, we provide a direct demonstra-

tion that the lack of CANX expression induces CD74 degradation.

Furthermore, we show that the silencing of CANX in APC dimin-

ishes their capacity to activate antigen-specific CD4+ T cells.

Remarkably, using co-immunoprecipitation followed by mass spec-

trometry, we identified CANX as a binding partner of T6BP, among

116 high-confidence T6BP proximal proteins. T6BP and CANX inter-

action was confirmed in HeLa-CIITA as well as in B cells and DC,

strongly suggesting that our observations are not limited to our

model APCs.

It has been proposed that the ER distribution of CANX might

determine its functions as a chaperone involved in protein quality

control or in the regulation of Ca2+ transfer to mitochondria (Lynes

et al, 2013). Several post-translational modifications influence both

the cellular distribution and the functions of calnexin: phosphoryla-

tion of the cytosolic tail of CANX leads to a redistribution from

peripheral ER tubules to a juxtanuclear ER (Myhill et al, 2008)

while palmitoylation of the tail seems to assign specific tasks to cal-

nexin within the ER, in particular, a role in protein folding (Lynes

et al, 2013) and a localization at the proximity of the ribosome com-

plexes (Lakkaraju et al, 2012). We show here that T6BP binds to

the cytosolic tail of CANX. To our knowledge, there is no published

evidence that CANX is ubiquitinated on its cytosolic tail, but we

believe this possibility should be investigated further as T6BP might

use its Ub-binding domain to bind to CANX, providing a molecular

link between T6BP and CANX functions in the formation of MHC-II

◀
Figure 7. Calnexin (CANX) interacts with T6BP through its cytosolic tail and stabilizes CD74 thus favoring MHC-II-restricted antigen presentation to CD4+ T cells.

A, B CANX co-immunoprecipitates with T6BP in model and professional APCs. Endogenous T6BP was immunoprecipitated from HeLa-CIITA, B (DG-75), and dendritic-like

(KG-1, DC) cells. The input, the flow-through (FT), and the immunoprecipitation (IP) fractions were analyzed by Western blot using the indicated antibodies. Bottom

panels, control IPs using the beads without antibody (IP CTRL) are presented for each IP. (B) As in (A) but using anti-CANX Ab for the IP. For A and B, one representa-

tive experiment out of three biological replicates is shown.

C CANX interacts with T6BP using proximity ligation assay (PLA). 48 h post-transfection with the indicated siRNAs, HeLa-CIITA cells were fixed, stained with anti-

T6BP and anti-CANX antibodies and proximity revealed using PLA (Duolink). Nuclei were stained using DAPI. Top panel, two representative fields are shown. Bottom

panel, quantitative analysis using ImageJ displaying the number of PLA per cell. The continuous line indicates the mean (� SEM). PLA was quantified in at least 130

cells corresponding to three biological replicates. Scale bars: 10 lm. CTRL: control; Mann–Whitney’s test; ***P < 0.0003.

D Calnexin interacts with T6BP through its cytosolic tail. HeLa-CIITA cells were transfected with a plasmid encoding the GST-tagged transmembrane (TM) and cytoso-

lic (CytoTail) domains of CANX (GST-TM-CytoTail-CANX) or the vector not encoding TM-CytoTail-CANX as control and immunoprecipitated with anti-GST antibodies.

The input, FT, the wash, and the IP fractions were analyzed by Western blot and revealed using the indicated antibodies. One representative experiment out of

three biological replicates is shown.

E Silencing of T6BP does not influence CANX expression levels while silencing of CANX reduces the level of CD74 expression. HeLa-CIITA cells transfected with the

indicated siRNAs and samples analyzed, 48 h post-transfection, by Western blot with the indicated antibodies. These western blot results are representative of at

least three biological replicates.

F CANX-silencing dampens MHC-II-restricted antigen presentation to CD4+ T cells. HeLa-CIITA cells were treated with the indicated siRNAs and transfected with a

plasmid encoding pp65 HCMV antigen fused to GFP. HeLa-CIITA cells were then co-cultured with pp65-specific T cells. Left panel, a representative experiment is

shown. The mean of three technical replicates (� SD) is shown. Middle, three biological replicates are combined and presented as the mean percentage (� SD) of

activated cells producing IFNc normalized to CTRL conditions. Right panel, influence of T6BP silencing on peptide presentation by Hela-CIITA cells. The cognate pep-

tide was added exogenously (pp65, 0,5 lg/mL) on siRNA-treated cells (2 h, 37°C), washed and T cell activation monitored using IFNc-ELISPOT. Three biological repli-

cates are combined and presented as the mean percentage (� SD) of activated cells producing IFNc normalized to CTRL conditions. Data information: The

background secretions of IFNc by CD4+ T cells co-cultured with mock-treated HeLa-CIITA cells were used as negative controls and subtracted. CTRL—control.

Wilcoxon’s test; **P < 0.01; #P > 0.05.

Source data are available online for this figure.
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loading complexes and thus antigen presentation. Note that CANX

has also been shown to contribute to the assembly of MHC-I mole-

cules by protecting free MHC-I molecules from degradation (Vassi-

lakos et al, 1996) and by binding to the TAP-tapasin complex

(Diedrich et al, 2001). However, CANX action on MHC-I molecule

assembly and transport to the cell surface seem dispensable (Scott &

Dawson, 1995; Prasad et al, 1998), which would explain the lack of

influence of CANX on the MHC-I immunopeptidome, in the absence

of T6BP.

We suggest here that CANX is a key factor involved in T6BP-

mediated regulation of MHC-II loading that strongly influences the

repertoire and affinity of presented peptides. However, we do not

exclude that other cellular factors or pathways also participate in

T6BP action on MHC-II molecules. Jongsma et al showed that the

ER ubiquitin ligase RNF26 interacts with p62 (SQSTM1) and that it

employs a ubiquitin-based communication with Tollip, T6BP, or

EPS15 to cluster recycling, early and late endosomes in so-called

perinuclear clouds. In the model, deubiquitination of p62 by the

DUB UPS15 leads to the release of the vesicles for maturation

(Jongsma et al, 2016). The authors showed that the silencing of

RNF26 leads to the dispersion of EEA1+ and CD63+ vesicles, in the

cytoplasm of the cells. They also show that the silencing of T6BP

has a broad influence on the shape of cells and leads to the disper-

sion of the cloud of CD63+ vesicles. Our observations also highlight

that T6BP-silencing influences CD63+ vesicles; however, our results

indicate that CD63+ vesicles are maintained in the perinuclear

region. We confirmed these observations using lysotracker and

LAMP-1 markers of acidified and late endosomes, respectively. The

different behavior of CD63+ vesicles in siT6BP-treated cells might be

due to the expression of the HLA locus driven by CIITA, in our

model of APCs. Nonetheless, our work confirms the involvement of

T6BP in the traffic of endosomes. In addition, we found, in the inter-

actome study of T6BP, the DUB UPS15. Interestingly, although

T6BP affects EEA1+ early endosomes perinuclear localization, we

excluded the possibility that the effect of T6BP on MHC-II-restricted

antigen presentation relies on early endosomal defect since EEA1+

vesicles do not contain MHC-II molecules in our APCs. Overall, we

show that T6BP impacts the trafficking of MHC-II-rich compart-

ments that bear hallmarks of the MIIC, namely HLA-DM, CD63+,

and LAMP-1. More globally T6BP-silencing seems to affect the cellu-

lar localization of acidified vesicular compartments corresponding

to late endosomes, lysosomes, and as already demonstrated

autophagosomes (Petkova et al, 2017), without significantly reduc-

ing the expression levels of the various markers. Accumulating evi-

dence suggests that the positioning of intracellular vesicles controls

their functions (Neefjes et al, 2017) and intravesicular pH in partic-

ular (Johnson et al, 2016). The repositioning of the MIIC mediated

by T6BP could influence the activation of intravesicular pH-

dependent proteases that participate in the cleavage of CD74 and

antigen processing. In this regard, it is interesting to note that we

identified in the interactome of T6BP, ATP6V0A1 a subunit of the

vATPase that plays a critical role in mediating vesicular acidification

(Forgac, 2007). On the other hand, CD74 has been shown to play,

by itself, a role in endosomal membrane trafficking (Romagnoli

et al, 1993; Margiotta et al, 2020) and perhaps in proteolysis of

antigens (Schröder, 2016). It was recently reported that the CD74

p41 isoform interacts with cathepsins and regulates their activity in

endosomes (Bruchez et al, 2020). These studies and others suggest

that CD74 might exert various functions not limited to its canonical

role in antigen presentation and as a chaperone (Schröder, 2016).

Thereafter, the modifications in late endosomes/lysosomes position-

ing and of the MHC-II immunopeptidome in T6BP-silenced cells

could be an indirect consequence of CD74 degradation.

Our interactome also revealed as candidate partners for T6BP,

the HLA-A, -C, -DQa1, and -DRb1 molecules. Interestingly, the cellu-

lar distribution of both HLA class I and II molecules is regulated by

the addition of ubiquitin (Ub) moieties (De Angelis Rigotti

et al, 2017; Shin et al, 2006; Walseng et al, 2010). In the case of

HLA-DR, ubiquitination of the lysine residue (K235) of HLA-DRb1

plays a major role in regulating the cellular localisation of mature

HLA-DR molecules (Lapaque et al, 2009). Although T6BP has the

capacity to bind ubiquitinated proteins, we favor the hypothesis that

T6BP and HLA molecules might be part of larger molecular com-

plexes or lipid compartments in particular since we observed neither

a co-localization of T6BP with HLA-DR molecules nor a significant

difference in the kinetics of HLA-DR endocytosis in HeLa-CIITA cells

silenced for T6BP expression.

The autophagy receptor T6BP as well as OPTN, NDP52, p62, and

NBR1 harbor Ub- and LC3-binding motifs, whose functions are well

characterized in selective autophagy (Kirkin & Rogov, 2019). In

addition, T6BP and NDP52 share a N-terminal SKIP carboxyl homol-

ogy (SKICH) domain target of TANK-binding kinase-1 (TBK1) phos-

phorylation that acts as an upstream regulator of mitophagy (Fu

et al, 2018). Beyond selective autophagy, ARs also modulate the

traffic and maturation of autophagosomes and endosomes. The Ub-

binding domains of T6BP, OPTN, and p62 have been implicated in

regulating the NF-jB pathway where together with A20 they down-

modulate the activation of this pathway during inflammation (Weil

et al, 2018). T6BP, NDP52, and OPTN also bind to myosin-VI,

which recruits Tom-1-expressing endosomes and lysosomes, facili-

tating autophagosome maturation in lytic vesicles (Sahlender

et al, 2005; Morriswood et al, 2007; Tumbarello et al, 2012).

Recent work suggested that Ub and myosin-VI compete for the bind-

ing to T6BP (Hu et al, 2018). In T6BP’s interactome, we identified

known protein partners of T6BP involved for instance in NF-jB sig-

naling pathways (e.g., TBK1, TRAF2, ITCH, SQSTM1/p62). How-

ever, other described T6BP partners such as myosin-VI were not

identified, likely reflecting that T6BP interactions occur in a cell

type-specific manner (O’Loughlin et al, 2018). Nonetheless, we

revealed novel potential partners of T6BP involved in the ubiquitin/

proteasome (e.g., E3 Ub-ligases UBR1, 2 and 4), the UPR/protein

folding (e.g., BAG6, EIF2a, calnexin), endocytosis (e.g., COPB1),

and antigen presentation pathways (e.g., HLA molecules). We also

found that T6BP interacts with NBR1 that has been found together

with p62 in larger protein complexes and ubiquitinated protein

aggregates (Weil et al, 2018). Much remains to be learned on the

molecular mechanisms and motifs involved in the variety of T6BP

molecular interactions and functions, in particular in MHC-II antigen

presentation that we unravel here. Side-by-side comparison of AR

functional domains will most likely bring new insights.

Our work reveals that T6BP regulates the cellular positioning of

the MHC-II loading compartment and the stability of CD74, through

an interaction with CANX, and exerts a direct influence on MHC-II-

restricted antigen presentation. This novel role of T6BP in the acti-

vation of adaptive antiviral immunity further highlights the diverse

nonredundant functions exerted by autophagy receptors.
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Materials and Methods

Cells

The HeLa-CIITA cells (homozygotes for HLA-DRb1*0102 allele), the

B (DG-75), and the dendritic-like cell lines (KG-1) were kindly pro-

vided by Philippe Benaroch (Institut Curie, Paris, France), Hugo

Mouquet (Institut Pasteur, France) and Peter Cresswell (Yale

University School of Medicine, USA), respectively. Cells were cul-

tured with RPMI GlutaMax 1640 (Gibco) complemented with 10%

FBS (Dutscher), 1% penicillin/streptomycin, and 50 lg/mL Hygro-

mycin B (Thermo Fisher) only for HeLa-CIITA cells.

HIV-1- & HCMV-specific CD4+ T cell clones

Gag-specific CD4+ T cell clones (F12) are specific for HIV Gag-p24

(gag2: aa 271–290) and restricted by HLA-DRb1*01 as previously

described (Moris et al, 2006; Coulon et al, 2016). HCMV-specific

CD4+ T cell clones are specific for HCMV pp65 antigen (pp65: aa

108–127) and restricted by HLA-DRb1*01. Pp65-specific clones were

isolated from PBMCs of healthy donors after several rounds of

in vitro stimulation with synthetic peptide corresponding to immun-

odominant epitopes from the pp65 protein. Pp65-specific cells were

isolated using the IFNc secreting assay from Miltenyi Biotec and

cloned by limiting dilution. F12 and pp65 clones were restimulated

and expanded, as previously described (Moris et al, 2006), using

irradiated feeders and autologous or HLA-matched lymphoblastoid

cell lines loaded with cognate peptides in T cell cloning medium:

RPMI 1640 containing 5% human AB serum (Institut Jacques Boy),

recombinant human IL-2 (100 IU/ml, Miltenyi Biotec), PHA

(0,25 lg/ml, Remel), nonessential amino acids, and sodium pyru-

vate (both from Life Technologies). At least 1 h before co-culture

with HeLa-CIITA cells, T cell clones were thawed and allowed to

rest at 37°C in RPMI containing DNAse (5 lg/mL, New England Bio-

labs).

Viral antigens and plasmids

The pTRIP-CMV-Gag (a kind of gift from Nicolas Manel, Institut

Curie, Paris, France), pGag-LC3, and Gag-LC3G120A plasmids were

already described (Coulon et al, 2016). The pp65 encoding cDNA (a

kind gift from Xavier Saulquin, Universit�e de Nantes, Nantes) was

cloned in the lentiviral vector cppT-EF1a-IRES-GFP. The GFP-T6BP

encoding plasmid is a kind gift from Folma Buss (University of Cam-

bridge, UK) (Tumbarello et al, 2015).

Cell transfections

HeLa-CIITA cells were incubated in 6-well plates using 2–4.105

cells/well using OPTIMEM (Gibco) complemented with 10% FBS

and 1% penicillin/streptomycin. Twenty-four hours later, cells were

transfected with 40 pmol of siRNA targeting NDP52 (L-010637-00-

0005), OPTN (L-016269-00-0005), p62 (L-010230-00-0005), T6BP (L-

016892-00-0020 Dharmacon or SI02781296, Qiagen), CANX

(SI02663367 and SI02757300, Qiagen) or a scrambled siRNA as con-

trol (D-001810-10-20, Dharmacon), using Lipofectamine RNAiMax

(13778–150, Thermo Fisher) as transfection reagent. After 24 h of

transfection, cells were transfected with the cDNA encoding the

viral antigens (1 lg per well of a 6-well plate) using Viromer RED

(Lipocalyx) and following manufacturer instructions. Twenty-four

hours later, Gag and pp65 expressions were assessed using anti-Gag

antibody (KC57-RD1, Beckman-Coulter) and anti-pp65 antibody

(mouse, Argene) combined with goat anti-mouse antibody (AF488,

Thermo Fisher), respectively.

Flow cytometry

Cell viability was evaluated using LIVE/DEAD (Thermo Fisher) or

Zombie (Biolegend) and the following antibodies were used: HLA-

DR-specific L243 and T€U36 (both in-house and kindly provided by

Philippe Benaroch, Institut Curie, Paris) and goat anti-mouse

(AF488, Thermo Fisher). Forty-eight hours after siRNA transfection,

cell-surface staining assays were performed using standard proce-

dures (30 min, 4°C). HIV-Gag and HCMVpp65 production was

detected using intracellular staining. Briefly, cells were fixed with

4% PFA (10 min, RT), washed, and permeabilized with PBS con-

taining 0.5% BSA and 0.05% Saponin, prior to antibody staining.

Samples were processed on Fortessa cytometer using FACSDiva

software (BD Biosciences) and further analyzed using FlowJo2 soft-

ware (Tree Star).

IFNc ELISPOT assay

ELISPOT plates (MSIPN4550, Millipore) were prewet and washed

with PBS, and coated overnight at 4°C with anti-IFNc antibody (1-

DIK, Mabtech). Plates were washed using PBS and then saturated

with RPMI complemented with 10% FBS. Plates were washed and

HeLa-CIITA cells (105 cells/well) were co-cultured with T cell clones

(5.103 and 1.103 cells/well) overnight at 37°C. Cells were removed

and plates were then washed with PBS-0,05% Tween-20 prior to

incubation with biotinylated anti-IFNc antibody (7-B6-1, Mabtech)

(2 h, RT). Spots were revealed using alkaline-phosphatase coupled

to streptavidin (0,5 U/ml, Roche Diagnostics) (1 h, RT) and BCIP/

NBT substrate (B1911, Sigma-Aldrich) (30 min, RT). Reactions were

stopped using water. A number of spots were counted using AID

reader (Autoimmun Diagnostika GmbH). For each experimental

condition, ELISPOTs were performed mostly in triplicates or at least

in duplicates.

Western Blotting

Forty-eight hours after siRNA transfection, 106 HeLa-CIITA cells were

washed in cold PBS and lysed in 100-300 ll of lysis buffer (30 min,

4°C), mixing every 10 min. When stated, cells were pretreated with

chloroquine (50 lM, 16 h) or epoxomicin (50 nM, 16 h). Depending

on the experiments, three different lysis buffers were used: 1- PBS

containing 1% Nonidet P-40; 2–50 mM Tris–HCl pH 7.5 containing

100 mM NaCl, 1% Triton X-100, 0.5 mM EGTA, 5 mM MgCl, 2 mM

ATP; 3–50 mM Tris–HCl pH 7.5 containing 150 mM NaCl, 1%

IGEPAL, 0.5 mM EDTA, 5 mM MgCl, all three supplemented with 1x

protease inhibitor (Roche). Cell lysates were then centrifuged at

20,000 g (10 min, 4°C), supernatants harvested and mixed with Sam-

ple Buffer (NuPAGE, Invitrogen) and Sample Reducing Agent

(NuPAGE, Invitrogen) and denatured (5 min, 95°C). Denatured sam-

ples were analyzed by SDS gel electrophoresis using 4–12% Bis-Tris

gels (NuPAGE, Invitrogen), transferred to a nitrocellulose membrane
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(NuPAGE, Invitrogen), and immunoblotted. Anti-T6BP (HPA024432,

Sigma-Aldrich), anti-NDP52 (HPA023195, Sigma-Aldrich), anti-CANX

(PA5-34754, Thermo Fisher), anti-OPTN (ab23666, Abcam), anti-p62

(sc-28,359, Santa Cruz Biotechnology), anti-HLA-DR (TAL1B5, Invit-

rogen), anti-LC3 (M152, MBL International), anti-actin (3700S, Cell

Signaling Technology), anti-tubulin (2148S, Cell Signaling Technol-

ogy), anti-CD74 (ab22603, Abcam or VIC-Y1, 14–0747-82, Thermo

Fisher), anti-GFP (11,814,460,001, Roche), anti-ubiquitin (eBioP4D1,

Thermo Fisher), goat anti-mouse (Sigma-Aldrich) and goat anti-rabbit

both coupled to HRP (Abcam) antibodies were used according to

manufacturer instructions. Blots were revealed using Pierce ECL Plus

Substrate (Invitrogen) and chemiluminescence analyzed using Image-

Quant LAS 4000.

Confocal microscopy

Forty-eight hours after siRNA transfections, HeLa-CIITA cells were

plated on glass coverslips and then fixed with 4% PFA (10 min,

RT). Cells were washed 3 times with PBS, saturated with goat or

donkey serum, and permeabilized with PBS containing 0,5% BSA

and 0,05% Saponin (1 h, RT). Cells were washed with PBS and

incubated (OVN, 4°C) with primary antibodies: L243 or T€U36 (both

in-house and kindly provided by P. Benaroch, Institut Curie, Paris),

rabbit anti-HLA-DR (a kind gift from Jacques Neefjes, Leiden

University, the Netherlands), anti-LAMP-1 (H4A3, DSHB), anti-

CD63 (MA-18149), anti-CD74 (14–0747-82) all from Thermo Fisher,

anti-EEA1 (C45B10, Cell signaling), anti-T6BP (HPA024432, Sigma-

Aldrich), anti-HLA-DM (sc-32,248, Santa Cruz) and Lysotracker

(Deep Red, L12492). Cells were incubated with species-specific anti-

bodies: goat anti-mouse coupled to Alexa Fluor 488 or Alexa Fluor

405 (Thermo Fisher), donkey anti-rabbit coupled to Alexa 546

(A10040, Invitrogen) in PBS containing 0,5% BSA and 0,05%

Saponin (1 h, RT). When required sequential stainings were per-

formed. Nuclei were stained with DAPI (17,507, AAT Bioquest).

