
Article
IRGQ-mediated autophagy in MHC class I quality
control promotes tumor immune evasion
Graphical abstract
Highlights
d IRGQ is identified as a novel autophagy receptor

d Structures of IRGQ in complex with GABARAPL2 or LC3B

show distinct binding modes

d IRGQ acts in the quality control of misfolded MHC class I to

degrade it through autophagy

d IRGQ impacts CD8+ T cell immunity in human and murine

hepatocellular carcinoma
Herhaus et al., 2024, Cell 187, 7285–7302
December 12, 2024 ª 2024 The Author(s). Published by Elsevier I
https://doi.org/10.1016/j.cell.2024.09.048
Authors

Lina Herhaus, Uxı́a Gestal-Mato,

Vinay V. Eapen, ..., J. Wade Harper,

Joseph D. Mancias, Ivan Dikic

Correspondence
lina.herhaus@gmail.com (L.H.),
dikic@biochem2.uni-frankfurt.de (I.D.)

In brief

IRGQ acts in the quality control of MHC

class I molecules through autophagy,

mediating tumor immune evasion.
nc.
ll

mailto:lina.herhaus@gmail.com
mailto:dikic@biochem2.uni-frankfurt.de
https://doi.org/10.1016/j.cell.2024.09.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.09.048&domain=pdf


OPEN ACCESS

ll
Article

IRGQ-mediated autophagy in MHC class I quality control
promotes tumor immune evasion
Lina Herhaus,1,9,10,* Uxı́a Gestal-Mato,1,9 Vinay V. Eapen,2,3 Igor Ma�cinkovi�c,1,4 Henry J. Bailey,1,5 Cristian Prieto-Garcia,1

Mohit Misra,1,5 Anne-Claire Jacomin,1 Aparna Viswanathan Ammanath,1 Ivan Bagari�c,1 Jolina Michaelis,1

Joshua Vollrath,1,5,6 Ramachandra M. Bhaskara,1,5 Georg Bündgen,7 Adriana Covarrubias-Pinto,1 Koraljka Husnjak,1
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SUMMARY
The autophagy-lysosome system directs the degradation of a wide variety of cargo and is also involved in
tumor progression. Here, we show that the immunity-related GTPase family Q protein (IRGQ), an uncharac-
terized protein to date, acts in the quality control of major histocompatibility complex class I (MHC class I)
molecules. IRGQ directs misfolded MHC class I toward lysosomal degradation through its binding mode
to GABARAPL2 and LC3B. In the absence of IRGQ, free MHC class I heavy chains do not only accumulate
in the cell but are also transported to the cell surface, thereby promoting an immune response. Mice and hu-
man patients suffering from hepatocellular carcinoma show improved survival rates with reduced IRGQ
levels due to increased reactivity of CD8+ T cells toward IRGQ knockout tumor cells. Thus, we reveal
IRGQ as a regulator of MHC class I quality control, mediating tumor immune evasion.
INTRODUCTION

The major histocompatibility complex class I (MHC class1) pro-

teins are pivotal mediators of the adaptive immune response. By

displaying antigenic peptides they activate CD8+ T cells, which

eliminate cells with foreign peptides.1 MHC class I molecules

are heterodimers formed by a heavy chain, the transmembrane

glycoprotein human leukocyte antigen (HLA), and a light

chain, b2-microglobulin (B2M).2 MHC class I heterodimers are

loaded with 8–12 amino acid peptides derived from proteasomal

degradation. Assembly, quality control, and trafficking of MHC

class I molecules are coordinated processes that occur in the

endoplasmic reticulum (ER) and involve multiple modifying en-

zymes and chaperones, such as the peptide-loading complex

(PLC).3,4 When the MHC class I molecule is loaded with a high-

affinity peptide, its conformation is stabilized and it can be

released from the PLC to be trafficked to the plasma membrane.
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Various forms of MHC class I molecules may be present in

cells: kinetically stable trimers consisting of heavy chain, B2M,

and high-affinity peptides (later referred to as ‘‘conformational

HLA’’) or heavy chain, B2M, and low-affinity peptides; dimers

without peptides; or free heavy chains (these forms together

are referred to as ‘‘non-conformational HLA’’). MHC class I

molecules are continuously removed from the cellular surface

and degraded or recycled intracellularly. Non-conformational

HLAmolecules are retained inside the cell through quality control

mechanisms and can be degraded through the ER-associated

degradation (ERAD) pathway or via autophagy.5–8

Autophagy is a tightly regulated process responsible for

lysosomal degradation of nonfunctional cellular components,

maintaining energy balance during starvation and protecting

against harmful material. It also plays a key role in immunity by

clearing intracellular microbes.9–12 During autophagy, a double-

membrane structure, the phagophore, forms and expands to
ber 12, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 7285
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. IRGQ is an autophagy receptor
(A) Schematic showing the process of identification of autophagy receptors and cargo proteins in the lysosome.

(B) Heatmap of protein abundances and differences of a list of representative high-confidence autophagy substrate proteins.

(legend continued on next page)
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encapsulate cargo, creating an autophagosome. Phagophore for-

mation is governedbyamultiprotein complex composedofULK1/

2, ATG13, FIP200, and ATG101. Additionally, there are two sys-

tems involving the LC3/ATG8 family (MAP1LC3A, MAP1LC3B,

MAP1LC3C, GABARAP, GABARAPL1, and GABARAPL2/GATE-

16) that contribute to the expansion of the phagophore, the fusion

of the autophagosome with the lysosome, and cargo sequestra-

tion in selective autophagy: the ATG12-ATG7-ATG5 conjugation

pathway and the ATG4-mediated processing of LC3 proteins

with subsequent conjugation to phosphatidylethanolamine (PE)

in the membrane of the phagophore.13,14 Selective autophagy

uses receptors with LC3-interacting regions (LIRs) to recognize

cargo.15,16 We identified immunity-related GTPase family Q

(IRGQ) as an autophagy receptor and key regulator of MHC class

I quality control using quantitative proteomics.

IRGQbelongs to the family of immunity-relatedGTPases (IRGs),

which play an essential role in the defense against intracellular

pathogens.17 There are 24 IRG genes in mice, but only three are

conserved in humans (IRGC, IRGM, and IRGQ).18 IRGC has

been linked to sperm motility.19,20 IRGM regulates the interferon

(IFN) response and promotes intracellular pathogen clearance

through autophagy.21–30 IRGQ has been described as a possible

oncogene in human hepatocellular carcinoma (HCC).31 HCC is a

malignant tumor with poor prognosis that accounts for 85% of

all liver cancer cases.32 High expression of IRGQ in HCC tissues

correlates with higher expression of circular RNA circ_0000854,

which accelerates HCC progression. IRGQ might be regulated

by microRNA miR-1294,31 but functional mechanisms or proper-

ties are unknown.

Here, we unveil that IRGQ is an immunity modulator that im-

pacts MHC class I molecule presentation. We identify IRGQ as

an autophagy receptor that interacts with GABARAPL2 and

LC3B and is trafficked to lysosomes in an autophagy-dependent

manner, thereby acting as a key regulator of MHC class I quality

control. HCCpatients andmice suffering from liver cancer have a

better overall survival rate when expression of IRGQ is low

because thenMHCclass I presentation is higher and the immune

response is stronger.

RESULTS

IRGQ as an autophagy receptor
PA-TU-8988T are human pancreas adenocarcinoma cells with a

high basal level of autophagy.33 Toquery the autophagic cargo re-

ceptor network, we disrupted autophagy flux to the lysosomes by

generating ATG5 and FIP200 CRISPR-Cas9 knockout (KO) cells

and compared the lysosomal contents of wild-type (WT) cells

with those lacking either ATG5 or FIP200. In cells with defective
(C) SDS-PAGE and western blot of PA-TU-8998T (WT, FIP200�/�, and ATG-5�/�)
with the indicated antibodies.

(D) HEK293T cells were transfected with FLAG-IRGQ, lysates used for immunop

and Perseus; n = 3. The volcano plot represents the Student’s t test difference fr

IRGQ over control IPs. The bait IRGQ is marked in green, and the most signifi

identified as significant interaction partners are represented by purple dots.

(E) Immunofluorescence of endogenously HA-taggedGABARAPL2 or GABARAPL

with BafA1 (200 nM). Fixed cells were probed with endogenous LAMP1 and HA a

and 2 mm in zoom images.
autophagy,autophagiccargoesshoulddecrease, alongwithauto-

phagy receptors in the lysosomal compartments, while accumu-

lating at the whole-cell level (Figure 1A). We therefore performed

a multiplexed TMT (tandem mass tag) LysoIP34–37 in bafilomy-

cin-treated WT, ATG5�/�, FIP200�/�, and whole-cell prote-

omics in the samecohort but unperturbed, compared the changes

in protein abundances at both the lysosomal andwhole-cell levels,

respectively, and generated a list of high-confidence autophagy-

associated factors (Figure 1B). Deletion of either ATG5 or FIP200

significantly reduced the capture of model autophagy substrates

(e.g., MAP1LC3B2, GABARAPL2, CALCOCO2, and SQSTM1/

p62); (Figures 1B and S1A–S1C). We identified IRGQ among

them (Figure1B). Tocorroborate that IRGQ isanautophagy recep-

tor, we monitored IRGQ levels upon autophagy induction by

EBSS-induced starvation. IRGQ levels decreased upon EBSS

treatment in a manner that is dependent on ATG5 or FIP200

(Figure 1C) and were rescued by BafA1 treatment (Figure S1D).

Because IRG genes in mice are IFN-inducible GTPases, we

tested whether IRGQ is IFN-inducible or can bind guanosine

triphosphate (GTP). In accordance with previous studies18 that

report a missing promoter sequence in the human IRGQ gene,

IRGQ was not IFN-inducible (Figure S1E). Furthermore, IRGQ did

not bindGTP (FigureS1F), as all key residuesmediatingGTPbind-

ing are missing in IRGQ (Figure S1G). To determine the role of

IRGQ in cells, we transiently transfected and immunoprecipitated

FLAG-IRGQ fromHeLa cells (Figure 1D). Themost highly enriched

protein in FLAG-IRGQ eluates wasGABARAPL2, amember of the

mammalianATG8 familyof autophagymodifiers that are critical for

autophagosome formation, cargo recruitment, and autophago-

some-lysosome fusion.38,39

In order to confirm that IRGQ is trafficked to lysosomes via

autophagy, we performed immunofluorescence with cells ex-

pressing exogenous mCherry-IRGQ (Figure 1E). Under basal

conditions, mCherry-IRGQ appeared diffuse throughout the

cytosol. However, nutrient starvation induced by EBSS resulted

in the accumulation of mCherry-IRGQ in LAMP-1-positive lyso-

somes (Figure S1H) along with endogenous GABARAPL2.

Because GABARAPL2 is the most prominent binding partner

of IRGQ and its degradation in lysosomes is starvation induced,

we tested whether GABARAPL2 is required for its trafficking to

the lysosome. Indeed, in GABARAPL2-KO cells, IRGQ no longer

accumulated in lysosomes upon induction of bulk autophagy,

indicating that the translocation of IRGQ from the cytosol to lyso-

somes depends on the core ATG8 machinery (Figures S1H and

S1I). The trafficking of IRGQ to lysosomes and its co-localization

with endogenous LAMP1 and LC3B under starvation conditions

was confirmed in HeLa cells with endogenously mCherry-tagged

IRGQ (Figures S1J and S1K).
cells starved for 16 h with EBSS. Protein lysates were analyzed by western blot

recipitations (IPs), and processed for MS. Data were analyzed with MaxQuant

om FLAG-IRGQ over control IPs and �log Student’s t test p value from FLAG-

cant interaction partner is GABARAPL2, marked in purple. All other proteins

2 KOHeLa cells, expressingmCherry-IRGQ. Cells were treated for 6 h in EBSS,

ntibodies. ImageJ plots and quantification: Figures S1H and S1I. Scale bar: 10
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IRGQ interacts with the autophagy machinery
To check whether IRGQ also interacts with other hATG8 family

members,40,41 Histidine-tagged hATG8 proteins (LC3A, LC3B,

LC3C, GABARAP, GABARAPL1, and GABARAPL2) were either

incubated with HCT116 cell lysate or with purified GST-IRGQ

and immunoprecipitated using anti-histidine beads (Figure 2A).

We found that IRGQ from cell lysate bound strongly to

GABARAPL2 and weakly to LC3B, whereas purified GST-IRGQ

bound to all hATG8 proteins, with GABARAPL2 being the stron-

gest interaction partner.

Protein sequence analysis of IRGQ using iLIR (http://ilir.

warwick.ac.uk)42 identified two canonical LC3-interacting re-

gions (LIR): one in the N-terminal region of the protein (residues

186–189; LIR1) and one in the C-terminal of the protein (residues

421–424; LIR2). Both LIR sequences are highly conserved

across different species (Figures S2A and S2B) and are similar

to the canonical—[W/F/Y]xxL—LIR motif in other Atg8-interact-

ing proteins.43 Interestingly, the other family members of IRG in

humans, IRGM and IRGC, lack these LIR sequences (Fig-

ure S2C). The interaction of IRGMwith human ATG8 familymem-

bers is LIR independent44 and we verified that IRGQ KO cells do

not have altered IRGM protein levels (Figure S2D).

We made use of hydrogen-deuterium exchange (HDX) mass

spectrometry (MS) to investigate the in vitro binding modes

and associated conformational dynamics of IRGQ upon binding

to GABARAPL2 and LC3B (Figures S3A and S3B). We incubated

GST-IRGQwith GABARAPL2 (Figures 2B andS3C) or LC3B (Fig-

ure S3D) and recorded deuterium uptake over time. In the pres-

ence of GABARAPL2, we observed decreased deuterium uptake

in three sequence loci of IRGQ, including the predicted LIR1

motif (R176-A191) and two adjacent helices within the N-termi-

nal domain (S62-A75 and L168-L175), indicating a putative

binding site for GABARAPL2. To test whether the suggested

fragment of IRGQ predicted by HDX binds to the LIR-docking

site (LDS) (LC3 docking site) of hATG8 proteins, we crystallized

an N-terminal fragment of IRGQ (1–192) in complex with

GABARAPL2. The resulting crystals diffracted to 1.8 Å resolu-

tion, and we could solve the structure of this complex

(Table S1). The structure showed the canonical binding mode

of the LIR1 of IRGQ buried into the LDS of GABARAPL2, where

F186 and L189 occupy the HP1 and HP2 of LDS (Figure 2C).
Figure 2. Specific binding modes of IRGQ to GABARAPL2 and LC3B

(A) SDS-PAGE and western blot of an in vitro His-pull-down using purified His-h

(B) Differences in deuterium uptake of IRGQ upon binding to GABARAPL2. Rela

uptake in the presence of GABARAPL2 (78% coverage, 2.72 redundancy, 3 m

AlphaFold model of full-lengh IRGQ (AF-A1A4Y4-F1) and indicated using a color

(C) Structure of IRGQ N-terminal domain 1–184 (pink) and IRGQ LIR1 185–190 (o

motif interactions, GABARAPL2 a-helix 2 makes extensive contacts within a pock

G-protein region, and the linker between LIR1 and N-terminal G-domain.

(D) SDS-PAGE and western blot blotting of an in vitroGST pull-down using purifie

IRGQ WT or FLAG-IRGQ mutants (LIR1 mutant = F186A L189A, LIR2 mutant = W

(E) Same as (D), but using GST-LC3B instead of GST-GABARAPL2.

(F) The structure of LC3B (green) in complex with the IRGQ LIR2 peptide (416–425

(orange) shows distinct binding modes of the two IRGQ LIR peptides.

(G) Structural superposition and sequence alignment of the a2 helices of GABARA

(E18, R21, and E25) and a loss of hydrogen bonding with IRGQD7 carbonyl oxygen

(pink).

(H) SDS-PAGE and western blot of an in vitro GST pull-down using purified indic
Interestingly, the N-terminal domain of IRGQ (1–184), which

shares structural similarity with the G-protein fold, makes exten-

sive interactions with GABARAPL2. Specifically, the helix 2 (a-2)

of GABARAPL2 binds with the pocket formed by the switch I

(partially disordered), switch II G-protein region, and the linker

between LIR1 and N-terminal G-domain (Figure 2C). This addi-

tional interaction of a-2 confers the functional consequence of

specificity in binding of IRGQ to GABARAPL2.

To validate this interface, we generated an E74R mutation of

IRGQ to disrupt the interaction with the a-2 of GABARAPL2. In

addition, we tested the individual contribution of LIR1 and LIR2

motifs to bind GABARAPL2 and LC3B individually. Immunopre-

cipitation experiments confirmed that LIR1 and E74 of IRGQ

were required for binding to GABARAPL2 but were not essential

for the interaction with LC3B (Figures 2D and 2E). On the other

hand, the LIR2 motif in IRGQ was not the preferential binding

site of GABARAPL2 but specifically recruited LC3B (Figures 2D

and 2E).

To gain insights into the mechanism of LC3B binding to IRGQ,

we attempted to co-crystallize the IRGQ LIR2 (417–425) peptide

with LC3B. The crystal structure was solved at 1.6 Å resolution

(Table S1).We found that the LIR2motif (residues 421–425) inter-

acted with the LDS of LC3B, with W421 plugging the HP1 site

and L424 occupying the HP2 sites, respectively. An overlay be-

tween LC3B in complex with the IRGQ LIR2 peptide and

GABARAPL2 in complex with the IRGQ LIR1 peptide (183–190)

showed that both complexes shared the canonical LIR interac-

tion but displayed distinct binding modes of the LDS (Figure 2F).

