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Abstract

NOD?2 and TLR2 recognize components of bacterial cell wall peptidoglycan and direct defense
against enteric pathogens. CD8" T cells are important for immunity to such pathogens but how
NOD2 and TLR2 induce antigen specific CD8" T cell responses is unknown. Here, we define
how these pattern recognition receptors (PRRs) signal in primary dendritic cells (DCs) to
influence MHC class I antigen presentation. We show NOD2 and TLR2 phosphorylate PI31 via
TBK1 following activation in DCs. PI31 interacts with TBKI1 and Secl6A at endoplasmic
reticulum exit sites (ERES), which positively regulates MHC class I peptide loading and
immunoproteasome stability. Following NOD2 and TLR2 stimulation, depletion of PI31 or
inhibition of TBK1 activity in vivo impairs DC cross-presentation and CD8" T cell activation.
DCs from Crohn’s patients expressing NODZ2 polymorphisms show dysregulated cross-
presentation and CD8" T cell responses. Our findings reveal unidentified mechanisms that

underlie CD8" T cell responses to bacteria in health and in Crohn’s.
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Introduction

NOD?2 and TLR2 are pattern recognition receptors (PRRs) that recognize conserved components
of peptidoglycan (PGN) found in bacterial cell walls (1,2). Both PRRs activate intracellular
signaling pathways in antigen presenting cells (APCs) that drive pro-inflammatory and
antimicrobial adaptive responses. Both receptors are important for clearance of bacterial
pathogens such as Salmonella typhimurium, Shigella flexneri and Mycobacterium tuberculosis
(3-5). Both NOD2 and TLR2 employ distinct signaling cascades to drive pro-inflammatory
cytokine responses, however, the mechanism by which they connect to MHC class I antigen

presentation machinery is unclear.

NOD2 cross-talks with TLR2 in myeloid cells. This manifests as amplification in signaling
culminating in greatly heightened pro-inflammatory cytokine responses (6,7). Furthermore, gene
expression studies have revealed dual activation of both receptors leads to a transcriptional
programme that not only amplifies the differential expression common to both receptors, but
leads to induction of a specific NOD2/TLR2 gene panel highlighting a physiological role for this
cross-talk in differentiating pathogenic versus commensal invasion of APCs (8,7,9). NOD?2 is the
strongest associated Crohn’s susceptibility gene and Crohn’s disease patients who express NOD2
polymorphisms display loss of function for induction of NOD2 effector genes and NOD2/TLR2
specific genes (10,7,11).

NOD2 and TLR2 activate autophagy in myeloid cells to degrade invading bacteria and facilitate
MHC class II antigen presentation (12-14). Stimulation of either receptor regulates Th1, Th2 and
Th17 immune responses (15-18). DCs that have engulfed bacteria also present exogenous
antigens on MHC 1 via cross-presentation, which is critical for CD8" T cell responses against
microbial pathogens (19). Proposed pathways and mechanisms underlying cross-presentation
include the phagocytic pathway, which exports antigens from the phagosome to the cytosol,
degradation by the immunoproteasome and peptide loading in the endoplasmic reticulum (ER) or
in phagosomes (20). Alternatively, in cross-presentation through the vacuolar pathway,
endosomal or phagosomal proteases degrade internalised antigens independent of
immunoproteasomal degradation and loading MHC class I molecules occur in endocytic

compartments (21).
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PRR engagement increases CD8" T cell activation by cross-presented peptides, but the molecular
mechanisms underlying these effects are not completely defined (22,23,4,24,19,25,26). TLR4-
dependent phosphorylation of phagosomal SNAP-23 recruits MHC class I molecules from
endosomal recycling compartments to phagosomes, which promotes cross-presentation (27).
However, the mechanisms by which either NOD2 or TLR2 signal to the MHC class I antigen
presentation machinery to enhance CD8" T cell activation remain unclear. We hypothesized
undertaking an unbiased screen of NOD2 and TLR2 signaling in primary DCs would reveal
molecules co-opted by these receptors to enable cross-presentation. Utilizing information
obtained from a quantitative phosphoproteomic analysis comparing NOD2 and TLR2 signaling
in human DCs, we discovered that NOD2 in combination with TLR2 phosphorylates PI31. This

signaling pathway links PI31 with defective cross-presentation as found in Crohn’s.
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Materials and Methods