After washing with PBS, samples were mounted on glass slides with

Dako fluorescence mounting medium. Samples were imaged using a

laser scanning confocal microscope with 63X, NA 1.3 oil immersion

objective. The number of vesicles, the intensity, and the distances of

each vesicle to nucleus were quantified using an in-house ImageJ

Python script (developed by Aziz Fouch�e, ENS Paris-Saclay, Paris).

Potential co-localizations were determined using the object-based

co-localization method JACoP (Just Another Co-localization Plugin)

and coloc2 (Pearson’s coefficient) of the ImageJ software, for punc-

tuated/vesicular and cytosolic/diffuse staining, respectively. For the

Proximity ligation assay (PLA), 48 h after siRNA transfections,

HeLa-CIITA cells, cultured overnight on coverslips, were fixed with

4% PFA (10 min, RT), washed 3x with PBS, and treated with

50 mM NH4Cl (15 min, RT) prior incubation with anti-T6BP (Rab-

bit, 1:200, HPA024432) and anti-CANX (Mouse, 1:500, MA3-027,

Thermo Fisher scientific) in PBS containing 1%, BSA and 0.1%

Saponin (1 h, RT). PLA secondary probes (DUO92002, DUO92004)

were then used according to the manufacturer’s instructions (Sigma-

Aldrich). Briefly, 40 ll (1:5 dilution) of the PLA was added (37 °C,

60 min) and washed with buffer A (DUO82049, Sigma-Aldrich).

40 ll of the ligation mix (DUO92014, Sigma-Aldrich) was then

applied to each of the coverslips to complete the ligation process

(30 min, 37 °C). Coverslips were then incubated with 40 ll poly-

merization mix (100 min, 37 °C) and washed. Coverslips were

mounted on slides with Fluoromount G (Thermo Fisher). Images

were acquired using an SP8 confocal microscope and dots were

counted using the find maxima plugin in Fiji software.

Reverse transcription-quantitative polymerase chain reaction

(RT–qPCR)

Total cellular RNA was isolated using RNeasy kit (Qiagen, Valencia,

CA). RNA concentrations were determined by spectrophotometry at

260 nm. The relative level of CD74 and T6BP mRNAs was deter-

mined using the comparative Cq method. Actin was used as endoge-

nous control. The primers and probes used for quantitation of

CD74, T6BP, and actin were designed by Olfert Landt and purchased

from TIB MolBiol. Sequences are listed in Appendix Table S1. The

RT–qPCRs were performed in a Light Cycler 1.5 instrument in capil-

laries using a final volume of 20 ll. The reactions were performed

using 300 nM specific sense primer, 300 nM specific antisense

primer, 200 nM specific TaqMan probe (TM), and the LightCycler�

Multiplex RNAVirus Master mix (ROCHE). The programs were:

reverse transcription at 55°C for 10 min, initial denaturation at 95°C

for 5 min followed by 45 cycles of amplification. For CD74 and

T6BP cycles were: 95°C for 5 s, 60°C for 15 s + fluorescence mea-

surement, and 72°C for 5 s. For actin cycles were: 95°C for 20s,

67°C for 30s + fluorescence measurement, and 72°C for 5 s.

Pulse-Chase experiment

48 h post-siRNA transfection HeLa-CIITA cells were preincubated in

Met/Cys-free RPMI 1640 medium containing 1% penicillin/strepto-

mycin, 1% glutamine, and 10% dialyzed FCS for 1 h. Cells (five

million) were then pulsed for 30 min with 0.5 mCi of 35S-Met/Cys

(ICN) and chased in an unlabelled medium supplemented with

5 mM cold methionine. Cells were collected at the indicated time

points and then lysed in a buffer containing 20 mM Tris–HCl (pH

7.5), 150 mM NaCl, 2 mM MgCl2, 1% Triton X-100, and an inhi-

bitor cocktail (Roche). Each sample was normalized for the protein

concentration. Lysates were precleared with mouse serum, and

MHC class II/Ii complexes were immunoprecipitated with the T€U36

antibody and/or reimmunoprecipitated with VICY1 antibody (14–

0747-82, Thermo Fisher). Samples were boiled (95°C) or unboiled

(room temperature) in SDS loading buffer and separated on 12%

SDS–PAGE (Novex). Quantification of the results was made using a

phosphoimager (Fuji).

Electron Microscopy

HeLa-CIITA cells (2.105 cells/well) were cultured on glass coverslips

in 6-well plates. 24 h later, cells were transfected as described with

siRNA control or targeting T6BP, cells were cultured for 48 h and

fixed with 2.5% glutaraldehyde, 1% PFA for 1 h at room tempera-

ture. The coverslips were washed 3 times with 0.2 M phosphate

buffer pH 7.4, followed by a 1-h incubation in 1% osmium, and

1.5% ferrocyanide of potassium. After 3 washes in water, the cover-

slips were successively treated with 50%, 70%, 90%, 100%, and

100% Ethanol for 10 min each. The coverslips were then incubated

for 2 h on 50% epoxy in ethanol, followed by 2 h in pure epoxy,

and finally in pure epoxy overnight for polymerization at 60°C.

Ultrathin (70 nm) sections were cut using a diamond knife (45°
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angle) on a Leica UC6 ultramicrotome. Sections were collected on

FormvarTM carbon-coated copper grids. Some sections were stained

with uranyl acetate at 2% (Merk) for 15 min and lead Citrate (Agar)

and washed three times with milliQ water and dried at room tem-

perature. Observations were performed with a JEOL JEM-1400

transmission electron microscope operating at 120 kV. Images were

acquired using a postcolumn high-resolution (9 106 pixels) camera

(Rio9; Gatan) and processed with Digital Micrograph (Gatan) and

ImageJ.

Immunopeptidome

Isolation of HLA ligands

HLA class I and II molecules of HeLa-CIITA cells were isolated using

standard immunoaffinity purification (Falk et al, 1991; Nelde

et al, 2019). Snap-frozen samples were lysed in 10 mM CHAPS/PBS

(AppliChem, Gibco) with 1x protease inhibitor (Roche). HLA class I-

and II-associated peptides were isolated using the pan-HLA class I-

specific mAb W6/32 and the pan-HLA class II-specific mAb T€U39

(both in-house mouse monoclonal) covalently linked to CNBr-

activated Sepharose (GE Healthcare). HLA-peptide complexes were

eluted by repeated addition of 0.2% TFA (trifluoroacetic acid, Mer-

ck). Eluted HLA ligands were purified by ultrafiltration using cen-

trifugal filter units (Millipore). Peptides were desalted using ZipTip

C18 pipette tips (Millipore), eluted in 35 ll 80% acetonitrile (Mer-

ck)/0.2% TFA, vacuum-centrifuged and resuspended in 25 ll of 1%

acetonitrile/0.05% TFA and samples stored at �20 °C until LC–MS/

MS analysis.

Analysis of HLA ligands by LC–MS/MS

Isolated peptides were separated by reversed-phase liquid chro-

matography (nano-UHPLC, UltiMate 3,000 RSLCnano; ThermFisher)

and analyzed in an online-coupled Orbitrap Fusion Lumos mass

spectrometer (Thermo Fisher). Samples were analyzed in five tech-

nical replicates, and sample shares of 20% were trapped on a

75 lm × 2 cm trapping column (Acclaim PepMap RSLC; Thermo

Fisher) at 4 ll/min for 5.75 min. Peptide separation was performed

at 50 °C and a flow rate of 175 nl/min on a 50 lm × 25 cm separa-

tion column (Acclaim PepMap RSLC; Thermo Fisher) applying a

gradient ranging from 2.4 to 32.0% of acetonitrile over the course of

90 min. Samples were analyzed on the Orbitrap Fusion Lumos

implementing a top-speed CID method with survey scans at 120 k

resolution and fragment detection in the Orbitrap (OTMS2) at 60 k

resolution. The mass range was limited to 400–650 m/z with pre-

cursors of charge states 2+ and 3+ eligible for fragmentation.

Database search and spectral annotation

LC–MS/MS results were processed using Proteome Discoverer

(v.1.3; Thermo Fisher) to perform a database search using the

Sequest search engine (Thermo Fisher) and the human proteome as

reference database annotated by the UniProtKB/Swiss-Prot. The

search-combined data of five technical replicates was not restricted

by enzymatic specificity, and oxidation of methionine residues was

allowed as a dynamic modification. Precursor mass tolerance was

set to 5 ppm, and fragment mass tolerance to 0.02 Da. The false dis-

covery rate (FDR) was estimated using the Percolator node (K€all

et al, 2007) and was limited to 5%. For HLA class I ligands, peptide

lengths were limited to 8–12 amino acids. For HLA class II, peptides

were limited to 12–25 amino acids in length. HLA class I annotation

was performed using NetMHCpan 4.0 (Jurtz et al, 2017) annotating

peptides with percentile rank below 2% as previously described

(Ghosh et al, 2019).

For HLA class II peptides, the Peptide Landscape Antigenic Epi-

tope Alignment Utility (PLAtEAU) algorithm (Alvaro-Benito

et al, 2018) was used to identify and to estimate the relative abun-

dance of the core epitopes based on the LC–MS/MS intensities. The

results are presented as Volcano plots using Perseus software

(Tyanova et al, 2016). The relative affinities of the core epitope to

HLA-DRb1*0102, expressed by HeLa-CIITA cells, were estimated

using NetMHCIIpan 4.0 (Reynisson et al, 2020).

Interactome

Co-immunoprecipitation

HeLa-CIITA cells were harvested 24 h after cDNA transfection with

either plasmid encoding GFP-T6BP (kind gift from F.Buss, Cam-

bridge, UK) or encoding GFP. 2.107 cells were washed in cold PBS

and lysed in 300 ll of lysis buffer (50 mM Tris–HCl pH 7.5, 100 mM

NaCl, 1% Triton X-100, 0.5 mM EGTA, 5 mM MgCl, 2 mM ATP,

and 1x protease inhibitor; Roche; 30 min, ice), mixing every 10 min

and centrifuged at 20,000 g (20 min, 4°C). Lysates were recovered,

300 ll of wash buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl,

0.5 mM EDTA) was added and the pellets were discarded. GFP-Trap

agarose magnetic beads (Chromotek) were vortexed, and 25 ll of

bead slurry was washed 3 times with cold wash buffer. Each diluted

lysate was added to 25 ll of equilibrated beads and tumbled end-

over-end (1 h, 4°C). Beads were collected using a magnetic support

and washed 3 times. For Western Blot analysis, SDS-sample buffer

was added to aliquots and the samples were boiled (5 min, 99°C).

On-bead digestion for mass spectrometry

Following immunoprecipitation with GFP-Trap (Chromotek), diges-

tions were performed using manufacturer instructions on the P3S pro-

teomic core facility of Sorbonne Universit�e. For each sample, beads

were resuspended in 25 ll of elution buffer I (50 mM Tris–HCL pH

7.5, 2 M urea, 5 lg/ml sequencing grade Trypsine, 1 mM DTT) and

incubated in a thermomixer at 400 rpm (30 min, 30°C). Beads were

collected using a magnetic support and the supernatants were recov-

ered. For elution, beads were then washed with 50 ll of elution

buffer II (50 mM Tris–HCL pH 7.5, 2 M urea, 5 mM iodoacetamide)

and collected with a magnetic support. Supernatants were harvested

and mixed with the previous ones. This elution was repeated once.

Combined supernatants were incubated in a thermomixer at 400 rpm

(overnight, 32°C). Reactions were stopped by adding 1 ll trifluo-

roacetic acid and digests were desalted using homemade StageTips.

StageTips were first rehydrated with 100 ll of methanol and then

equilibrated with 100 ll of 50% acetonitrile and 0.5% acetic acid.

After peptide loading, StageTips were washed with 200 ll of 0.5%

acetic acid, and peptides were eluted with 60 ll of 80% acetonitrile

0.5% acetic acid. Eluted peptides were totally dried using a SpeedVac

vacuum concentrator (Thermo), solubilized in 20 ll of 2% acetoni-

trile 0.1% formic acid before LC–MS/MS analysis.

LC–MS/MS

Peptide mixtures were analyzed with a nanoElute UHPLC (Bruker)

coupled to a timsTOF Pro mass spectrometer (Bruker). Peptides
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were separated on an Aurora RP-C18 analytical column (25 cm,

75 lm i.d., 120 �A, 1,6 lm IonOpticks) at a flow rate of 300 nL/

min, at 40°C, with mobile phase A (ACN 2% / FA 0.1%) and B

(ACN 99.9% / FA 0.1%). A 30 min elution gradient was run from

0% to 3% B in 1 min, 3% to 15% B in 17 min then 15% to 23% B

in 7 min and 23% to 32% B in 5 min. MS acquisition was run in

DDA mode with PASEF. Accumulation time was set to 100 msec in

the TIMS tunnel. The capillary voltage was set to 1,6 kV, mass

range from 100 to 1700 m/z in MS and MS/MS. Dynamic exclusion

was activated for ions within 0.015 m/z and 0.015 V.s/cm2 and

released after 0,4 min. The exclusion was reconsidered if precursor

ion intensity was 4 times superior. Low abundance precursors

below the target value of 20,000 a.u and intensity of 2,500 a.u.

were selected several times for PASEF-MS/MS until the target value

was reached. Parent ion selection was achieved by using a two-

dimensional m/z and 1/k0 selection area filter allowing the exclu-

sion of singly charged ions. Total cycle time was 1,29 s with 10

PASEF cycles.

Data Analysis

Raw data were processed with MaxQuant version 1.6.5.0, with

no normalization, no matching between runs, and a minimum of

2 peptide ratios for protein quantification. The output protein file

was filtered with ProStar 1.14 to keep only proteins detected in 2

samples or more in at least 1 of the 2 conditions. Missing values

were imputed using SLSA (Structured Least Square Adaptative)

algorithm for partially missing values in each condition and

DetQuantile algorithm for missing values in an entire condition.

In order to select relevant binding partners, data were statistically

processed using the limma test and filtered to retain only differ-

entially expressed preys (FDR 1%) with a fold change ≥10

between T6BP-GFP and GFP conditions. Selected preys were

uploaded to the CRAPome v2 (Contaminant Repository for Affin-

ity Purification) online analysis tool to identify potential contami-

nants. For each binding partners, a Significance Analysis of

INTeractome (SAINT) probability threshold was assessed by the

Resource for Evaluation of Protein Interaction Networks

(REPRINT) using the default settings. Selected preys were then

uploaded in Ingenuity Pathway Analysis software version

49,932,394 (QIAGEN Inc.) to perform annotation and over-

representation analysis. Finally, network visualization was

designed using Cytoscape software (v. 3.7.1).

Co-immunoprecipitation: CANX / T6BP / GST-TM-cytoTail

HeLa-CIITA cells were harvested, counted, and lysed in two differ-

ent buffers depending on the experiments: 1- m-RIPA buffer (1%

NP40, 1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris–pH

7.5; 2- NP-40 lysis buffer, 50 mM Tris–HCl pH 7.5 containing

150 mM NaCl, 1% IGEPAL, 0.5 mM EDTA, 5 mM MgCl), both

supplemented with complete protease inhibitors (Roche, Basel,

Switzerland). CANX and T6BP were immunoprecipitated using anti-

CANX antibody PA5-34754 (Invitrogen) coupled to protein A

Sepharose magnetic beads (Ademtech 0423) and anti-TAX1BP1 anti-

body HPA024432 (Sigma-Aldrich) together with protein A

Sepharose (GE Healthcare), respectively. The GST-TM-cytoTail

nucleotide sequence was synthetized and cloned into pLV-EF1a-

IRES-Puro by GeneCust. pLV-EF1a-IRES-Puro was a gift from Tobias

Meyer (Addgene plasmid # 85132; http://n2t.net/addgene:85132;

RRID:Addgene_85132) (Hayer et al, 2016). GST-TM-cytoTail

sequence contains the following sequence: CANX leader, GST, a

short fragment of the ER luminal domain of CANX, CANX TM,

CANX cytosolic tail; and is: ATGGAAGGGAAGTGGTTGCTGTG-

TATGTTACTGGTGCTTGGAACTGCTATTGTTGAGGCTTCCCCTATA

CTAGGTTATTGGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTC

TTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGC

GCGATGAAGGTGATAAATGGCGAAACAAAAAGTTTGAATTGGGTT

TGGAGTTTCCCAATCTTCCTTATTATATTGATGGTGATGTTAAATT

AACACAGTCTATGGCCATCATACGTTATATAGCTGACAAGCACAAC

ATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCTTG

AAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATA

TAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTA

CCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACAT

ATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGA

CGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGT

TCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACA

AATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTG

CAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAAA

AGAAAGCTGCTGATGGGGCTGCTGAGCCAGGCGTTGTGGGGCAGA

TGATCGAGGCAGCTGAAGAGCGCCCGAAGAAAGCTGCTGATGGGG

CTGCTGAGCCAGGCGTTGTGGGGCAGATGATCGAGGCAGCTGAAG

AGCGCCCGTGGCTGTGGGTAGTCTATATTCTAACTGTAGCCCTTCC

TGTGTTCCTGGTTATCCTCTTCTGCTGTTCTGGAAAGAAACAGACC

AGTGGTATGGAGTATAAGAAAACTGATGCACCTCAACCGGATGTGA

AGGAAGAGGAAGAAGAGAAGGAAGAGGAAAAGGACAAGGGAGAT

GAGGAGGAGGAAGGAGAAGAGAAACTTGAAGAGAAACAGAAAAG

TGATGCTGAAGAAGATGGTGGCACTGTCAGTCAAGAGGAGGAAGA

CAGAAAACCTAAAGCAGAGGAGGATGAAATTTTGAACAGATCACCA

AGAAACAGAAAGCCACGAAGAGAGTGA. Hela-CIITA cells were

transfected with GST-TM-cytoTail construct or the vector not encoding

TM-cytoTail. 24 h post-transfection, cells were harvested and lysed

using NP40 lysis buffer (10 mM Tris–HCl pH 7.5, 150 mM NaCl,

0,5 mM EDTA, 0,5% IGEPAL). The GST-immunoprecipitation was

performed using GST-Trap Agarose from Chromotek. The immunopre-

cipitation (IP) fractions were extensively washed (at least 3 times) in

NP40 lysis buffer. The input, the flow-through, and the IP fractions

were analyzed by SDS–PAGE and the proteins revealed using Western

blot.

Statistical analysis

Statistical significances (P-values) were calculated using Prism Soft-

ware (GraphPad).

Data availability

The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE (Perez-Riverol et al, 2019)

partner repository with the dataset identifier PXD024330 and

PXD024417 for the T6BP-interactome and Hela-CIITA immunopep-

tidome, respectively: http://www.ebi.ac.uk/pride/archive/projects/

PXD024330; http://www.ebi.ac.uk/pride/archive/projects/PXD024417

Expanded View for this article is available online.
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Figure EV1. (Related to Fig 3): T6BP silencing affects the repertoire of peptides presented by MHC-II molecules and has a modest influence on the source of

MHC-II ligands.

A For each sample the % of MHC-II peptide ligand shared with the 3 other experimental conditions was determined and the mean % of shared MHC-II peptide ligand

calculated and plotted (� SD). Comparing the mean % of shared peptides between mock treat cells (Mock1 or Mock2) and the cells transfected with the control

(siCTRL) siRNA, no significant differences were observed. By contrast, the mean % of shared MHC-II peptide ligand was significantly different between siT6BP-treated

cells and Mock1-, Mock2-, and siCTRL-treated cells. The statistical significance was calculated using a Kruskal–Wallis test followed by a Dunn’s test (*P < 0.05).

B Cell component enrichment analysis of peptide sources. As in Fig 3, HeLa-CIITA cells were transfected with siCTRL and siT6BP siRNA, lysed, submitted to MHC-II

immunoprecipitation using T€U39 antibody, and the peptide ligands sequenced using mass spectrometry (LC–MS/MS). The diversity of protein sources was analyzed

according to cell component enrichment using Funrich software. Only canonical pathways statistically enriched (P < 0.05) for each condition (siCTRL and siT6BP) are

shown. The P-value for pathway enrichment was obtained using the right-tailed Fisher’s exact test.

A

B

Figure EV2. (Related to Fig 3): T6BP silencing does not influence the immunopeptidome of MHC-I molecules.