LIR2 N terminus bound R11 from a-helix 1 of LC3B, whereas

the LIR1 N terminus recruited L24 and Y25 of a-helix 2 of

GABARAPL2 for interaction. However, the second molecule in

the asymmetric unit of LC3B-LIR2 crystals showed a binding

mode similar to GABARAPL2, where H27 and K51 of LC3B

formed H-bonds with E418 and T420 of LIR2, respectively (Fig-

ure S3E). The LIR1 site of IRGQ was protected from interactions

with LC3B due to the prerequisite of helix 2 interactions.

The LIR1-mediated binding mode was not feasible for the

IRGQ-LC3B complex due to the presence of bulky, charged res-

idues (E18, R21, and E25) in helix 2 of LC3B causing steric

clashes (Figure 2G). Deletion of the N-terminal a-helix 2 of

GABARAPL2 or LC3B prevented binding to IRGQ as well as
ATG8 proteins together with either HCT116 cell lysate or purified GST-IRGQ.

tive deuterium uptake by IRGQ was measured as a percentage of maximum

in exposure). The uptake difference (binding—control) was mapped onto the

gradient from red (decreased) via white (unchanged) to blue (increased).

range) in complex with GABARAPL2 (gray). In addition, to the canonical LIR1

et formed by the structurally conserved switch I (partially disordered), switch II

d GST-GABARAPL2 together with HEK293T cell lysate transfected with FLAG-

421A L424A).

) (blue) overlaid with GABARAPL2 (gray) and the IRGQ LIR1 peptide (183–190)

PL2 (gray) and LC3B (green). Non-conserved, bulky, charged residues of LC3B

via K20 to L22 prevent interaction of LC3Bwith IRGQ at the N-terminal domain

ated GST proteins together with HEK293T cell lysate.
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Table 1. Structural models of IRGQ-hATG8 complexes

Binding modes IRGQ-GABARAP IRGQ-GABARAPL1 IRGQ-GABARAPL2 IRGQ-LC3A IRGQ-LC3B IRGQ-LC3C

LIR1-LDSa 4/25 1/25 18/25a 6/25 2/25 6/25

LIR1*-LDS 3/25 1/25 0/25 3/25 0/25 1/25

LIR2-LDSa 18/25a 13/25a 7/25 13/25a 18/25a 11/25

LIR2*-LDS 0/25 6/25 0/25 3/25 3/25 6/25

No LIR-LDS 0/25 4/25 0/25 0/25 2/25 1/25

Table summarizing the binding modes between IRGQ and hATG8 proteins in top 25 modeled complexes. Five predominant binding modes are

observed; two canonical LIR-LDS (LIR1-LDS and LIR2-LDS) binding modes; two partially docked LIR*-LDS (LIR1*-LDS and LIR2*-LDS), and binding

mode with no LIR involvement. The relative populations of these modes in the top-ranked AlphaFold2 models-multimer models are provided and

representative images of IRGQ-GABARAPL2 (LIR1-LDS), as well as IRGQ-LC3B (LIR2-LDS), are depicted in Figures S3F and S3G.
apredominant binding mode

ll
OPEN ACCESS Article
LC3B containing the LDS mutation (F24A) (Figure 2H). To test

the differential binding of hATG8 proteins to IRGQ LIR1 and

LIR2 sites, we modeled the three-dimensional (3D) structure of

all six IRGQ-hATG8 complexes using AlphaFold2-multimer

(Table 1). In the top-ranked complex models, we found that

hATG8 proteins could interact with IRGQ using alternate binding

modes involving either LIR1 or LIR2 sites. We analyzed the

IRGQ-GABARAPL2 and IRGQ-LC3B complex models in detail

(Figures S3F and S3G) and found that GABARAPL2 was seques-

tered by IRGQ predominantly using the LIR1-LDS binding mode

(18/25 topmodels; Table 1; Figure S3F), whereas the LC3B inter-

action was mediated predominantly by the LIR2-LDS binding

mode (18/25 top models; Table 1; Figure S3G). Our modeling

data suggested that the LIR1-LDS binding mode was essential

to recruit GABARAPL2 and LIR2-LDS for LC3B, respectively

(Figures S3F and S3G).

In summary, LC3B bound to IRGQ via the LIR2motif in a single

bindingmode, whereas GABARAPL2, despite having two poten-

tial bindingmodes (both to LIR1 and LIR2), showed a strong pref-

erence for binding to the N-terminal domain of IRGQ followed by

the LIR1 motif.

IRGQ modulates MHC class I levels at the cell surface
To assess the physiological role of IRGQ, we performed a multi-

plexed TMT-total proteome analysis of PA-TU-8988T IRGQ WT

and KO cells (Figure 3A). As expected, IRGQ was depleted

from IRGQKO cells, whereas, interestingly, HLA family members

were highly accumulated. In addition, we analyzed total pro-

teomes of PA-TU-8988TWT, IRGQKO, or FIP200 KO cells under

fed and starved conditions and compared organelle classes

(Figures S4A–S4C). As expected, starvation in WT cells induces

turnover of the ER, lysosome, and endosomes (Figure S4A). The

starvation-mediated turnover of the ER, lysosomes, and endo-

somes also occurs in the absence of IRGQ (Figure S4B).

Because FIP200 is an essential autophagy gene, its absence

blocks the turnover of the ER, lysosomes, and endosomes under

starvation conditions (Figure S4C). Therefore, it is unlikely that

IRGQ plays a global role in autophagy or ER-phagy, as is the

case for FIP200, but rather has selected, specific targets. To

determine whether IRGQ mediated the regulation of HLA tran-

scription or degradation at the protein level, we first performed

real-time quantitative PCR (qPCR) of HLA-A, -B, -C, and B2M

in the presence or absence of IFNg (Figure 3B). As expected,
7290 Cell 187, 7285–7302, December 12, 2024
IFNg treatment induced the transcription of HLA and B2M pro-

teins. IRGQ KO also significantly influenced HLA but not B2M

mRNA levels; however, not to the same extent as induction

through IFNg (Figure 3B). We then tested the overall protein

levels of HLA molecules in different WT and IRGQ-depleted

cell lines (Figures 3C, 3D, and S4D–S4F). We found that HLA

molecules accumulated in IRGQ-depleted cells, whereas IRGQ

overexpression resulted in HLA downregulation (Figure 3C).

The reciprocal correlation between the levels of HLA molecules

and IRGQ in various cell lines suggested that IRGQ can regulate

MHC class I protein levels in tumorigenic (PA-TU-8988T, HeLa,

Huh-7, and SK-N-AS1) and healthy primary cells (human macro-

phages), whereas MHC class II was not affected (Figure 3E).

Next, we confirmed that the function of IRGQ can be restored

in PA-TU-8988T IRGQ KO cells by re-introducing doxycycline-

inducible WT HA-IRGQ (Figure S4G). The levels of HLA are equal

in WT and doxycycline-treated PA-TU-8988T IRGQ KO pLDT

HA-IRGQ cells, whereas HLA levels are elevated in these cells

without doxycycline treatment (Figure S4H).

To test whether IRGQ’s effects on HLA accumulation were

mostly post translational, we quantified the protein turnover by

using a cycloheximide (CHX) pulse chase assay (Figure S4I). Af-

ter CHX treatment, WT cells showed reduced HLA levels,

whereas IRGQ KO cells did not, indicating IRGQ’s role in HLA

protein clearance. BafA1 and MG132 treatments revealed that

IRGQ-mediated HLA degradation primarily occurs via the auto-

phagic pathway, with partial involvement of the proteasome

(Figure S4I).

To assess the role of IRGQ in the autophagic degradation of

MHC class I, endogenously tagged mCherry-IRGQ HeLa were

subjected to EBSS-mediated starvation. Immunoprecipitation

of mCherry-IRGQ revealed equal levels in treated and untreated

cells; however, upon nutrient starvation, IRGQ’s interaction with

GABARAPL2 and MHC class I molecules (HLA-C, HLA-A, and

B2M) increased (Figure 3F). We confirmed this by proximity-liga-

tion of IRGQ and HLA class I ABCmolecules in cells treated with

the autophagy inducer Torin-1(Figure S4J). BecauseMHCclass I

molecules exert their function at the cell surface, we profiled

the total cellular surfaceOME in PA-TU-8988T (Figure 3G) and

HeLa cells (Figure S4K). To this end, we biotin-labeled the cell

surface proteins and subjected them to MS analysis. HeLa

cells stably overexpressing HA-IRGQ exhibited fewer HLA

surface molecules (Figure S4K). This was confirmed by
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Figure 3. IRGQ reduces MHC class I levels on the membrane and intracellularly
(A) Total proteome analysis of TMT-labelled IRGQ WT and KO PA-TU-8988T cells reveals accumulation of MHC class I molecules. Data were analyzed with

MaxQuant and Proteome Discoverer; n = 3. The volcano plot represents the Student’s t test difference from IRGQ KO over WT cells and �log Student’s t test

(legend continued on next page)
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fluorescence-activated cell sorting (FACS) analyses of cell sur-

face HLA in these IRGQ-overexpressing HeLa cells (Figure S4L).

Conversely, the small interfering RNA (siRNA)-mediated deple-

tion of IRGQ in the HCC cell line Huh-7 caused an accumulation

of total HLA surface levels (Figure S4M). In PA-TU-8988T IRGQ

KO cells, HLA molecules were the most enriched surface pro-

teins compared with WT cells (Figure 3G). Notably, comparison

of HLA levels at the cell surface and the whole-cell level showed

that the accumulation of HLA molecules in IRGQ KO cells at the

whole-cell level (input) was not mirrored at the cellular surface

but that most of the accumulated HLAmolecules remained intra-

cellularly (Figure S4N).

IRGQ-MHC class I complexes traffic through the
autophagic pathway
Across different cell types, high expression of IRGQ was associ-

ated with reduced levels of HLA, and vice versa. To decipher the

mechanism of IRGQ-mediated MHC class I instability, we per-

formed cell fractionations of PA-TU-8988T WT and IRGQ KO

cells (Figure 4A). IRGQ could be detected in the cytosol and

the ER. The levels of HLA proteins in IRGQ KO cells were higher

than in WT cells, both in the input (total cell lysate) and the ER.

The levels of EGFR, another cell surface protein, were not

affected by IRGQ depletion, indicating specificity for MHC class

I (Figure 4A). Tomonitor the localization of IRGQ upon autophagy

induction, we used the complementation affinity purification

(BiCAP) method45: two halves of the split-Venus system (Vn

and Vc) tethered to two potentially interacting proteins generate

a functional fluorescent protein upon complexation. Confocal

microscopy revealed that IRGQ and HLA molecules were

distinctly localized in the cell (Figure 4B). Upon autophagy induc-

tion, proximity-labeled dimers of IRGQ (Vn-IRGQ and Vc-IRGQ

constructs) were detected in the ER membrane (co-localization

with REEP5), on autophagosomes (co-localization with BFP-

LC3B), and in lysosomes (co-localization with LAMP1) (Fig-

ure 4C). In order to track the interaction of IRGQ and HLA, we

co-transfected Vn-IRGQ with HLA-Vc and monitored their prox-

imity with live-cell imaging (Figure 4D). We found that both IRGQ

andHLAmolecules were proximal andmoved together, presum-

ably as a complex, into autophagosomes and lysosomes

(Figure 4D; Video S1). Vn-IRGQ/HLA-Vc heterodimers and
p value from IRGQ KO over WT cells. Proteins significantly depleted in IRGQ KO c

are marked in purple.

(B) Relative mRNA expression levels of HLA-A, HLA-B, HLA-C, and B2M in IRGQ

(C) SDS-PAGE and western blot of HeLa WT and HA-IRGQ transfected, as well

(10 ng/mL, 24 h).

(D) FACS analysis of HLA-ABC antibody in primary humanmacrophages from thre

the box-and-whisker plot and individual donors are color coded. n = 3.

(E) Same as in (D) but using HLA-DR antibody.

(F) Interactome of endogenous IRGQduring starvation-induced autophagy in HeLa

represents the Student’s t test difference and�log Student’s t test p value from en

treated condition. The bait IRGQ is marked in green and significantly increased

treatment.

(G) SurfaceOME of IRGQ WT and KO PA-TU-8988T cells. Biotinylated surface p

with MaxQuant and Perseus; n = 3. The volcano plot represents the Student’s t t

Proteins significantly enriched in IRGQ KO cells are HLA-A and B2M (marked in

Data are presented as the mean with error bars indicating the SD. Statistical s

Student’s t test. Differences with p < 0.05 are annotated as *, p < 0.01 are anno

Figure S4.
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Vn/Vc-IRGQ homodimers were distinctly co-localized and de-

tected inside lysosomes (lysotracker stain), which is not the

case for proximal HLA-Vn/Vc homodimers (Figure 4E).

IRGQdegrades non-conformational MHCclass I through
autophagy
Prior to their transport to the plasma membrane, MHC class I

molecules undergo maturation in the ER, and different con-

formers coexist in cells. To decipher which HLA conformation

IRGQ acts on, we fractionated cells into soluble and insoluble

fractions46 (Figures 5A and S5A). BafA1 treatment increased

the amount of HLA in the insoluble fraction at similar levels in

WT and KO IRGQ PA-TU-8988T cells. MG132 treatment, which

blocks proteasomal degradation of MHC class I after retrograde

transport into the cytosol and peptide generation for MHC class I

peptide loading, further increased the amount of insoluble HLA,

with significantly more insoluble HLA present in IRGQ KO cells

(Figures 5A and S5A). Misfolded non-conformational HLA

molecules are known to aggregate in the ER.47 The fraction of

high-molecular-weight species containing HLA aggregates or

oligomeric complexes were more prominent in the absence of

IRGQ, as detected by native-PAGE (Figure S5B). To measure

the amount of MHC class I within the ER, lysates were treated

with endoH, an enzyme that only deglycosylates proteins pre-

sent in the ER and cis-Golgi.48 Significantly more deglycosylated

MHC class I molecules were present in IRGQKO cells, indicating

that the percentage of ER-resident MHC class I increased in the

absence of IRGQ (Figures 5B and S5C). Importantly, MG132

treatment, which causes an accumulation of ‘‘empty’’ MHCclass

I molecules due to a restriction of peptide abundance,49 caused

a similar increase of deglycosylated MHC class I molecules in

WT cells compared with untreated IRGQ KO cells, but did not

further increase in IRGQ KO cells (comparing #4 and #6).

This suggested that IRGQ functioned as a major regulator for

disposal of ER-resident non-conformational MHC class I mole-

cules. PNGase treatment was used as a positive control to

deglycosylate all MHC class I molecules, irrespective of their

location (Figures 5B and S5C).

To confirm IRGQ’s role in modulating non-conformational

HLA, we used two antibodies: HLA-W6/32, which detects

the HLA-B2M heterodimer, and a polyclonal HLA-ABC, which
ells are marked in green and proteins significantly upregulated in IRGQ KO cells

WT and KO cells in the presence or absence of IFNg (10 ng/mL, 24 h). n = 3.

as PA-TU-8988T WT and IRGQ KO cells in the presence or absence of IFNg

e healthy donors transfectedwith control or IRGQ siRNA. Data are presented as

cells. Data were analyzed withMaxQuant and Perseus; n = 3. The volcano plot

dogenousmCherry-IRGQ IP under basal or EBSS (4 h) and BafA1 (4 h, 200 nM)

binding to HLA-C and B2M (both marked in purple) is observed upon EBSS

roteins were immunoprecipitated by streptavidin, and proteins were analyzed

est difference and �log Student’s t test p value from IRGQ KO over WT cells.

purple).

ignificance of differences between experimental groups was assessed with

tated as **, and p < 0.001 are annotated as ***; n.s. not significant. See also
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Figure 4. IRGQ forms a complex with MHC class I

(A) PA-TU-8988T WT and IRGQ KO cells were fractionated into ER, mitochondria, and the cytosol following SDS-PAGE and western blot with indicated anti-

bodies. Cellular fractionation reveals that IRGQ KO-mediated MHC class I accumulation occurs in the ER.

(legend continued on next page)
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recognizes the HLA heavy chain regardless of conformation (Fig-

ure 5C). Higher HLA levels were found in IRGQ KO cells with the

HLA-ABC antibody in the 1st IP, but not with HLA-W6/32. A 2nd IP

using the opposite antibodies confirmed this, showing HLA

accumulation in IRGQ KO cells with HLA-ABC but not HLA-

W6/32 (Figure 5D). This indicates that the accumulated HLA in

IRGQ KO cells is non-conformational.

To further dissect this, FACS analysis of surface HLA mole-

cules was performed using the polyclonal HLA-ABC antibody,

the conformational HLA-W6/32 clone, and the HLA-HC10 clone,

which only detects free HLA heavy chains (Figure 5E). Again,

HLA-ABC and conformational HLA-W6/32 molecules were

slightly enriched on the cellular surface of IRGQ-depleted cells.

Free heavy chains (HLA-HC10) should not be detectable on

the cellular surface, as these molecules should have undergone

stringent quality control mechanisms prior to reaching the mem-

brane; however, in PA-TU-8988T and HeLa IRGQ KO cells, as

well as in siRNA IRGQ-depleted Huh7 cells, this quality control

pathway is absent. Thus, free HLA heavy chains (HLA-HC10)

were only detected on the membrane of IRGQ KO but not WT

cells (Figures 5E, S5D, and S5E). FACS analysis revealed that re-

introduction of IRGQ restores surface HLA-HC10 levels back to

WT levels, indicating that exogenously expressed HA-IRGQ acts

in MHC class I quality control similarly to endogenous IRGQ (Fig-

ure S5F). To resolve whether IRGQ also plays a role in AAK1-

mediated MHC class I lysosomal uptake,50 we measured the

amount of surface MHC class I from human macrophages of

six healthy donors depleted of IRGQ, AAK1, or both (Figure S5G).