Study Design

The objective of this study was to explore the role of NOD2 and TLR2 in cross-presentation in
human dendritic cells undertaking an unbiased screen. We have used a quantitative
phosphoproteomic analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
followed by a computational analysis to identify the proteins as differentially abundant in
response to NOD2 and TLR2 sensing. Validation of the phosphoproteomic analysis was
performed by the detection of proteins in phosphoenriched lysates and detected by western blot.
Techniques for the modulation of gene expression (shRNA and siRNA) were used to confirm the
results of observational studies. Immunoprecipitation, in-gel or in-solution digestions and HLA-
associated peptide purification were all performed in primary DCs isolated from healthy donors
and analysed on an ultra-high performance liquid chromatography system. Cellular analysis of
cross-presentation experiments was performed using CD8" T cells from OT-1 C57BL/6 TCR-
transgenic mice or human HLA-A2 NY-ESO-1,57.16s CD8" T cell clones and analysed by flow

cytometry. The sample size is outlined in the figure legends.
Generation of human monocyte-derived dendiritic cells and cell lines

Human monocytes were purified from peripheral blood mononuclear cells (PBMCs) from
healthy donors by positive immunoselection with anti-CD14-conjugated MACS beads (Miltenyi
Biotec). Monocytes were also purified from PBMCs from either HLA-A, WT NOD2 donors or
HLA-A; homozygous mutant NOD?2 Crohn’s patients. NIHR IBD Bioresource selected HLA-A;
Crohn’s patients expressing specific NOD2 polymorphisms. Samples were collected in Oxford
University NHS Foundation trust following written informed consent. Ethical approvals: (REC
reference:16/YH/0247) and (REC reference: 09/H1204/30). Dendritic cells (DCs) were
generated by culturing monocytes for 5 days with IL-4 and GM-CSF (Peprotech). Immature
DCs were harvested on day 5 of culture. Bone marrow derived dendritic cells (BMDCs) were
extracted from tibia and fibula bones of euthanized mice, passed through a 70-um cell strainer,
and cultured for 7 days in DC medium (RPMI 1640 medium with 10% FCS, kanamycin sulfate,
MEM nonessential amino acids, sodium pyruvate, glutamine, 2-mercaptoethanol (55 mM) (all
Life Technologies), and supplemented with recombinant mouse GM-CSF and IL-4 (20 ng/ml,
Peprotech). 293/NOD2 cells were obtained by stable transfection of HEK293 cells with the
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pUNO-hNOD?2 plasmid which expresses the human NOD2 gene (Invivogen). THP1 cells were
obtained from ATCC.

Cells and mice

C57BL/6 mice were from Envigo RMS Inc. (Bicester, Oxfordshire, UK). OT-1 C57BL/6 TCR-
transgenic mice recognizing the H-2K -restricted ovalbumin epitope SIINFEKL were from the
Jackson Laboratory (Bar Harbor, Maine, USA). Mice were maintained at Biomedical Services,
John Radcliffe Hospital. All animal studies were conducted with appropriate UK Home Office

licenses and approval from the Oxford local ethics committee.
Reagents and antibodies

PcDNAS HA-PI31, pcDNAS GFP-PI31 and pCMV-FLAG TBK1 were obtained from University
of Dundee. SIINFEKL peptide, amino acids 257-264 within ovalbumin (OVA), and soluble
OVA were obtanined from Sigma-Aldrich. Carboxyfluorescein diacetate succinimidyl ester
CFSE was purchased from Biolegend. MDP, PAM;CSKy4, LPS, R848, BX795 and Amlexanox
were purchased from Invivogen. The antibodies used in the study include: rabbit anti-human
PI31 (Atlas Antibodies, HPA041122), rabbit anti-mouse PI31 (Abcam, ab187200); rabbit anti-
human P38 (9212), rabbit anti-mouse/human actin (12620), anti-human TBK1 (3504), anti-
human IRF-3 (11904), rabbit anti-tubulin (5335), mouse anti-human PSMBS&/LMP7 (13726),
rabbit anti- human PA28a (9643), rabbit anti-human PSMD?2 (25430), rabbit anti-human PSMA2
(11864), rabbit anti-human TANK (2141), rabbit anti-phospho-NF-«B p65 (3033), rabbit anti-
human IxkBa (9242), mouse anti-human phospho-IkBa (9246), rabbit anti-mouse ERp72 (5033),
rabbit anti-mouse LAMP1 (3243), rabbit anti-FLAG (14793), rabbit anti-HA (3724), rabbit anti-
GFP (2956), anti-mouse (7076) and anti-rabbit (7074) IgG HRP-linked secondary antibodies
were all from Cell Signaling; rabbit-anti-human SEC16A (Abcam, ab70722), rabbit anti-mouse
SEC16A (Holzel diagnostika, KIAA0310), mouse anti-human PSMA2 (Enzo, BML-PW8105-
0100), mosue anti-human PSMA4 (Enzo, BML-PW8120). Anti-mouse CD3¢ (Clone 145-2C11),
anti-mouse CD8a (Clone 53-6.7), anti-mouse CD69 (Clone H1.2F3), anti-mouse MHC-II (Clone
Af6-120.1), anti-mouse CD86 (GL1) and anti-mouse CD40 (Clone 3/23) were all from
Biolegend.