A Left panel, mock-treated HeLa-CIITA cells were split and cultured for 48 h (giving rise to Mock1 and Mock2), then cells were lysed, MHC-I molecules were immunopre-

cipitated using W632 antibody and the peptide ligands sequenced using mass spectrometry (LC–MS/MS). Right panel, HeLa-CIITA cells were transfected with siCTRL

and siT6BP siRNA and were treated as in the left panel. The number and the percentage among sequenced peptides (Venn diagrams) of exclusive or shared peptides

for each condition are presented.

B Relative binding affinities, presented as pie charts, of exclusive peptides identified in siCTRL (left) and siT6BP (right) condition (number of peptides are indicated in

brackets). NetMHCpan 4.0 algorithm was used to predict the relative affinities to HLA-A*6802 and -B*15093 molecules expressed by HeLa-CIITA cells. The relative

affinities to the HLA-C*1203 molecule also expressed by HeLa-CIITA cells were not combined in this figure because many peptides binding to HLA-C*1203 also bind to

HLA-A*6802. The results are presented as stated from NetMHCpan 4.0 analysis as Strong (for strong binders), Weak (for weak binders), and No score (for epitopes with

which a binding score cannot be determined).

Data information: One representative experiment is shown out of two biological replicates. For each experiment, 5 technical replicates per sample were run on the LC–

MS/MS. Nb—number; %—percentage.
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▸
Figure EV3. (Related to Fig 4). T6BP silencing leads to autophagosome accumulation.

A LC3 and T6BP expressions were assessed using confocal microscopy. HeLa-CIITA cells were transfected with siCTRL or siT6BP. 48 h post-treatment, LC3 and T6BP

were detected using anti-LC3 and anti-T6BP antibodies, respectively. Scale bars: 2 lm.

B Quantitative analysis using in-house ImageJ script displaying the number of LC3+ vesicles per cell and co-localization using Pearson’s coefficient of T6BP and LC3

staining (right panel). 30 cells from two biological replicates were analyzed.

C, D As in A and B with MHC-II molecule and LC3 staining. A number of cells >40 from two biological replicates were analyzed. Scale bars: 2 lm.

E siRNA-treated cells were also analyzed using electron microscopy. Top panels and bottom panels, images from siCTRL- and siT6BP-treated cells, respectively, from 6

representative cells. Two biological replicates were performed and at least 40 cells for each treatment were analyzed. The white arrows indicate the autophago-

somes. Scale bars: 1 lm.

F As in (A) with HLA-DM and T6BP staining. Scale bars: 4 lm.

G The localization of HLA-DM+ vesicles and the number of vesicles/cells were quantified as in Fig 4. At least 10,000 vesicles in at least 40 cells were analyzed.

Data information: In graphs representing the number of vesicles/cell, each dot corresponds to a single cell. Within the violin plots, continuous and dotted lines

correspond to medians and quartiles, respectively. CTRL: control; nb: number. Mann–Whitney’s test; *P < 0.05; ***P < 0.0001; ns >0.05. For Pearson’s coefficient, the

dotted lines (at 0.5) indicate the limit under which no significant co-localization is measured.
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A B C

D E

Figure EV4. (Related to Fig 5): T6BP silencing affects CD74 expression levels as assessed by confocal microscopy but does not affect CD74 mRNA levels.

A CD74 expression assessed using confocal microscopy in HeLa-CIITA cells, 48 h post-treatment with the indicated siRNA. Top panels siCTRL and bottom panels

siT6BP. Scale bars: 2 lm.

B Quantitative analysis using ImageJ of CD74 mean fluorescent intensity (MFI). The data are representative of at least 3 biological replicates. Each dot displayed

corresponds to a single cell. At least 75 cells were analyzed. The continuous lines represent the means (� SD). Mann–Whitney’s test; **P < 0.002.

C Co-localization of CD74 and T6BP assessed, in the control condition, using Pearson’s coefficient. Number of cells = 47. Within the violin plots, continuous and dot-

ted lines correspond to medians and quartiles, respectively. The dotted lines at 0.5 indicate the limit under which no significant co-localization is measured.

D, E (D) T6BP and (E) CD74 mRNA levels were assessed using RT–qPCR. HeLa-CIITA cells were transfected with siCTRL and siT6BP. 48 h post-treatment, relative T6BP (D)

and CD74 (E) mRNA expression levels were analyzed by RT–qPCR using actin as reference gene. Results are presented as the mean ratios of T6BP (D) and CD74

mRNA (E) levels to actin mRNA levels (� SD) from four biological replicates. CTRL—control. Mann–Whitney’s test: *P < 0.05; #P > 0.05.
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Appendix	 Figure-S1	 (related	 to	 Figure-1):	 The	 transfection	 of	 siRNA	 targeting	 autophagy	 receptors	 influenced	

neither	 the	 cell	 viability	 nor	 the	 antigen	 transfection	 efficiencies.	 (A)	 and	 (B)	 Analysis	 of	 cell	 viability	 and	

transfection	efficiency	using	flow	cytometry.	Results	of	one	representative	experiment	out	of	three	are	shown.	(A)	

Gating	strategy:	left	panel:	FSC-A:	forward-scatter;	SSC-A:	side-scatter;	middle	panel:	staining	of	living	cells	using	a	

viability	dye;	right	panel:	staining	of	Gag+	cells	using	anti-Gag	antibody	intracellular	staining.	(B)	Percentage	of	living	

and	Gag+	cells	 in	the	different	siRNA	transfection	conditions,	 left	and	right	panel	respectively,	analyzed	48h	post-

treatment,	 prior	 co-culture	 with	 Gag-specific	 T	 cells.	 (C)	 Results	 of	 at	 least	 three	 independent	 experiments	 are	

normalized	to	control	conditions	and	presented	as	mean	(+/-	SD).	Left	panel,	ratio	of	mean	fluorescent	intensities	

(MFI)	of	Gag	stainings	in	Gag+	cells.	Middle	panel,	ratio	of	the	mean	percentage	of	Gag+	cells.	Right	panel,	ratio	of	

the	mean	percentage	of	living	cells.	CTRL:	control.	Mann-Whitney’s	tests;	*p<0.05;	#p>0.05.		
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Appendix	Figure	S2	 (related	 to	Figure-4):	T6BP	silencing	 slightly	 influences	EEA1+	vesicle	 cellular	 localization	 (A)	 EEA1	

expression	was	assessed	using	confocal	microscopy.	HeLa-CIITA	cells	were	transfected	with	siCTRL	and	siT6BP.	48h	post-

treatment,	EEA1	were	detected	using	specific	antibody	and	a	 fluorescent	secondary	antibody.	Nuclei	were	stained	using	

DAPI.	 (B)	 Quantitative	 analysis	 using	 in-house	 ImageJ	 script	 displaying	 distance	 of	 each	 EEA1+	 vesicles	 to	 the	 nucleus,	

number	of	EEA1+	 vesicles	per	cell	and	EEA1	total	MFI	per	cell.	At	 least	16	000	vesicles	 from	90	cells	corresponding	 to	3	

independent	experiments	were	analyzed.	(B,	Right	panel)	EEA1	and	MHC-II	stainings	do	not	colocalize.	Quantification	of	

the	potential	 colocalization	between	MHC-II+	 and	EEA1+	 dots	using	Pearson’s	 coefficient	where	 the	dotted	 lines	 (at	0.5)	

indicate	the	limit	under	which	no	significant	co-localization	is	measured.	(C-H)	Effect	of	siT6BP	silencing	on	the	expression	

levels	 of	 the	 various	 vesicular	 markers.	 As	 in	 A,	 HeLa-CIITA	 cells	 were	 transfected	 with	 siCTRL	 and	 siT6BP.	 48h	 post-

treatment,	cells	were	fixed	and	labeled	and	the	MFI	of	the	indicated	markers	were	analyzed.	(C)	MHC-II,	at	least	170	cells	

corresponding	to	5	independent	experiments	were	analyzed.	(D)	LAMP-1,	at	least	85	cells	corresponding	to	3	independent	

experiments	were	analyzed.	(E)	Lysotracker,	at	least	30	cells	corresponding	to	2	independent	experiments	were	analyzed.	

(F)	CD63,	 at	 least	 60	 cells	 corresponding	 to	 2	 independent	 experiments	were	 analyzed.	 (G)	HLA-DM,	 at	 least	 140	 cells	

corresponding	 to	 3	 independent	 experiments	were	 analyzed.	 (H)	 LC3,	 at	 least	 60	 cells	 corresponding	 to	 2	 independent	

experiments	 were	 analyzed.	 In	 graphs	 representing	 the	 number	 of	 vesicles	 or	 the	 MFI	 per	 cell,	 each	 dot	 displayed	

corresponds	to	a	single	cell.	Scale	bars,	2μm.	CTRL:	control.	Mann-Whitney’s	tests;	*:	p<0.05;	**:	p<0.002;	***:	p<0.0003;	

#:	p>0.05.		
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Appendix	 Figure-S3	 (related	 to	 Figure-5D):	 Quality	 control	 of	 the	 proteasome	 inihibitor	

Epoxomicin	(Epo)	treatment.	Hela-CIITA	cells	were	treated	with	Epoxomicin	(+)	or	mock	treated	(-)		

for	16h	and	total	ubiquitin	levels	assessed	using	Western	Blot.	The	membrane	was	blotted	using	an	

anti-ubiquitin	antibody.	MW:	molecular	weight	markers.		
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Appendix	Fig	S4	(related	to	Figure-6):	Quality	controls	of	T6BP	interactome	definition.	(A)	Left	panels,	gating	strategy	for	the	

analysis	of	GFP+	cells	after	 transfection	of	cDNA	encoding	wild-type	T6BP	fused	to	GFP	using	flow	cytometry.	FSC:	 forward-

scatter;	SSC:	side-scatter.	Right	panels,	side	to	side	comparison	of	 the	percentage	of	GFP+	HeLa-CIITA	cells	 transfected	with	

plasmid	encoding	GFP-T6BP	or	GFP-only	(pEGFP)	in	the	three	biological	replicates.	(B)	Coomassie	blue	staining	(left	panel)	and	

Western	 Blot	 analysis	 (right	 panel)	 of	 the	 indicated	 fraction	 of	 protein	 samples	 from	 GFP-T6BP	 and	 GFP	 expressing	 cells.	

Results	 from	one	of	 the	 three	biological	 replicates	 are	 shown.	 Briefly,	 cells	were	 lysed	 and	 submitted	 to	 IP	 using	 anti-GFP	

camel	antibodies	 (GFP-Trap	 from	Chromotek).	Right	panel,	GFP	and	GFP-T6BP	were	 revealed	using	anti-GFP	antibody.	FT	=	

Flow	 through.	 IP	 =	 Immunoprecipitation.	 (C)	 Coomassie	 blue	 staining	 of	 immunoprecipitated	 proteins	 (1/10	 of	 the	 sample	

volume)	used	 for	 LC-MS/MS	analysis	 (9/10	of	 the	 sample	volume)	of	 the	 three	biological	 replicates	 for	both	GFP-T6BP	and	

GFP.	 Due	 to	 a	 mishandling,	 a	 crack	 was	 unfortunately	 introduced	 to	 the	 gel	 when	 scanning	 (D)	 GFP	

nanobody	 immunoprecipitates	 from	HeLa-CIITA	cells	 transfected	with	GFP	and	T6BP-GFP.	48h	post-transfection,	 IP	 (IP:GFP)	

and	 the	 total	 lysate	 (input)	 samples	were	analyzed	by	Western	blot	with	 the	 indicated	antibodies.	 Input	and	FT	of	 	GFP	or	

T6BP-GFP	 IP	 are	 presented	 in	 panel	 B.	 (E)	 Silencing	 of	 T6BP	 expression	 does	 not	 influence	 calnexin	 (CANX)	 expression	

levels.	HeLa-CIITA	 cells	transfected	 with	 the	 indicated	 siRNAs	 and	 samples	 analyzed,	 48h	 post	 transfection,	 by	 Western	

blot	 with	 the	 indicated	antibodies.	The	ratio	of	CANX	or	T6BP	expression	to	actin	was	quantified	using	Image	J	and	set	at	1	

for	the	control	conditions.	
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Appendix Table S1 (related to EV4) 

Primers and Probes Sequence 

CD74_S gAATgCCACCAAgTATggCAA 

CD74_R gggggTCAgCATTCTggA 

CD74_P TM 6FAM-CAggTgCATCACATggTCCTCTgT--BBQ 

TAX1BP1_L ggAgTCTTTCCACTggATTCAC 

TAX1BP1_R ggCCACATTTTgAAAgATgACA 

TAX1BP1_P 6FAM- CCATTgCAgACTTCCAACTTTgCC--BBQ 

ACTIN F AgCCTCgCCTTTgCCgA 

ACTIN R CTggTgCCTggggCg 

ACTIN TM 6FAM-CCgCCgCCCgTCCACACCCgCC--BBQ 

Reverse transcription quantitative Polymerase Chain Reaction (RT-qPCR) primers: The primers and 

probes used for quantitation of CD74, T6BP and actin were designed by Olfert Landt and purchased from TIB 

MolBiol. Sequences are listed in the table below. The RT-qPCRs were performed in a Light Cycler 1.5 

instrument in capillaries using a final volume of 20 µl. The reactions were performed using 300 nM specific 

sense primer, 300 nM specific antisense primer, 200 nM specific TaqMan probe (TM) and the LightCycler® 

Multiplex RNAVirus Master mix (ROCHE). The programs were: reverse-transcription 55°C for 10min, initial 

denaturation 95°C for 5min followed by 45 cycles of amplification. For CD74 and T6BP cycles were: 95°C for 

5s, 60°C for 15s + fluorescence measurement and 72°C for 5s. For actin cycles were: 95°C for 20s, 67°C for 30s 

+ fluorescence measurement and 72°C for 5s.
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Project 2: unpublished article  

 

In the second part of my thesis, the aim was to assess whether viruses could target SARs to 

escape MHC-II antigen presentation and antiviral immunity.  

I used HTLV-1 Tax oncoprotein, known to recruit TAX1BP1, OPTN and p62 to a cytosolic 

Signalosome to sustain NF-κB activation482,489 as a tool to study the recruitment and 

relocalization of SARs. After confirmation of SAR recruitment by Tax in our model HeLa-CIITA 

cells, I assessed the influence of Tax on MHC-II-restricted viral antigen presentation. 

Remarkably, Tax expression induces a decrease in MHC-II viral antigen presentation and CD4+T 

cell activation. I then evaluated MHC-II expression levels and found no significant effect of Tax 

expression on immature MHC-II molecules and a slight increase in mature MHC-II molecules, 

respectively. To extend the observation made with a single viral antigen, we then analyzed the 

influence of Tax expression on the global MHC-II immunopeptidome. We showed that Tax 

expression influences the peptide repertoire and the relative abundance of one out of five 

epitopes. In contrast, Tax expression did not influence the affinity of core epitopes to MHC-II 

molecules. We then asked whether Tax might affect intracellular trafficking of MHC-II 

molecules and the MIIC before MHC-II-peptide complexes reach the plasma membrane. Using 

confocal microscopy analysis, we evaluated, in HeLa-CIITA cells, the effect of Tax expression on 

different MIIC and endo-lysosomal markers, including HLA-DM, Lamp-1 and CD63. Strikingly, 

we observed that Tax expression induces a relocalization of the different markers towards the 

nuclei of the cells and seems to induce a more important co-localization of MHC-II positive 

vesicles with acidified Lamp-1 positive vesicles. These results suggest that Tax influences the 

trafficking of acidified compartments and might affect the maturation of the MIIC.  

We then decided to study the functional consequences of the effect of Tax expression on the 

MIIC. HLA-DM is essential for CLIP removal and ensures quality control of peptide loading on 

MHC-molecules257. We observed no effect on HLA-DM expression levels upon Tax expression. 

In addition, Tax expression did not influence li expression levels. Remarkably, by monitoring 

cathepsin activity with a fluorescent probe, we observed higher activities for cathepsins B, L 

and S, involved in li and antigen processing, in cells expressing Tax. These results suggest that 

Tax influences the pH of the MIIC and other acidified vesicles.  
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Finally, to assess whether the recruitment of SARs by Tax influenced Tax inhibition of MHC-II-

restricted antigen presentation, I performed a siRNA screen targeting the expressions of 

TAX1BP1, OPTN and p62. I analyzed the effect of SAR silencing coupled to Tax expression on 

MHC-II viral antigen presentation and CD4+T cell activation. Remarkably, silencing OPTN 

abrogated Tax inhibition of MHC-II viral antigen presentation whereas TAX1BP1 and p62 

silencing induced a more pronounced inhibition of MHC-II viral antigen presentation. These 

results suggested that Tax-mediated inhibition of CD4+T cell activation is independent of 

TAX1BP1 and p62 expression but relies on OPTN expression. To characterize further the 

potential interactions of Tax with OPTN and their effect on inhibiting antigen presentation, I 

made use of well-characterized mutants of Tax. Tax contains 10 lysine (K) residues (K1 to K10) 

of which K4 through K10 are the main targets of both monoubiquitination and 

polyubiquitination. Polyubiquitin mediates the interaction of Tax with different actors of the 

NF-κB pathway, including SARs TAX1BP1, p62 and OPTN. I used three ubiquitin mutants of Tax: 

TaxK10R, TaxK7-8, and TaxK4-8 in which lysines have been replaced by arginines and can no longer 

bind mono- or polyubiquitin. Of the three mutants, TaxK7-8 is the only one that is still partially 

ubiquitinated and can induce the Signalosome and recruit NEMO and OPTN to modulate NF-

κB. Remarkably, TaxK10R and TaxK4-8 no longer inhibited CD4+T cell activation. In contrast, 

mutating K7-8 did not abrogate Tax inhibition of CD4+T cell activation. Altogether, these results 

strongly suggest that Tax interacts with OPTN through lysines 4 to 6 and these seem to be 

required for Tax to act on MHC-II antigen presentation and CD4+T cell activation 
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Abstract  

Human T cell leukemia virus type 1 (HTLV-1) retroviral oncoprotein Tax, an etiological factor 
causing adult T cell leukemia and various neurological pathologies, plays a crucial role in 
inducing T lymphocyte transformation by modulating the NF-κB signaling pathway. Tax 
recruits selective autophagy receptors (SARs) TAX1BP1, OPTN and p62 in a ubiquitin-
dependent manner to induce a sustained activation of NF-κB. Here, we show a novel role of 
the highjacking of SAR function by Tax in CD4+T cell activation. These cells play a major role in 
the establishment and maintenance of immunity. We show that Tax induces a decrease of 
MHC-II endogenous antigen presentation and CD4+T cell activation. By studying the 
immunopeptidome of MHC-II molecules, we show that Tax affects both the quantity and 
quality of peptides presented. Tax also seems to induce a mislocalization of the MIIC and other 
lysosomal vesicles, which seems to lead to a heightened cathepsin activity. In addition, we show 
that Tax-mediated inhibition of CD4+T cell activation relies on the interaction of Tax with OPTN 
and this interaction depends on the ability of Tax to be polyubiquitinated.  

 

Key Words: HTLV-1/Tax-1/MHC-II/ CD4+T cell activation/Selective Autophagy 
Receptors/NF-kB/Immunopeptidome/ Virus 
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Introduction 

Human T cell leukemia virus type 1 (HTLV-1) is the etiological agent of several neurological 
disorders such as tropical spastic paraparesis (TSP)/HTLV-1-associated myelopathy (HAM)1. 
HTLV-1 is also associated with Adult T cell Leukemia (ATL), a fatal hematopoietic disease due 
to the transformation of CD4+T lymphocytes and inflammatory diseases including associated 
uveitis, myositis, alveolitis and infective dermatitis2–5. Five to ten million people worldwide are 
estimated to be infected by HTLV-1; endemic regions include southern Japan, the Caribbean, 
some countries of South America, Sub-Saharan Africa and part of Eastern-Europe6,7. Of the 
estimated infected individuals, 90% are believed to be asymptomatic carriers8. Primary 
infection occurs vertically from mother to child through breastfeeding and horizontally via 
contaminated blood products or during intimate mucosal contact9.  

HTLV-1 establishes a chronic infection, suggesting a manipulation of immune responses 
normally elicited upon primo-infection.  The unbalance between viral replication and HTLV-1-
specific T cell responses determines disease progression10. Strong HTLV-1-specific CD8+ 
cytotoxic T cell (CTL) and CD4+ helper T cell responses are observed in the blood of infected 
individuals and Tax-specific CTL from patients have been shown to kill Tax-expressing 
autologous cells ex vivo11–15. Strikingly, there is no clear correlation between the magnitude of 
T cell responses and the proviral load16, which reflects viral replication; instead the quality of 
HTLV-1-specific T cell responses seems to be determinant for chronicity and disease outcome. 
In fact, efficient control of HTLV-1 replication and clinical evolution have been shown to be 
dependent on the quality of CTL responses17–19. In turn, CTL activity in HTLV-1-infected 
individuals is regulated by a population of CD4+FoxP3+Tregs, suggesting that the quality of 
CD4+T cell responses might be determinant for HTLV-1-specific CTL responses20. CD4+T cells 
are activated by antigen presenting cells (APCs), such as DCs, which dictate the quality of T cell 
responses via antigen presentation and through co-stimulatory or co-inhibitory signals. 
Interestingly, productive HTLV-1 infection of myeloid DCs and of monocytes-derived DCs 
(MDDCs) has been shown in vitro and proviral DNA has been reported in blood DCs from 
infected individuals21–24. Therefore, it is believed that DCs might be the first targeted cells upon 
primo-infection, prior to viral amplification and dissemination to T cells24,25, but little is known 
about the capacity of HTLV-1-infected DCs to prime efficient T cell responses. Several studies 
have shown that infected DCs and DCs from healthy individuals exposed to HTLV-1 in vitro 
abnormally influence CD4+T cell activation. In addition, MDDC in ATL patients show phenotypic 
and functional alterations with a lower expression of maturation markers22,26. Both DC exposure 
to HTLV-1 and DC infection seem to influence their capacity to stimulate T cells 22,23. The antigen 
presentation pathways leading to the activation of HTLV-1-specific T cells have not been 
studied exhaustively 10.  