The knockdown (KD) of IRGQ and of AAK1 could be verified (Fig-

ure S5H), and both result in increasedMHCclass I surface levels;

however, there is no additive effect of IRGQandAAK1 double KD

(Figure S5G).

Upon autophagy induction, IRGQ fostered interactions with

LC3B and GABARAPL2, which are recruited to the growing

phagophore and are important for cargo delivery. In addition,

autophagy induction increased co-localization of IRGQ with

HLA at the ER. In this light, we investigated the role of IRGQ in

HLA degradation through autophagy by monitoring the delivery

of conformational and non-conformational HLA molecules to ly-

sosomes in IRGQ WT and KO cells (Figure S5I). Significantly

fewer non-conformational HLA molecules (HLA-ABC) were pre-

sent in lysosomes in the absence of IRGQ, whereas conforma-

tional HLA molecules (HLA-W6/32) were unaffected (Figure 5F).

Depleting LC3B and GABARAPL2 from IRGQ WT or KO cells

(Figure S5J) even further increased the absence of non-confor-

mational HLA from lysosomes (Figure 5G). Compared with WT

cells, all single KO (or KD) cells showed a significant reduction

in the percentage of positive HLA lysosomes, and this effect
(B) Schematic of the complementation affinity purification system: BiCAP, Vn/Vc V

Vn/Vc, and heterodimer Vn-IRGQ/HLA-Vc, treated for 1 h with EBSS. Represent

Scale bar: 5 mm.

(C) U2OS cells transfected with homodimer Vn/Vc-IRGQ and BFP-LC3B, treate

endogenous LAMP1 (to visualize lysosomes) and Reep5 (to depict the ER netw

microscope SP8. Scale bar: 10 mm.

(D) U2OS cells transfected with heterodimer Vn-IRGQ/HLA-Vc and BFP-LC3B, tr

with a Leica confocal microscope SP8. Representative video. Scale bar: 10 mm.

(E) U2OS cells transfected with heterodimer Vn-IRGQ/HLA-Vc or homodimers o

30 min. Representative fluorescence images were taken with a Leica confocal m
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was enhanced when two or all three of these proteins were

depleted simultaneously (Figure 5G). Thus, HLA degradation

through autophagy depended not only on IRGQ but also signifi-

cantly on its binding partners, LC3B and GABARAPL2.

We tested whether IRGQ directly binds purified MHC class I

but found no interaction, suggesting the need for additional

adaptors or post-translational modifications (Figure S6A). MS re-

vealed that the Vn-IRGQ/HLA-Vc complex interacts with auto-

phagy-lysosome, ubiquitin-proteasome, and ER proteostasis

proteins, including LC3B and MARCH5 (Figures S6B–S6D).

HLA ubiquitylation sites at K267 and K340 were only present in

IRGQ-bound complexes (Figures S6E and S6F). Mutation of

K267/340R reduced co-localization with ERmarkers and slowed

degradation (Figures S6G–S6K). WT HLA interacts with protea-

somal subunits, whereas K267/340R associates with kinesins

and endosomal proteins (Figure S6L).

Taken together, IRGQ acted in the quality control of MHC

class I and directs non-conformational HLA molecules for

autophagosome-lysosomal degradation.

IRGQ depletion allows an increased CD8+ T cell
response to restrict HCC
HCC is a tumor with strikingly poor prognosis, and targeted

therapies with beneficial clinical impact have not yet been suc-

cessfully developed.32 IRGQmRNA (FigureS7A) andprotein (Fig-

ure S7B) levels were highly upregulated in HCC compared with

non-transformed liver tissues. In addition, HCC tumors with

elevated IRGQ levels expressed lower levels of MHC class I

genes compared with tumors with reduced expression of IRGQ

(Figure S7C). Data from publicly available datasets show that

HCCpatientswith an increased IRGQexpression exhibit a signif-

icantly shorter survival time compared with patients with low

IRGQ expression (Figure S7D). In HCC patients with high CD8+

Tcell infiltration into the tumor, the relevanceof IRGQasasurvival

prognostic factor was markedly increased (Figure 6A) compared

with tumors with low CD8+ T cells (Figure S7E). These data indi-

cated that low IRGQ levels positively influencedMHC class I sur-

face expression and favor a CD8+ T cell response, resulting in a

better HCC patient survival rate and highlighting IRGQ as a po-

tential target in HCC tumors with elevated CD8+ T cell infiltration.

To investigate IRGQ’s role in immune evasion, we developed

an HCC mouse model51–54 by amplifying c-Myc and deleting

Trp53 in C57BL/6J mice32,51 using hydrodynamic tail vein injec-

tion with CRISPR-Cas9 and sleeping beauty gene editing (Fig-

ure S7F). Proteome analysis of healthy (WT) and HCC (c-Myc;

Trp53D) liver tissue showed upregulation of HCC markers and

proliferative indicators.55 Tumors lacked cholangiocarcinoma

markers (Krt7 and Krt19), confirmed hepatocyte origin (Hnf4a),
enus. U2OS cells transfected with homodimer Vn/Vc-IRGQ, homodimer HLA-

ative fluorescence images were taken with a Leica confocal microscope SP8.

d for 6 h with EBSS and BafA1. Cells were stained with antibodies against

ork). Representative fluorescence images were taken with a Leica confocal

eated for 1 h with EBSS and lysotracker for 30 min. Live-cell imaging was done

f Vn/Vc-IRGQ and HLA-Vn/Vc, treated for 1 h with EBSS and lysotracker for

icroscope SP8. Scale bar: 10 mm.
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Figure 5. IRGQ degrades non-conformational MHC class I through autophagy

(A) Cellular fractionation of soluble and insoluble cellular components of PA-TU-8988T WT and IRGQ KO cells upon treatment with BafA1 and MG132 (16 h; 100

and 500 nM, respectively). Quantification of the cellular fractionation of HLA levels from western blots (Figure S5A). n = 3.

(legend continued on next page)
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and HCC classification (Afp and Gpc3), with de-differentiation

markers (low Alb) and reduced IFN signaling, characteristic of

proliferative HCC55 (Figure S7F). Aiming to elucidate the function

of IRGQ in HCC tumors, we deleted Irgq by CRISPR-Cas9 in

order to compare Irgq WT and KO tumors (c-Myc; Trp53D vs.

c-Myc; Trp53D; IrgqD) (Figure 6B). This was confirmed on a pro-

tein level by western blot (Figure S7G). Strikingly, mice with WT

Irgq tumors displayed amedian survival rate of 33 days, whereas

mice with IrgqD tumors lived approximately 82 days (Figures 6C

and S7H). c-Myc; Trp53D; IrgqD mice showed reduced tumor

burden compared with WT Irgq animals (Figures 6D and 6E). In

order to determine whether Irgq is required for HCC immune

evasion, we monitored survival upon treatment with an anti-

CD8 antibody. The survival benefit of the c-Myc; Trp53D; IrgqD

mice was reduced to the survival rate of c-Myc; Trp53D mice

upon their treatment with the anti-CD8 antibody, indicating that

the Irgq-depletion survival benefit stemmed from increased

MHC class I presentation with concomitant CD8+ T cell activa-

tion (Figure 6F). Next, we confirmed that IRGQ modulates

CD8+ T cell activation by degrading non-conformational MHC

class I molecules. In IRGQ KO cells, these molecules reach the

surface, triggering a stronger T cell-mediated response (Fig-

ure 5E).56,57T cell killing assays showed increased activation of

total human T cells and CD8+ T cells toward IRGQ KO cells,

further enhanced by tetanus toxoid as an antigen (Figures 6G

and S7I). Additionally, reduced IRGQ expression in gp33-ex-

pressing MC38 cells led to elevated Nur77 expression in CD8+

T cells, indicating stronger T cell receptor (TCR) signaling58 (Fig-

ure S7J). In addition, we performed immune cell profiling from

the blood of the c-Myc; Trp53D; IrgqD mice and found that reg-

ulatory T cells (Tregs) were not affected (Figure 6I). However,

mice with Irgq depleted from liver tumors had enhanced levels

of activated CD8+ T cells (Figure 6J) as well as PD-1+ CD8+

T cells (Figure 6K), which may represent a hyporesponsive state

of T cells due to chronic TCR stimulation.59

In summary, we identified IRGQ as a factor involved in immune

evasion in HCC.

DISCUSSION

Protein quality control is vital for the proper functioning of MHC

class I molecules, which are crucial for the immune system to

recognize and respond to foreign substances like pathogens or

tumor cells. MHC class I molecules undergo a strict quality con-
(B) Quantification from western blot (Figure S5C) of cellular glycosylation states o

upon treatment with MG132 (16 h; 500 nM). n = 7.

(C) Schematic of sequential HLA-ABC and HLA-W6/32 IPs.

(D) SDS-PAGE and western blot of double immunoprecipitation with conformation

to scheme (C).

(E) FACS analysis of PA-TU-8988TWT and IRGQKO cells using IgG control, HLA-A

(HLA-HC10) are present at the cell surface of IRGQ KO cells.

(F) Quantification of HLA-positive lysosomes (IF images Figure S5I) of at least 50

together with BafA1. Less HLA-ABC is present in lysosomes of IRGQ KO cells, wh

the analysis were taken in z stacks with a Leica confocal microscope SP8. n = 3

(G) Same as (F), but only staining HLA-ABC in HeLa WT cells or cells depleted of

GABARAPL2, and LC3B all direct MHC class I for lysosomal degradation.

Data are presented as the mean with error bars indicating the SD. Statistical s

Student’s t test. Differences with p < 0.05 are annotated as *; differences with p <
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trol process to maintain their integrity. Cytotoxic T cells monitor

these molecules for foreign peptides, triggering an immune

response to eliminate infected or cancerous cells. This process

ensures effective targeting while preventing excessive immune

reactions that could damage healthy tissue.60,61

Here, we identified IRGQ as a regulator of immunity and a po-

tential biomarker or therapeutic target for HCC. IRGQ functions

as an autophagy receptor by binding GABARAPL2 and LC3B

via two LIR motifs and its N-terminal domain. Notably, IRGQ

binds LC3B and GABARAPL2 at distinct sites, despite their

similarity. This differential binding may enhance autophagy

substrate specificity under different physiological conditions.

Autophagy induction promotes the degradation of MHC class I

molecules5,50,62,63 and the complex assembly of IRGQ with

ATG8 and one of its substrates—MHC class I. In IRGQ-deficient

cells,MHCclass I levels increase as IRGQplays a key role inMHC

class I quality control. IRGQ interacts with MHC class I in the ER,

ensuring improperly formed molecules are degraded via lyso-

somes. Without IRGQ, faulty MHC class I molecules, including

heavy chains without light chains or peptides, reach the cell

membrane and these molecules can still, or even more strongly,

trigger a CD8+ T cell response (Figure S7K). Indeed, the presence

of both empty and conformational MHC class I molecules on the

target cell surface enhances T cell killing and immune re-

sponses.56,57 The affinity between CD8 and the MHC class I

molecule maintains close contact between the cytotoxic T cell

and the target tumor cell during antigen-specific activation in

the tumor microenvironment. MHC class I restriction of tetanus

toxoid and gp33 requires fully assembled MHC class I com-

plexes. Consequently, thesemoleculesmay be displayed in equi-

librium with misfolded heavy chains and may also form more

readily if misfolded MHC class I molecules are not adequately

degraded. Nevertheless, many cancers can evade the immune

system, and patients’ response to immune checkpoint therapy

is highly individualized.8,32,60,64 Thus, improving tumor immuno-

genicity is a key factor for more effective immunotherapy.

Liver cancer is the sixth most common cancer and the second

leading cause of cancer death due to its highmetastatic capacity

and recurrence rates.32 HCC patients and mice with low IRGQ

expression show better survival, as reduced IRGQ levels

enhance the immune response. In Irgq-deficient mice, CD8+

T cells restrict tumor growth, leading to smaller liver tumors.

Similarly, low IRGQ levels in humans correlate with better sur-

vival in CD8-high HCC tumors. T cells from healthy donors are
f MHC class I molecules in PA-TU-8988T WT and IRGQ KO cells, untreated or

-dependent HLA antibodies in PA-TU-8988TWT and IRGQ KO cells according

BC, HLA-W6/32, and HLA-HC10 antibodies. Free heavy chains of MHC class I

cells per condition. HeLa WT and IRGQ KO cells were treated with EBSS (4 h)

ereas conformational MHC class I (HLA-W6/32) is unaffected. Images used for

.

IRGQ, LC3B, and/or GABARAPL2. Verification of KO/KD in Figure S5J. IRGQ,

ignificance of differences between experimental groups was assessed with

0.01 are annotated as ** and p < 0.001 are annotated as ***; n.s. not significant.
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Figure 6. IRGQ regulates CD8+ T cell response in human and murine hepatocellular carcinoma

(A) Kaplan-Meier survival plot of liver cancer patients with high or low IRGQ mRNA expression levels in CD8+ T cell-infiltrated tumors (data obtained from NIH

Center for Cancer Genomics, the Cancer Genome Atlas program [TCGA]).

(legend continued on next page)
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more reactive to IRGQKO cancer cells due to higher MHC class I

surface levels. In c-Myc; Trp53D; IrgqDmice, the T cell response

peaks 7–14 days post activation, with effector T cells actively

eliminating cancer cells. The dynamics of the T cell response

to cancer may vary depending on several factors, including the

type of cancer, the tumor microenvironment, and the specific tu-

mor antigens.65

In summary, we unraveled the molecular mechanism of IRGQ

action during autophagy-mediated degradation and quality con-

trol of MHC class I molecules, impacting T cell immunity.

Limitations of the study
Future studies will have to decipher the exact molecular basis for

recognition of non-conformational MHC class I molecules by

IRGQ. Ubiquitylation on K267 and K340 of MHC class I poten-

tially marks HLA for IRGQ-mediated autophagy degradation by

recruiting autophagy adaptor proteins.

IRGQ regulates protein levels of HLA molecules post transla-

tionally through autophagic degradation; nevertheless, an

increase of HLA-A, -B, and -C mRNA is also observed in

IRGQ-depleted cells and in IRGQ-low HCC samples. This is

possibly due to a feedback loop, which further potentiates the ef-

fect of IRGQ on HLA levels.

Lastly, future studies are needed to better understand the role

of (neo)antigen-specific activation of the cytotoxic T cell and the

impact of unloaded and/or misfolded MHC class I molecules on

T-cell-mediated anti-cancer immunity.
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(B) Representative contrast-enhanced magnetic resonance imaging (MRI) images o

plasmid injection. Arrows indicate tumors. Scale bar: 8 mm.

(C) Kaplan-Meier survival plot of c-Myc; Trp53D (Irgq WT) and c-Myc; Trp53D; IrgqD

(D) Relative liver tumor area detected by MRI at day 27 post plasmid injection of W

presented in a box-and-whisker plot.

(E) Same as (D), but assessing tumor numbers.

(F) Respective survival days of IrgqWT and KOmice treated with anti-CD8 antibody. C

CD8 antibody between days 13 and 21.

(G) FACS analysis of early apoptotic PA-TU-8988T WT and IRGQ KO cells upon co-cu

box-and-whisker plot and individual samples are color coded. n = 3.