Cell stimulations, phosphoenrichment and immunoblots
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Dendritic cells were left unstimulated or stimulated with 10 pg/ml MDP or 1 pg/ml PAM;CSK4
or both at the indicated time points. In some experiments, other PRR ligands were used including
LPS 100 ng/ml, and R848 1 pug/ml (Invivogen) or cells were treated with the small molecule
inhibitors Ponatinib (50nM) or BX795 (ImM) for 1 hr. Following stimulation, cells were
harvested on ice and washed once with cold Hanks Buffered Saline (HBS). Phosphoenrichment
was then performed using a cellular phosphoenrichment kit (Qiagen). Briefly, cells were lysed
in phosphoprotein lysis buffer containing 0.25% CHAPS with phosphatase inhibitor cocktail 3
(Sigma), protease inhibitor tablet (Qiagen) and the nuclease 0.0002% Benzonase (Qiagen) at 4°C
for 40 min. Samples were centrifuged and the supernatants harvested for protein quantification
by BCA. Aliquots of whole cell lysate (WCL) were kept for subsequent immunoblots. Samples
were then loaded onto the phosphoenrichment columns, before eluting the phosphoenriched
fraction using an elution buffer containing 0.25% CHAPS (Qiagen). Following concentration of
the eluted fraction using 9k molecular weight cut-off concentrator columns (Thermo Scientific),
protein concentration was measured by BCA. LDS sample buffer (Life Technologies) and
dithiothreitol (Sigma) was added, before heating to 70°C for 5 min. Protein samples were
separated by SDS-PAGE and transferred onto PVDF or nitrocellulose membranes using iBlot2
dry blotting system (Invitrogen). Membranes were blocked in 5% (w/v) BSA or non-fat dry milk
diluted in TBST for 1 hour at room temperature (RT). Primary antibodies were then added and
incubated at manufacturers recommended dilution, temperature and time. Membranes were
washed in TBST three times for 5-10 min. Species-specific HRP-conjugated secondary antibody
was added to TBST with 5% (w/v) non-fat dry milk at the manufacturers recommended dilution.
Membranes incubated in this solution for 1 hour at RT with gentle mixing. Membranes were
washed 4 times for 5-10 min in TBST and developed by enhanced chemiluminescence (ECL)
solution (Amersham). Densitometric analysis of Western blots was performed using Imagel

software.
ShRNA lentiviral transduction and siRNA transfection

Short hairpin RNA lentiviral particles were produced and transduced following the RNAi
Consortium (TRC) protocols. ShRNA containing pLKO.1 vectors targeting NOD2 (SHCLND-
NM 022162), PI31 (SHCLND-NM 006814), TBKI (SHCLND-NM 013254) or non-Target
shRNA Control Plasmid DNA were all obtained from Sigma (MISSION shRNA Plasmid DNA).
Briefly, HEK293T packaging cells growing in 6 cm well plate were transfected with a mix of
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1 ug packaging vector (psPAX2), 0.4 ng envelope vector (pMD2.G) and 1.6 pg hairpin-pLKO.1
vector (SHCO16 control or gene specific shRNA. Fugene-6 (Promega) was used as transfection
reagent. Cell culture medium containing lentiviral particles (LVP) was collected 48 h later and
passed through a 0.45 pm filter (Sartorius). Virus preparations were then concentrated by
centrifugation at 30,000 rpm for 90 min. Viral particles were added to cultured THP-1 cells in
R10 together with 8 pg/ml Polybrene (Sigma) to improve transfection efficiency. Following
incubation for 3 hrs at 37°C, the cells were harvested, washed, and resuspended at 1x10° cells/ml
in R10 media with antibiotics including puromycin (as selective antibiotic). After 10 days of

continuous selection with puromycin, knockdown efficiency was assessed by immunoblot.

Transfection of human dendritic cells was performed by electroporation of SMARTpool ON-
TARGETplus human Psmfl (PI31) or non-targeting siRNAs (Dharmacon). Cells were
resuspended in the solution provided with the kit (Invitrogen) followed by electroporation with
Neon System kit (Invitrogen) using the following parameters: 1475 V, 20 ms, 2 pulses. BMDCs
transfection was performed by electroporation of SMARTpool ON-TARGETplus mouse Psmf1,
SEC16A or non-targeting siRNAs (Dharmacon) following the manufacturer’s instructions
(Amaxa). Briefly, BMDCs were harvested at day 7 and resuspended in the electroporation
solution provided with the kit. Cells were distributed per cuvette and electroporated. After 48

hrs, cells were harvested and knockdown analyzed by Western Blot.
Immunoprecipitation, in-gel and in-solution digestions