CD4+T cells recognize antigenic peptides presented by the major histocompatibility complex 
class II (MHC-II) molecules. The MHC-II is expressed at the surface of professional APCs, which 
include DCs, B cells, macrophages, thymic epithelial cells (TEC); and nonprofessional APCs in 
inflammatory conditions27,28. MHC-II molecules present peptides derived from extra- and 
intracellular sources of antigens, so-called exogenous and endogenous presentation, 
respectively29,30. Extracellular antigens are captured and internalized into APCs by various 
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means including macropinocytosis, phagocytosis, or receptor-mediated endocytosis 27. The 
endogenous pathway relies on protein antigen synthesis by virus-infected31–36 or tumor cells37. 
The MHC-II transactivator, CIITA, governs the transcription of the MHC-II locus that includes 
genes encoding for the MHC-II α and β chains, the invariant chain li and chaperones HLA-
DM/HLA-DO38. The transmembrane α and β chains assemble in the endoplasmic reticulum 
(ER), where they associate with li leading to the formation of nonameric MHCαβ-li complexes 
that traffic into late endo-lysosomal compartments named MIIC39–42. In the MIIC, li is 
progressively cleaved by vesicular cathepsins43–46, leaving a residual MHC-II-associated Ii 
peptide (CLIP) that occupies the peptide binding groove47–49. HLA-DM then facilitates the 
exchange of CLIP fragments with high affinity peptides, ranging from 12 to 25 amino acids50,51, 
generated from pathogen- or tumor-derived antigens52–54. MHC-II molecules are then 
transported to the plasma membrane to expose antigenic peptides to CD4+T cells55. 

The pX region located in the 3’ portion of the genome of HTLV-1 encodes regulatory and 
accessory proteins involved in viral replication and proliferation including the viral 
transactivator Tax. Tax plays a crucial role in triggering T lymphocyte transformation through 
different mechanisms including activation of both canonical and non-canonical NF-κB 
signaling pathways56–58. In non-infected cells, inhibitory IκB proteins tightly regulate NF-κB 
signaling pathway.  Transient activation of the NF-κB signaling pathway is highly regulated to 
prevent inflammation-induced damage or malignancy associated with persistent NF-κB 
activation. Different stimuli (bacterial lipopolysaccharide (LPS), tumor necrosis factor (TNF)-α, 
antigen, etc) trigger intracellular signaling cascades that lead to the recruitment of the IκB 
kinase (IKK) complex by K63-linked and linear M1-linked polyubiquitin on signaling 
intermediates, such as TRAF6, RIP1 or MALT159. The IKK complex contains two homologous 
catalytic subunits (IKKα and IKKβ) and a regulatory subunit, NF-κB Essential Modulator 
(NEMO/IKKγ). The interaction of NEMO with K63-linked polyubiquitin is required for NF-κB 
activation60–62. IKK activation promotes the IκBα inhibitor phosphorylation and its subsequent 
ubiquitination and proteasomal degradation, allowing NF-κB nuclear translocation and target 
gene transactivation.  

Tax has 10 lysine (K) residues (K1 to K10) of which K4 through K10 are the main targets of both 
monoubiquitination and polyubiquitination63. Ubiquitinated Tax localizes in the cytoplasm and 
in the nucleus. Tax recruits IKKγ64–66 through a direct interaction strengthened by Tax-
conjugated K63-polyubiquitin chains67 which leads to IκBα degradation and NF-κB activation 
68. Tax also induces the synthesis of polyubiquitin chains by different E3 Ubiquitin ligases thus 
generating a macromolecular cytoplasmic IKK Signalosome based on ubiquitin-dependent 
interactions. This Signalosome, assembling mainly on lipid rafts69, is a cytoplasmic complex 
associated with the centrosome and the Golgi 70. Tax-1-binding protein (TAX1BP1), originally 
discovered in a yeast –two-hybrid experiment 71,72, is recruited by Tax to the Signalosome and 
participates in the enhancement of Tax K63-polyubiquitination by Optineurin (OPTN) and in 
Tax-induced NF-κB activation73. In addition, TAX1BP1 recruitment by Tax impairs the assembly 
of the inhibitory TAX1BP1/A20 complex, necessary for the negative regulation of the NF-κB 
signaling pathway74–78.  More recently, Schwob et al. demonstrated that p62/SQTSM1 
(hereafter called p62) is also recruited to the Tax-induced Signalosome through the binding of 
ubiquitin chains and potentiates NF-κB activation79. In DCs, the canonical NF-κB signaling 
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pathway controls the expression of maturation markers (such as CD80, CD86 and CD83) upon 
danger sensing through PRR and other immune receptor signaling80,81. In agreement with the 
properties of Tax in T cells, recombinant Tax disturbs the expression of activation maturation 
markers, the secretion of pro-inflammatory cytokines and the induction of Ag-independent T-
cell proliferation in MDDCs in an NF-κB-dependent manner82,83. However, the signaling 
properties of Tax in DCs remain to be elucidated. 

OPTN, TAX1BP1 and p62 belong to the selective autophagy receptor (SAR) family and 
participate in pathways such as mitophagy and xenophagy84. Our team recently demonstrated 
that TAX1BP1 plays a major role in regulating the loading and presentation of endogenous 
viral antigens by MHC-II molecules with a direct implication in the activation of virus-specific 
CD4+T cells. In model APCs, we showed a broad role of TAX1BP1 in shaping the 
immunopeptidome of MHC-II molecules, affecting the presentation of various antigens whose 
processing is dependent or independent of autophagy degradation. Via its interaction with ER 
chaperone Calnexin (CANX), TAX1BP1 stabilizes the invariant chain li and controls peptide 
loading on MHC-II molecules. This, however, is probably not the only way by which TAX1BP1 
affects MHC-II-restricted antigen presentation as it also participates in the regulation of the 
trafficking of MHC-II-loading compartments and more globally of acidified vesicular 
compartments85. Other viruses, such as human cytomegalovirus (HCMV), target MHC-II 
molecules for degradation86 or, like HSV-1, disturb the function of li87. Viruses also target SARs 
to degradation to avoid their own clearance88 or highjack SARs to promote their own 
replication 89. Given the effect of Tax on the altered function of DCs 82,83, we hypothesize that 
HTLV-1 Tax protein might also target SARs as a means to modulate MHC-II-restricted antigen 
presentation in APCs and escape CD4+T cell antiviral immunity. 

First, we asked whether Tax expression might induce the relocalization of SARs in our model 
APCs. We dispose of HeLa cells stably expressing CIITA (HeLa-CIITA) as model APCs for 
endogenous antigen presentation. We show in HeLa-CIITA that Tax expression induces the 
recruitment of TAX1BP1, OPTN and p62. We then asked whether Tax affects MHC-II-restricted 
presentation of a viral antigen. We show that ectopic expression of Tax significantly affects the 
presentation of a viral antigen to antigen-specific CD4+T cells. The effect of Tax does not seem 
to be limited to a viral antigen since the global repertoire of peptides presented by MHC-II 
molecules (immunopeptidome) is changed upon Tax expression without altering HLA-DR 
expression levels. Remarkably, Tax expression induces a significant relocalization of the MIIC 
towards the nucleus. We then aimed at deciphering the mechanism underlying the effect of 
Tax on the MHC-II immunopeptidome. We show that Tax expression does not affect HLA-DM 
and li expression levels but increases global cathepsin activity and overall affects the nature of 
the MIIC. To assess if SARs recruited by Tax mediate the effect of Tax on MHC-II antigen 
presentation, we silenced individually TAX1BP1, OPTN and p62 with siRNAs and analyzed the 
capacity of the cells to present a viral antigen to virus-specific CD4+T cells. Strikingly, we show 
that the effect of Tax on MHC-II antigen presentation and CD4+T cell activation is dependent 
on OPTN expression. Finally, to confirm whether the effect of Tax is dependent on the 
interaction of Tax with OPTN through the ubiquitin scaffolding role of OPTN, we assessed the 
capacity of different Tax ubiquitin mutants to activate virus-specific CD4+T cells. We show that 
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OPTN interaction with ubiquitinated Tax is necessary for Tax-mediated MHC-II antigen 
presentation inhibition.  
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Results 

Tax expression inhibits endogenous viral antigen presentation and CD4+ T cell 

activation.  

The HTLV-1 oncoprotein Tax, produced upon infection, induces the transformation of CD4+T 

cells through the sustained activation of the NF-κB pathway via the macromolecular cytosolic 

complex called Signalosome67. The recruitment of OPTN, TAX1BP1 and p62 by Tax to the 

Signalosome relies on their ubiquitin-binding domains and is necessary for NF-κB 

activation73,79,90. In DCs, Tax influences their capacity to stimulate T cells and impacts maturation 

marker expression, which is dependent on the NF-κB pathway. Our team recently described 

TAX1BP1 as a novel player in MHC-II endogenous antigen presentation and CD4+T cell 

activation. We hypothesize that Tax might recruit SARs to modulate immune signaling in APCs 

and ask whether Tax expression in APCs might influence MHC-II-restricted antigen 

presentation and subsequent CD4+T cell activation.    

We first evaluated the effect of Tax expression on TAX1BP1, OPTN and p62 in our model APCs. 

HeLa-CIITA were transfected with a control plasmid or a plasmid encoding HTLV-1-Tax protein 

fused to a His tag. Using confocal microscopy analysis, 24h post DNA transfection, we analyzed 

the localization of Tax and the SARs in the cells. In control cells, TAX1BP1, OPTN and p62 all 

localize evenly in the cytosol. Upon Tax expression, we observed an important relocalization of 

the three markers to perinuclear spots (Fig1A). These perinuclear spots co-localize with Tax. 

We confirmed previous results showing that Tax expression leads to the recruitment of 

TAX1BP1, OPTN and p62 to perinuclear Tax positive spots72,73,79. The capacity to recruit SARs 

proves that Tax is functional in our cell model.  

To assess if Tax expression has an effect on endogenous viral antigen presentation by MHC-II 

molecules and their capacity to activate CD4+T cell clones, HeLa-CIITA were co-transfected with 

a plasmid encoding HIV-Gag protein and a plasmid encoding Tax-His or a control plasmid. 24h 

post DNA transfection, we analyzed by flow cytometry the percentages of living and of Gag-

positive (Gag+) cells, using a viability dye and Gag intracellular staining, respectively. In the 

control condition and Tax-His condition, levels of Gag+ cells were similar and Tax transfection 

did not significantly influence cell viability (Fig S1). HeLa-CIITA cells were then co-cultured with 

Gag-specific CD4+T cells that we previously isolated and characterized91. These Gag-specific 

CD4+T cell clones recognize cells infected with HIV or expressing the HIV-Gag protein 85,91,92. 

We monitored CD4+T cell activation using IFN-γ-ELISPOT (Fig 1B). As compared to cells 

transfected with the control plasmid and Gag, Tax expression significantly decreased the 

activation of Gag-specific T cells (Fig 1C). We next analyzed the effect of different doses of Tax 

on endogenous viral antigen processing by MHC-II molecules. HeLa-CIITA cells were co-

transfected with four different doses of control plasmid or Tax-encoding plasmid and a steady 

amount of Gag-encoding plasmid, and co-cultured with the Gag-specific CD4+T cells (Fig 1D). 

24h-post transfection and prior co-culture with the CD4+T cells, the percentage of Gag+ cells 

and Gag+/Tax+ cells and the cell viability were analyzed in all tested conditions. As previously, 
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Tax expression induced, in a dose-dependent manner, a strong decrease in CD4+T cell 

activation (Fig 1D left panel). Importantly, Tax expression did not interfere with the ability of 

HeLa-CIITA cells to present the cognate peptide recognized by Gag-specific T cells when added 

exogenously (Fig 1C and 1D, right panels). These results suggest that Tax expression influences 

the generation of Gag-derived endogenous epitopes and their subsequent presentation by 

MHC-II molecules to Gag-specific CD4+T cells but does not affect the ability of APCs to present 

exogenous peptides by MHC-II molecules. 

 

Tax expression alters the immunopeptidome of MHC-II molecules but does not influence 

MHC-II molecule expression levels. 

Although Tax expression does not significantly alter the capacity of MHC-II molecules to 

present exogenous peptides to activate CD4+T cells, we asked whether Tax might influence 

MHC-II expression levels. As previously, Hela-CIITA cells were transfected with a plasmid 

encoding HTLV-1-Tax protein fused to a His tag. Using WB, we assessed HLA-DR expression 

levels and found no difference upon Tax expression in two independent experiments (Fig 2A). 

Using flow cytometry, we monitored, on control and Tax-expressing Hela-CIITA cells (Fig 2B, 

left panel) the intracellular expression levels of HLA-DR molecules using the L243 and TU36 

antibodies that recognize mature and both mature and immature HLA αβ heterodimers 
associated with the invariant chain (Ii), respectively (Fig 2B, top right panels). Using both 

antibodies, we noticed a slight increase of MHC-II molecule expression levels in cells expressing 

Tax.  

To extend the observation made with a single viral antigen, we then analyzed the influence of 

Tax expression on the global peptide repertoire (immunopeptidome) presented by MHC-II 

molecules.  To this end, HeLa-CIITA cells were transfected with control or Tax-encoding 

plasmids and, 24h post-transfection, MHC-II molecules were immunoprecipitated with the 

TÜ39 antibody (specific for mature HLA-DR, DP and DQ molecules). The peptide ligands were 

then eluted and identified using mass spectrometry (LC-MS/MS). To take into account the 

variability of immunopeptidomes, we used three biological replicates for each condition. 

Following a classical procedure, each biological replicate was run five times on the LC-MS/MS, 

thus corresponding to five technical replicates. A peptide was considered as an MHC ligand 

when detected in at least three out of five technical replicates and in at least two out of three 

biological replicates. A total 8276 and 8847 peptide ligands were identified in the control and 

Tax-expressing cells, respectively. 6832 peptides (66% of the peptides) were shared between 

control and Tax-expressing cells (Fig 2C, Shared). Remarkably, 1444 (14% of peptides) and 2015 

MHC-II peptide ligands (20% of the peptides) were presented by MHC-II molecules exclusively 

in control or Tax-expressing HeLa-CIITA cells, respectively (Fig 2C, Ctrl and Tax). Together, these 

results show that Tax expression influences the peptide repertoire presented by MHC-II 

molecules.  
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We then sought to analyze the influence of Tax expression on the relative peptide abundance 

and their affinity to MHC-II molecules. Nevertheless, peptides eluted from MHC-II molecules 

are variable in length and the same core epitope inserted in the MHC-II peptide-binding 

groove can be found in multiple peptides with N- or C-terminal extensions. To circumvent this 

limitation, we adapted a protocol, published by Alvaro-Benito et al. to identify the core 

epitopes within our dataset using the Peptide Landscape Antigenic Epitope Alignment Utility 

(PLAtEAU) algorithm93. A total 1347 unique core epitopes were identified in the group Ctrl/Tax 

(Fig 2D). PLAtEAU also allows calculating the relative abundance of the core epitopes based on 

the LC–MS/MS intensities of peptides containing the same core epitope. Two abundant Tax-

derived epitopes could be identified in Tax-expressing cells (Fig 2D). Remarkably, between the 

Ctrl and Tax-expressing cells, 18% of the core epitopes displayed a relative abundance that was 

significantly different between conditions, with 177 and 69 core epitopes more abundant in 

the Tax-expressing or Control cells, respectively (p value 0,05 and fold change 2) (Fig 2D). 

Therefore, Tax expression influences both the peptide repertoire (Fig 2B) and the relative 

abundance of one core epitope out of five presented by MHC-II molecules (Fig 2D).  

After identification of the core epitopes, using the NetMHCIIpan4.0 algorithm94, we next 
analyzed the relative binding affinities of exclusive peptides, identified in Ctrl and Tax-
expressing conditions, to the HLA-DRβ1*0102 and HLA-DQα*10102-DQβ*10501 alleles 
expressed by HeLa-CIITA cells.  Interestingly, in Ctrl cells, only 33% of the core epitopes were 
predicted to be HLA-DQα*10102-DQβ*10501 binders (12% and 20%, strong and weak binders, 
respectively). The binding scores do not significantly vary upon Tax expression in our data set 
(13% and 21%, strong and weak binders, respectively). We predicted slightly less strong HLA-
DRβ1*0102 binders in Tax-expressing cells (50% in Ctrl cells versus 44% in Tax-expressing cells) 
and less weak binders (26% in Ctrl cells versus 15% in Tax-expressing cells). We found more 
core epitopes non-predicted to bind to HLA-DRβ1*0102 in Tax-expressing cells compared to 
control cells (41% in Tax-expressing cells versus 24% in Ctrl cells) (Fig 2E).  

We concluded that Tax expression has an important influence on the peptide repertoire and 

the relative abundance of core epitopes. In contrast, we observe a weak, if any, effect of Tax 

expression on the predicted relative affinity of core epitopes to MHC-II molecules in our cell 

system. 

 

Tax expression affects the cellular localization and maturation of the MIIC. 

We then asked whether Tax expression might play a role in the intracellular trafficking of MHC-

II molecules and the MIIC before MHC-II-peptide complexes reach the plasma membrane. The 

MIIC is a late endosome-like/lysosomal compartment that assembles MHC-II molecules and 

contains lysosomal proteases95. Conventional markers of this compartment are MHC-II and 

HLA-DM52–54 as well as late-endosome and tetraspanin markers Lamp-1 and CD63. Using 

confocal microscopy analysis, we evaluated, in HeLa-CIITA cells, the effect of Tax expression on 

these different endo-lysosomal markers.  
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We first analyzed the subcellular localization of MHC-II molecules stained with L243, 

recognizing mature HLA αβ heterodimers. When compared to the control condition, MHC-II 

molecules seemed to localize closer to the nucleus and further away from the cell membrane 

(Fig 3A). In order to surpass a possible change in cell shape upon Tax expression, we 

determined the ratio between the distance to the nucleus and the sum of the distance to the 

nucleus and the distance to the membrane. The lowest the ratio, the closest a vesicle clusters 

toward the nucleus. We noticed a significant decrease in the calculated ratio for MHC-II-

positive vesicles upon Tax expression (Fig 3B).  

Using an anti-HLA-DM antibody, we then analyzed the effect of Tax expression as another way 

to describe the MIIC. As compared to control cells, we noticed an important relocalization of 

this marker in cells expressing Tax (Fig 3C). The distance ratio for HLA-DM-positive vesicles was 

also significantly lower in cells expressing Tax (Fig 3D).  

In addition, we sought to analyze the composition of the MIIC in Tax-expressing cells by 

combining markers specific to various compartments including Lamp-1, a marker of late 

lysosomal compartments. We observed that, as for MHC-II and HLA-DM, Lamp-1 positive 

vesicles seem to cluster around the nucleus of Tax-expressing cells (Fig 3E). We co-stained with 

anti-Lamp1 and anti-HLA-DM antibodies and noticed a slight increase of the Pearson’s 
coefficient, which could suggest that Lamp1 and HLA-DM might co-localize more upon Tax 

expression (Fig 4C, right panel). In addition, we observed that Tax expression also induced a 

slight accumulation of EEA1+ and CD63+ vesicles around the nucleus (Fig S2). Taken together, 

these results show that Tax expression influences de positioning of the MIIC by re-localizing it 

towards the nucleus. Moreover, the increase of co-localization between Lamp-1+ and HLA-

DM+ vesicles suggests a modification of the pH, which could affect MIIC maturation and at 

least partially account for the changes in the global MHC-II peptide repertoire, observed upon 

Tax expression. 

 

Tax expression modifies cathepsin activity but does not alter HLA-DM and li expression 

levels. 

We then decided to study the functional consequences of the effect of Tax expression on the 

localization and maturation of the MIIC. 

HLA-DM is essential for CLIP removal and ensures quality control of peptide loading on MHC-

II molecules50,51. Given the effect of Tax expression on HLA-DM+ vesicles, we first asked 

whether Tax might alter HLA-DM expression levels. As previously, Hela-CIITA cells were 

transfected with a Ctrl or a Tax-encoding plasmid. 24h post DNA transfection, HLA-DMβ 
expression was assessed by WB. The global expression of HLA-DM molecules was similar in 

Ctrl and Tax-expressing cells (Fig 4A).  