(H–J) FACS analysis of (H) CD25+ FoxP3+ CD4+ T cells (Tregs), of (I) GrB+ or IFNg+ C

and c-Myc; Trp53D; IrgqD mice until 42 days post plasmid injection. Data are prese

Statistical significance of differences between experimental groups was assessed w

Data are presented as the mean with error bars indicating the SD. Statistical sign

Student’s t test. Differences with p < 0.05 are annotated as *; p.< 0.01 are annotated
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ited to the PDB database: IRGQ (1-192)-GABARAPL2: PDB: 8Q6Q;

LC3B-IRGQ LIR2 peptide: PDB: 8Q7K. Accession numbers are listed

in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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anti-rabbit Alexa647 Life Technologies Cat#A21244; RRID:AB_2535812

anti-mouse Alexa 647 Life Technologies Cat#A-31626

Bacterial and virus strains

NEB Turbo competent E.coli NEB Cat#C2984H

Biological samples

Buffy coats DRK-Blutspendedienst Baden-

Württemberg-Hessen, Institut für

Transfusionsmedizin und

Immunhämatologie, Frankfurt, Germany

N/A

Chemicals, peptides, and recombinant proteins

2-Mercaptoethanol gibco Cat#31350-010

Albumin Fraction V (BSA) Carl Roth Cat#7076.3

Dulbecco’s Phosphate Buffered

Saline (PBS)

Sigma-Aldrich Cat#D5652-10L

Fetal Bovine Serum (FBS) Capricorn Scientific Cat#FBS-11A

HEPES solution Sigma Life Science Cat#H0887

Human Plasma DRK-Blutspendedienst Baden-

Württemberg-Hessen, Institut für

Transfusionsmedizin und

Immunhämatologie, Frankfurt, Germany

N/A

MEM Non-essential Amino Acid Solution Sigma Life Science Cat#M7145

Pancoll Pan Biotech GmbH Cat#P04-60500

Penicillin-Streptamycin Sigma-Aldrich Cat#P4333

RPMI Medium 1640 + GlutaMax� gibco Cat#61870-010

Sodium pyruvate solution Sigma Life Science Cat#S8636

Tetanus toxin from Clostridium tetani Sigma-Aldrich/Merck Cat#T3194

(Continued on next page)
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Trypsin–EDTA Solution Sigma Life Science Cat#T4147

IRGQ-LIR2 peptide: (EDETWEVLE) this paper N/A

Deuterium oxide Carl Roth CAS number: 7789-20-0

IRGQ(1-192)-GABARAPL2(1-117) complex this paper N/A

Imidazole Sigma-Aldrich/Merck Cat#I5513

TCEP Sigma-Aldrich/Merck Cat#C4706

Glycerol Fischer Chemical Cat#G/0650/17

NaCl Carl Roth Cat#3957.2

PEG 3000 Molecular Dimensions Cat#MD2-250-8

Tri-Sodium citrate Molecular Dimensions Cat#133128

Ethylene glycol Molecular Dimensions Cat#MD2-100-60

Gadoxetic acid contrast agent Bayer-Schering pharma Primovist�

DMEM, high glucose Thermo Fisher Scientific (Gibco) Cat#41965-039

IMDM Thermo Fisher Scientific (Gibco) Cat#21980032

EBSS Thermo Fisher Scientific (Gibco) Cat#24010043

Human IFNg Reprotech Cat#AF-300-02

Torin-1 Tocris Cat#4247

Bafilomycin A1 LC Laboratories/Biotrend Cat#B-1080

MG132 MedChemExpress Cat#HY-13259

Cycloheximide Sigma-Aldrich/Merck Cat#C4859-1ML

GeneJuice� Transfection Reagent Merck Millipore Cat#70967-6

TurboFect Thermo Fisher Scientific Cat#R0531

Opti-MEM Thermo Fisher Scientific (Gibco) Cat#31985062

Lipofectamine� RNAiMAX Transfection

Reagent

Thermo Fisher Scientific Cat#13778150

Tris Roth Cat#AE15.2

EDTA Fluka Analytical Cat#34549-1KG

Triton� X 100 Roth Cat#3051.2

Protease Inhibitors Roche Cat#4693132001

Phosphatase Inhibitors Sigma-Aldrich Cat#P5726, Cat#P0044

SDS Pellets Roth Cat#CN30.2

Benzonase� Nuclease HC, Purity > 90% Millipore Cat#71205-3

Saponin Sigma-Aldrich Cat#47036

LysoTracker Red DND-99 Thermo Fisher Scientific Cat#L7528

Myc-agarose beads Thermo Fisher Scientific Cat#20169

Flag-M2 agarose beads Sigma-Aldrich Cat#A2220

Streptavidin-dynabeads Thermo Fisher Scientific Cat#65605D

RFP-Trap_A beads ChromoTek Cat#rta-10

GFP- Trap_A beads ChromoTek Cat#gta-10

aP32GTP Hartmann Analytic Cat#SRP-108

PNGase F NEB Cat#P0704S

Endo Hf NEB Cat#P0703S

Sulfo-NHS-LC-Biotin Thermo Fisher Scientific Cat#21335

NeutrAvidin Protein beads Thermo Fisher Scientific Cat#29200

NuPAGE� LDS Sample Buffer Thermo Fisher Scientific Cat#NP0007

4-20% Mini-PROTEAN� TGX Stain-Free�
Protein Gels

BioRad Cat#456-8094

(Continued on next page)
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Critical commercial assays

7-AAD BD Biosciences Cat#51-68981E

BD Horizon� Brilliant Stain Buffer BD Biosciences Cat#566349

EasySep� Human CD8+ T Cell Isolation Kit STEMCELL Technologies Cat#17953

EasySep� Human T Cell Isolation Kit STEMCELL Technologies Cat#17951

eBioscience� FOXP3/Transcription Factor

Staining Buffer Set

invitrogen Cat#00-5523-00

FACSFlow� Sheath Fluid BD Biosciences Cat#342003

FcR Blocking Reagent human Miltenyi Biotec Cat#130-059-901

FcR Blocking Reagent mouse Miltenyi Biotec Cat#130-092-575

FlowCytometry Absolute Count Standard� Bangs Laboratories Cat#580

HiPerFect� Transfection Reagent QIAGEN Cat# 301707

Zombie UV� Fixable Viability Kit BioLegend Cat#423107

plasmid PlusMega kit Qiagen Cat#12941

RNeasy Mini Kit Qiagen Cat#74104

RNase-Free DNase Set Qiagen Cat#79254

iScript� cDNA Synthesis Kit BioRad Cat#170-8891

LightCycler 480 SYBR Green I Master Roche Cat#04707516001

PLA Duolink� In Situ Detection Reagents Sigma-Aldrich Cat#DUO92014

Duolink� In Situ PLA� Probe Anti-Rabbit

PLUS

Sigma-Aldrich Cat#DUO92002

Duolink� In Situ PLA� Probe Anti-Mouse

MINUS

Sigma-Aldrich Cat#DUO92004

TMT10plex� Isobaric Label Reagent Set,

1 x 0.8 mg

Thermo Fisher Scientific Cat#90110

SepPak tC18 columns Waters Cat#WAT054955

micro BCA Thermo Fisher Scientific Cat#23235

Luminol Reagent Santa Cruz Biotechnology Cat#sc-2048

Deposited data

HDX-MS raw data of IRGQ: GABARAPL2

and LC3B

this study PRIDE: PXD045212

Whole-cell and lysosomal proteomics from

8998T cells

this study PRIDE: PXD044618

Crystallography data IRGQ(1-192)-

GABARAPL2(1-117) complex

this study PDB: 8Q6Q

Crystallography data IRGQ LIR2 peptide-

LC3B complex

this study PDB: 8Q7K

Experimental models: Cell lines

PA-TU-8988T DSMZ ACC 162

PA-TU-8988T ATG5-/- This study N/A

PA-TU-8988T FIP200-/- This study N/A

PA-TU-8988T IRGQ-/- This study N/A

HeLa DSMZ ACC 57

HEK293T ATCC CRL-3216

Huh-7 Cellosaurus CVCL_0336

U2OS ATCC HTB-96

HCT116 ATCC CCL-247

SK-N-AS1 ATCC CRL-2137

(Continued on next page)
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Experimental models: Organisms/strains

C57BL/6J Jackson Laboratories Strain #:000664 RRID:IMSR_JAX:000664

Oligonucleotides

ATG5 gRNA IDT GGCCATCAATCGGAAACTCA

IRGQ gRNA IDT ACGGTCCAGAGCACCACATT

FIP200 gRNA IDT CTGGTTAGGCACTCCAACAG

mTp53-1 IDT CCTCGAGCTCCCTCTGAGCC

mTp53-2 IDT GTGTAATAGCTCCTGCATGG

mIrgq-1 IDT CCAGGGCGAAGATCCACCCG

mIrgq-2 IDT GACACGGTAGAGATTCCCGA

gIRGQ#1 IDT TTTGTGCTACCGGCGAACTG

gIRGQ#2 IDT GAATGCACTCAGTAAGGGAA

gIRGQ#3 IDT CGTGAGGCCTTTGAGACCGG

gGABARAPL2#1 IDT GTCGAGCGAAATATCCCGACA

gGABARAPL2#2 IDT GTCCCACAGAACACAGATGCG

gGABARAPL2#3 IDT GGTTCCATCTGATATCACTG

Recombinant DNA

IRGQ(1-192)-GABARAPL2(1-117) in

pRSFDuet-1 vector

this paper N/A

IRGQ (1-623) in pGEX6P1 vector this paper N/A

LC3B in pGEX4T1 vector this paper N/A

GABARAPL2 in pGEX4T1 vector this paper N/A

pX330-gRNA pX330-gRNA was a gift from Charles P. Lai. Addgene plasmid # 158973; http://n2t.net/

addgene:158973; RRID:Addgene_158973)

PX330-sg-Tp53-sg-Irgq this paper N/A

PX330-sg-Tp53 this paper N/A

c-myc-PT3EF1 c-myc-PT3EF1a was a gift from Xin Chen Addgene plasmid # 92046; http://n2t.net/

addgene:92046; RRID:Addgene_92046

SB100X SB100X was a gift from Mark Groudine Addgene plasmid # 127909; http://n2t.net/

addgene:127909; RRID:Addgene_127909

Software and algorithms

FlowJo BD https://www.flowjo.com/solutions/flowjo

R R Foundation https://www.r-project.org/

ProteinLynx Global Server (PLGS) 3.0.3. Waters Corporation RRID: SCR_016664

DynamX 3.0 Waters Corporation Library number: LITR134832928, Part

number: 720005145en

UCSF Chimera PMID:15264254 RRID: SCR_004097

AlphaFold2 PMID:34265844 RRID: SCR_025454

Pymol 2.2.3 Schrodinger pymol.org

KM plotter Gyorffy https://kmplot.com

Gepia2 Zefang Tang, Tianxiang Chen, Chenwei Li

and Boxi Kang of Zhang Lab, Peking

University.

http://gepia2.cancer-pku.cn

UCSC Xena University of California Santa Cruz https://xena.ucsc.edu

cProSite - Cancer Proteogenomic Data

Analysis Site

National Cancer Institute Proteomic Data

Commons (PDC)

https://cprosite.ccr.cancer.gov

Box Plot R Tyers and Rappsilber labs http://shiny.chemgrid.org/boxplotr/

Morpheus Broadinstitute https://software.broadinstitute.org/

morpheus/

(Continued on next page)
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Other

LeucoSEP� Polypropylene Tubes Greiner Bio-One Cat#227290

Enzymate BEH pepsin column Waters Corporation SKU: 186007233

GSTrap FF Cytiva Cat#17-5144-01

Hiprep Q HP Cytiva Cat#29018182

HiLoad 16/600 Superdex 75 pg Cytiva Cat#28989333

Swiss CI crystallization plates SWISS CI Cat#3W96T-PS

3-T MRI scanner Siemens Magnetom Trio
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Culture
HeLa (female), HEK293T (female), Huh-7 (male), U2OS (female), HCT116 (male), and PA-TU-8988T (female) cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-

mycin (P/S). SK-N-AS1 (female) cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented with 10%

FBS and 1%P/S. MC38 colon adenocarcinoma cells expressing the gp33 peptide (MC38-gp33, female) were thawed and cultured in

DMEM supplemented with 10% FBS, 2mMglutamine, 1mM sodium pyruvate and 1%P/S. All cell lines weremaintained at 37�C in a

humidified atmosphere with 5%CO2. HeLaWT endogenous HA-GABARAPL2 cells were generated using CRISPR/Cas9 technology

and kindly provided by the Behrends laboratory (LMUMünchen, Germany).41 Lentiviral stable cell lines were generated as previously

described.67 The guide RNAs were cloned into lentiviral vectors containing Cas9: pLenti-Puro or pLenti-Neo. The guides used for the

CRISPR/Cas 9 KO cells are:

d IRGQ#1: TTTGTGCTACCGGCGAACTG

d IRGQ#2: GAATGCACTCAGTAAGGGAA

d IRGQ#3: CGTGAGGCCTTTGAGACCGG

d GABARAPL2#1: GTCGAGCGAAATATCCCGACA

d GABARAPL2#2: GTCCCACAGAACACAGATGCG

d GABARAPL2#3: GGTTCCATCTGATATCACTG

Following viral infection, cells were selected in media containing 2 mg/mL of puromycin or 1 mg/mL of neomycin.

For gene editing of PA-TU-8998T cells, guide RNAs against ATG5, FIP200, and IRGQ were designed and obtained using the IDT

guide RNA (crRNA) design tool as outlined in the manufacturer instructions. Equimolar amounts (240 pM) of the relevant crRNA and

tracrRNA (IDT #1072532) were mixed and diluted to a final volume of 10 mL using nuclease-free duplex buffer (IDT). 80 pM Cas9 (IDT

#1081058) was diluted to a final volume of 5 mL with nuclease-free duplex buffer, mixed with 5 mL (120 pmol) of sgRNA, and then

incubated for 15 mins at RT to form Cas9-RNP complex. PA-TU-8988T cells were resuspended in 22 mL nucleofector SE solution

supplemented with 1 mL electroporation enhancer (IDT #1075915), then gently mixed with 10 mL of Cas9-RNP complex. Cell suspen-

sions were transferred to a Lonza 4D nucleocuvette strip, electroporated using program DN-100, incubated at RT for 10 min, then

transferred to 6-cm dishes containing pre-warmed media without antibiotics. Single-cell cloning was carried out 2-3 days after se-

lection using the limited dilution method. Monoclonal cell populations were expanded 10-14 days later. KO clones were identified by

Western blot using antibodieswhose epitopes were distinct fromCas9RNP target regions. crRNA sequenceswere as follows: ATG5:

GGCCATCAATCGGAAACTCA; IRGQ: ACGGTCCAGAGCACCACATT; FIP200: CTGGTTAGGCACTCCAACAG.

Where indicated, cells were subjected to different treatments. Earl’s Balanced Salt Solution (EBSS), for different time points, indi-

cated in respective experiments. Human IFNg (AF-300-02; Reprotech) was added to cells for 24 hours at a final concentration of

10 ng/mL. Cells were treated with the mTOR inhibitor Torin-1 for 24 h at 250 mM. BafA1 was resuspended in DMSO and added to

cells at a final concentration of 200 nM, different time points indicated in respective experiments. MG132 treatment was done at indi-

cated time points, at a final concentration of 500 nM. Cycloheximide (CHX) was used to inhibit protein translation and used at a final

concentration of 10 mM for 16 hours.

Isolation of PBMCs, T cells, and macrophages
Human peripheral blood mononuclear cells (PBMCs) were isolated from commercially available buffy coats from anonymous donors

using Pancoll (Cat#P04-60500; Pan Biotech GmbH) density centrifugation. Buffy coats were obtained from DRK-Blutspendedienst

Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt, Germany. In brief, Pancoll (15 mL)

was added to LeucoSEP Polypropylene Tubes (Cat#227290; Greiner Bio-One) and brought under the HDPE barrier by a short centri-

fugation at 500 3 g. Buffy coats (20 mL) were added to each tube, and the volume was adjusted to 50 mL with PBS supplemented
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with 2 mM EDTA. Density centrifugation was performed for 35 minutes at 4403 g. After removing blood plasma, the PBMC ring was

transferred to a new 50 mL tube. Cells were washed with PBS supplemented with 2 mM EDTA three times and pelleted by 5 minutes

of centrifugation at 5003 g. The remaining erythrocytes were removed by hypotonic lysis in ice-cold water for 20 seconds. The lysis

was stopped by adding 600 mM KCl solution to a final concentration of 150 mM and filling the volume to 50 mL with PBS supple-

mented with 2 mM EDTA, and cells were pelleted by 5 minutes of centrifugation at 500 3 g. Finally, the cells were resuspended

in the appropriate medium for downstream processing and counted using a Neubauer chamber.

Isolation of T cells from PBMCs
T cells were isolated from PBMCs using EasySep Human T Cell Isolation Kit following the manufacturer’s protocol. In brief, 5 3 107

cells were resuspended in 2mL of PBS supplemented with 2%heat-inactivated FBS and 2mMEDTA. The Isolation Cocktail (100 mL)

was added to the cell suspension and incubated for 5 minutes at room temperature. Rapid Spheres (80 mL) were added to the

mixture, the sample volume was adjusted to 2.5 mL with the PBS supplemented with 2 % FCS and 2 mM EDTA, and the sample

was placed into the EasySep magnet. After 3 minutes of incubation, the unbound cells were transferred into a new tube. Isolated

cells were counted using a Neubauer chamber and processed for the co-culture experiment.

Isolation of human macrophages from PBMCs
Isolated PBMCs were seeded to high-adherence culture dishes in RPMI 1640 medium supplemented with 100 U/mL penicillin and

100 mg/mL streptomycin. Cells were incubated for 1.5 hours under growth conditions, and non-adherent cells were removed by

washing with RPMI 1640 medium. Monocytes were differentiated into naı̈ve macrophages with RPMI 1640 medium containing

3% heat-inactivated 0-positive human serum, 100 U/mL penicillin, and 100 mg/mL streptomycin (complete media) for at least seven

days.

PA-TU-8988T and human T cell co-culture
IRGQ KO and control PA-TU-8988T cells were treated for 24 hours with 20 nM Tetanus toxin from Clostridium tetani (Cat#T3194;

Sigma-Aldrich/Merck). As a control, cells were treated with the same volume of PBS. After 24 hours, cells were washed with

PBS, trypsinized in Trypsin-EDTA, and transferred in PBS supplemented with 10% heat-inactivated FBS. The cell suspension

was counted and mixed with the freshly isolated human T cells in a 1:2 ratio (50000 PA-TU-8988T cells and 100000 T cells) in a

96-well plate. Co-culture was incubated for 24 hours in 100 mL of T cell media (RPMI supplemented with 100 U/mL penicillin,

100 mg/mL streptomycin, 10% heat-inactivated FBS, 1% MEM non-essential amino acids, 1% sodium pyruvate, 1% HEPES buffer

solution, and 50 mM b-mercaptoethanol). After 24 hours, cells were collected by trypsinization and processed for FACS analysis.

Purification of gp33-specific CD8+ T cells
Spleens of Nur77eGFP x TCR327 mice were mechanically disrupted and filtered from cell debris through 40 mm cell strainer. Eryth-

rocytes were removed through the use of Gey’s lysis buffer. Cells were counted by exclusion of dead cells with trypan blue staining.

CD8+ T cells were isolated using the CD8+ T Cell Isolation Kit (mouse, Miltenyi Biotec) according to the manufacturer’s instructions

using MACS (Magnetic Activated Cell Sorting). The cell number and viability were determined using the Luna-FL cell counter (logos

biosystems).

Co-culture of gp33-specific CD+8 T Cells with MC38-gp33 cells
1 x 105 gp33-specific CD8+ T cells and 1 x 105 MC38-gp33 were co-cultured in IMDM supplemented with 10% FBS, 1% glutamine,

1% sodium pyruvate at 37�C, 5% CO2 in 96-well flat-bottom plates. After 24 hours, cells were collected and processed for FACS

analysis.

Hydrodynamic tail-vein injection
All in vivo experiments were conducted in accordance with European, national, and institutional guidelines, and protocols were

approved by the Regierungspräsidium Darmstadt of the state of Hessen, Germany (FU/2012). C57BL/6 mice were obtained from

Jackson Laboratories and were housed in standard cages in pathogen-free facilities on a 12-hour light/dark cycle with ad libitum

access to food and water.