Cells were lysed in IP lysis buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1%
TritonX-100) containing protease and phosphatase inhibitor cocktail (Sigma). The lysate was
centrifuged for 20 min at 4°C. The supernatant were collected and incubated with indicated
antibodies or control isotype IgG for 4 hrs at 4°C. Protein G coupled magnetic beads (Invitrogen)
were added and incubated for 1 hour at 4°C. The beads were washed with lysis buffer four times
and protein samples eluted by incubation in LDS sample buffer with 50 mM DTT for 10 min at
70°C and analysed by SDS-PAGE and Western blotting using indicated antibodies.
Alternatively, Pierce IgG elution buffer (Pierce; 210044) was added to beads for 30 min at 4°C
with gentle agitation. For in-gel digestion, gel bands were cut into 1-2 mm’ cubes and were
destained overnight with 50% methanol and 5% acetic acid in water. The samples were dried

with acetonitrile and successively reduced with 10 mM DTT and alkylated with 50 mM
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iodoacetamide for 30 min at room temperature. The cubes were washed with 100 mM
ammonium bicarbonate, dried with acetonitrile and digested with 400 ng elastase in 25 mM
ammonium bicarbonate overnight at 37°C. Peptides were then extracted using three consecutive
incubations of 10 min with a 25 mM ammonium bicarbonate followed by 50% acetonitrile and
5% formic acid in water and then 85 % acetonitrile and 5% formic acid in water. The samples
were dried and resuspended in 1% acetonitrile and 0.1% TFA in water for LC-MS/MS analysis.
For in-solution digestion, 35 pl of each IP eluate were suspended in 175 pl of water, reduced
with 5 mM dithiothreitol followed by alkylation with 20 mM iodoacetamide for 1 hour at room
temperature. Protein was precipitated using chloroform-methanol and re-suspended in 6 M urea
in 0.1 M Tris pH 7.8. Protein material was digested with 600 ng Trypsin (Promega) overnight at
37°C at 300 rpm. The samples were desalted using C18 cartridge (Waters). Briefly, samples
were conditioned with buffer A (1% acetonitrile, 0.1% TFA in water) prior equilibration with
buffer B (65% acetonitrile, 0.1% TFA in water). Acidified peptides were loaded onto the
column, washed with buffer A and eluted with buffer B. The solution containing the peptides
was dried and resuspended in 1% acetonitrile, 0.1% TFA in water for LC-MS/MS analysis.

qRT-PCR

Total RNA was purified using the RNeasy Mini Kit (Qiagen). cDNA was synthesised using a
High Capacity RNA-to-cDNA kit (Applied Biosystems). Both procedures were performed
according to the manufacturers’ protocols. qRT-PCR was performed using Tagman chemistry
(Applied Biosystems). Tagman probes for NOD2 (Hs01550753 ml) and RPLPO
(Hs99999902 m1) and TagMan Gene Expression Master mix were used. Real-time PCR was
performed using a Bio-Rad C1000 Thermal cycler CFX Realtime system (Bio-Rad). Relative

NOD?2 gene expression was calculated in comparison to the RPLPO control.
Kinase assay

The TBKI kinase assay was performed using the TBK1 Kinase Enzyme System (Promega) and
ADP-Glo Kinase Assay kit (Promega) using the following peptides as substrate:
IHEQWEKANVSSPHREFPPA (wild type PI31), IHEQWEKANVASPHREFPPA (mutated in
Alanin  152), IHEQWEKANVSAPHREFPPA  (mutated in  Alanin 153) and
IHEQWEKANVAAPHREFPPA (mutated in Alanins 152 and 153). Kinase Detection reagent
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was added to convert ADP to ATP, and the newly synthesized ATP was converted to light using

the luciferase/luciferin reaction.

HLA-I-associated peptide purification. All steps were carried out below 4°C. Briefly, cell
pellets were lysed using 10 ml lysis buffer (1% Igepal 630, 300 mM NaCl, 100 mM Tris pH 8.0)
per 10° cells and homogenized by mild sonication. Lysates were cleared in two subsequent
centrifugation steps, one at 300 g for 10 min to remove nuclei and the other at 15,000 g for 30
min to pellet other insoluble material. HLA complexes were captured using 1 ml W6/32-
conjugated immunoresin (1 mg/ml) prepared in a column format at a flow rate of 1.5 ml/min and
washed using subsequent runs of 50 mM Tris buffer, pH 8.0 containing first 150 mM NaCl, then
400 mM NacCl and no salt. HLA-peptide complexes were eluted using 5 ml 10% acetic acid and
dried. Samples were loaded onto on a 4.6 x 50 mm ProSwiftTM RP-1S column (ThermoFisher)
in 120 pl buffer A (0.1% formic acid in water) and eluted using a 500 pl/min flow rate over 10
min from 2 % buffer A to 35 % buffer B (0.1% formic acid in acetonitrile) with an Ultimate
3000 HPLC system (Thermo Scientific). One ml fractions were collected from 2 to 15 min.
Protein detection was performed at 280 nm absorbance. Fractions up to 12 min that did not
contain B,-microglobulin were combined, dried and resuspended in 1% acetonitril, 1% formic

acid in water for LC-MS/MS analysis.