We next asked if Tax expression might influence li degradation. The invariant chain li is essential 

for trafficking and maturation of MHC-II molecules39–42. Its degradation is regulated in the MIIC 
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to ensure proper loading of MHC-II molecules with high-affinity peptides43–46. In addition, li 

has also been shown to influence the immunopeptidome of MHC-II molecules96. As before, 

24h post DNA transfection, we assessed li expression by WB. In control and Tax-expression 

cells, lip33 was readily detected together with its cleavage product lip16 (Fig 4B, left panel). 

Normalized to the housekeeping gene (actin), the global expressions of lip33 and lip16 were 

similar in Ctrl and Tax-expressing cells (Fig 4B, right panels). 

Given that Tax expression alters the peptide repertoire presented by MHC-II molecules, we 

then asked if Tax expression could affect cathepsin activity and the generation of MHC-II 

peptides in acidified vesicles. To this end, HeLa-CIITA cells were transfected with Ctrl or Tax-

encoding plasmids and, 24h post-transfection, lysed in cold acid citrate buffer. This buffer 

allows the extraction of cathepsins active at low ph. We then incubated the whole cell lysates 

with substrates specific for cathepsins B or L and cathepsin S at 37°C. Substrate degradation 

was monitored by following the accumulation of a fluorescent cleavage product over time, 

which translates cathepsin activity of transforming the substrate into the fluorescent product. 

We observed in control HeLa-CIITA cells that the cathepsins B/L and S reached a plateau of 

activity after 380 and 300 min, respectively (Fig 4C). In Tax-expressing cells, these plateaus of 

catalytic activities were reached already after 300 and 200 min, respectively (Fig 4C). We then 

calculated the initial substrate degradation rates (Fig 4D). In Tax-expressing cells, substrate 

degradation by both cathepsins B/L and S on average 1.6 times faster than in control cells. (Fig 

4D). Therefore, Tax expression affects the cathepsin activities, probably explaining the 

generation of a slightly different set of MHC-II peptide ligands.   

 

Tax interaction with Optineurin is required for Tax inhibition of CD4+T cell activation 

We recently demonstrated that TAX1BP1 regulates the loading and presentation of 

endogenous viral antigens by MHC-II molecules with a direct implication in the activation of 

virus-specific CD4+T cells. TAX1BP1 shapes de MHC-II immunopeptidome and participates in 

the regulation of the trafficking of MHC-II-loading compartments and more globally of 

acidified vesicular compartments85. Of note, Tax induces the recruitment of TAX1BP1, OPTN 

and p62 to a macromolecular cytosolic Signalosome where they play a role in sustaining NF-

κB activation in CD4+T cells. We asked if these SARs might be involved in the effect of Tax on 

MHC-II-restricted viral antigen presentation to virus-specific CD4+T cells.  

To assess whether SARs play a role in Tax-mediated inhibition of MHC-II antigen presentation, 

the expression of TAX1BP1, OPTN and p62 in HeLa-CIITA cells was silenced using siRNAs. As 

previously, 24 h post-siRNA transfection, the cells were co-transfected with plasmids encoding 

HIV Gag protein and Tax protein or a control plasmid. 48 h post-siRNA treatment (24 h post-

DNA transfection), we analyzed by flow cytometry the percentages of living and of Gag-positive 

(Gag+) and Gag+/Tax+ cells, using a viability dye and Gag and Tax intracellular staining, 

respectively. In all tested conditions, the levels of Gag+ and Gag+/Tax+ cells were similar and 

the sequential transfections (siRNA and cDNA) had no significant influence on cell viability (Fig 
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S3). The silencing of AR expression was also analyzed by Western Blot (WB) (Fig 5A). As 

compared to the control siRNA (CTRL), all siRNAs led to a marked decrease of SAR expression 

(Fig 5A). As previously, HeLa-CIITA cells were then co-cultured with Gag-specific CD4+T cells 

and T cell activation was monitored. As expected, silencing TAX1BP1 induced a significant 

decrease of CD4+T cell activation (Fig 5B, left panel, comparing white columns). Silencing of 

p62 and OPTN expression induced a slight, but not significant, and no decrease of CD4+T cell 

activation, respectively (Fig 5B, middle and right panels, comparing white columns). As 

previously, Tax expression induced a reduction of CD4+T cell activation (Fig 5B, left grey 

columns of each panel). Remarkably, silencing TAX1BP1 or p62 in Tax-expressing cells seems 

to induce a more potent inhibition of CD4+T cell activation (Fig 5B, left and middle panels, grey 

columns). In sharp contrast, silencing of OPTN abrogated the Tax-mediated inhibition of T cell 

activation (Fig 5B, right panel, comparing grey columns). Overall, these results suggest that 

Tax-mediated inhibition of CD4+T cell activation acts independently of TAX1BP1 and p62 

expression but is dependent on OPTN expression.  

To further characterize potential interactions of Tax with OPTN in inhibiting antigen 

presentation, we made use of well-characterized mutants of Tax63. Tax contains 10 lysine (K) 

residues (K1 to K10) of which K4 through K10 are the main targets of both monoubiquitination 

and polyubiquitination. Polyubiquitin mediates the interaction of Tax with different actors of 

the NF-κB pathway, including SARs TAX1BP1, p62 and OPTN73,79. We used three ubiquitin 

mutants of Tax:  TaxK10R, TaxK7-8, and TaxK4-8 in which lysines have been replaced by arginines 

and can no longer bind mono- or polyubiquitin. Of the three mutants, TaxK7-8 is the only one 

that is still partially ubiquitinated and can induce the Signalosome and recruit NEMO and OPTN 

to modulate NF-κB to an extent97,98. As previously, HeLa-CIITA cells were transfected with Tax 

and Tax mutant-expressing plasmids together with the Gag encoding vector and then co-

cultured with Gag-specific CD4+T cells and CD4+T cell activation was monitored. We further 

confirmed that Tax expression induces a decrease in CD4+T cell activation (Fig 5C). Remarkably, 

the mutants TaxK10R and TaxK4-8 no longer inhibited CD4+T cell activation. In contrast, mutating 

K7-8 did not abrogate Tax inhibition of CD4+T cell activation (Fig 5C). Altogether, these results 

strongly suggest that Tax interacts with OPTN through lysines 4 to 6 and these seem to be 

required for Tax to act on MHC-II antigen presentation and CD4+T cell activation.  

 

Discussion 

We demonstrate here that HTLV-1 Tax protein interferes with endogenous antigen 

presentation by MHC-II molecules and subsequent activation of virus-specific CD4+T cells. Tax 

expression affects the trafficking of acidified vesicles and the MIIC as well as its “maturation”. 
We also suggest that Tax affects lysosomal cathepsin activities, which could explain the 

modification of the immunopeptidome of MHC-II molecules. By silencing different SARs, 

known to be manipulated by Tax for viral profit, we showed that OPTN is required for Tax 
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inhibition of CD4+T cell activation. In addition, we showed that specific Tax ubiquitination is 

required for its interaction with OPTN.  

Although we did not see a difference in HLA-DR expression levels upon Tax expression, we 

cannot exclude at this stage that MHC-II molecule synthesis, internalization and maturation 

kinetics could be affected by Tax expression. Monitoring MHC-II surface expression as well as 

MHC-II internalization kinetics are necessary to rule out a possible effect of Tax on MHC-II 

trafficking, especially considering that our confocal microscopy results suggest that MHC-II –
positive vesicles relocate upon Tax expression. HLA-DM is a chaperone that regulates peptide 

loading on MHC-II molecules and its expression levels are known to affect the peptide 

repertoire presented on several MHC-II molecules, as well as their affinity96,99. Upon Tax 

expression, we did not observe a modification in HLA-DM levels but HLA-DM-positive vesicles 

seem to cluster closer to the cell nuclei. In addition, our experiments suggest that HLA-DM-

positive vesicles might co-localize more with Lamp1-positive vesicles in Tax-expressing cells 

compared to control cells. Recent studies suggest that the localization of intracellular vesicles 

controls their functions100 and particularly their intravesicular pH101. Indeed, in relation to our 

results, we could suggest that we might have an alteration in intravesicular pH given the 

increase on cathepsin activity in cells expressing Tax and its effect on the immunopeptidome. 

Although we have no direct evidence of the effect of Tax on the processing of gag, it has been 

previously shown that modulating cathepsin activity can alter antigen processing and 

presentation102 and cathepsins B and S are optimally active at low pH and participate in 

generating HIV-derived MHC-II restricted epitopes103. Nevertheless, altered intravesicular pH 

and cathepsin activities could directly affect li processing, MHC-II antigen loading and 

presentation. This is not the case in our model of Hela-CIITA cells expressing Tax since we do 

not detect any changes in li expression levels and processing at a steady state. Still, we should 

consider performing pulse chase experiments to evaluate the degradation kinetics of li upon 

Tax expression. It is therefore necessary to better characterize the MIIC when Tax is expressed 

in our system, specially the evolution of MHC-II+/HLA-DM+ vesicles. It has been previously 

demonstrated that MHC-II-peptide complexes are transported to the plasma membrane via 

the actin-myosin cytoskeleton by the ARL14/ARF7EP complex and Myosins 1E and II or by the 

dynein-kinesin cytoskeleton and Rab7104.  In our system, we observed no impact of Tax 

expression of the actin cytoskeleton (not shown). Therefore, it would be interesting to look at 

other markers such as Rab7, myosins or pericentrin, to confirm the impact of Tax expression 

on lysosomal trafficking.  

We identified in our study a novel role for the SAR OPTN in mediating Tax-induced inhibition 

of MHC-II antigen presentation and CD4+T cell activation. This role seems to depend on the 

ubiquitinated status of Tax. Interestingly, Tax recruits different SARs and the IKK complex to a 

Golgi-associated cytosolic macromolecular complex called Signalosome. The Signalosome 

formation is polyubiquitin-dependent and is the platform from which Tax drives NF-κB 

modulation. Since SAR recruitment by Tax is necessary for NF-κB sustained activation, we could 

hypothesize that NF-κB could play a role in MHC-II antigen presentation. Previous studies have 
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shown, in inflammatory conditions, a role for NF-κB in the modulation of MHC-II molecule 

expression dependently and independently of the Jak/STAT pathway (which can regulate CIITA 

expression) in different APCs105–107. In our model, Tax expression could be a driver of an 

inflammatory context. It is important to assess NF-κB activation alone in our system to evaluate 

its role on MHC-II antigen presentation. This is particularly relevant considering that CIITA has 

been previously shown to inhibit Tax-induced sustained NF-κB activation108. In addition, we 

dispose of previously characterized Tax mutants that are positively and negatively dominant 

for NF-κB sustained activation (M22 and M47) that can be used to further characterize the 

impact of Tax on MHC-II antigen presentation and CD4+T cell activation. However, it is 

interesting to note that silencing of TAX1BP1, OPTN or p62 expression, individually, 

significantly abrogates NF-κB activation in Tax-expressing cells73,79. Remarkably, we observed 

CD4+T cell activation was further decreased in cells silenced for TAX1BP1 or p62 in presence of 

Tax. Thus, we could be looking here at a novel role of OPTN in Tax-mediated MHC-II antigen 

presentation. In addition to assessing the effect of NF-κB activation alone on MHC-II antigen 

presentation, it would be interesting to target other elements of the Signalosome such as IKKγ 
or to target ubiquitin ligases. Moreover, a role of OPTN in the Tax-driven alteration of vesicular 

trafficking and MHC-II immunopeptidome remains to be elucidated.  

Several groups have documented the productive in vitro infection of myeloid DCs and of 

monocyte-derived DCs (MDDCs). DCs dictate the quality of T cell responses but very little is 

known about the capacity of HTLV-1-infected DCs to prime efficient T cell responses. Several 

studies have shown that blood DCs from HTLV-1-infected patients and DCs from uninfected 

individuals, exposed in vitro to HTLV-1, induce an abnormal proliferation of CD4+T cells and 

present an unresponsive status of limited maturation. These observations suggest that both 

DC exposure to HTLV-1 and DC infection can influence their capacity to stimulate T cells.  Since 

the canonical NF-kB signaling pathway regulates DC maturation, it will be interesting in the 

future to investigate, in DCs, a potential role of SARs in the modulation of NF-kB and MHC-II 

antigen presentation. Given that OPTN and TAX1BP1 also regulate the IRF3 pathway, it would 

be interesting to analyze the effect of Tax on IRF3 and the induction of IFN I in DCs expressing 

Tax or exposed to HTLV-1. IFN I acts in a paracrine way on the Jak/STAT signaling pathway109, 

which can regulate MHC-II molecule expression in certain cell types. In addition, other HTLV-1 

protein such as p12 can also reduce CTL-mediated killing through the induction of MHC-I 

molecule degradation110. This feature could be studied in relation to MHC-II molecules in 

model APCs and DCs. Overall; we suggest in this work that HTLV-1 targets OPTN as a means 

to escape antiviral adaptive immunity. 
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Materials and Methods 

Cells 

HeLa-CIITA cells (homozygotes for HLA-DRβ1*0102 allele) were kindly provided by Philippe 
Benaroch (Institut Curie, Paris, France). Cells were cultured with RPMI GlutaMax 1640 (Gibco) 
complemented with 10% FBS (Dutscher), 1% Penicillin/Streptomycin and 50μg/mL Hygromycin 
B (Thermo Fisher).  

 

HIV-specific CD4+ T cell clones 

Gag-specific CD4+T cell clones (F12) are specific for HIV Gag-p24 (gag2: aa 271-290) and 
restricted by HLA-DRβ1*01 as previously described (Moris et al., 2006; Coulon et al., 2016). F12 
clones were restimulated and expanded, as previously described (Moris et al., 2006), using 
irradiated feeders and autologous or HLA-matched lymphoblastoid cell lines loaded with 
cognate peptides in T cell cloning medium: RPMI 1640 containing 5% human AB serum (Institut 
Jacques Boy), recombinant human IL-2 (100 IU/ml, Miltenyi Biotec), PHA (0,25 μg/ml, Remel), 
non-essential amino acids, and sodium pyruvate (both from Life Technologies). At least 1h 
before co-culture with HeLa-CIITA cells, T cell clones were thawed and allowed to rest at 37°C 
in RPMI containing DNAse (5µg/mL, New England Biolabs).  

 

Viral antigens and plasmids 

The pTRIP-CMV-Gag (a kind a gift from Nicolas Manel (Institut Curie, Paris, France) plasmid 
was already described (Coulon et al., 2016). pSG5M-Tax1(control) and Tax1-6His (Tax-
encoding) plasmids were previously described (Meertens et al., 2004; Kfoury et al., 2008).   Tax 
mutants harboring substitutions of all (K1–10R) or some (K7–8R) lysines into arginines were 
described elsewhere and were kindly provided by C. Journo (Chiari et al., 2004). 

 

Cell transfections 

HeLa-CIITA cells were incubated in 6-well plates using 2-4.105 cells/well using OPTIMEM 
(Gibco) complemented with 10% FBS, 1% Penicillin/Streptomycin. Twenty-four hours later, cells 
were transfected with the viral antigen encoding (1µg per well of a 6-well plate) plasmid and 
the Tax-expressing or control plasmid (1µg per well of a 6-well plate) using Fugene HD 
(Promega), following manufacturer instructions. Twenty-four hours later, Gag expression was 
assessed using anti-Gag-PE antibody (KC57-RD1, Beckman-Coulter). For siRNA transfections, 
twenty-four hours after cell seeding, cells were transfected with 100 pmol of siRNA targeting 
OPTN (L-016269-00-0005), p62 (L-010230-00-0005), TAX1BP1 (L-016892-00-0020 
Dharmacon), or a scrambled siRNA as control (D-001810-10-20, Dharmacon), using 
Lipofectamine RNAiMax (13778-150, Thermo Fisher) as transfection reagent. 24h after siRNA 
transfection, cells were transfected with cDNA as mentioned above.  
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Flow cytometry 

Cell viability was evaluated using LIVE/DEAD (Thermo Fisher) and the following antibodies were 
used: HLA-DR specific L243 and TÜ36 (both in house and kindly provided by Philippe Benaroch, 
Institut Curie, Paris) and goat anti-mouse (AF488, Thermo Fisher). Twenty-four hours after 
cDNA transfection, staining assays were performed using standard procedures (30min, 4°C). 
HIVGag production was detected using intracellular staining. Briefly, cells were fixed with 4% 
PFA (10min, RT), washed, and permeabilized with PBS containing 1% BSA and 0,05% Saponin, 
prior to antibody staining. Samples were processed on CytoFLEX cytometer using CytExpert 
software (BD Biosciences) and further analysed using FlowJo10 software (Tree Star).  

 

IFN-γ ELISPOT assay 

ELISPOT plates (MSIPN4550, Millipore) were pre-wet and washed with PBS, and coated 
overnight at 4°C with anti-IFN-γ antibody (1-DIK, Mabtech). Plates were washed using PBS and 
then saturated with RPMI complemented with 10% FBS. Plates were washed and HeLa-CIITA 
cells (105 cells/well) were co-cultured with T cell clones (5.103 and 1.103 cells/well) overnight 
at 37°C. Cells were removed and plates were then washed with PBS-0,05% Tween-20 prior 
incubation with biotinylated anti-IFN-γ antibody (7-B6-1, Mabtech) (2h, RT). Spots were 
revealed using alkaline-phosphatase coupled to streptavidin (0,5U/ml, Roche Diagnostics) (1h, 
RT) and BCIP/NBT substrate (B1911, Sigma-Aldrich) (30min, RT). Reactions were stopped using 
water. Number of spots were counted using AID reader (Autoimmun Diagnostika GmbH). For 
each experimental condition, ELISPOTs were performed in triplicates.  

 

Western Blotting 

Twenty-four hours after cDNA transfection, 106 HeLa-CIITA cells were washed in cold PBS and 
lysed in 100μl of lysis buffer (30min, 4°C), mixing every 10 min.  The lysis buffer used contained 
50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% IGEPAL, 0.5 mM EDTA, 5 mM MgCl, supplemented 
with 1X protease inhibitor (Roche). Cell lysates were then centrifuged at 12,000 g (10 min, 4°C), 
supernatants harvested and mixed with Sample Buffer (NuPAGE, Invitrogen) and Sample 
Reducing Agent (NuPAGE, Invitrogen) and denatured (5 min, 95°C). Denatured samples were 
analysed by SDS gel electrophoresis using 4-12% Bis-Tris gels (NuPAGE, Invitrogen), 
transferred to a nitrocellulose membrane (NuPAGE, Invitrogen) and immunoblotted. Anti-
TAX1BP1 (HPA024432, Sigma-Aldrich), anti-OPTN (sc-166576, Santa Cruz Biotechnology), anti-
p62 (610832, BD Biosciences), anti-HLA-DR (TAL1B5, Invitrogen), anti-actin (3700S, Cell 
Signaling Technology), anti-li (CD74) (14-0747-82, eBioscience), goat anti-mouse (Jackson 
ImmunoResearch) and goat anti-rabbit both coupled to HRP (Jackson ImmunoResearch) 
antibodies were used according to manufacturer instructions. Blots were revealed using 
Immobilon Western Chemiluminiscent HRP substrate and chemiluminescence analyzed using 
ChemiDoc MP (Biorad).   
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Confocal microscopy 

Twenty-four hours after , HeLa-CIITA cells were plated on glass coverslips and then fixed with 
4% PFA (10min, RT). Cells were washed 3 times with PBS, saturated with goat or donkey serum 
and permeabilized with PBS containing 0,5% BSA and 0,05% Saponin (1h, RT). Cells were 
washed with PBS and incubated (OVN, 4°C) with primary antibodies: L243 or TÜ36 (both in 
house and kindly provided by P. Benaroch, Institut Curie, Paris), rabbit anti-HLA-DR (a kind gift 
from Jack Neefjes), LAMP-1 (H4A3, DSHB), CD63 (MA-18149), anti-CD74 (14-0747-82) all from 
ThermoFisher, anti-EEA1 (C45B10, Cell signalling), T6BP (HPA024432, Sigma-Aldrich) and 
Lysotracker (Deep Red, L12492). Cells were incubated with species specific antibodies: goat 
anti-mouse coupled to Alexa Fluor 488 or Alexa Fluor 405 (ThermoFischer), donkey anti-rabbit 
coupled to Alexa 546 (A10040, Invitrogen) in PBS containing 0,5% BSA and 0,05% Saponin (1h, 
RT). When required sequential stainings were performed. Nuclei were stained with DAPI (17507, 
AAT Bioquest). After washing with PBS, samples were mounted on glass slides with Dako 
fluorescence mounting medium. Samples were imaged using a laser scanning confocal 
microscope with 63X, NA 1.3 oil immersion objective. The number of vesicles, the intensity and 
the distances of each vesicle to nucleus were quantified using an in-house ImageJ Python script 
(developed by Aziz Fouché, ENS Paris-Saclay, Paris). Potential co-localizations were determined 
using the object based co-localization method JACoP (Just Another Co-localization Plugin) and 
coloc2 (Pearson’s coefficient) of the ImageJ software, for punctuated/vesicular and 
cytosolic/diffuse staining, respectively. For the Proximity ligation assay (PLA), 48h after siRNA 
transfections, HeLa-CIITA cells, cultured overnight on coverslips, were fixed with 4% PFA 
(10min, RT), washed 3x with PBS and treated with 50mM NH4Cl (15min, RT) prior incubation 
with anti-T6BP (Rabbit, 1:200, HPA024432) and anti-CANX (Mouse, 1:500, MA3-027, Thermo 
fisher scientific) in PBS containing 1%, BSA and 0.1% Saponin (1h, RT). PLA secondary probes 
(DUO92002, DUO92004) were then used according to the manufacturer’s instructions (Sigma-
Aldrich). Briefly, 40 μl (1:5 dilution) of the PLA were added (37 °C, 60 min), washed with buffer 
A (DUO82049, Sigma-Aldrich). 40 μl of the ligation mix (DUO92014, Sigma-Aldrich) was then 
applied to each of the coverslips to complete the ligation process (30min, 37 °C). Coverslips 
were then incubated with 40μl polymerisation mix (100min, 37 °C) and washed. Coverslips were 
mounted on slides with Fluoromount G (Thermo fisher). Images were acquired using SP8 
confocal microscope and dots were counted using find maxima plugin in Fiji software. 