For Hydrodynamic tail-vein injection, all animals were examined before starting the experiments to ensure they were healthy and

acclimated to the laboratory environment. Six to 8-week-old female mice were injected with a sterile mix of 0.9 % NaCl solution/

plasmid corresponding to 10 % of their body weight. Each mouse received 12 mg of c-myc-PT3EF1 (MYC) (Addgene plasmid

#92046; https://www.addgene.org/92046/), 12 mg of PX330-sg-Tp53 (or PX330-sg-Tp53-sg-Irgq), and 2 mg of SB100

transposase–encoding plasmids.68 Mice were injected into one of their lateral tail veins in 5-8 seconds. Hydrodynamic tail injection

was performed under isofluorane anesthesia. Vectors for hydrodynamic delivery were produced using the plasmid PlusMega kit

(QIAGEN, Cat. No. 12941).

The health of the animals was monitored at least bi-weekly, and tumor growth was followed by contrast-enhanced magnetic reso-

nance imaging (MRI) using gadoxetic acid contrast agent (Primovist, Bayer-Schering, Berlin, Germany) and 3-T MRI scanner

(Siemens Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany). Before imaging, animals were anesthetized using
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ketamine (65 mg/kg) and xylazine (13 mg/kg), injected with gadoxetic acid (0.057 mmol/kg), and positioned in the scanner. Tumor

area and number of tumors were quantified using MRI and boxplots were generated using BoxPlotR69 and p-values were calculated

using two-tailed t-test. For survival curves, visualization and log rank p-values were calculated using the online tool KM plotter.70

Treatments for T cell depletion were initiated one week after the hydrodynamic delivery of the plasmids. For CD8 antibody treatment

experiments, mice received 5 sequential (days 12, 14, 16, 18 and 21 upon hydrodynamic injection) intraperitoneal injections with anti-

CD8 (200 mg, clone 2.43, BioXcell). Once the animals were sacrificed, livers were collected, formalin-fixed and paraffin-embedded or

frozen.

Isolation of mouse peripheral blood cells
Mouse peripheral blood cells were isolated from 50-100 mL of mouse tail vein blood. Blood was collected in the EDTA tubes and

centrifuged for 5 minutes at 500 g. The supernatant was removed, and the remaining cell pellet was washed twice with 5 mL of

PBS supplemented with 2 mM EDTA. Erythrocyte removal was done by incubating washed cells for 4 minutes in 5 mL of Ery-

Lysis Buffer (155 mM NH4Cl, 10 mM NaHCO3, 0.1 mM Na-EDTA). Lysis was stopped by adding an equal amount of PBS supple-

mented with 2 mM EDTA, and the cells were pelleted by centrifugation for 5 minutes at 500 g. Lysis of the erythrocytes was repeated

until no visible red cell pellet was observed in the tube after centrifugation (2-3 times). After the last centrifugation step, the cells were

resuspended in PBS supplemented with 0.5 % BSA (Cat#7076.3; Carl Roth) and processed for FACS analysis.

Analysis of Human publicly available datasets
Kaplan-Meier curves for liver cancer patient survival curves were estimated with the online tool KM plotter70 based on GEO, EGA and

TCGA datasets. Using the KMplotter online tool, patients were split using the option ‘Auto select best cutoff’ in high or low IRGQgene

expression groups. Log-Rank p-values were automatically calculated by the online tool KM plotter.

Box plot comparing TCGA gene expression between normal and HCC tumor samples was generated using the online tool GE-

PIA.71 For GEPIA, the differential analysis was based on TCGA tumors versus (TCGA normal, whereas the expression data was

log2 (TPM+1) - transformed and the l–g2FC was defined as median (tumor) - median (normal). P-values were calculated with a

one-way ANOVA comparing tumor with normal samples.

Heatmap comparing gene expression of liver HCC samples was performed using UCSC Xena online tool.72 Heatmap data was

downloaded as log2(norm_count+1) using UCSC Xena and the groups high vs low IRGQ were visualized using BoxPlotR.69 P-values

were calculated using two-tailed t-test.

Box plots comparing relative protein abundance (TMT log2 ratio) between normal and HCC tumor samples was generated using

the online tool Cancer Proteogenomic Data Analysis Site73 based on National Cancer Institute’s Clinical Proteomic Tumor Analysis

Consortium (CPTAC) and National Cancer Institute’s International Cancer Proteogenome Consortium (ICPC) datasets.

METHOD DETAILS

Transfections of siRNA and plasmids
Expression constructs of indicated proteins were cloned into indicated vectors using PCR or a gateway system. Site-directed muta-

genesis was performed by PCR to introduce desired amino acid substitutions. All expression constructs were sequenced by Seqlab.

Plasmid transfections were performed with 3 mL GeneJuice (Merck Millipore) or Turbofect (Thermo Fisher Scientific), 0.5 mg (for

microscopy), or 1 ug (for Western blot and MS analyses) total plasmid DNA in 200 mL Opti-MEM (Life Technologies). After incubation

for 15 minutes, the solution was added to the cells. After 24 hours, cells were used for downstream analysis.

siRNA transfections were performed with 3 mL RNAiMax (Invitrogen), 20 nM siRNA (IRGQ #1: GCAAGATGGAGAATCCCAA, IRGQ

#2: CCTCTTGTCTGCGTGCGCA, LC3B #8-6522-3/7 [EurofinsGenomics] or AllStars Negative Control siRNA [Qiagen]) in 150 ml Opti-

MEM (Life Technologies). All siRNA treatments were accompanied by a non-targeting siRNA control. After incubation for 15 minutes,

the solution was added to the cells cultured in a 6-well dish, which were used for downstream analysis 72 hours post-transfection.

siRNA transfections of MC38-gp33 were performed with 3 mL Turbofect Transfection Reagent (Invitrogen), 30 nM siRNA (IRGQ:

Horizon Discovery, L-042471-01-0005; control: Qiagen, SI03650318) in 200 ml Opti-MEM. After incubation for 15 minutes, the solu-

tion was added to the cells cultured in a 6-well dish, which were used for downstream analysis 72 hours post-transfection. The cell

number and viability were determined using the Luna-FL cell counter (logos biosystems).

In primary human macrophages, control siRNA and siRNAs targeting human IRGQ were co-transfected with siGLO at a final con-

centration of 50 nM each using HiPerFect transfection reagent according to themanufacturer’s recommendations. Each knockdown

was routinely confirmed by Western blot for each experiment. In brief, siRNAs were mixed with HiPerFect transfection reagent and

RPMI supplemented with 100 U/mL penicillin and 100 mg/mL streptomycin. The transfection mixture was vortexed and incubated for

10 minutes at room temperature. The cells were washed with RPMI supplemented with 100 U/mL penicillin and 100 mg/mL strepto-

mycin before transfection. 600 mL of transfection mixture was added to each well, and the cells were incubated for 6 hours. After 6

hours of incubation, 0.9 mL of complete media was added. The following day cells were washed, and fresh 2 mL of complete media

was added. Knockdown was done for 3 days.
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Cell lysis
For pulldowns and immunoprecipitations, cells were washed with PBS and scraped on ice in IP lysis buffer (50 mM Tris, pH 7.5,

150 mM NaCl, 0,5 mM EDTA, 1% Triton X-100), supplemented with complete protease inhibitors (cOmplete, EDTA-free; Roche Di-

agnostics) and phosphatase inhibitors (P5726, P0044; Sigma-Aldrich). Mechanical disruption was performed with an insulin syringe

(each sample was passed through 20 times, without foaming), subsequently, samples were incubated for 30 minutes on ice. Lysates

were cleared by centrifugation at 15000 rpm for 15 minutes at 4�C.74

For general Western blot, total cell lysis buffer (TCL) was used at room temperature (50 mM Tris HCl, pH 7.5, 1 mM EDTA, 150 mM

NaCl, 1% SDS, 25 mM NaF, 11 ml/mL Benzonase (71205-25KUN; Millipore)), supplemented with complete protease inhibitors

(cOmplete, EDTA-free; Roche Diagnostics) and phosphatase inhibitors (P5726, P0044; Sigma-Aldrich). In some instances, cells

were lysed by sonication in 8M Urea buffer with 50 mM Tris HCL pH 7.5, 150 mM NaCl, supplemented with complete protease in-

hibitors (cOmplete, EDTA-free; Roche Diagnostics) and phosphatase inhibitors (P5726, P0044; Sigma-Aldrich).

Protein expression and purification
GST or His-tagged fusion proteins were expressed in E. coli strain BL21 (DE3). Bacteria were cultured in LB medium supplemented

with 100 mg/mL ampicillin at 37�C in a shaking incubator (150 rpm) until OD600 �0.5-0.6. Protein expression was induced by the

addition of 0.5 mM IPTG and cells were incubated at 16�C for 16 hours. Bacteria were harvested by centrifugation (4000 rpm)

and lysed by sonication in GST lysis buffer (20 mM Tris HCl, pH 7.5, 10 mM EDTA, pH 8.0, 5 mM EGTA, 150 mM NaCl, 0.1% b-mer-

captoethanol, 1 mM PMSF) or His lysis buffer (25 mM Tris HCl, pH 7.5, 200 mM NaCl, 0.1% b-mercaptoethanol, 1 mM PMSF,

1mg/mL lysozyme). Lysates were cleared by centrifugation (10000 rpm), 0.05%of Triton X-100was added and the lysates were incu-

batedwith glutathione Sepharose 4B beads (GE Life Sciences) or Ni-NTA agarose beads (Thermo Fisher Scientific) on a rotating plat-

form at 4�C for 1 hour. The beads were washed five times either in GST wash buffer (20 mM Tris HCl, pH 7.5, 10 mM EDTA, pH 8.0,

150 mMNaCl, 0.5% Triton X-100, 0.1% b-mercaptoethanol, 1 mM PMSF) or His wash buffer (25 mM Tris HCl, pH 7.5, 200 mMNaCl,

0.05% Triton X-100, 10 mM Imidazole). The immobilized proteins were reconstituted in GST storage buffer (20 mM Tris HCl, pH 7.5,

0.1% NaN3, 0.1% b-mercaptoethanol) or eluted with His elution buffer (25 mM Tris HCl, pH 7.5, 200 mM NaCl, 300 mM Imidazole)

and dialyzed in (25 mM Tris HCl, pH 7.5, 200 mM NaCl) at 4�C for 16 hours.75

For crystallization of IRGQ-GABARAPL2 complex, N-terminal His-tagged IRGQ (1-192) andGABARAP-L2 (1-117) were cloned into

pRSFDuet-1 vectors and co-expressed in E. coli strain BL21 (DE3) using similar methods described above. Cell pellets were lysed by

sonication and centrifuged at 35000 g. The clarified cell extract was incubated with 2.5 mL of Ni-NTA resin pre-equilibrated with lysis

buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 10 mM imidazole, 5 % Glycerol, 0.5 mM TCEP). The column was washed with 100 mL

Binding Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5 % glycerol, 10 mM imidazole, 0.5 mM TCEP), 50 mL wash buffer (50 mM

HEPES pH 7.5, 500 mM NaCl, 5 % glycerol, 40 mM imidazole, 0.5 mM TCEP) and eluted with 15 mL of Elution Buffer (50 mM

HEPES pH 7.5, 500 mM NaCl, 5 % glycerol, 250 mM imidazole, 0.5 mM TCEP). The eluant fractions were concentrated to 5 mL

and applied to a Superdex 200 16/60 column pre-equilibrated in GF Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP,

5 % glycerol).

Purified GST-MHC-I was purchased from Novus Biologicals.

HDX mass spectrometry
Equilibration (E)-, labelling (L) and quench (Q)-buffers were prepared freshly in either H2O (E-buffer: 50 mM HEPES, 200 mM NaCl,

5 mMDTT at pH: 7.5, Q-buffer: 150 mM potassium phosphate, at pH 2.2) or D2O (L-buffer: 50 mMHEPES, 200 mMNaCl, 5 mMDTT

at pD: 7.1). Prior to the experiment, buffers E/L were equilibrated to RT and buffer Q was cooled to �0 �C. Protein samples were

thawed on ice and centrifuged at 16000 g for 45 min prior to use. GST-IRGQ was diluted to a concentration of 9 mM and 12 mM

(15/20 pmol on pepsin column per injection) for HDX experiments with GABARAPL2 and LC3B, respectively. GABARRAPL2 and

LC3B were added in 4X molar excess at a concentration of either 36 mM or 48 mM (60/80 pmol on pepsin column per injection).

HDXmass spectrometry experiments were performed using an automated HDX-2 system (Waters, Milford USA) as described in 76.

In brief, we incubated GST-IRGQ with a four-fold molar excess of GABARAPL2 and LC3B and recorded deuterium uptake for 5 time

points up to 40 minutes, as well as a control experiment without any ligand. Differences in deuterium uptake have been plotted onto

the IRGQ AlphaFold model prediction (identifier: AF-Q8WZA9-F1). To focus on the segments with the most prominent differential

uptake, we applied stringent manual data curation. This rigorous analysis yielded only a moderate sequence coverage (56.1 %),

but enabled us to clearly identify sequence loci of decreased deuterium uptake.

HD exchange reactions were initiated by diluting 4 ml of GST-IRGQ incubated with either GABARAPL2 or LC3B in 56 ml of buffer E

(reference) or buffer L (D2O labelling) for several time points (0, 30, 180, 900 and 2400 seconds). Exchange reactions were quenched

by mixing 50 ml of the sample with 50 ml of buffer Q. Following 30 seconds of incubation, 95 ml were injected into a temperature-

controlled chromatography system equipped with a 50 mL sample loop (HDX nanoAqcuity UPLC, Waters). Proteins were digested

online using a pepsin column (Enzymate BEH pepsin column; 2.1 x 30 mm; Waters). Eluting peptides were trapped on a C18 pre–

column (C18 1.7 mMVanGuard 2.1 x 5 mm pre-column; Waters) at a flow rate of 100 ml/min for 3 minutes and separated on an analyt-

ical reversed-phase column (C18 1.7 mM Acquity UPLC 1 x 100 mm reverse phased column; Waters) with a 7-minute linear gradient

from 5% ACN (acetonitrile) to 40% ACN + 0.23% FA at 40 mL/minute. Next, the ACN concentration was increased to 95%, held for

2 minutes, prior to column equilibration with 95%H2O + 0.23% FA for 2 minutes. The reversed-phase chromatography system was
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cooled to �0 �C to minimize HD back exchange. Peptides were measured using a Synapt G2-Si mass spectrometer (Waters, Mil-

ford USA) in HDMSE mode (50-2000 m/z), adding a third dimension of peptide separation on the basis on precursor ion mobility

(LC, IM, m/z). The mass spectrometer was fitted with an electrospray source that is equipped with an additional independent

LockSpray probe (GluFib lock mass: 785.8426 m/z) for alternating lock mass infusion.

Peptide identificationwas performed using the ProteinLynx Global Server 3.0.3. (PLGS,Waters) for each non-deuterated reference

condition (control and binding). Only peptides with a high confidence score > 6 that were identified in at least three out of four tech-

nical replicates were kept for evaluation. Annotation of all isotope peaks based on weighted average m/z (centroid) in each peptide

was performed using DynamX 3.0 (Waters). The relative deuterium uptake was determined through comparison of centroid masses

of deuterated isotope peaks in each peptide and the corresponding non-deuterated reference peaks. All acquired spectra were

manually inspected and strictly revised as necessary. To test for statistically significant differences in deuterium uptake, all peptides

and their respective spectra were analysed using a two-stage t-test as described in 76. In brief, the positive standard error of themean

(SEM) was determined across four technical replicates at each time point. The average SEM was calculated by dividing the sum of

every SEM in each time point and condition with the number of time points. The t-distribution value for a 95%confidence interval was

used in the first stage (n = 3, P % 0.05, two-sided unpaired). Following calculation of the precursor-specific test value, precursors

were evaluated as significant in the first stage if the absolute deuterium uptake difference in each time point is equal or greater

than the calculated test value. At least three time points of each precursor had to pass the first stage for further consideration. In

the second stage, summed differences of all time points were calculated and the corresponding SEM was estimated (multiplication

of average SEM for each precursor and the number of timepoints). The second test value was computed by multiplying the SEM of

the summed uptake differences with the t-distribution value for a 98 % confidence interval (n = 5, two-sided, unpaired). A precursor

was considered significantly different if the absolute value of summed uptake differences is equal to or greater than the calculated

test value. Only peptides that passed the two-stage t-test were used for visual representation on the IRGQ structure (crystal structure

of IRGQ-NTD with GABARAPL2 and AlphaFold model prediction) using UCSF Chimera (version 1.16).77

X-Ray crystallography
Purified GABARAPL2 and IRGQ complex (12 mg/ml) was crystallised in sitting drops containing 75 nL protein and 75 nL well

solution containing 20 % (w/v) PEG 3000, 0.1 M Tri-Sodium citrate pH 5.5 were equilibrated at 20 �C. Crystals were cryo-protected

using 25% (v/v) ethylene glycol and flash-cooled in liquid nitrogen.

Tag-free LC3B protein (concentration: 15 mg/ml) was crystallized in the presence of two-fold molar excess of IRGQ LIR2 peptide

(EDETWEVLE). 0.3 ml of this complex was added to 0.3 ml of crystallization solution (1.0 M Lithium chloride, 0.1 M Citrate pH-4.0 and

20 % w/v PEG 6000) in a sitting drop crystallization plate with 30 ml of crystallization solution. The plates were incubated at 20 �C for

4 days. The obtained crystals were cryopreserved using 25 % ethylene glycol and flash frozen in liquid nitrogen.