Liquid chromatography tandem mass spectrometry (LC-MS-MS). LC-MS/MS analysis was
performed on an ultra-high performance liquid chromatography system (Dionex Ultimate 3000,
Thermo Scientific) supplemented with a 75 um x 50 cm PepMap column coupled to a Fusion
Lumos (Thermo Scientific) mass spectrometer with an EASY-Spray source. For in-gel and in-
solution samples, peptides were analysed using 1 hr gradient from 2-35 % can and 0.1% formic
acid in water at a 250 nl/min flow rate. Collision induced dissociation (CID) was induced on
most intense ions in top speed mode with a 3 s cycle time and a collision energy of 35. Ions were
excluded from repeated isolation for 60 seconds. HLA-I-associated peptide preparations were
analysed using a 1 hr linear gradient from 3-25% ACN, 0.1% formic acid in water at a flowrate
of 250 nl/min. Higher-energy C-trap dissociation (HCD) was induced on ions with 2-4 positive
charges in top speed mode with a 2 s cycle time and a stepped collision energy of 28+5. Singly
charged ions were selected at lower priority and fragmented using a stepped collision energy of

32+5. Tons were excluded from repeated fragmentation for 30 seconds.
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MS data analysis. MS data was analysed using Mascot 2.5 and Peaks 7.5. Search parameters
were set as follows: in-solution IP samples - enzyme specificity: trypsin, fixed modification -
carbamidomethylation, precursor mass tolerance - 5 ppm, fragment mass tolerance - 0.3 Da. Data
acquired from elastase digested material was searched with identical parameters using no
enzyme specificity. A final FDR cut-off of 1% was applied to both datasets. Data generated from
HLA-I-associated peptide preparations was searched using no enzyme specificity, no
modifications and precursor mass tolerance of 5 ppm and fragment mass tolerance of 0.03 Da.
All data was searched against all human protein sequences in the Uniprot database. FDR was
<5% at a score cut-off of 15 for all samples. Quantitative analysis of the IP datasets was
performed with Progenesis QI 3.0 (Nonlinear Dynamics). Protein quantitation was performed

with non-conflicting peptides only.
Purification of proteasomal proteins

Cells were lysed in proteasome lysis buffer (50 mM Tris-HCI (pH 8.0), | mM DTT, 5 mM
EDTA, 5 mM MgClL, 10% glycerol, 2 mM ATP) containing a protease and phosphatase
inhibitor cocktail by five freeze and thaw cycles. Lysates were sonicated and centrifuged for 20
min at 4°C. The supernatants were collected and pre-cleared by agarose beads for 1 hr at 4 °C.
900 pg of protein was incubated with anti-PSMA2 (MCP21) antibody (BML-PWS8105) or
control mouse IgG (sc-2027) overnight at 4 °C. Then, protein A/G PLUS-Agarose (sc-2003) was
added and rotated for 2 hrs at 4 °C. The beads were washed four times by proteasome lysis buffer
with 0.1% NP-40. Co-immunoprecipitated proteins were eluted by incubation in LDS sample
buffer with 50 mM DTT for 10 min at 70 °C. Subsequently, eluted proteins were analysed by
SDS-PAGE and Western blotting.

Confocal Microscopy

Following electroporation of pcDNAS GFP-PI31 (Amaxa), cells were placed on poly-L-lysine-
coated glass coverslips and incubated at 37°C in an atmosphere of 5% CO2. Cells were left
unstimulated or stimulated with 10 ug/ml MDP and 1 pg/ml Pam;CSKy4 for 30 min. After
extensive washing with cold PBS, cells were fixed with 2% (vol/vol) paraformaldehyde during
10 min at 4°C and quenched by adding 0.1 M glycine. Cells were permeabilized in PBS
containing 0.05% (vol/vol) saponin and 0.2% (vol/vol) BSA for 20 min at room temperature,

washed, and incubated first with primary antibodies for 1 hr and then with secondary antibodies
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for 45 min at RT. After washing, the coverslips were mounted with Vectashield (Vector
Laboratories). Image acquisition was performed on a Zeiss inverted confocal LSM 880

microscope. Analysis was performed using Fiji software.
Phagosome isolation and analysis