 

Immunopeptidome 

Isolation of HLA ligands  

HLA class-I and -II molecules of HeLa-CIITA cells were isolated using standard immunoaffinity 
purification (Falk et al, 1991; Nelde et al, 2019). Snap-frozen samples were lysed in 10 mM 
CHAPS/PBS (AppliChem, Gibco) with 1x protease inhibitor (Roche). HLA class-I and -II-
associated peptides were isolated using the pan-HLA class I-specific mAb W6/32 and the pan-
HLA class II-specific mAb TÜ39 (both in house mouse monoclonal) covalently linked to CNBr-
activated Sepharose (GE Healthcare). HLA-peptide complexes were eluted by repeated 
addition of 0.2% TFA (trifluoroacetic acid, Merck). Eluted HLA ligands were purified by 
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ultrafiltration using centrifugal filter units (Millipore). Peptides were desalted using ZipTip C18 
pipette tips (Millipore), eluted in 35 μl 80% acetonitrile (Merck)/0.2% TFA, vacuum-centrifuged 
and resuspended in 25 μl of 1% acetonitrile/0.05% TFA and samples stored at -20 °C until LC-
MS/MS analysis. 

 

Analysis of HLA ligands by LC-MS/MS 

Isolated peptides were separated by reversed-phase liquid chromatography (nano-UHPLC, 
UltiMate 3000 RSLCnano; ThermFisher) and analysed in an online-coupled Orbitrap Fusion 
Lumos mass spectrometer (Thermo Fisher). Samples were analysed in five technical replicates 
and sample shares of 20% trapped on a 75 μm × 2 cm trapping column (Acclaim PepMap RSLC; 
Thermo Fisher) at 4 μl/min for 5.75 min. Peptide separation was performed at 50 °C and a flow 
rate of 175 nl/min on a 50 μm × 25 cm separation column (Acclaim PepMap RSLC; Thermo 
Fisher) applying a gradient ranging from 2.4 to 32.0% of acetonitrile over the course of 90 min. 
Samples were analysed on the Orbitrap Fusion Lumos implementing a top-speed CID method 
with survey scans at 120k resolution and fragment detection in the Orbitrap (OTMS2) at 60k 
resolution. The mass range was limited to 400–650 m/z with precursors of charge states 2+ 
and 3+ eligible for fragmentation.  

Database search and spectral annotation 

LC-MS/MS results were processed using Proteome Discoverer (v.1.3; Thermo Fisher) to perform 
database search using the Sequest search engine (Thermo Fisher) and the human proteome as 
reference database annotated by the UniProtKB/Swiss-Prot. The search-combined data of five 
technical replicates was not restricted by enzymatic specificity, and oxidation of methionine 
residues was allowed as dynamic modification. Precursor mass tolerance was set to 5 ppm, and 
fragment mass tolerance to 0.02 Da. False discovery rate (FDR) was estimated using the 
Percolator node (Käll et al, 2007) and was limited to 5%. For HLA class-I ligands, peptide lengths 
were limited to 8–12 amino acids. For HLA class-II, peptides were limited to 12–25 amino acids 
of length. HLA class-I annotation was performed using NetMHCpan 4.0 (Jurtz et al., 2017) 
annotating peptides with percentile rank below 2% as previously described (Ghosh et al, 2019).  

For HLA class-II peptides, the Peptide Lansdscape Antigenic Epitope Alignment Utility 
(PLAtEAU) algorithm (Alvaro-Benito et al., 2018) was used to identify and to estimate the 
relative abundance of the core epitopes based on the LC-MS/MS intensities. The results are 
presented as Volcano plots using Perseus software (Tyanova et al, 2016). The relative affinities 
of the core epitope to HLA-DR 1*0102, expressed by HeLa-CIITA cells, was estimated using 
NetMHCIIpan 4.0 (Reynisson et al., 2020).  
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Figure legends 

 

Figure 1. Tax expression in APC leads to a decrease in antigen-specific CD4+ T cell activation. 

A  TAX1BP1, OPTN, p62 and Tax expressions were assessed using confocal microscopy. HeLa-CIITA cells 
were transfected with control and Tax-His-encoding plasmids. 24 h post-treatment, TAX1BP1 and Tax-
His were detected using anti-TAX1BP1 and anti-His antibodies, respectively, and revealed with species-
specific secondary antibodies. Nuclei were stained using DAPI. The results are representative of at least 
2 independent experiments.  
B  Schematic representation of the experiment. Hela-CIITA cells were co-transfected with a plasmid 
encoding Gag and with control or Tax-His-encoding plasmids. 24 h post-DNA transfection, HeLa-CIITA 

cells were co-cultured with antigen-specific CD4+T cells and T cell activation was assessed using IFNγ-
ELISPOT. D: day; TCR: T cell receptor. 

C  Monitoring of Gag-specific CD4+T cell activation. HeLa-CIITA cells were treated as indicated above. 
Left panel, a representative experiment is shown (±SD of three technical replicates). Middle panel, three 
biological replicates are combined and presented as mean percentage (±SD). The y-axis represents the 

relative percentage of IFNγ spots reported to the secretion of IFNγ by the CD4+T cell clones incubated 
with the CTRL-treated HeLa-CIITA and set to 100%. 5,000 T cell clones were seeded per well in technical 
triplicates. Right panel, influence of Tax expression on peptide presentation by Hela-CIITA cells. The 
cognate peptide was added exogenously (gag2, 1 μg/mL) on cDNA-treated cells (2 h, 37°C), washed and 
T cell activation monitored using IFNγ-ELISPOT. 1,000 T cell clones were seeded per well in technical 
triplicates. Three biological replicates are combined and presented as mean percentage (± SD). 
D Left panel, as in Fig 1C, using different doses of Tax and control plasmids. Left panel, a representative 
experiment is shown (±SD of three technical replicates). The cognate peptide was added exogenously 
(gag2, 1 μg/mL) on cDNA-treated cells (2 h, 37°C), washed and T cell activation monitored using IFNγ-
ELISPOT. A representative experiment is shown (±SD of three technical replicates).  

Data information: : For all ELISPOT experiments, the background secretions of IFNc by CD4+T cells co-
cultured with mock-treated HeLa-CIITA cells were used as negative controls and subtracted. Scale bars: 
10 μm. Ctrl-Control.  
Mann-Whitney’s tests; *: p<0.05; **: p<0.002; ***: p<0.0003; #: p>0.05.  
 
Figure 2. Tax expression does not significantly influence MHC-II molecule expression levels but 

alters the MHC-II immunopeptidome.  

A  MHC-II expression levels was assessed using Western Blot. HeLa-CIITA cells were transfected with Ctrl 
or Tax-encoding cDNAs. 24h h post-transfection , HLA-DR and actin were detected using indicated 
antibodies. Top panel, a representative Western Blot experiment is shown. Lower panel, expression levels 
of two biological replicates were quantified using ImageJ and are presented as mean ratios (±SD) of 
HLA-DR to actin used as control housekeeping gene expression. 
B  Tax influence on expression levels of MHC-II molecules was assessed using flow cytometry. HeLa-
CIITA cells were transfected with Ctrl or Tax-encoding cDNAs. 24h h post-transfection, Tax-negative and 
Tax-positive cells were detected using indicated antibodies (Left panel).Top right panels, HLA-DR 
molecules were detected using L243 and TU36 antibodies that recognize mature (HLA αβ heterodimers) 
and both mature and immature (HLA αβ and αβ-li complexes), respectively, in Tax-negative (Ctrl) and 
Tax-positive (Tax) cells. One representative experiment is presented as histogram (n=1). MFI of one 
representative experiment is presented as histogram (Lower right panel). 
C  As previously, HeLa-CIITA cells were transfected with Ctrl and Tax-encoding plasmids. 24h post-
treatment, cells were lysed and MHC-II molecules were immunoprecipitated using TÜ39 antibody and 
ligands sequenced using mass spectrometry (LC–MS/MS). The number of sequenced peptides are 
presented for each condition and the percentage of exclusive or shared peptides among all sequenced 
peptides is presented in Venn diagrams.  
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D,E Quantitative (D) and qualitative (E) assessment of Tax influence on the MHC-II immunopeptidome. 
Data from (C) were submitted to Plateau algorithm to allow identification and label-free quantification 
of shared consensus core epitopes. (D) Volcano plots showing the log2 fold change of core epitope 
distribution between Tax-expressing and control cells. The total number (n) of core epitopes and the 
number of epitopes with significant fold change are indicated. (E) Relative binding affinities , presented 
as pie charts, of exclusive core epitopes identified by PLAtEAU in Ctrl and Tax conditions (indicated in 
brackets). NetMHCIIpan was used to predict the relative affinities to DRβ1*0102 and DQα*10102-
DQβ*10501 expressed by HeLa-CIITA cells. The results are presented as stated from NetMHCIIpan 
analysis as strong (for strong binders), weak (for weak binders), and no score (epitopes for which no 
binding score could be determined). 
 
Figure 3. Tax expression affects the nature of the MIIC. 

A  MHC-II and Tax expressions were assessed using confocal microscopy. HeLa-CIITA cells were 
transfected with control and Tax-encoding plasmids. 24 h post treatment, MHC-II and Tax-His were 
detected using anti-MHC-II and anti-His antibodies, respectively, and revealed with species-specific 
secondary antibodies. Nuclei were stained using DAPI.  
B  Quantitative analysis using in-house ImageJ script displaying distance of each MHC-II+ vesicles to the 
nucleus and the membrane. The ratio between the distance to the nucleus and the sum of distances to 
the nucleus and membrane are shown. At least 2000 vesicles from  20 cells corresponding to two 
biological replicates were analyzed. 
C As in (A) HLA-DM and Tax expressions were analyzed.  
D  The localization of HLA-DM+ vesicles was quantified as in B. At least 3000 vesicles from  30 cells 
corresponding to three biological replicates were analyzed. 
E Lamp-1, HLA-DM and Tax expressions were assessed using confocal microscopy. Co-localization of 
Lamp-1+ vesicles with HLA-DM+ puncta was analyzed using JACoP plugin (scales starts at 0 and above 
0.5 the % of co-localization is considered significant); a number of vesicles >2000 from one biological 
replicate were analyzed corresponding to 20 cells. 
Scale bars, 10μm. Ctrl: control. Mann-Whitney’s tests; *: p<0.05; **: p<0.002; ***: p<0.0003; #: p>0.05.  
 
Figure 4. Tax expression impacts cathepsin activity without altering li and HLA-DM expression 

levels.  

A  Evaluation of HLA-DM expression levels. HLA-DM and actin expression levels were assessed by WB 
using anti-HLA-DMβ and anti-actin antibodies. Top panel, a representative Western Blot experiment is 
shown. Lower panel, expression levels of two biological replicates are presented as mean ratios (± SD) 
to actin used as control housekeeping gene expression. 
B  Invariant chain li expression was assessed using Western Blot. HeLa-CIITA cells were transfected with 
control and Tax-encoding plasmids. 24h post-treatment, the lip33 li isoform, a degradation product 
(Iip16) and actin were detected using anti-li and anti-actin antibodies. Left panel, a representative 
Western Blot experiment is shown. Right panel, expression levels of three biological replicates are 
presented as mean ratios (± SD) of li to actin used as control housekeeping gene expression.  
  
C Assessment of cathepsin activity. As previously, HeLa-CIITA cells were transfected with control and 
Tax-encoding plasmids. 24h post-treatment, the activities of cathepsins S, B and L present in total cell 
lysates were assayed using cathepsin-specific fluorogenic substrates. Fluorescence of two technical 
replicates (± SD) was measured and plotted over time. A representative experiment in shown. 
D  Analysis of initial substrate degradation. Hela-CIITA cells were treated as in (C). Initial slopes of 
fluorescence over time curve of two biological replicates are presented as mean fluorescence (± SD) 
normalized to control.  
Ctrl: control. Mann-Whitney’s tests; *p<0.05; #p>0.05. 
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Figure 5. Interaction with OPTN is required for Tax-mediated inhibition of antigen presentation 

to CD4+T cells.  

A  Silecing SARs expression. 48 h post-transfection of HeLa-CIITA cells with siRNAs targeting TAX1BP1, 
OPTN, and p62; SAR expression was analyzed using Western Blot. Actin was used as control. The results 
are representative of at least 3 independent experiments and correspond to AR expression levels of the 
experiment in Fig 5B.  

B  Monitoring the role of  SARs on the effect of Tax on Gag-specific CD4+T cell activation. 24h post-
transfection with siRNAs, cells were co-transfected with a plasmid encoding Gag and with control or Tax-
His-encoding plasmids. 24 h post-DNA transfection, HeLa-CIITA cells were co-cultured with Gag-specific 

CD4+T cells and T cell activation was assessed using IFNγ-ELISPOT. Results are combined and presented 
as mean percentage (±SD). The results are representative of two or three independent experiments and 
shown as mean percetages of control.  

C  Assessing the role of Tax interaction with OPTN on Tax-mediated effect on CD4+T cell activation. 
Hela-CIITA cells were co-transfected with a plasmid encoding Gag and with plasmids encoding different 

mutants of Tax. 24 h post-DNA transfection, HeLa-CIITA cells were co-cultured with Gag-specific CD4+T 
cells and T cell activation was assessed using IFNγ-ELISPOT. The results are representative of three 
independent experiments and shown as mean percentages of control.  
Ctrl: control; siCTRL: control siRNA. Mann-Whitney’s tests; *p<0.05; #p>0.05. 
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Supplemental material 

 

Figure S1. The transfection of Tax-encoding plasmid influenced neither the cell viability nor 

antigen transfection efficiency.  

A and B Analysis of cell viability and transfection efficiency using flow cytometry.  
A  Gating strategy: left panels: FSC-A: forward-scatter; SSC-A: side-scatter; middle panels: staining of 
living cells using a viability dye; right panels: staining of Gag+ cells and Tax-His+ using anti-Gag and 
anti-His antibodies intracellular staining.  
B and C  Percentage of living and Gag+ cells in control and Tax-expressing conditions, left and right 
panel respectively, analyzed 24h post-treatment, prior co-culture with Gag-specific T cells. Results of 
three independent experiments are presented as mean (± SD). Ctrl: control. Mann-Whitney’s tests; 
*p<0.05; #p>0.05.  
  
Figure S2. Tax expression influences EEA1+ and CD63+ vesicle cellular localization  

A  EEA1 expression was assessed using confocal microscopy. HeLa-CIITA cells were transfected with 
control and Tax-encoding plamids. 24h post-treatment, EEA1 and Tax were detected using specific 
antibodies and fluorescent secondary antibodies. Nuclei were stained using DAPI.  
B  Quantitative analysis using in-house ImageJ script displaying distance of each EEA1+ vesicles to the 
nucleus and the membrane. The ratio between the distance to the nucleus and the sum of distances to 
the nucleus and membrane are shown. At least 2000 vesicles from  20 cells corresponding to one 
biological replicate were analyzed. 
C  As in (A) CD63 and Tax expressions were analyzed. 
D  Quantitative analysis using in-house ImageJ script displaying distance of each CD63+ vesicles to the 
nucleus and the membrane. The ratio between the distance to the nucleus and the sum of distances to 
the nucleus and membrane are shown. At least 2000 vesicles from  20 cells corresponding to one 
biological replicate were analyzed. 
E-I  Effect of Tax on the expression levels of the various vesicular markers. As in A, HeLa-CIITA cells were 
transfected with control and Tax-encoding plasmids. 24h post-treatment, cells were fixed and labeled 
and the MFI of the indicated markers were analyzed. E MHC-II, at least 170 cells corresponding to 5 
independent experiments were analyzed. F MHC-II, at least 20 cells corresponding to 2 independent 
experiments were analyzed. G HLA-DM, at least 30 cells corresponding to 3 independent experiments 
were analyzed. F Lamp-1, at least 20 cells corresponding to 1 independent experiment were analyzed. H 
EEA1, at least 20 cells corresponding to 1 independent experiment were analyzed. I CD63, at least 20 
cells corresponding to 1 independent experiment were analyzed. Scale bars, 10μm. Ctrl: control. Mann-
Whitney’s tests; *: p<0.05; **: p<0.002; ***: p<0.0003; #: p>0.05.  
 

Figure S3. The transfection of siRNAs and Tax-encoding plasmid influenced neither the cell 

viability nor transfection efficiency. 

A  Percentage of living cells in control cells and cells silenced for SARs expression and transfected with 
control or Tax-encoding plasmids, analyzed 24h post-treatment, prior co-culture with Gag-specific T 
cells.  
B  Percentage of Gag+, Gag+/Tax+ and Tax+ cells in control cells and cells silenced for SARs expression 
and transfected with control or Tax-encoding plasmids, analyzed 24h post-treatment, prior co-culture 
with Gag-specific T cells.  
Ctrl: control. Kruskal-Wallis tests; *: p<0.05; **: p<0.002; ***: p<0.0003; #: p>0.05.  
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Discussion and perspectives 

Adaptive immunity has evolved to allow a broad and regulated recognition of both self- and 

nonself-antigens. It involves a complex interplay between antigen presenting cells and effector 

immune cells, which drives pathogen-specific response pathways, production of 

immunological memory and regulation of host immune homeostasis. Antigen-specific CD4+T 

cell responses are key actors in adaptive immunity. CD4+T cells, via their differentiation in TFH 

cells, control several stages of B cell activation for the generation of neutralizing antibodies517. 

CD4+T cell responses are also associated with improved antiviral CTL responses518 and have 

been described as having cytotoxic properties519. These diverse roles underline the importance 

of understanding the mechanisms that govern CD4+T cell activation, which depend on the 

recognition of antigenic peptides presented by MHC-II molecules at the surface of APCs. 

Therefore, the capacity of APCs to present MHC-II-restricted peptides is essential for efficient 

adaptive immune responses. It is historically admitted that MHC-II molecules present peptides 

derived from extracellular sources, such as extracellular pathogens, to CD4+T cells leading to 

their subsequent activation. Nevertheless, as research on this field has progressed overtime 

and more tools have become available, this paradigm has changed and it is now known that 

MHC-II molecules can present peptides derived from endogenous sources333,355,520 . Several 

cellular degradation pathways, amongst them autophagy, have been identified as contributing 

to MHC-II antigen presentation335but how antigens are transported to MHC-II-enriched 

compartments and then loaded on MHC-II molecules remains unclear. Several teams have 

demonstrated that targeting antigens to autophagosomes through their fusion to LC3 

increases the capacity of APCs to activate antigen-specific CD4+T cells, underlining the 

importance of autophagy in endogenous antigen presentation. Autophagy is now being 

regarded as a selective process where autophagosomes target their substrate and exclude the 

rest of the cytoplasm521. Selective autophagy relies on SARs that ensure the targeting of 

ubiquitinated substrates to autophagosomes. In addition, some of these SARs are involved in 

autophagosomes maturation (TAX1BP1, NDP52 and OPTN)45 and early endosome maturation 

(p62, TAX1BP1 and NDP52)131. During my thesis, we first hypothesized that SARs could 

contribute at various levels to MHC-II-restricted viral antigen presentation, including the fusion 

of autophagosomes with MIICs and thus in antigen presentation by MHC-II molecules. I 

addressed this scientific question in the first part of my work and described TAX1BP1 as a novel 
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player in MHC-II antigen presentation. SARs, as I showed in the introduction of this manuscript, 

play multiple roles in the cell such as adaptors in innate immunity signaling pathways in 

addition to their roles in selective autophagy. The multifunctional role of SARs make them 

suitable targets for viruses and other pathogens to counteract multiple cell functions. During 

viral infections, viruses can target SARs to their benefit362. HTLV-1 recruits TAX1BP1, OPTN and 

p62 specifically to promote cell transformation and the establishment of a persistent 

infection482,489. In the second part of my work, I addressed the question if HTLV-1, via its 

oncoprotein Tax, might target SARs to escape MHC-II antigen presentation. I showed that Tax 

affects MHC-II antigen presentation and suggest a novel role for OPTN in Tax-mediated MHC-

II antigen presentation inhibition. 