Structure solution and refinement
The crystals were sent to Swiss Light Source PX beamline for X-ray diffraction experiment. IRGQ-GABARAPL2 complex diffracted to

1.8 Å and LC3B-LIR2 peptide crystals diffracted to 1.6 Å resolution. Integration was performed using XDS78 and data scaling and

merging were carried out with AIMLESS79 via the CCP4i2 interface.80 The relevant statistics are given in Table S1. Data processing

focused onCC1/2 as a primary quality parameter, with the goal of achieving a value above 50%.68 LC3B-LIR2 dataset was processed

to a resolution of 1.6 Å, resulting in CC1/2 = 0.862 in the highest resolution shell and an CI/s(I)D of 1.88. The structure was determined by

molecular replacement (CCP4i2 Phaser) using the published crystal structures of human LC3B (PDB code: 3VTU), AlphaFold model

of IRGQ fragment (1-192) and humanGABARAPL2 (PDB code: 4CO7) as searchmodels. The corresponding electron density for LIR2

peptide was manually built in Coot81 and the resulting model was used for refinement using Phenix Refine interface.82

Modeling IRGQ–hATG8 complexes
We modeled the 3D structure of the human IRGQ in complex with all six hATG8 molecules (GABARAP, GABARAPL1, GABARAPL2,

LC3A, LC3B and LC3C) using AlphaFold2-Multimer 83 a state-of-the-art neural network-based structure prediction method. We

obtained 25 top-ranked models for each complex and analyzed each structure for LIR–LDS contacts across the IRGQ–hATG8

interface.

qRT-PCR
Cells were seeded on 6-well dishes and treated as indicated. RNA isolation and DNAse treatment were performed according to the

kit’s protocol (Qiagen #74104, #79254). RNA concentration was measured, and 2 mg was used for cDNA synthesis. For cDNA syn-

thesis, the BioRad Kit was used (#170-8891). For the qRT-PCR, 1 mL of cDNAwas used. Per reaction: 1 mL cDNA, 5 mL of SYBR green

mix (Roche, #04707516001), 0.5 mL of forward primer (from 10 mM stock), 0.5 mL of reverse primer (from 10 mM stock), 3 mL dH2O.

Each condition has a technical triplicate. Primers used are:

d GAPDH Fw: TGCACCACCAACTGCTTAGC

d GAPDH Rv: GGCATGGACTGTGGTCATGAG

d HLA-A Fw: GAGGAGGAAGAGCTCAGATAGA
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d HLA-A Rv: GGCAGCTGTCTCACACTTTA

d HLA-B Fw: GGACTGAGATGCAGGATTTCTT

d HLA-B Rv: TCTCTCCACCTCCTCACATTAT

d HLA-C Fw: AATGTGAGGAGGTGGAGAGA

d HLA-C Rv: CCTCTCTGGAACAGGAAAGATG

d B2M Fw: CCAGCGTACTCCAAAGATTCA

d B2M Rv: TGGATGAAACCCAGACACATAG
Immunofluorescence microscopy and live-cell imaging
For immunofluorescence (IF), transfected U2OS cells were seeded onto 12-mm-diameter glass coverslips in 12-well culture dishes

and treated accordingly. Cells were washed in PBS before fixation with 4% paraformaldehyde for 8 minutes at room temperature

(RT). Cells were rinsed with PBS before being incubated for 2 minutes in permeabilization solution (PMS, 0.1% Saponin (47036;

Sigma-Aldrich), 5 mM MgCl2 in PBS). Then, incubated 1 hour in antibody solution at RT (0.1% Saponin (47036; Sigma-Aldrich),

5mMMgCl2, 5%BSA in PBS, plus the designated primary antibody). After three washes in PBS, cells were incubated with respective

secondary antibodies in antibody solution (0.1% Saponin (47036; Sigma-Aldrich), 5 mM MgCl2, 5 % BSA in PBS, plus secondary

antibody, and nuclear stain 4’,6-diamidino-2-phenylindole (DAPI)) for 1 hour, at RT, in the dark. Cells were washed twice in PBS

and once with deionized water before being mounted onto glass slides using a mounting medium (Sigma-Aldrich). Slides were

imaged using a Leica Microscope Confocal SP8 fitted with a 60x oil-immersion lens. Images were analyzed and processed using

the ImageJ software.

For live cell imaging, transfected U2OS cells were seeded onto 35 mm Petri dishes with a glass bottom. Cells were treated with

EBSS and incubatedwith LysoTracker RedDND-99 (Invitrogen) for half an hour. Subsequently, cells were washed in phosphate-buff-

ered saline (PBS) and normal DMEMwas replaced with phenol-red-free DMEM (Gibco). Dishes were live-imaged on a 37 �Cwarming

stage, for no longer than 5minutes and images were collected using a LeicaMicroscope Confocal SP8 fitted with a 60xoil-immersion

lens. Images were analyzed and processed using the ImageJ software.

Pulldowns and Immunoprecipitation
Cleared cell extracts weremixedwithMyc-agarose beads (20169; Thermo Fisher Scientific), Flag-M2 agarose beads (A2220; Sigma-

Aldrich), Streptavidin-dynabeads (65605D; Thermo Fisher Scientific), RFP-Trap_A beads (rta-10; ChromoTek) or GFP-Trap_A beads

(gta-10; ChromoTek) 16 hours at 4 �Con a rotating platform. The beadswerewashed four times in IP lysis buffer. Immunoprecipitated

and input samples were reduced in SDS sample buffer (50 mM Tris HCl, pH 6.8, 10% glycerol, 2 % SDS, 0.02% bromophenol blue,

5 % beta-mercaptoethanol) and heated at 95 �C for 5 minutes.84,85

Immunoprecipitation (IP) with different HLA antibodies was done fromPA-TU-8988T cells seeded in 15 cmdishes. Cells were lysed

as described (in this case, with 1 mL of buffer). Input samples (100 mL) were reduced in sodium dodecyl sulphate (SDS) sample buffer

(50 mM Tris–HCl, pH 6.8, 10 % glycerol, 2 % SDS, 0.02 % bromophenol blue, 5 % beta-mercaptoethanol) and heated at 95 �C for

10 minutes. The rest of the lysate was divided in two 2 mL Eppendorf tubes (400 mL), one for each HLA antibody and diluted three

times with detergent-free IP-lysis buffer (total final volume 1600 mL). Samples were precleared with 10 mL of Protein-G beads for

1 hour at 4 ºC in a rotating platform. Immunoprecipitation was done by incubation for 16 hours at 4 ºC with 3 mg of each antibody.

Then, 10 mL Protein A agarose beads were added to each tube and incubated for 1 hour at 4 ºC on a rotating platform. Samples

were centrifuged, and beads and supernatant were separated. Beads were labeled as the 1st IP, washed 4 times with IP wash buffer,

reduced in SDS sample buffer, and heated at 95 �C for 10min. The supernatant, collected in a different tube, was incubated again for

16 hours with the opposite antibody (3 mg). Afterward, protein A beads (10mL) were added to each tube and incubated again for 1 hour

at 4 ºC in a rotating platform. Beads were collected, labeled as 2nd IP, and processed as before. Samples were stored at -20 ºC until

Western blot.

aP32GTP binding assay
Proteins were immobilized on glutathione-Sepharose beads, or immunoprecipitated with FLAG-beads from HEK293T cells and

washed using GTPase lysis buffer. Nucleotide chelation was performed by incubating the proteins for 10 minutes with 10 mM

EDTA. Subsequently, aP32GTP loading was achieved by incubation with aP32GTP (SRP-108; Hartmann Analytic) for 30 minutes at

30 �C. The reaction was terminated by the addition of 60 mM MgCl2 after three washes in the GTPase lysis buffer. Samples were

spotted on PVDF membranes to perform Dot-blot analysis, with subsequent analysis by autoradiography.

Antibodies
The following antibodies were used in this study: anti-HA-tag (11867423001; Roche), anti-vinculin (V4505; Sigma-Aldrich), anti-IRGQ

(HPA043254; Sigma-Aldrich), anti-LC3B (PMO36; MBL), anti-Lamp1 (Ab24170; Abcam), anti-REEP5 (sc-393508; Santa Cruz

Biotechnology), anti-HLA-ABC-I (15240-1-AP; Proteintech), anti-HLA W6/32 (MABN1783; Sigma-Aldrich), anti-B2M (13511-1-AP;

Proteintech), anti-HLA HC10 (Nordic MUbio; MUB2037P), anti-FlagM2-tag (F3165; Sigma-Aldrich), anti-GFP-tag (Living Colors

632592; Clontech), anti-His-tag (11922416001; Roche), anti-tubulin (T9026; Sigma-Aldrich), anti-GAPDH (#2118; Cell Signaling
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Technology), anti-VDAC (#55259-1-AP; Proteintech), anti-EGFR (#2232; Cell Signaling Technology), anti-GABARAPL2 (PM038;

MBL), anti-LAMP1 (H4A3; DSHB), anti-p62 (M162-3; MBL), anti-PARP (#9542; Cell Signaling Technology), anti-Histone H2A

(Ab18255; Abcam), anti-Histone H3 (#9715; Cell Signaling Technology), anti-IRGM (Ab69494; Abcam), anti-pSTAT1 (pY701;

#7649; Cell Signaling Technology). Primary antibodies used for Western blot were diluted 1:1000 and for immunofluorescence

studies 1:200. Secondary HRP conjugated antibodies: goat anti-mouse (sc-2031; Santa Cruz Biotechnology), goat anti-rabbit (sc-

2030; Santa Cruz Biotechnology) and goat anti-rat (sc-2006; Santa Cruz Biotechnology) were used for immunoblotting. Anti-rat Alexa

Fluor 647 (A-21247; Life Technologies), anti-rat Cy3 (712166153; Jackson Lab), anti-mouse Alexa Fluor 405 (A-31553; Life Technol-

ogies), anti-mouse Cy3 (715-165-151; Dianova), anti-rabbit Alexa647 (A21244; Life Technologies), anti-mouse Alexa 647 (A-31626;

Life Technologies) were used for immunofluorescence studies.

Cellular fractionation into soluble and insoluble fractions
PA-TU-8988T cells were seeded in 10 cm dishes and treated with BafA1 and MG132 as indicated. Cells were lysed with 300 mL of

RIPA buffer (25 mM Tris/HCl pH 7.6, 150 mM NaCl, 1 % NP40, 1 % Sodium Deoxycholate, 0.1 % SDS; 10 mM NEM, 1 mM PMSF).

Samples were centrifuged at 20000 g for 30minutes. Supernatant was transferred to a precooled tube andSDS loading buffer added,

and incubated at 95 ºC for 10 minutes. The pellet was carefully washed 3 times with cool PBS. After each wash, the pellet was centri-

fuged at 20000 g for 10 minutes. After the last wash, the supernatant was discarded and the pellet was resuspended in 40 mL of SDS

buffer, boiled at 95 ºC for 10 minutes and both fractions (cellular fraction and insoluble fraction) were analyzed by Western blot.

EndoH/PNGase treatment
Cells were lysed in endoH-lysis buffer (1 % Triton X-100, 100 mM NaCl, 50 mM Tris-HCl, pH 7.5, 20 mM N-Ethylmaleimide) using

mechanical force with a 5mL syringe and lysates were centrifuged for 10minutes at 21000 rpm. Lysate supernatant (18 mL) and dena-

turing buffer (New England Biolabs) (2 mL) were incubated at 95 �C for 10 minutes. Following, 20 mL of the corresponding mastermix

(endoH-mastermix: 4 mL glycobuffer 3, 2 mL endoH, 14 mL H2O; PNGase-mastermix: 4 mL glycobuffer 2, 4 mL nonidet-P40, 2 mL

PNGase, 10 mL H2O) were added and incubated for 1 hour at 37 �C. Samples were analyzed by Western blot.

Cellular fractionation of organelles
Cellular fractionation was performed as previously described in 86. In brief, cells were trypsinized and pelleted. The cell pellet was

resuspended in IBcells1 buffer (225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA and 30 mM Tris-HCl, pH 7.4) at 4 �C. Cells were

homogenized using a Teflon pestle and centrifuged at 700 g for 5 minutes at 4 �C. The pellet is discarded and the supernatant is

centrifuged again at 7000 g for 10 minutes at 4 �C obtaining the cytosolic fraction in the supernatant, which will be further processed

for isolation of the ER. The obtained pellet is resuspended in IBcells2 buffer (225mMmannitol, 75mMsucrose and 30mMTris-HCl, pH

7.4) and centrifuged at 7000 g for 10 minutes, at 4 �C. The obtained pellet is the crude mitochondrial faction, which was further

processed for SDS-PAGE analysis. The supernatant of the cytosolic fraction is further processed to sub-fractionate the ER by centri-

fugation at 20000 g for 30 minutes, at 4 �C. The resulting pellet is discarded and the supernatant is further centrifuged at 100000 g for

1 hour, at 4 �C, obtaining the ER fraction in the pellet and the cytosolic fraction in the supernatant. Both samples were further

processed for SDS-PAGE analysis.

Proximity ligation assay (PLA)
The PLA Duolink� In Situ Detection Reagents (DUO92014, Sigma-Aldrich), Duolink� In Situ PLA� Probe Anti-Rabbit PLUS

(DUO92002, Sigma-Aldrich) and Duolink� In Situ PLA� Probe Anti-Mouse MINUS (DUO92004, Sigma-Aldrich) were used and ex-

periments performed according to the manufacturer‘s protocol. The primary and secondary antibodies were each used for 1 hour at

room temperature at a dilution of 1:100 in antibody solution (0.1 % Saponin (47036; Sigma-Aldrich), 5 mM MgCl₂, 5 % BSA in PBS).

The secondary antibody solution also contained Alexa Phalloidin 647 and DAPI.

Lysosomal Immunoprecipitation
Lysosomal Immunoprecipitation was carried out as described in 35–37 with a few modifications. Briefly, cells stably expressing

Tmem192-3X HAwere seeded in 15 cm plates. All buffers were supplemented with protease inhibitors. At 80% confluency, the cells

were scraped on ice andwashed once with PBS containing protease inhibitors (Roche). The cells were pelleted at 300 g for 5minutes

at 4 ºC and were washed once with KPBS buffer (136 mM KCl, 10 mM KH2PO4, 50 mM sucrose at a pH 7.2). The cell pellet was re-

suspended in 1 mL KPBS and lysed using 30 strokes in a 2 mL Potter-Elvehjem homogenizer. The lysed cells were spun down at

1000 g for 5 minutes at 4 ºC. The pellet was discarded and the protein concentration of the lysate was determined by Bradford assay.

After normalizing the protein concentration to be equal across all replicates, 5% of the input sample was saved and 50-100 mL of anti

HA magnetic beads was added the remainder of the sample. This mixture was placed on gentle rotation for 20 minutes, and beads

were separated from the lysate using amagnetic stand. The beads were washed twice with KPBS containing 300mMNaCl and once

with KPBS buffer. The samples were then eluted either by boiling the beads with 100 mL 2x Laemmeli buffer (for Western blot) for

10 minutes or with 100 mL KPBS containing 0.5 % NP-40 in a thermo-mixer at 30 ºC for 20 minutes (for MS). Eluates for MS were

snap frozen in liquid nitrogen and stored in -80 �C until further processing.
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TMT total cell or lysosomal proteomics
A detailed version of this protocol is available at: https://doi.org/10.17504/protocols.io.bw7hphj6.87 For MS of lysosomal eluates,

samples were reduced using TCEP (5 mM for 10 minutes at 55 oC) and alkylated (with chloroacetamide 20 mM at room temperature

for 30 minutes) prior to methanol chloroform precipitation. The protein precipitate was washed 3x with ice-cold methanol and resus-

pended in 200 mM HEPES pH 8.5 for protein digestion. Protein digestion was carried out by 1:100 protease to protein ratio of Lys-C

for 2 hours at 37 �C followed by trypsin digestion for 16 hours. Each sample was labeled with TMT reagent (TMT10 reagent, Thermo

Fisher Scientific, 90110) for 1 hour, and the reaction was quenched with hydroxylamine at a final concentration of 0.3% (w/v). 1 % of

each sample wasmixed in a 1:1:1:1:1:1:1:1:1:1 ratio and a ‘ratio-check’ analysis using LC-MS/MSwas performed to determine if the

samples were present in equal ratios. Based on this result, the volumes of the remaining sample were adjusting and combined to

maintain the 1:1:1:1:1:1:1:1:1:1 ratio. This combined sample was then dried to completeness using a vacuum centrifuge and acidified

with 5 % (w/v) formic acid. Digested peptides were cleaned up using C18 SPE (Sep-Pak, Waters) and separated using basic pH

reversed-phase HPLC and pooled into 24 fractions. All 24 fractions were vacuumdried to completeness and subject to the C18 stage

tip method prior to loading on the mass-spectrometer. Data was obtained using an Orbitrap fusion Lumosmass spectrometer linked

with a Proxeon EASY-nLC 1200 LC pump. Peptides were separated on a 75 mM inner diameter microcapillary tube packed with

35 cm of Accucore C18 resin (2.6 mm, 100A, Thermo Fisher Scientific). The data was acquired using the MS3 method.88

For Multi-Notch MS3-based TMT analysis,88 the scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 60000

at 200 Th; mass range 375–1500 m/z; automatic gain control (AGC) target 5 3 105; maximum injection time 50 ms). Precursors for

MS2 analysis were selected using a Top10 method. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap

analysis; Turbo scan rate; AGC 2.0 3 104; isolation window 0.7 Th; normalized collision energy [NCE] 35; maximum injection time

90 ms). Monoisotopic peak assignment was used and previously interrogated precursors were excluded using a dynamic window

(150 s ± 7 ppm) and dependent scans were performed on a single charge state per precursor. Following acquisition of each MS2

spectrum, a synchronous-precursor-selection (SPS) MS3 scan was collected on the top 10most intense ions in the MS2 spectrum.88

MS3 precursors were fragmented by high-energy collision-induced dissociation and analyzed using the Orbitrap (NCE 65; AGC 33

105; maximum injection time 150 ms, resolution was 50000 at 200 Th).