BMDC were pulsed with equal numbers of unconjugated 3 um magnetic streptavidin
microspheres or magnetic streptavidin microspheres (Bangs Laboratories) conjugated with
biotinylated MDP (10 ug/ml) and PAM3;CSK4 (1 ug/ml) or biotinylated LPS (100 ng/ml) in a 1:2
ratio of BMDC: beads for 3 hrs. Cells were suspended in homogenization buffer (HB) (250 mM
sucrose, 0.5 mM EGTA, and 20 mM HEPES/KOH) containing protease and phosphatase
inhibitor cocktail and disrupted by sonication. Phagosomes containing the magnetic beads were
isolated from homogenate using a magnet (Invitrogen). For western blot analysis, the magnetic
beads were lysed in elution buffer (50 mM Tris, pH 7.9, 300 mM NaCl, 1% Triton) along with
protease and phosphatase inhibitor cocktail for 30 min at 4°C with gentle agitation. Protein
concentrations were measured by Bradford assay. Isolated phagosome proteins (2 ug) and whole

cell lysate (15 ug) were analysed by western blot.
In Vitro Cross-Presentation Assays

BMDCs were left unstimulated or stimulated with 10 pug/ml MDP and 1 pg/ml PAM;CSK4 and
incubated with sOVA or SIINFEKL peptide for 3 hrs. After extensive washing, BMDCs were
incubated with CD8" lymphocytes (72 hrs) isolated from C57BL/6 OT-1 transgenic mice and
purified by negative immunomagnetic bead selection (Miltenyi-Biotec). Cross-presentation was

evaluated by detecting expression of CD69" on CD8" lymphocytes by FACS.
In Vivo inhibition of TBK1 activity and cross-presentation assay

Mice were injected intraperitoneally with Amlexanox (10mg/Kg, Invivogen). After 24 hrs, the
same amount of Amlexanox was injected again intraperitoneally with 100 ug MDP (Invivogen)
and 10ug of PAM3;CSK4. DMSO diluted in endotoxin-free PBS was injected as a control. After
12 hrs, sOVA was injected intravenously (250 ug), and spleens were harvested after 3 hrs. DCs
were purified by CDl1lc negative selection (Miltenyi). DC activation was determined by

upregulation of the co-stimulatory molecules MHC-II, CD86 and CD40. DCs were co-cultured
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with purified CFSE-OT-I CD8" T cells for 3 days. T cell proliferation was measured by CSFE
staining by FACS.

Generation of HLA-A2 NY-ESO-1157.165 T cell clones

NY-ESO-1 specific CD8" CTL clone was sorted directly using HLA-A2 NY-ESO-157.165
tetramers from a melanoma patient, as previoulsy described (28). After expansion, CTLs were
stimulated with a mixture of allogeneic irradiated PBMCs and LG2 cells in the presence of 5
ug/ml phytohaemagglutinin and cultured over 16 days at 37°C, 5% CO2 in RPMI-1640
(Invitrogen) supplemented with 10% (v/v) human serum, 2 mM Glutamax, 50-100 U/ml
penicillin and 100 pg/ml streptomycin, 10 mM HEPES, 50 uM 2-mercaptoethanol, 1 mM

sodium pyruvate, non-essential amino acids and 400 U/ml recombinant human IL-2 (Novartis).

Statistical and data analysis. Data were analyzed with Graph Pad Prism, and the Student’s  test
or one-way ANOVA for multiple comparisons was used to compare data sets throughout this

study. P <0.05 was considered significant.
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Results
NOD?2 and TLR2 stimulation induce PI31 phosphorylation

We first delineated NOD2 and TLR2 signaling in primary human DCs using quantitative
phospho-proteomic analysis. We compared NOD2 stimulation with TLR2 stimulation alone or in
combination. After stimulating cells with either MDP, PAM3;CSK4 or a combination of both
ligands, we lysed the cells and phosphoenriched (PE) the lysates. Phospho-enriched lysates were
then subject to quantitative phosphoproteomic analysis by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (fig. 1A). Using computational analysis, we identified proteins as
differentially abundant, if the median among 5 donors was either 1.5-fold up- or downregulated
compared to unstimulated controls. Among these differentially regulated proteins, we identified
134 proteins when stimulated with MDP (38 up-regulated, 96 down-regulated), 123 proteins
when stimulated with PAM3;CSK4 (19 up-regulated, 104 down- regulated) and 164 proteins when
stimulated with both MDP and PAM;CSK4 (48 up-regulated, 116 down-regulated) (fig.1B; fig.
S1). PI31 was highly abundant among the proteins differentially regulated in response to MDP
(Table 1, fig.1C).