I.-Do SARs play a role in MHC-II endogenous antigen presentation? 

To answer this first scientific question, we dispose in the lab of a cell line model of HeLa cells 

stably expressing the CIITA transactivator (HeLa-CIITA). These cells express all the MHC-II 

antigen presentation machinery that I presented in the introduction. A functional screen 

silencing different SARs showed that silencing TAX1BP1 impairs the presentation of an 

autophagosome-targeted gag antigen (gag-LC3) by MHC-II molecules to gag-specific CD4+T 

cells, preventing their further activation. Interestingly, we observed similar results using a native 

gag antigen, not directed to autophagosomes, and an HCMV-specific CD4+T cells recognizing 

a pp65-derived antigen. This suggested that the effect of TAX1BP1 on MHC-II-resricted antigen 

presentation is not limited to antigens degraded by autophagy. In fact, my team had previously 

demonstrated that the presentation of peptides derived from HIV-gag is not autophagy-

dependent337. Remarkably, we found that silencing NDP52 and OPTN, also involved in 

autophagosome maturation, did not have an effect on MHC-II antigen presentation and CD4+T 

cell activation. These results show a broader role than anticipated for TAX1BP1 in the 

presentation of antigens presented by MHC-II molecules. We therefore decided to broaden 

the observations concerning the role of TAX1BP1 on the whole of the MHC-II antigenic peptide 

repertoire. In collaboration with the Immunology Department of HG Rammensee from the 

University of Tübingen, we eluted and analyzed by mass spectrometry the peptides associated 

to HLA-DR, DQ and DP molecules in our cell model to study the impac of TAX1BP1 silencing 

on the MHC-II immunopeptidome. We found that, as expected, around 60% of shared peptides 

presented by MHC-II molecules between the mock and siTAX1BP1 treated cells266. This rather 
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low percentage of shared peptides might be due to the intrinsic variability of the peptide 

repertoire exposed by MHC-II molecules at a given time that is influenced, for example, by the 

cell cycle, activation status of the cell. Alternatively, this might be due to the variability of the 

MHC-immunoprecipitation and LC-MS/MS procedures. Remarkably, when silencing TAX1BP1, 

the amount of shared peptides decreases to 35%. We concluded that the absence of TAX1BP1 

drastically affects the peptide repertoire, the relative abundance of core epitopes binding to 

MHC-II molecules (half of the core epitopes were significantly differentially presented when 

comparing wild type and TAX1BP1-silenced cells) as well as their relative affinity to MHC-II 

molecules, predicted by the NetMHCIIpan 4.0 software. This immunopeptidomics data 

suggests that TAX1BP1 expression favors the loading of peptides with a high binding capacity 

to MHC-II molecules. We did not find a significant effect of TAX1BP1 silencing on the MHC-I 

immunopeptidome, which suggests that the action of TAX1BP1 is restricted to the MHC-II 

antigen presentation pathway.  

A decrease in CD4+T cell activation could be due to an impairment of APCs in presenting MHC-

II-peptide complexes loaded with high affinity peptides at their surface. Chaperones HLA-DM 

and li tightly regulate the loading of high affinity peptides on MHC-II molecules and li 

expression regulates the trafficking of immature MHC-II molecules bound to be expressed at 

the surface of APCs. Perturbing the expression levels of any of these chaperones can influence 

the MHC-II immunopeptidome and its peptide affinity264–266. Remarkably, we showed that 

silencing TAX1BP1 induced an important decrease of li expression whereas HLA-DM and HLA-

DR expression levels remained unperturbed. In collaboration with Bénédicte Manoury’s team, 
I performed pulse/chase experiments in which we confirmed that silencing TAX1BP1 induces a 

rapid and exacerbated degradation of li. The expression levels of li were rescued with lysosomal 

acidification inhibitors but not with proteasome inhibitors, suggesting that li is aberrantly 

degraded in endo-lysosomal compartments in cells depleted for TAX1BP1. These results could 

explain the dramatic effect of TAX1BP1 silencing on the MHC-II immunopeptidome and the 

instability of MHC-II-peptide complexes that we observed in the absence of TAX1BP1 in further 

pulse/chase experiments. However, although TAX1BP1 silencing does not alter HLA-DM 

expression levels, we cannot exclude that the HLA-DR/HLA-DM interaction could be modified. 

In fact, the role of HLA-DM is broader than exchanging CLIP with high affinity peptides, HLA-

DM also stabilizes empty HLA-DR molecules at lysosomal pH253,260,522 and its interaction with 
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HLA-DR controls the quality of the MHC-II immunopeptidome even in the absence of li523. It 

would be relevant in our APC model to immunoprecipitate MHC-II molecules in control and 

cells depleted for TAX1BP1 and assess HLA-DR/HLA-DM interactions. This is all the more 

relevant considering that we observed a global modification of the cellular distribution of 

acidified vesicular compartments in the absence of TAX1BP1, including HLA-DM+ vesicles. 

Assessing HLA-DR/HLA-DM colocalization in TAX1BP1-depleted cells could give us an idea of 

the localization of these markers compared to cells expressing TAX1BP1. Indeed, we observed 

that EEA1, LAMP-1 and CD63, like HLA-DM and MHC-II, markers were relocated towards the 

nucleus in cells depleted for TAX1BP1. These markers, when combined, are used to describe 

the MIIC. Our observations suggested that, globally, TAX1BP1 regulates vesicular compartment 

trafficking, including trafficking of the endolysosomal MIIC. Since the localization of 

intracellular vesicles might control their functions524 and their intravesicular pH in particular525, 

the aberrant localization induced by TAX1BP1 silencing could explain the effect on the MHC-II 

immunopeptidome. In fact, a perturbed vesicular trafficking could alter cathepsin delivery to 

the MIIC and a modified intravesicular pH could alter cathepsin activities, both are in turn 

essential for antigen degradation and the cleavage of li to ensure loading of high affinity 

peptides on MHC-II molecules. Moreover, HLA-DM-mediated peptide exchange is also 

dependent on endolysosomal pH526. The increased co-localization of MHC-II+ vesicles with 

Lamp-1+ vesicles we observed in TAX1BP1 depleted cells suggests an altered pH in the MIIC 

and we could confirm this by analyzing the pH in MHC-II+ and HLA-DM+ vesicles by means of 

pH-sensitive probe such as Lysosensor. Interestingly, li can itself control MHC-II trafficking 

through the endocytic pathway203 and endosomal membrane trafficking209,527. Moreover, the 

isoform p41 of li can interact with cathepsins and regulate their endosomal activity244,245,528 and 

can also interact with cystatins, regulators of cathepsins299. Therefore, the impact of TAX1BP1 

silencing on endosomes/lysosomes positioning and the MHC-II immunopeptidome could be 

a bystander effect of li degradation. Jongsma et al. described a role for ER ubiquitin ligase 

RNF26 as an architect of the endosomal system, recruiting p62 as a Ub-binding scaffold protein 

which in turn attracts Ub-binding domains of TAX1BP1 and Tollip that act as vesicular adaptors. 

This system allows the clustering of early, recycling and late endosomes in perinuclear clouds.  

The action of deubiquitinase (DUB) USP15 counteracts vesicle retention and promotes 

endosome maturation and cargo trafficking131. Although our results show a different 

distribution of CD63+ vesicles upon TAX1BP1 silencing than observed in Jongsam et al, 

156



perhaps due to the expression of CIITA in our cell line, and we confirm that TAX1BP1 plays a 

role in vesicle trafficking. The absence of TAX1BP1 could perturb the balance between the 

activities of RNF26 and DUB USP15. It would therefore be interesting to assess the impact of 

RNF26 and DUB USP15 silencing on MHC-II antigen presentation and CD4+T cell activation in 

our cell system. Given the effect of TAX1BP1 silencing on vesicular trafficking, we wondered 

whether the vesicles delivering antigens to the MIIC might be affected, thus potentially 

modifying the source of peptides to be presented by MHC-II molecules. By using a functional 

enrichment analysis, we observed a slight influence of TAX1BP1 silencing on the cellular protein 

sources of MHC-II peptides. This however, is not sufficient to explain the decrease in predicted 

peptide relative affinity to MHC-II molecules.  

To characterize further the mechanism of action of TAX1BP1 involved in MHC-II antigen 

presentation, we searched for its protein interactants. In collaboration with Cédric Pionneau 

from the P3S platform, we established the TAX1BP1 interactome via a mass spectrometry 

approach using HeLa-CIITA cells overexpressing a TAX1BP1-GFP construct. We were able to 

identify previously described partners of TAX1BP1 such as p62, the E3 ligase Itch486 or TBK150; 

confirming the robustness of the technique and further analysis. We identified the ER 

chaperone CANX as a new interactant of TAX1BP1 and confirmed the interaction by 

immunoprecipitation of both endogenous proteins in HeLa-CIITA cells and other APCs. CANX 

is involved in protein folding quality control529,530 plays an important role in in the assembly of 

nonameric MHCαβ-li complexes207. CANX retains and stabilizes li in the ER205 and binds 

neosynthesized α and β chains prior to their assembly204. Using siRNA silencing, we confirmed 

that silencing CANX induces li degradation. Previously, it was demonstrated that perturbing li-

CANX interaction induced li degradation205. We showed that silencing CANX in our APC cell 

model decreases their capacity to activate antigen-specific CD4+T cells, showing that silencing 

CANX recapitulates the effect of silencing TAX1BP1 on li degradation and MHC-II antigen 

presentation. Different post-translational modifications can regulate both CANX function and 

cellular distribution, such as phosphorylation or palmitoylation of its cytosolic tail531,532. We 

showed, by means of a construct containing only the transmembrane region and cytosolic tail 

of CANX, that TAX1BP1 binds to the cytosolic tail of CANX. Although no ubiquitination has 

been demonstrated on the cytosolic tail of CANX, this possibility should be further investigated 

as a potential direct link with the Ub-binding domains of TAX1BP1 and thus MHC-II antigen 
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presentation. To address this question in the future, we obtained from Folma Buss a set of 

cDNA encoding for TAX1BP1 with mutation in the Ub-binding domains. Performing co-

immunoprecipitations of the cytosolic tail construct of CANX with each TAX1BP1 mutant would 

answer if any of the two Ub-binding domains of TAX1BP1 might be involved in the interaction 

with the cytoplasmic tail of CANX. Although we did not observe a significant effect of TAX1BP1 

silencing on ER cellular distribution and morphology using markers such as CANX, PDI or KDEL 

in confocal microscopy (not shown), we can hypothesize that TAX1BP1 impacts CANX function 

which in turn can no longer stabilize li. We also used the TAX1BP1-GFP and the Ub-binding 

mutants in complementation experiments to assess if we could recover li expression levels and 

determine if the effect of TAX1BP1 on MHC-II antigen presentation is mediated through its 

binding of ubiquitin. Unfortunately, it was technically difficult to obtain high expression levels 

of TAX1BP1-GFP or its mutants post siRNA transfection, which made it difficult to draw a 

conclusion. To circumvent this issue, we expressed CIITA in HeLa cells invalidated for TAX1BP1 

expression using CRISPR-Cas9 (obtained from Richard Youle’s laboratory, NIH, USA). We 
obtained cells invalidated for one SAR expression, TAX1BP1 (TAX1BP1 KO), NDP52 (NDP52 KO), 

OPTN (OPTN KO) or invalidated for all three SARs (TKO). Remarkably, when used in functional 

experiments with virus-specific CD4+T cells, TAX1BP1 KO cells did not induce a decrease in 

virus-specific CD4+T cell activation when gag or pp65 antigens were used. Youle’s Team had 
described a compensatory effect, exerted by other SARs, on a mitophagy defect in OPTN KO 

that was highlighted in TKO cells upon transfection of CDNA encoding a single SAR82.  We 

could be facing a similar compensatory effect although in our case neither the absence of 

NDP52 nor OPTN reproduce the effect of TAXBP1 silencing on MHC-II antigen presentation 

and CD4+T cell activation.  

Interestingly, we identified NBR1, a SAR that we did not include in our initial functional screen, 

as a partner of TAX1BP1 in our interactome. In recent preliminary experiments, I have confirmed 

that NBR1 immunoprecipitates with endogenous TAX1BP1 in HeLa-CIITA. I could also show 

that silencing NBR1 also induces a decrease of CD4+T cell activation (not shown). The effects 

of NBR1 silencing on the MHC-II immunopeptidome, vesicle trafficking and li expression levels 

remain to be addressed. To verify if NBR1 might compensate the stable invalidation of 

TAX1BP1, we plan to use HeLa cells stably invalidated for TAX1BP1, NDP52, OPTN, p62 and 
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NBR1 (penta KO) (also from the Youles’ lab.) and stably expressing CIITA to assess their ability 

to present viral antigens to virus-specific CD4+T cells.  

In our study of the TAX1BP1 interactome, we also identified novel potential partners that could 

be involved in the role of TAX1BP1 in MHC-II antigen presentation and that should be studied 

further. Among these, we found proteins involved in vesicular acidification such as a vATPase533, 

endocytosis, the ubiquitin/proteasome pathway and antigen presentation (HLA-A, -C, -DQα1 
and -DRβ1 molecules). Ubiquitination plays an important role in the cellular localization and 

recycling of mature MHC-II molecules56,283,286,287. We could assess MHC-II ubiquitination levels 

upon TAX1BP1 silencing as well as E3 March1 expression levels since this ubiquitin ligase 

ubiquitinates MHC-II under Tollip regulation56. The interaction of TAX1BP1 and MHC-II 

molecules could be mediated by ubiquitin. Nevertheless, it is unlikely that this interaction is 

direct since we observed no co-localization between TAX1BP1 and HLA-DR and we did not 

pulldown HLA-DR in TAX1BP1 immunoprecipitations. In addition, we see no effect of TAX1BP1 

silencing on MHC-II internalization or expression levels; therefore, TAX1BP1 does not seem to 

affect MHC-II recycling. Interestingly, we also identified deubiquitinase (DUB) USP15 a new 

partner of TAX1BP1. As we mentioned before, this DUB participates in endosome maturation 

and could therefore link TAX1BP1 to the localization and maturation of the endolysosomal 

MIIC. Altogether, we showed that TAX1BP1 influences vesicular trafficking and the cellular 

positioning of the MIIC as well as li stability via an interaction with CANX.  TAX1BP1 influences 

the MHC-II immunopeptidome and thus the loading of MHC-II with high affinity peptides, 

which affects CD4+T cell activation (Fig 21).  
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Figure 32. Model of the impact of TAX1BP1 silencing on MHC-II endogenous antigen presentation. In wild type 

cells, TAX1BP1 regulates vesicular trafficking and CANX function, which stabilizes the li invariant chain and 

promotes loading of high affinity peptides on MHC-II molecules. In depleted cells, li is degraded and the MIIC and 

acidified vesicles relocated towards the nucleus. The loading of low affinity peptides decreases activation of 

CD4+T cells.  

 

Our APC model of HeLa cells expressing CIITA constitutes a strong model for endogenous 

antigen presentation since these cells do not actively uptake antigens through endocytosis or 

phagocytosis. It would therefore be interesting to assess if TAX1P1 also plays a role in 

exogenous antigen presentation, especially given the effect of TAX1BP1 silencing on li 

degradation and vesicular trafficking. To answer this question, another model of APCs could 

be used, such as B cells or DCs. My team tried to silence TAX1BP1 expression in model DCs. 

Unfortunately, every transfection reagent used induced cell maturation, which in turn affects 

MHC-II molecule trafficking and thus made assessing antigen presentation not possible.  

Our results add a novel aspect to the role of TAX1BP1 in immunity. In fact, TAX1BP1 has been 

well characterized it its role in innate immunity as a negative regulator of the NF-κB and IRF3 

signaling pathways. We show that TAX1BP1 is also a key player in adaptive immunity with a 

direct effect on antigen presentation and T cell immune responses. A defect in mounting 

normal CD4+T cell responses can lead to immunodeficiency or induction of autoimmunity. 

Therefore, our findings could help to better characterize the phenotypes of TAX1BP1 KO mice, 

which present prevalent treatment-refractory skin inflammation, succumb to sub lethal doses 

of TNF and IL-1 and die of hypertrophic cardiac valvulitis534.  In another model, TAX1BP1 KO 
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induces embryonic lethality due to systemic hemorrhaging and multiple cardiac defects138. Given 

the severity of the phenotypes, the use of a conditional KO might be more relevant to validate 

our results in vivo.  Interestingly, TAXBP1 serves different functions in addition to its role as a 

SAR, these include the negative regulation of apoptosis and cell growth, positive regulation of 

gene expression and the role we have previously mentioned in innate immunity139. Although 

we have yet to confirm its role as a protein adaptor in our model, the ability of TAX1BP1 to 

bind ubiquitin seems to drive its major role in immune cells. .  

 

II.-Does HTLV-1 Tax protein target SARs to escape antiviral immunity? 

HTLV-1 Tax is necessary for immortalization and transformation of T cells as well as for 

persistent infection in the host452. Tax drives cell immortalization through the constitutive 

activation of the NF-κB pathway by recruiting IKKγ as well as SARs and negative feedback 
regulators TAX1BP1, OPTN and p62 to a macromolecular Signalosome138,473,482,489. Tax has also 

been shown to affect signaling in DCs512,513. Based on the results I obtained in the first part of 

my thesis, the next question was then whether HTLV-1 might escape antiviral immunity via the 

recruitment of SARs by Tax.  

To address this question, we first asked if Tax expression might influence CD4+T cell activation. 

Our results show that Tax expression interferes with endogenous antigen presentation by 

MHC-II molecules and subsequent activation of virus-specific CD4+T cells without affecting the 

presentation of exogenous peptides. To extend the observation made with a single viral 

antigen, we analyzed the effect of Tax expression on the global MHC-II immunopeptidome. 

From the total eluted peptides, one third was found exclusively in control cells and the cells 

expressing Tax and the rest of the peptides were shared by both conditions. We then identified 

the unique core epitopes since peptides eluted from MHC-II molecules are variable in length 

and the same core epitope inserted in the MHC-II peptide-binding groove can be found in 

multiple peptides with N- or C-terminal extensions266. We analyzed the influence of Tax 

expression on the relative core peptide abundance and their affinity to MHC-II molecules. A 

portion of core epitopes is significantly differentially presented when comparing control to 

Tax-expressing cells. However, Tax expression does not seem to influence peptide relative 

affinity to HLA-DR and HLA-DQ molecules, predicted by the NetMHCIIpan 4.0 software. 
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Therefore, Tax does not seem to modulate the relative affinity of MHC-II ligands. This is 

different from what we observed in cells silenced for TAX1BP1 expression where the relative 

binding affinity of peptides on HLA-DR was decreased. We hypothesize that the strong 

influence of TAX1BP1 expression on the quality of peptides might be explained by its important 

role in the stabilization and degradation of the invariant chain. The absence of Tax influence 

on li expression levels might explain why Tax does not influence the quality of MHC-II ligands. 

In order to confirm this hypothesis, pulse chase experiments could be performed to assess the 

the fate of the Ii and the formation of stable MHC-peptide complexes in cells expressing Tax. 

We concluded that Tax expression has an important influence on the peptide repertoire and 

the relative abundance of core epitopes (Tax influences the relative abundance of one out of 

five core epitopes) but does not influence their relative affinity to MHC-II molecules.  

Although we did not observe a significant difference in MHC-II expression levels, we cannot 

exclude that Tax expression could influence the synthesis, internalization or maturation kinetics 

of MHC-II molecules. We plan to monitor surface expression of mature and immature MHC-II 

molecules and assess their internalization kinetics by flow cytometry. This is even more relevant 

considering that, upon Tax expression, acidified vesicles and the MIIC relocate towards the 

nucleus, thus suggesting a role for Tax in vesicular trafficking. In addition, although I did not 

observe a modification in HLA-DM expression levels in cells expressing Tax, we found that HLA-

DM-positive vesicles co-localize more with Lamp1-positive vesicles in these cells, thus 

suggesting an effect of Tax on the trafficking of acidified compartments with potential 

consequences on the maturation of the MIIC and its intravesicular ph. Of note, HLA-DM is a 

chaperone involved in quality control of peptide loading on MHC-II molecules. A variation in 

pH could alter HLA-DM functions with a direct impact on the MHC-II immunopeptidome. 