For proteomics data analysis, rawmass spectra obtained were processed as described in 89 andwere processed using a Sequest.

Mass spectra were converted to mzXml using a version of ReAdW.exe. Database searching included all entries from the Human

Reference Proteome. Searches were performed with the following settings (1) 20 ppm precursor ion tolerance for total protein level

analysis, (2) product ion tolerance was set at 0.9 Da, (3) TMT or TMTpro on lysine residues or N-termini at +229.163 Da or +304.207

Da, and (4) carbamidomethylation of cysteine residues (+ 57.021 Da) as a static modification and oxidation of methionine residues

(+15.995 Da) as a variable modification. Peptide-spectrummatches (PSMs) were adjusted to a 1% false discovery rate. PSM filtering

was performed using a linear discriminant analysis, as described previously.90 To quantify the TMT-based reporter ions in the

datasets, the summed signal-to-noise (S:N) ratio for each TMT channel was obtained and found the closest matching centroid to

the expected mass of the TMT reporter ion (integration tolerance of 0.003 Da). Proteins were quantified by summing reporter ion

counts across all matching PSMs, as described previously.90 PSMs with poor quality, or isolation specificity less than 0.7, or with

TMT reporter summed signal-to-noise ratio that were less than 100 or had no MS3 spectra were excluded from quantification.

SurfaceOME
Biotinylation of surface proteins was performed as previously described.91 Cells were washed three times in ice-cold PBS 1 x Ca2+/

Mg2+ (pH 7.4) to remove any contaminating proteins and were labelled with 1 mM Sulfo-NHS-LC-Biotin (21335; Thermo Fisher Sci-

entific) diluted in ice-cold PBS 1 x Ca2+/Mg2+ (pH 7.4) for 30 minutes at 4 �C. Afterward, cells were washed three times with ice-cold

PBS 1 x Ca2+/Mg2+ (pH 7.4) and the free biotin was blocked with a solution of 50 mM Tris-HCl, followed by additional washes. The

labeled cells were homogenized in 200 mL of buffer A (0.3 mmol/L sucrose, 3 mmol/L DTT, 1 mmol/L EDTA, 100 mg/mL phenylme-

thylsulfonyl fluoride (PMSF), Triton X-100) and then precipitated by continuous mixing with 40 mL of immobilized NeutrAvidin Protein

beads (29200; Thermo Fisher Scientific) for 4 hours at 4 �C. The precipitates were washed four times in PBS 1 x Ca2+/Mg2+ (pH 7.4)

supplemented with 6 M Urea and then processed for label-free quantitative interactome MS.

Label-free quantitative interactome mass spectrometry
Cells expressing endogenously taggedmCherry-IRGQwere treated as indicated and lysed in IP lysis buffer and immunoprecipitated

as stated above. Bound proteins were eluted in NuPAGE LDS Sample Buffer (Life Technologies) supplemented with 1 mM

DTT, boiled at 70�C for 10 minutes, alkylated and loaded onto 4-20% gradient SDS-PAGE gels. Proteins were stained

using InstantBlue and in-gel digested with trypsin. Peptides were desalted on reversed phase C18 StageTips and analyzed on an

Q Exactive HF mass spectrometer (ThermoFisher). The raw data was analyzed using MaxQuant 1.6.5.0 with standard settings

and activated LFQ quantification. The database used to identify the peptides was the human reference protein database (UniProt

downloaded December 2017) and the FDR was set to 1% on protein, PSM and site decoy level. Statistical analysis was done

with Perseus 1.6.5. Proteins were defined as interactors, if they passed a 5 % FDR corrected one-sided two-sample T-test with a

minimal enrichment factor of two compared to a control IP.
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PTM MS-screen for Venus-IRGQ/HLA complexes
Venus-transfected cells were washedwith PBS and scraped on ice in IP lysis buffer (50mMTris, pH 7.5, 150mMNaCl, 0,5mMEDTA,

1% Triton X-100), supplemented with complete protease inhibitors (cOmplete, EDTA-free; Roche Diagnostics) and phosphatase in-

hibitors (P5726, P0044; Sigma). Mechanical disruption was performed with an insulin syringe (each sample was passed through 20

times, without foaming), subsequently, samples were incubated for 30 min on ice. Lysates were cleared by centrifugation at

15000 rpm for 15 min at 4 �C. Samples were diluted to 0.25% Triton X-100 with detergent free IP-lysis buffer. Pulldown of cleared

cell extracts (lysates from 10 cm dishes of HEK transfected cells) was done by incubation with GFP-Trap A beads (ChromoTek)

for 2 hours at 4 �C on a rotating platform. The beads were washed three times in IP wash buffer (50 mM Tris, pH 7.5, 300 mM

NaCl, 0,5 mM EDTA, 0,1% Triton X-100). Final washes were done in detergent-free buffer. Peptide digestion was done by incubation

with trypsin at 37 �C, for 16 hours. Digested peptideswere acidifiedwith trifluoroacetic acid (TFA) (Sigma Aldrich) to inhibit trypsin and

peptides were prepared for SDB- RPS StageTip desalting. SDB-RPS StageTips were made by stacking two layers of 3MEm-pore

solid phase extraction SDBmembranes into a 200-ml micropipette tip. Acidified peptides were loaded onto the SDB-RPS StageTips

and washed with 0.1% (v/v) TFA. Peptides were eluted using a two-step elution with 0.1% (v/v) TFA, 80% v/v) ACN and then dried

using a speed-vacuum concentrator (45-75 min at 60 �C). Dried peptides were stored at -20 �C. Peptides were analyzed on an Orbi-

trap EliteTM or Q Exactive HFmass spectrometer (ThermoFisher). The raw data was analyzed using MaxQuant 1.6.5.0 with standard

settings and activated LFQ quantification. The database used to identify the peptides was the human reference protein database

(uniprot downloaded December 2017) and the FDR was set to 1% on protein, PSM and site decoy level. Search for Ubiquitination

and Phosphorylation sites was done. Statistical analysis was done with Perseus.

TMT 9-plex Total Liver Proteome
A total of 10 mg of tissue for each sample were lysed with lysis buffer (2% SDS, 50 mM Tris-HCl, pH 8.5, 10 mM TCEP, 40 mM chlor-

oacetamide and protease inhibitor cocktail tablet (EDTA-free, Roche)). Samples were incubated for 10 minutes at 95�C before and

after sonication with Sonic Vibra Cell at 1s ON/ 1s OFF pulse for 30 seconds at a maximal amplitude of 40% to shear genomic DNA.

Proteins were precipitated using 3 volumes of ice-cold methanol, 1 volume of chloroform and 2.5 volumes of water. After centrifu-

gation at 14,000 g for 15 minutes at 4 �C, the upper aqueous phase was aspirated and 3 volumes of ice-cold methanol were added.

Samples weremixed and proteins pelleted by centrifugation at 14,000 g for 5minutes at 4 �C. Supernatant was discarded and pellets

washed one additional timewith ice-coldmethanol. Protein pellets were dried at RT for further use. Proteins were resuspended in 8M

urea, 50 mM Tris pH 8.2 and protein concentration determined using a BCA assay with BSA as the standard (Thermo Fisher Scien-

tific). 40 mg of protein from each sample were diluted to 0.8 M urea using digestion buffer (50 mM Tris, pH 8.2) and incubated with

LysC (Wako Chemicals) at 1:50 (w/w) ratio and Trypsin (Promega, V5113) at 1:100 (w/w) ratio for 16 hours at 37 �C. Digests were

acidified using trifluoroacetic acid (TFA) to 0.5 % and peptides were purified using SepPak tC18 columns (Waters, WAT054955).

The material was activated with methanol, followed by a wash with 80 % acetonitrile (ACN), 0.1 % TFA and equilibration with

0.1% TFA. Samples were resuspended in 0.1% TFA and loaded to resin material. Peptides were washed with 0.1% TFA and eluted

with 60 % ACN. Eluted peptides were dried, resuspended in TMT labeling buffer (0.1 M EPPS pH 8.2, 20 % acetonitrile (ACN)) and

peptide concentration determined bymicro BCA (Thermo Fisher Scientific, 23235). 10 mg of peptides per sample weremixedwith the

first 9 channels of TMT10 reagent (UL298812, Thermo Fisher Scientific) in a 1:2 (w/w) ratio (2 mg TMT reagent per 1 mg peptide). Re-

actions were incubated for one hour at RT and after verification of labeling efficiency (>98%) andmixing ratios by LC-MS analysis of a

test pool comprising 1/20th of each sample, labeling was quenched by addition of hydroxylamine to a final concentration of 0.5%and

incubation at RT for 15 minutes. Labeled peptides were pooled according to determined mixing ratios in order to achieve the same

total peptide intensity in each sample and desalted by SepPak (tC18, 50 mg, Waters). The material was activated with methanol, fol-

lowed by a wash with 80 % ACN, 0.1% TFA and equilibration with 3 % ACN, 0.1 % TFA. Samples were resuspended in 3 % ACN,

0.1 % TFA and loaded to resin material. Peptides were washed with 3 % ACN, 0.1 % TFA, eluted with 60 % ACN, and dried again.

Peptides were fractionated using high-pH liquid-chromatography on a micro-flow HPLC (Dionex U3000 RSLC, Thermo Fisher Sci-

entific). 45 mg of pooled and purified TMT labeled samples were resuspended in Solvent A (5mM ammonium-bicarbonate, 5%ACN),

were separated on a C18 column (XSelectXSelect CSH, 1mm x 150mm, 3.5 mmparticle size; Waters) using amultistep gradient from

3-60% Solvent B (55 mM ammonium-bicarbonate, 90% ACN) over 65 minutes at a flow rate of 30 mL/minute. Eluting peptides were

collected every 43 s fromminute 2 for 69minutes into a total of 96 fractions, whichwere cross-concatenated into 24 fractions. Pooled

fractions were dried in a vacuum concentrator and resuspended in 2 % ACN, 0.1 % TFA for LC-MS analysis. Tryptic peptides were

analyzed on an Orbitrap Lumos coupled to an easy nLC 1200 (Thermo Fisher Scientific) using a 35 cm long, 75 mm ID fused-silica

column packed in-house with 1.9 mm C18 particles (Reprosil pur, Dr. Maisch), and kept at 50 �C using an integrated column oven

(Sonation). HPLC solvents consisted of 0.1 % formic acid in water (Buffer A) and 0.1 % formic acid, 80 % acetonitrile in H2O (Buffer

B). 500 ng of peptides were eluted by a non-linear gradient from 7 to 40%B over 90minutes followed by a step-wise increase to 90%

B in 6 minutes, which was held for another 9 minutes.

A synchronous precursor selection (SPS) multi-notch MS3 method was used in order to minimize ratio compression. Full scan MS

spectra (350-1400 m/z) were acquired with a resolution of 120,000 at m/z 200, maximum injection time of 100 ms and AGC target

value of 4 x 105. The most intense precursors with a charge state between 2 and 6 per full scan were selected for fragmentation

(‘‘Top Speed’’ with a cycle time of 1.5 seconds) and isolated with a quadrupole isolation window of 0.7 Th. MS2 scans were per-

formed in the Ion trap (Turbo) using a maximum injection time of 50 ms, AGC target value of 1.5 x 104 and fragmented using CID
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with a normalized collision energy (NCE) of 35 %. SPS-MS3 scans for quantification were performed on the 10 most intense MS2

fragment ions with an isolation window of 0.7 Th (MS) and 2 m/z (MS2). Ions were fragmented using HCD with an NCE of 65 %

(TMTclassic) and analyzed in the Orbitrap with a resolution of 50000 at m/z 200, scan range of 100-500 m/z, AGC target value of

1.5 x105 and a maximum injection time of 86 ms. Repeated sequencing of already acquired precursors was limited by setting a dy-

namic exclusion of 60 seconds and 7 ppm and advanced peak determination was deactivated. All spectra were acquired in centroid

mode. Raw data was analyzed with Proteome Discoverer 2.4 (Thermo Fisher Scientific). Acquired MS2-spectra were searched

against the mouse reference proteome (Taxonomy ID 10090) downloaded from UniProt (12-March-2020; ‘‘One Sequence Per

Gene’’, 21959 sequences) and a collection of common contaminants (244 entries from MaxQuant‘s ‘‘contaminants.fasta’’) using

SequestHT, allowing a precursor mass tolerance of 7 ppm and a fragment mass tolerance of 0.5 Da after recalibration of mass errors

using the Spectra RC-node applying default settings. In addition to standard dynamic (Oxidation on methionine andMet-loss at pro-

tein N-termini) and static (Carbamidomethylation on cysteine) modifications, TMT-labelling of N-termini and lysines were set as static

modifications. False discovery rates were controlled using Percolator (< 1% FDR on PSM level). Only PSMs with a signal-to-noise

above 10, a co-isolation below 50%, aswell as at least 50%SPS-matches derived from unique peptides were used for protein quan-

tification after total intensity normalization. High and Medium confident proteins were used for downstream analyses.

Filtering and statistical analysis of the Proteome Discoverer output was performed in Perseus (v 2.0.7.0) as previously described

72. Specifically, only proteins quantified in all replicates in each group (100 % valid values) were used for statistical analysis. Signif-

icant proteins were defined after a one-way ANOVA test (S0=0.1, Benjamin-Hochberg FDR<0.01) and subsequent Post-Hoc Tukey’s

HSD test (FDR <0.01). Reactome Pathway analysis was done in STRING with default settings.

Native PAGE
Samples for Native page were collected from PA-TU-8988T cells. A single well from a 6-well dish for each (WT and IRGQ KO) was

lysed in 200 mL of IP buffer (50 mM Tris/HCl pH 7.4, 0,5 mM EDTA, 150 mM NaCl, 1% Triton X-100). Samples were incubated on ice

for 30minutes andmechanically lysedwith an insulin syringe (passed through 20 times) and lysate was cleared atmaximum speed for

15 minutes. Once lysates were ready, the protocol provided by the manufacturer was followed (NativePAGE Bis-Tris Mini Gel Elec-

trophoresis Protocol 2013, Thermo Fisher Scientific), and samples were run in a 3-12% precast gel from Invitrogen.

Western blot
For immunoblotting, proteins were resolved by SDS-PAGE and transferred to PVDF membranes. Blocking and primary antibody in-

cubations were carried out in 5%BSA in TBST (150mMNaCl, 20mMTris, pH 8.0, 0.1%Tween-20), secondary antibody incubations

were carried out in 5 % low-fat milk in TBS-T and washings with TBS-T. Blots were developed using Western blot Luminol Reagent

(sc-2048; Santa Cruz Biotechnology). All Western blots shown are representative. Quantifications were done with ImageJ software.

Cloning of plasmids for hydrodynamic tail-vein injection
Single gRNAs for mouse Tp53 and mouse Irgq were individually cloned into BbsI site of the PX330 plasmid, which contains Cas9:

mTp53-1: CCTCGAGCTCCCTCTGAGCC

mTp53-2: GTGTAATAGCTCCTGCATGG

mIrgq-1: CCAGGGCGAAGATCCACCCG

mIrgq-2: GACACGGTAGAGATTCCCGA

The obtained plasmids were used for the ASAP (Adaptable System for Assembly of multiplexed Plasmids)-cloning in order to

assemble both p53 (plasmid PX330-sg-Tp53) or all 4 (plasmid PX330-sg-Tp53-sg-Irgq) gRNAs expression cassettes into a single

PX330 plasmid, as described previously.92 pX330-gRNA was a gift from Charles P. Lai (Addgene plasmid # 158973; http://n2t.

net/addgene:158973).

Flow cytometry and intracellular cytokine staining
PA-TU-8988T cell co-culture: Co-cultured cells were collected, first by collecting the supernatant containing a portion of T cell sus-

pension, and the remaining adherent cells were trypsinized with Trypsin-EDTA. Trypsinization was stopped by adding the PBS sup-

plemented with 10%heat-inactivated FBS. Both cell fractions were pulled andwashedwith PBS supplemented with 0.5%BSA. The

cells were incubated with human FcR blocking reagent containing Zombie UV for 10 minutes at 4 �C. Afterwards, the cells were incu-

bated with fluorochrome-conjugated human CD3/CD45 antibody mix prepared in Brilliant Stain Buffer for 20 minutes at 4 �C. During
the last 10 minutes of staining, 7-AAD was added. The cells were washed with and resuspended in FACSFlow Sheath Fluid. As a

counting standard, Flow Cytometry Absolute Count Standard was added. The data acquisition was performed on the BD

FACSymphony A5 SE flow cytometer. The data were processed in R (4.2.2) using RStudio (2022.12.0 Build 353) IDE. The following

R packages were used: flowCore (2.10.0), ncdfFlow (2.44.0), flowWorkspace (4.10.1), ggcyto (1.26.4), dplyr (1.1.1), tidyr (1.3.0),

ggplot2 (3.4.2), patchwork (1.1.2), ggpubr (0.6.0), and scales (1.2.1).