PI31 has been linked to proteasome function (29,30) but no previous studies have reported its
phosphorylation and association with innate immune pathways. Therefore, we speculated that
PI31, given its link to proteasome, might be a suitable candidate to trigger MHC class I antigen
presentation on NOD2 and TLR2 sensing. First, we confirmed that NOD2 activation by MDP,
TLR2 activation by PAM3;CSK4 or their combination, induced PI31 phosphorylation (fig. 1 D,
E). We used phosphorylated MAPK (p38) in PE lysates as a positive marker of MAPK
activation. We then determined whether NOD2 was required for PI31 phosphorylation. Using
short hairpin RNAs (shRNA) targeting NOD2, we downregulated NOD2 expression in THP-1
cells (fig. 1F). We assayed protein levels of phosphorylated PI31 following stimulation with
MDP, PAM;CSK, or a combination of both ligands. We found reduced PI31 phosphorylation
after MDP exposure in NOD2 knockdown cells (fig. 1G). Reduced levels of PI31
phosphorylation were also observed following stimulation with PAM3;CSK4 or a combination of
both MDP and PAM;CSK,; suggesting that NOD2 may also amplify TLR2-dependent
phosphorylation of PI31 (fig.1G).
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NOD?2 signaling requires RIPK2, but not the TLR adaptor MyD88 (31). So, we determined
whether PI31 required RIPK2 for phosphorylation via NOD2. We pre-treated DCs with
Ponatinib, a potent RIPK2 inhibitor (32,33), followed by stimulation with MDP, PAM3;CSK4 or
both for 30 min. We found decreased PI31 phosphorylation in cells treated with Ponatinib
compared to untreated cells, which demonstrates that NOD2 mediated PI31 phosphorylation
requires RIPK2 (fig. 1H).

Formation of the NOD2-RIPK-2 complex following MDP recognition induces ubiquitination of
IxB kinase-y, which then recruits TAK-1 and activates the downstream targets, NF-xB and
MAPK (34). Next, we determined whether engaging PI31 through NOD2 and TLR2 co-
stimulation interfered with NF-kB and MAPK signalling. We assayed levels of phospho-IkBa.,
phospho-p65 and phospho-p38 after stimulation with MDP and PAM;CSK,4. shRNA knockdown
of PI31 in THP-1 cells did not modulate activation of either NF-kB or MAPK signaling (fig.
S2A, B). We also examined whether PI31 modulates NOD2/TLR2-induced secretion of pro-
inflammatory cytokines. PI31 expression was downregulated in primary DCs using siRNA prior
to stimulation with MDP and PAM;3;CSK4 or LPS. PI31 knockdown did not modulate cytokine
secretion as detected by levels of TNF and IL-6 (Fig. S2C, D). These data demonstrate that
stimulation of DCs with NOD2 and TLR2 ligands induces phosphorylation of PI31, a protein
that alters the function of the proteasome. PI31 activation by NOD2/TLR2 signaling did not
affect NF-xB and MAPK activation or cytokine production in DCs.

TBK1 mediates NOD2 and TLR2 mediated PI31 phosphorylation

NOD2 stimulation triggers the formation of a protein complex containing RIPK2 and TRAF3
(tumour-necrosis-factor-receptor-associated factor 3), an E3 ligase that mediates Lys63-linked
ubiquitination, through a serine/threonine-protein kinase TBK1 dependent mechanism (35,36).
To determine whether TBK1 forms a protein complex with PI31, we co-expressed HA-tagged
PI31 and FLAG-tagged TBK1 in HEK293 cells expressing human NOD2 (hNOD2) and
stimulated the cells with MDP. We immunoprecipitated HA-PI31 from cellular extracts and
detected the presence of FLAG-TBK1 by immunoblot of the immunoprecipitated material. This
result suggests that PI31 and TBK1 are in the same complex (fig. 1A) with increased detection of
TBK1 co-immunoprecipitating with PI31 following MDP treatment. We then expressed FLAG-
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TBK1 and GFP-PI31 in hNOD2 HEK293 cells and stimulated them with MDP. Co-
immunoprecipitation of FLAG-TBK1 and GFP-PI31 confirmed the presence of TBK1 and PI31
in the same complex. We found increased levels of GFP-PI31 following MDP stimulation,
suggesting an increased recruitment of PI31 co-immunoprecipitating with TBK1 following

NOD?2 activation (fig. 2B).

We next examined whether PI31 phosphorylation following NOD2 and TLR2 activation requires
TBKI1 kinase activity. We pre-treated primary human DCs with a TBK1 inhibitor, BX795, which
specifically inhibits the catalytic activity of TBK1 (37), followed by DC stimulation with MDP,
PAM;CSK4 or a combination of both ligands. Pharmacologic inhibition of TBK1 significantly
reduced PI31 phosphorylation after NOD2 and TLR2 stimulation. (fig. 2C).