Moreover, recent studies suggested that the localization of intracellular vesicles controls their 

functions524 and particularly their intravesicular ph525. I intended to address this point by 

analyzing the activity of pH-sensitive cathepsins also involved in antigen processing. I observed 

an increase of cathepsin activity in cells expressing Tax, as compared to control cells. An altered 

lysosomal cathepsin activity could explain the effect of Tax on the MHC-II molecule peptide 

repertoire. It has been previously shown that modulating cathepsin activity can alter antigen 

processing and presentation535 and cathepsins B and S are optimally active at low pH and 

participate in generating HIV-derived MHC-II restricted epitopes536. Altered intravesicular pH 
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and cathepsin activities could also directly affect li processing. However, this does not seem to 

be the case in our model of Hela-CIITA cells expressing Tax since we do not detect any changes 

in li expression levels and processing at steady state. As mentioned, we should consider 

performing pulse chase experiments to evaluate the degradation kinetics of li upon Tax 

expression. A more exhaustive characterization of the MIIC in cells expressing Tax is probably 

necessary. In addition, it would be important to look at other markers, such as the Rab protein 

family given their role as drivers of vesicle maturation and vesicle trafficking537,538. Altogether, 

Tax expression affects the trafficking of different vesicles including the MIIC as well as vesicular 

pH, translated by an increase in cathepsin activity.  

We then assessed whether Tax-mediated inhibition of MHC-II-restricted antigen presentation 

might de depended on SARs recruitment by Tax to the Signalosome. I first confirmed that in 

our model system, HeLa cells expressing CIITA, Tax expression also induces the recruitment of 

TAX1BPA, OPTN and p62. I then assessed the influence of SARs expression on the inhibition of 

antigen presentation by Tax. To this end, Tax was expressed in cells silenced for the expression 

of TAX1BP1, OPTN or p62. Interestingly, in cells silenced for TAX1BP1 and p62, the decrease of 

CD4+T cell activation was even more pronounced than in Tax-expressing cells treated with 

irrelevant siRNAs. Remarkably, Tax-mediated inhibition of MHC-II antigen presentation and 

CD4+T cell activation was abrogated in cells silenced for OPTN. The cumulative effect of 

TAX1BP1 silencing and Tax expression confirms that TAX1BP1 and Tax modulate MHC-II-

restricted antigen presentation via different mechanisms. Although we initially did not observe 

an effect of p62 silencing on MHC-II antigen presentation, this could be due to the nature of 

the antigen. In fact, in our initial screen we used gag-LC3 and not native gag. More experiments 

must be performed to confirm the cumulative effect observed for sip62 and Tax expression. 

We confirmed in this set of experiments that OPTN does not affect MHC-II antigen 

presentation but is subverted by Tax to inhibit this pathway. Given our results on TAX1BP1 and 

MHC-II antigen presentation in the first part of my work and that Tax and TAX1BP1 are well 

known interactants, we initially expected that the recruitment of TAX1BP1 by Tax would 

recapitulate the effects of TAX1BP1 silencing in HeLa-CIITA cells and were surprised that it was 

not the case.  

To further characterize potential interactions of Tax with OPTN in inhibiting antigen 

presentation, we made use of well-characterized ubiquitination mutants of Tax. Indeed, it has 
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been shown that Tax recruits SARs to the Signalosome for sustained NF-κB activation in a 

ubiquitin-dependent manner466. Tax contains 10 lysine (K) residues (K1 to K10) of which K4 

through K10 are the main targets of both monoubiquitination and polyubiquitination. We used 

three ubiquitin mutants of Tax:  TaxK10R, TaxK7-8, and TaxK4-8 in which lysines have been replaced 

by arginines and can no longer bind mono- or polyubiquitin. Of the three mutants, TaxK7-8 is 

the only one that can still interact with OPTN through polyubiquitin. Remarkably, the mutants 

TaxK10R and TaxK4-8 no longer inhibited CD4+T cell activation, when expressed in our model APC, 

whereas the mutant TaxK7-8 still inhibited CD4+T cell activation. These results strongly suggest 

that Tax interaction with OPTN through lysines 4-6 is required for Tax to act on MHC-II antigen 

presentation and CD4+T cell activation.  

Since OPTN is required for Tax-mediated sustained NF-κB activation482,489, we could 

hypothesize that NF-κB could play a role in Tax-mediated inhibition of MHC-II antigen 

presentation. Indeed, previous studies have shown, in inflammatory conditions, a role for NF-

κB in the modulation of MHC-II molecule expression dependently and independently of the 

Jak/STAT pathway (which can regulate CIITA expression) in different APCs539–541. In our model, 

Tax expression could be a driver of an inflammatory context. It is necessary to assess NF-κB 

activation alone in our system to evaluate its role on MHC-II antigen presentation. This is 

particularly relevant considering that CIITA has been previously shown to inhibit Tax-induced 

sustained NF-κB activation in B cells and in HeLa cells transfected with CIITA542. In addition, we 

recently obtained, from Dr. Chloé Journo, well-characterized Tax mutants that positively or 

negatively regulate NF-κB activation (M22 and M47) (smith green) that will be used to further 

characterize the impact of Tax-induced NF-κB signaling on MHC-II-restricted antigen 

presentation and CD4+T cell activation. However, it is interesting to note that silencing of 

TAX1BP1, OPTN or p62 expression, individually, significantly abrogates NF-κB activation in Tax-

expressing cells482,489.  In contrast, we observed that CD4+T cell activation was further decreased 

in cells silenced for TAX1BP1 or p62 in the presence of Tax. Thus, we could be looking here at 

a novel role of OPTN in Tax-mediated MHC-II antigen presentation. In addition to assessing 

the effect of NF-κB activation alone on MHC-II antigen presentation, it would be interesting to 

target other elements of the Signalosome such as IKKγ or to target ubiquitin ligases such as 
Ubc13 or LUBAC. Moreover, a role of OPTN in the Tax-driven alteration of vesicular trafficking 

and the MHC-II immunopeptidome remains to be elucidated. Of note, Ducasa et al. showed 
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that Tax recruits the autophagy proteins BECN1, Bif-1 and the PI3KC3 complex through its 

direct interaction with BECN1. Tax deregulates the autophagy pathway by increasing 

autophagosomes biogenesis whilst blocking the autophagosome-lysosome fusion. It would be 

relevant to study the effect of Tax on the autophagy pathway in our cell model to assess if the 

autophagosome accumulation, also observed in other cell lines514, impacts MHC-II antigen 

presentation and CD4+T cell activation. The interaction of Tax with OPTN in this context would 

need to be evaluated although it is likely that OPTN is also recruited since the whole IKK 

complex participates in Tax-induced autophagy modulation469.  

During chronic HTLV-1 infection, the virus manipulates immune responses to counteract 

antiviral immunity. Several groups have documented the productive in vitro infection of 

myeloid DCs and of monocytes-derived DCs (MDDCs). DCs dictate the quality of T cell 

responses but very little is known about the capacity of HTLV-1-infected DCs to prime efficient 

T cell responses. Several studies have shown that blood DCs from HTLV-1-infected patients 

and DCs from uninfected individuals, exposed in vitro to HTLV-1 induce an abnormal 

proliferation of CD4+T cells and MDDC exposure induces an unresponsive status of limited 

maturation. These observations suggest that both DC exposure to HTLV-1 and DC infection 

can influence their capacity to stimulate T cells.  Since the canonical NF-κB signaling pathway 

regulates DC maturation, it will be interesting in the future to investigate in DCs, a potential 

role of SARs in the modulation of NF-κB and MHC-II antigen presentation. Given that OPTN 

and TAX1BP1 also regulate the IRF3 pathway, it would be interesting to analyze the effect of 

Tax on IRF3 and the induction of IFN I in DCs expressing Tax or exposed to HTLV-1. IFN I acts 

in a paracrine way on the Jak/STAT signaling pathway543 which can regulate MHC-II molecule 

expression. Interestingly, other HTLV-1 protein such as p12 can also reduce CTL-mediated 

killing through the induction of MHC-I molecule degradation544. This feature could be studied 

in relation to MHC-II molecules in model APCs and DCs.  

Overall, my thesis work has allowed to describe novel roles for TAX1BP1 and OPTN in MHC-II 

antigen presentation. This highlights the importance and diversity of functions exerted by SARs 

outside of their role in autophagy and justifies that their targeting by viruses has converged 

during evolution. For both axis of my thesis, it will be important in the future to extend our 

results to more physiological conditions, such as model DC or B cell lines or primary immune 

cells. Perhaps using penta KO model DCs can be considered in the future. Using DCs to study 

165



the impact of Tax on MHC-II antigen presentation will also be convenient and even more so in 

combination with HTLV-1 infected donor cells. In fact, recreating the whole infectious 

environment allows the interplay of various viral proteins which, as Tax and HBZ exerting 

opposite roles in the modulation of NF-κB545, gives a more realistic view of immune signaling 

in APCs.  

Finally, several viral proteins hijack SARs either to degrade them or to exhort them to 

accomplish different functions. Besides being targeted by Tax, TAX1BP1 itself is targeted by 

different proteins including N protein from MEV or N protein from RSV to promote viral 

replication and escape innate immune signaling. Studying the interactions between viral 

proteins and SARs can constitute a good tool to dissect the different functions exerted by SARs, 

including their role in MHC-II-restricted antigen presentation.  
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CD4+ T lymphocytes play a major role in establishing and 
maintaining antiviral immunity. They are activated by anti-
genic peptides derived from extracellular or newly synthesized 
(endogenous) proteins presented by the MHC-II molecules. 
Little is known about the mechanisms leading to endogenous 
MHC-II-restricted antigen presentation. We recently revealed 
a novel function of the macroautophagy/autophagy receptor 
(AR), TAX1BP1, in the presentation of endogenous viral 
antigens to CD4+ T cells. In this punctum, we will focus on 
MHC-II-restricted endogenous antigen presentation and the 
involvement of TAX1BP1 in the biology of MHC-II 
molecules.

CD4+ T cells govern the quality of antibody responses and 
provide help to mount long-lasting cytotoxic CD8+ T cell 
responses. However, it is also clear that CD4+ T cells can 
exert a direct cytotoxic effect on virus-infected cells and can 
also infiltrate tumors. It is generally assumed that peptide 
presented by MHC-II molecules are solely derived from extra-
cellular viral proteins that are captured by phagocytosis or 
receptor-mediated endocytosis. However, since the eighties, 
we know that MHC-II molecules can present newly synthe-
sized self- and virus-derived peptides after lysosomal proteo-
lysis. More recently, it was shown that CD4+ T cell responses 
to influenza virus are mainly driven by peptides derived from 
intracellular antigens within antigen presenting cells (APCs). 
The pathways leading to the loading of MHC-II molecules 
with endogenous antigens remain poorly characterized. One 
unresolved issue is how cytosolic antigens are transported into 
MHC-II-loading compartments (MIIC) that are ill-defined 
late endo-lysosomal intracellular vesicles.

The pathways of autophagy are obvious candidates that can 
potentially feed the MIIC with endogenous peptides. The 
characterization of the MHC-II immunopeptidome, meaning 
the repertoire of peptides presented by MHC-II molecules, 
revealed that macroautophagy (herein referred to as autopha-
gy) contributes to the processing of cytoplasmic and nuclear 
antigens. Using in vivo models, several labs established that 
autophagy participates in the generation of endogenous 
MHC-II-restricted antigenic peptides and strongly influences 
thymic selection of auto-reactive CD4+ T cells. Further evi-
dence that autophagy plays a role in endogenous antigen 

presentation comes from in vitro studies using APCs trans-
fected with mRNAs or cDNAs encoding tumor or viral anti-
gens targeted to phagophores. However, overall, there are few 
examples showing endogenous degradation of native tumor 
or viral antigens to be dependent on autophagy. In fact, 
autophagy effectors may directly or indirectly affect MHC-II- 
restricted antigen presentation by regulating, for instance, the 
delivery of proteases into the MIIC. The molecular links 
between autophagy and MHC-II-restricted antigen presenta-
tion, in particular the mechanisms allowing the delivery of 
autophagy-degraded antigens to the MIIC, remain poorly 
defined.

In our recent work [1], we hypothesized that the ARs may 
contribute at various, so far unknown, levels to MHC II- 
restricted viral antigen presentation. ARs, in particular 
CALCOCO2/NDP52, OPTN, SQSTM1/p62, NBR1 and 
TAX1BP1, target intracellular compounds (e.g., mitochondria, 
bacteria) or protein aggregates into phagophores, the precur-
sors to autophagosomes, in a process called selective autopha-
gy. In addition, some ARs also regulate signaling pathways 
and the maturation/trafficking of intracellular vesicles. 
TAX1BP1, CALCOCO2 and OPTN, for instance, are required 
for the maturation of autophagosomes whereas TAX1BP1, 
CALCOCO2, and SQSTM1/p62 orchestrate the maturation 
of early endosomes into late endosomes.

To study the role of ARs in endogenous presentation, we 
used siRNA targeting CALCOCO2, OPTN, SQSTM1/p62 and 
TAX1BP1. Solely silencing TAX1BP1 leads to dramatic reduc-
tion of antigen-specific CD4+ T cell activation. Further high-
lighting that ARs exert multiple redundant but also exclusive 
roles. We used a variety of native viral (e.g., HIV-Gag and 
pp65 proteins from HIV-1 and HCMV, respectively) and 
model antigens targeted or not to phagophores (HIV-Gag 
fused to LC3 or LC3G120A, respectively) and highlighted that 
TAX1BP1 affects antigens whose processing is dependent on 
or independent of autophagy degradation (Figure 1). To get 
a broader view on the influence of TAX1BP1 on the peptide 
repertoire bound to MHC-II molecules, we used an MS-based 
immunopeptidomic approach and showed that TAX1BP1 
expression has a major influence on the diversity but also 
on the affinity of MHC-II ligands. Interestingly, a functional 
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enrichment analysis of the identified peptides did not reveal 
a major influence of TAX1BP1 silencing on the cellular dis-
tribution of the source protein of MHC-II ligands. Overall, 
these results suggested that the selective targeting of antigens 
to phagophores by TAX1BP1 is probably not at play.

To decipher the underlying molecular mechanisms, in 
TAX1BP1-silenced cells, we then analyzed various steps of 
MHC-II molecule trafficking, loading and functions. We 
revealed that TAX1BP1-silencing induces an exacerbated 
degradation of the invariant chain (CD74/Ii), which might 
at least partially explain the perturbation of the immuno-
peptidome. CD74 is indeed a major actor in the biology of 
MHC-II molecules dictating the folding of the αβMHC- 
heterodimer, their trafficking to late endosomes and the 
affinity of peptides loaded onto MHC-II molecules 
(Figure 1). Importantly, the stability of CD74 is itself 

regulated by the ER chaperone CANX (calnexin). 
Consequently, we performed imaging of intracellular vesi-
cles (in particular MHC-II+ compartments) and we stu-
died the fate of molecules (HLA-DM, CD74/Ii) involved in 
MHC-II molecule loading and trafficking. We observed 
that TAX1BP1 silencing influences αβMHC heterodimer 
stability, the positioning of late endosomes (including 
MHC+ HLA-DM+ vesicles), lysosomes and autophago-
somes (Figure 1). Importantly, in an MS-based interac-
tome, we identified CANX as a binding-partner of 
TAX1BP1. Thereafter, because CANX is also known to 
bind CD74, we decided to focus on the role of CANX, 
to provide insights on one of the mechanisms of action of 
TAX1BP1. We readily demonstrate, that TAX1BP1 inter-
acts with CANX in various APCs and binds its cytosolic 

tail (Figure 1). Finally, we provide the first direct 

Figure 1. The autophagy receptor TAX1BP1 stabilizes the invariant chain (CD74) and regulates MHC-II trafficking, thereby favoring the presentation of high-affinity 
peptides to virus-specific CD4+ T cells: 1) TAX1BP1 loss prevents the activation of HIV- and HCMV-specific CD4+ T cell clones; 2) TAX1BP1 expression affects the 
quality and the diversity of peptides presented by MHC-II molecules; 3) TAX1BP1 interacts with the cytoplasmic tail of CANX to favor MHC-II molecule chaperoning by 
the invariant chain (CD74); 4) in the absence of TAX1BP1, CD74 is degraded; 5) CANX silencing replicates TAX1BP1 deficiency by decreasing CD4+ T cell activation and 
exacerbating CD74 degradation.
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demonstration that in human cells CANX-silencing 

induces CD74 degradation and inhibits MHC-II- 

restricted antigen presentation, thus replicating the func-

tional consequences of TAX1BP1 silencing.
In summary, we identified TAX1BP1 as a key player in 

MHC-II-restricted antigen presentation and CD4+ T cell 

immunity. Our study opens new avenues for research, 

both in the functions of ARs in MHC-II biology and in 

the study of viruses that might target ARs to escape 

immune recognition by CD4+ T cells.
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Appendix 2: List of attended congresses 
 

 

8ème Colloque Annuel du LabEx LERMIT : short talk 

XXIIIème Journées Francophones de Virologie 2021 : short talk 

Club Francophone de l’Autophagie (CFATG) édition 2021 : short talk 

VI European Congress of Immunology 2021 edition: short talk 

Necker Institute retreat 2021: poster 

XXIVème Journées Francophones de Virologie 2022 : poster 

Keystone Symposia on Positive-Strand RNA viruses 2022: poster 
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Résumé : Les lymphocytes T CD4+ jouent un rôle majeur dans l’établissement et le maintien de 

l’immunité antivirale. Ils sont activés par des peptides antigéniques dérivés de pathogènes ou de 
tumeurs présentés par les molécules du complexe majeur d’histocompatibilité de classe II (CMH-II). Le 

CMH-II est exprimé par des cellules présentatrices d’antigènes (CPA) professionnelles, telles que les 
lymphocytes B et les cellules dendritiques, et par des CPA non professionnelles en conditions 

inflammatoires. Le CMH-II présente des peptides antigéniques dérivés de sources extra- et 

intracellulaires, correspondant à la présentation exogène et endogène, respectivement. Les antigènes 

sont ensuite acheminés aux compartiments de chargement du CMH-II (MIIC) où ils sont progressivement 

dégradés par les protéases endo-lysosomales, telles que les cathepsines, en peptides pouvant être 

chargés sur les molécules du CMH-II naissantes. Parmi les différentes voies de dégradation des 

antigènes, l’autophagie contribue au traitement des antigènes cytosoliques et nucléaires. De nombreux 
virus modulent cette voie d’auto-dégradation en ciblant ses nombreux récepteurs. Dans la première 

partie de cette étude, nous émettons l’hypothèse que les récepteurs de l’autophagie sélective (RAS) 
participent à diverses étapes, jusqu’à présent inconnues, de la présentation d’antigènes viraux par le 
CMH-II. En utilisant des siRNA, nous montrons que NDP52, OPTN et p62 n’affectent pas de manière 
significative la présentation d’un antigène viral aux lymphocytes T CD4+, tandis que TAX1BP1 influence 

à la fois la présentation d’un antigène viral dépendant et indépendant de l’autophagie par le CMH-II. En 

analysant l’immunopeptidome des molécules du CMH-II, en présence ou en l’absence de TAX1BP1, nous 
montrons que TAX1BP1 affecte dramatiquement le répertoire et la qualité des peptides présentés. 

L’extinction de TAX1BP1 induit une relocalisation périnucléaire du MIIC, une diminution de la stabilité 
des complexes CMH-II-peptides et une dégradation rapide de la chaîne invariante li (CD74), facteur clé 

du trafic cellulaire des molécules du CMH-II et de leur chargement. Nous avons ensuite déterminé 

l’interactome de TAX1BP1 et identifié la protéine chaperonne du RE, Calnexine (CANX), comme 

partenaire de TAX1BP1. Nous démontrons dans différentes CPAs que TAX1BP1 interagit avec CANX via 

sa queue cytosolique, connue pour réguler les fonctions de CANX dans le RE. De manière importante, 

nous montrons que l’extinction de CANX entraîne également une dégradation exacerbée de li et une 
diminution de l’activation des lymphocytes T CD4+. Dans la deuxième partie de cette étude, nous avons 

utilisé l’oncoprotéine Tax du HTLV-1, connue pour recruter TAX1BP1, OPTN et p62 dans l’activation 
prolongée de NF-κB induite par le virus. Nous nous demandons si les virus pourraient cibler les RAS 
pour échapper aux réponses immunitaires antivirales. Nous montrons que l’expression de Tax inhibe la 
présentation d’un antigène viral par le CMH-II et affecte le répertoire des peptides présentés ainsi que 

leur abondance relative sans influencer leur affinité prédite aux molécules du CMH-II. Nous observons 

que Tax induit la relocalisation du MIIC et affecte sa maturation. De plus, nous suggérons que 

l’expression de Tax modifie l’activité des cathepsines lysosomales sans influencer la dégradation de li. 
Après évaluation du rôle des RAS dans l’inhibition de l’activation des lymphocytes T CD4+ médiée par 

Tax, nous montrons que l’OPTN est nécessaire pour l’inhibition de la présentation d’antigènes par le 
CMH-II médiée par Tax. De plus, en utilisant des mutants d’ubiquitination de Tax, nous montrons qu’une 
ubiquitination spécifique de Tax est nécessaire pour son interaction avec OPTN. Dans l’ensemble, nous 
caractérisons TAX1BP1 en tant qu’acteur majeur de la présentation d’antigènes par le CMH-II et 

proposons OPTN comme cible du HTLV-1 pour échapper à la présentation d’antigènes par le CMH-II et 

à l’activation des cellules T CD4+. 