Macrophages: The cells were washed with PBS and trypsinized for 40 minutes with Trypsin-EDTA. Trypsinization was stopped by

adding an equal volume of PBS supplemented with 2% heat-inactivated FBS. The cells were carefully scraped from the well using a
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silicon cell scraper. The cells were transferred to a FACS tube, centrifuged at 500 g for 5 minutes at 4 �C, and resuspended in PBS

supplemented with 0.5 % BSA. After one more centrifugation step, the cell pellet was resuspended and incubated with human FcR

blocking reagent containing Zombie UV for 10 minutes at 4 �C. Afterwards, the cells were incubated with fluorochrome-conjugated

human HLA-ABC/HLA-DR antibody mix prepared in Brilliant Stain Buffer for 20 minutes at 4 �C. The cells were washed with and re-

suspended in FACSFlow Sheath Fluid. As a counting standard, Flow Cytometry Absolute Count Standard was added. The data

acquisition was performed on the BD FACSymphony A5 SE flow cytometer. The data were processed in R (4.2.2) using RStudio

(2022.12.0 Build 353) IDE. The following R packageswere used: flowCore (2.10.0), ncdfFlow (2.44.0), flowWorkspace (4.10.1), ggcyto

(1.26.4), dplyr (1.1.1), tidyr (1.3.0), ggplot2 (3.4.2), patchwork (1.1.2), ggpubr (0.6.0), and scales (1.2.1).

Peripheral mouse blood: Isolated mouse blood cells were pelleted and resuspended in the blocking solution (PBS supplemented

with 0.5 % BSA and FcR blocking reagent for mice) to block non-specific binding and blocked for 10 minutes at 4 �C. During the

blocking step, cells were stained with Zombie UV die to distinguish between live and dead cells. The cells were incubated with fluo-

rochrome-conjugated anti-mouseCD8a/ CD11b/ CD4/ CD3e/ CD25/ CD62L/ CD279/ CD366/ CD137/ CD44/ CD45/ CD223/ CD19

antibody mix prepared in Brilliant Stain Buffer for 20 minutes at 4 �C. The cells were washed with FACSFlow Sheath Fluid and fixed

following the FOXP3/Transcription Factor Staining Kit manufacturer’s instruction. In brief, the cells were resuspended in Foxp3

Fixation/Permeabilization working solution and incubated for 40 minutes at 4 �C. Fixation was stopped by adding Permeabilization

Buffer. Fixed cells were pelleted and resuspended in the blocking solution (Permeabilization Buffer + Fc blocking reagent for mice).

Blocking was done for 20 minuntes, and the samples were stained with fluorochrome-conjugated mouse IFN-g/FoxP3/Granzyme B

antibody mix prepared in Brilliant Stain Buffer for 30 minutes at 4 fcv f �C. The cells were washed with and resuspended in FACSFlow

Sheath Fluid. As a counting standard, Flow Cytometry Absolute Count Standard was added. The data acquisition was performed on

the BD FACSymphony A5 SE flow cytometer. Spectral data were analyzed in FlowJo (v.10.8.1) and processed in R (4.2.2) using RStu-

dio (2022.12.0 Build 353) IDE. The following R packages were used: dplyr (1.1.1), tidyr (1.3.0), ggplot2 (3.4.2), patchwork (1.1.2),

ggpubr (0.6.0), and scales (1.2.1).

Nur77eGFP-expressing cells: Flow cytometric experiments were performed on FACSymphony A5 (BD Bioscience) flow cytometer

and analyzed using FlowJo 10.0 software (BDBioscience). For surface staining, cells were incubated with antibodies against the indi-

cated markers and fixable viability dye 780 (ThermoFisher; 65-0865-14) for live/dead cell determination for 30 minutes at 4 �C.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments have a minimum of three biological replicates. Data are presented as the mean with error bars indicating the s.d.

(standard deviation). The statistical significance of differences between experimental groups was assessed with Student’s T-test.

Differences in means were considered significant if p<0.05. Differences with p<0.05 are annotated as *, p<0.01 are annotated as

** and p<0.001 are annotated as ***. Statistical values measurements were performed using R software with corresponding R pack-

ages, Excel or PRISM.
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Figure S1. Protein abundances in isolated lysosomes and IRGQ characterization, related to Figure 1

(A–C) Volcano plots showing protein abundances in the lysosome after BafA1 treatment in (A)WT, (B) ATG5 �/�, and (C) FIP200 �/� cells. The x axis represents the

relative log2 fold change of protein abundance, and the y axis represents Welch’s t test values calculated using Perseus. Dark gray proteins are indicated as

statistically significant proteins using an FDR cutoff of 5%. Proteins in purple represent autophagy substrates.

(D) SDS-PAGE andwestern blot of PA-TU-8998T cells, treatedwith Torin-1 (24 h, 250 mM) andBafA1 (24 h, 100 nM). Protein lysateswere analyzed bywestern blot

with the indicated antibodies.

(E) SDS-PAGE and western blot of HEK293T and HeLa cell lysates that were treated with 10 ng/mL IFNg for 24 h.

(F) Dot-blot and autoradiograph of GST proteins loaded with aP32GTP.

(G) Superposition of interferon-inducible GTPase 1 in complex with GDP and the homology model of IRGQ highlights missing key residues for GDP binding in

IRGQ.

(H) ImageJ profile plots of IF images (Figure 1E). IRGQ (red) only accumulates inside lysosomes (green) in WT cells treated with EBSS and BafA1.

(I) Quantification of IRGQ-positive lysosomes (IF images Figure 1E). Data are presented as the mean with error bars indicating the SD. Statistical significance of

differences between experimental groups was assessed with Student’s t test. Differences with p < 0.05 are annotated as *; n = 3.

(J and K) Immunofluorescence of endogenously mCherry-tagged IRGQHeLa cells. Cells were left untreated or treated for 4 h in EBSS with BafA1 (200 nM). Fixed

cells were probed with DAPI, phalloidin, and endogenous LC3B (J) and LAMP1 (K) antibodies. Scale bar: 10 mm.
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Figure S2. LIR conservation in IRGQ, related to Figure 2

(A) Residues conserved in IRGQ homologs mapped onto the AlphaFold model of human IRGQ (identifier: AF-Q8WZA9-F1), using ConSurf webserver93 (https://

consurf.tau.ac.il/consurf_index.php). The color key for variable to conserved residues is shown next to the model. Peptide stretches with stick representation

show the LIR1 and LIR2 motifs present in IRGQ.

(B) Multiple sequence alignment of 49 IRGQ homologs showing the nature of conservation of LIR1 and LIR2 sequences derived from ConSurf webserver.

(C) Overlay of the AlphaFold models of IRGQ (AF-Q8WZA9-F1) and IRGM (AF-A1A4Y4-F1), two family members of IRG family in humans showing the lack of the

LIR1 and LIR2 motif regions in IRGM. Sequence alignment of IRGQ, IRGM, and IRGC shows the presence of these LIR motifs in IRGQ.

(D) SDS-PAGE and western blot of HeLa WT and IRGQ KO cells.
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Figure S3. LIR-dependencies of IRGQ binding to LC3B and GABARAPL2, related to Figure 2
(A) Heatmap representation of differential deuterium uptake for IRGQ + GABARAPL2. Differential uptake of IRGQ + GABARAPL2 (binding)—IRGQ (control) is

shown for all time points along the protein sequence. Generation of the heatmap preceded back-exchange correction and statistical evaluation.

(legend continued on next page)
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(B) Same as (A) but showing differential deuterium uptake for IRGQ + LC3B.

(C) Differential deuterium uptake of IRGQ + GABARAPL2 (binding)—IRGQ (control) plotted on the IRGQ AlphaFold model prediction (identifier: AF-Q8WZA9-F1)

for all time points. Amino acids that were not identified or excluded for the final evaluation are shown in dark gray. Color gradient ranges from blue (reduced

differential uptake) to red (increased differential uptake).

(D) Same as (C) but showing differential deuterium uptake of IRGQ + LC3B for 30 and 2,400 s.

(E) The structure of LC3B (green) in complex with the IRGQ LIR2 peptide (416–425) (blue) overlaid with GABARAPL2 (gray) and the IRGQ LIR1 peptide (183–190)

(orange). This binding mode derived from the second molecule of the asymmetric unit of the crystal structure suggests that LC3B-LIR2 interaction can adopt

different conformations beyond the conserved HP1 and HP2 interactions.

(F and G) Top-ranked and most prominent binding mode of AlphaFold2 (F), IRGQ-GABARAPL2 and (G) IRGQ-LC3B complexes are shown. LIR sites (sticks) of

IRGQ (green cartoon; top-ranked model) and LDS on hATG8 (surface view) are shown. Insets show the zoom-up of conserved of stabilizing LIR1-LDS and LIR2-

LDS interactions of GABARAPL2 and LC3B, respectively.
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Figure S4. IRGQ modulates MHC class I protein levels, related to Figure 3

(A–C) Organelle classes of total proteome analysis of PA-TU-8988T (A) WT, (B) IRGQ KO, or (C) FIP200 KO cells under fed and starved conditions.

(D) SDS-PAGE and western blot of SK-N-AS1 WT and IRGQ KO cells.

(legend continued on next page)
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(E) SDS-PAGE and western blot of Huh7 cells treated with siRNA against control or IRGQ.

(F) SDS-PAGE and western blot of primary human macrophages transfected with control or IRGQ siRNA (Figures 3D and 3E).

(G) SDS-PAGE and western blot of doxycycline-inducible HA-IRGQ (pLDT vector) PA-TU-8988T IRGQ KO cells in the presence and absence of doxycycline.

(H) FACS analysis of surface HLA-ABC from PA-TU-8988T cells that are either WT or KO of IRGQ with a reintroduced doxycycline-inducible HA-IRGQ

(± doxycycline treatment).

(I) SDS-PAGE and western blot of lysates from PA-TU-8988T IRGQWT and KO cells treated with cycloheximide (CHX, 10 mM, 16 h), BafA1 (100 nM, 16 h), and/or

MG132 (500 nM, 16 h). ImageJ quantification of HLA intensity normalized to vinculin. n = 3.

(J) Duolink PLA assay using IRGQ and HLA antibodies in untreated or Torin-1 (16 h) treated cells. Data were analyzed by the Yokogawa CQ1 and are presented as

the mean with error bars indicating the SD. Statistical significance of differences between experimental groups was assessed with Student’s t test. Differences

with p < 0.001 are annotated as ***; n = 3.

(K) SurfaceOME of IRGQ WT and KO PA-TU-8988T cells, as well as HeLa WT and HA-IRGQ, overexpressed cells. Biotinylated surface proteins were immu-

noprecipitated by streptavidin and proteins analyzed with MaxQuant and Perseus.

(L) FACS analysis of surface HLA-ABC from HeLa WT and HA-IRGQ overexpressed cells.

(M) FACS analysis of surface HLA-ABC from Huh-7 cells treated with control or siRNA targeting IRGQ.

(N) SDS-PAGE and western blot of streptavidin IPs from biotinylated cell surface membrane proteins and inputs from IRGQ WT and KO PA-TU-8988T cells.

Quantification of HLA intensity from ImageJ.
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Figure S5. IRGQ targets non-conformational HLA molecules, related to Figure 5
(A) SDS-PAGE and western blot of lysates from PA-TU-8988T IRGQWT and KO cells treated with BafA1 (100 nM, 16 h) or MG132 (500 nM, 16 h) and separated

into soluble and insoluble factions by centrifugation. (Quantification Figure 5A, n = 3).

(legend continued on next page)
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(B) Native-PAGE and western blot of lysates from PA-TU-8988T IRGQ WT and KO cells.

(C) SDS-PAGE and western blot of lysates from PA-TU-8988T IRGQ WT and KO cells treated with MG132 (500 nM, 16 h). Lysates were treated with endoH or

PNGase for 1h. (Quantification Figure 5B, n = 7).

(D) FACS analysis of HeLa WT and IRGQ KO cells using IgG control and HLA-HC10.

(E) Percentage of Huh7 single cells positive for HLA-HC10 staining after FACS analysis for 3 independent replicates. Statistical significance of differences be-

tween experimental groups was assessed with Student’s t test. Differences with p < 0.001 are annotated as ***; n = 3.

(F) FACS analysis of surface HLA-HC10 from PA-TU-8988T cells that are either WT or KO of IRGQ with a reintroduced doxycycline-inducible HA-IRGQ

(± doxycycline treatment).

(G) FACS analysis of HLA-ABC antibody in primary human macrophages from six healthy donors transfected with control, IRGQ or/and AAK1 siRNA. Individual

donors are color coded.

(H) SDS-PAGE and western blot of primary human macrophages treated with non-targeting control, IRGQ or AAK1 siRNAs from experiment (G).

(I) HeLaWT and IRGQ KO cells were treated with EBSS (4 h) together with BafA1, and fixed cells were stained with LAMP1, phalloidin (actin cytoskeleton marker),

DAPI (nucleusmarker), and either HLA-ABC (total MHC class I) or HLA-W6/32 (conformational MHC class I). Verification of HLA presence in lysosomes was done

with ImageJ. Representative fluorescence images were taken in z stacks with a Leica confocal microscope SP8. (Quantification Figure 5F, n = 3.) Scale bar:

10 mm.

(J) SDS-PAGE and western blot of lysates from endo HA-GABARAPL2 WT, IRGQ KO, and/or GABARAPL2 KO cells treated with control or LC3B siRNA.

Confirmation of KO/KD for quantification of Figure 5G.
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Figure S6. The role of HLA ubiquitylation for IRGQ recognition, related to Figure 5

(A) SDS-PAGE and western blot of an in vitro GST pull-down using purified GST-HLA together with purified IRGQ and/or GABARAPL2.

(B) Scheme of mass spectrometry experiment performed in (C), (D), and (F).

(C) HEK293T cells were transfected with VnVc-ORF, HLA-A-VnVc, or Vn-IRGQ/HLA-A-Vc lysates used for GFP IPs and processed for MS. Data were analyzed

with MaxQuant and Perseus; n = 3. The volcano plot represents the Student’s t test difference and �log Student’s t test p value from Vn-IRGQ/HLA-A-Vc over

control IPs. The bait IRGQ/HLA is marked in black, and the most significant interaction partners are color coded according to their category.

(legend continued on next page)
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(D) Heatmap of interaction partners of HLA-A-VnVc or Vn-IRGQ/HLA-A-Vc from (B).

(E) Schematic representation of the amino acid sequence of HLA-A protein with marked PTMs identified in (B)–(D)

(F) Intensity of ubiquitylated peptides normalized to total peptides of HLA-A-VnVc, Vn-IRGQ/HLA-A-Vc, or HLA-A-VnVc (treated with EBSS and BafA1, 4 h) on

residues K267 and K340, identified by mass spectrometry (B).

(G) Immunofluorescence of U2OS cells overexpressing WT HLA-HA or K267/340R mutant HLA-HA. Fixed cells were probed with endogenous REEP5 and HA

antibodies.

(H) Spearman’s rank correlation of co-localization between HLA WT or K267/340R mutant with REEP5. Statistical significance of differences between experi-

mental groups was assessed with Student’s t test. Differences with p < 0.05 are annotated as *; n = 25.

(I) Relative fluorescence intensity of HLA WT or K267/340R mutant. Statistical significance of differences between experimental groups was assessed with

Student’s t test. Differences with p < 0.05 are annotated as *; n = 15.

(J) SDS-PAGE and western blot of lysates from HEK293T cells overexpressing WT HLA-HA or K267/340R mutant HLA-HA treated with CHX (10 mM, 16 h).

(K) ImageJ quantification of HLA intensity normalized to vinculin (from J). n = 3.

(L) HEK293T cells were transfected with HLA-A-HA WT or HLA-A-HA K267/340R lysates used for HA IPs and processed for MS. Data were analyzed with

Fragpipe; n = 3. The volcano plot represents the Student’s t test difference and�log Student’s t test p value from HLA-A-HAWT over HLA-A-HA K267/340R IPs.

The bait HLA is marked in black, and proteins that preferentially bind WT HLA are marked in purple in comparison with proteins interacting with HLA-A-HA K267/

340R in green.
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Figure S7. Reduced IRGQ levels are beneficial for HCC patients, related to Figure 6

(A) IRGQ mRNA expression of human liver HCC and adjacent normal tissue samples (data obtained from NIH Center for Cancer Genomics, the Cancer Genome

Atlas program [TCGA]). n = 36 samples of liver HCC patients; 50 samples of normal unperturbed liver tissue

(legend continued on next page)
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(B) Same as in (A) but for IRGQ protein expression.

(C) Clustering of HCC patient data with high or low IRGQ mRNA expression and correlation with mRNA levels of MHC class I-related genes (data obtained from

NIH Center for Cancer Genomics, the Cancer Genome Atlas program [TCGA]).

(D) Kaplan-Meier survival plot of liver cancer patients with high or low IRGQ mRNA expression levels (data obtained from NIH Center for Cancer Genomics, the

Cancer Genome Atlas program [TCGA]).

(E) Kaplan-Meier survival plot of liver cancer patients with high or low IRGQ mRNA expression levels in tumors that are depleted of CD8+ T cells (data obtained

from NIH Center for Cancer Genomics, the Cancer Genome Atlas program [TCGA]).

(F) Heatmap of total proteome analysis of healthy (WT) and HCC (c-Myc; Trp53D) mouse liver tissue.

(G) SDS-PAGE and western blot of lysates from c-Myc; Trp53D and c-Myc; Trp53D; IrgqD mice livers.

(H) Isolated livers from c-Myc; Trp53D and c-Myc; Trp53D; IrgqD mice at 24 and 82 days post plasmid delivery, respectively.

(I) FACS analysis of early apoptotic PA-TU-8988T WT and IRGQ KO cells upon co-culture with primary human T CD4+ and CD8+ cells post control or tetanus

toxoid stimulation. Individual donors are color coded. n = 3.

(J) Quantification of Nur77eGFP expression in CD8+ T cells presented as mean fluorescence intensity as measured by FACS. n = 3.

(K) Model of tumor immune evasion through IRGQ-directed autophagy.

Data are presented as the box-and-whisker plot. Statistical significance of differences between experimental groups was assessed with Student’s t test. Dif-

ferences with p < 0.001 are annotated as ***.
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