Next, we sought to identify the residue on which PI31 is phosphorylated following NOD2 and
TLR2 activation. We immunoprecipitated endogenous PI31 from cellular extracts of THP1 cells
stimulated with MDP and PAM;CSK4, and then conducted LC-MS/MS analysis on the
immunoprecipitated material. Manual inspection of the mass spectrometry data identified the
peptide 795.3599 m/z as the NVSSPHREFPPATA phosphopeptide from PI31 where serine 153
was phosphorylated. Quantitation of unstimulated and MDP/PAM;CSK, stimulated samples
showed significant enrichment of the peptide in stimulated samples indicated by the percentage
relative abundance (fig. 2D). We next validated the mass spectrometry data by using a
luminescent in vitro kinase assay that measures the amount of ADP formed from the TBK1
kinase reaction. First, we titrated the TBK1 enzyme in the presence of a PI31 sequence peptide
containing both serines 153 and 152 (fig 2E). We examined mutated peptides for serine 152
(alanine 152), serine 153 (alanine 153) or both with the in vitro kinase assay, which confirmed
PI31 was directly phosphorylated at serine 153 and, to a lesser extent, at serine 152 (fig 2F).
These results demonstrate that TBK1 forms a complex with PI31 and may be required for its

phosphorylation on serine 153 on NOD2 and TLR2 sensing.

PI31 modulates the quantity of MHC class I loaded peptides in DCs

Proteasomes remove abnormal proteins from the cytosol and contribute to proteolysis required
for MHC-class 1 antigen-processing (38-40). Most proteasomal degradation depends on

recognition of poly-ubiquitinated proteins (41). As PI31 interacts with and inhibits proteasomes
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(30), we wanted to determine whether its phosphorylation via NOD2/TLR2 leads to its poly-
ubiquitination and degradation by the proteasome. We stimulated DCs with MDP and
PAM;CSKy for 45 or 180 min and then collected the lysates for PI31 immunoprecipitation.
Precipitates were immunoblotted using anti-ubiquitin (FK2) antibody. We did not detect poly-
ubiquitination of PI31 in either non-stimulated or MDP/PAM;CSKy stimulated samples (fig.
S3A). To examine whether PI31 is degraded after its phosphorylation, we stimulated DCs and
THP1 cells with MDP and PAM;CSK,4 for 0, 0.5, 1, 24 and 48 hrs and assessed total levels of
PI31 by immunoblot analysis. PI31 levels remained stable over time post-stimulation, which

suggests it is not degraded by NOD2 or TLR2 sensing (fig. S3B, C).

PI31 can inhibit immunoproteasome formation and may maintain a balance between constitutive
and immunoproteasome activity (29). So, we sought to determine whether PI31 expression in
primary DCs would alter the generation of MHC class I bound peptides derived from
proteasomal degradation. LC-MS/MS allows direct qualitative and quantitative evaluation of
HLA class I-bound peptides from primary cells. We used siRNAs to knockdown PI31 in primary
DCs, followed by capturing HLA class I complexes using W6/32-conjugated immunoresin (fig.
3A, B). Acid treatment abolished noncovalent interactions among the complex components.
Using reverse-phase HPLC, we separated eluted peptides from the a-chain and B,-microglobulin
of the HLA complexes and analysed eluted peptide fractions by LC-MS/MS. Mass spectrometry
analysis showed that PI31 knockdown reduced the total number of peptides eluted compared to
cells expressing PI31 (fig. 3C, D). The peptide motifs were not significantly modulated by PI31
suggesting that its effect is unlikely restricted to generating specific type HLA class I associated
peptides (fig. 3E). We next tested whether PI31 modulates the number of assembled f3,-
microglobulin MHC-I complexes competent for surface antigen presentation. We used siRNAs
to knockdown PI31 in primary DCs (fig. 3F), followed by measurement of f,-microglobulin
before (lysate) and after (supernatants) capturing HLA class I complexes. The abundance of ;-
microglobulin peptides detected by LC-MS/MS was not significantly modified by PI31 before or
after capturing HLA-class I complexes (fig. 3G, H). This confirmed PI31 affects generation of
different HLA class I associated peptides rather than quantity of surface MHC 1.

Next, we investigated the mechanism through which PI31 modifies the number of HLA class I
associated peptides by regulating constitutive and immunoproteasome subunit composition.

Using THP-1 cells with knocked down PI31 by shRNA, we immunoprecipitated PSMA2
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(MCP21), a 20S core alpha subunit, and examined the Ilevels of constitutive or
immunoproteasome subunits by immunoblotting. PI31 knockdown reduced levels of
immunoproteasome-specific subunits, such as PSMBS8 ($-51) and PA28a compared with control
cells. Of note, PI31 knockdown did not alter the expression of constitutive proteasome subunits,
such as PSMD2, PSMA4 (a4) and PMSA2 (a2) (fig. 3I). Together these results show a
previously unidentified cell intrinsic role for PI31 in immune cells to modulate the generation of
HLA class I-associated peptides, partially through stabilising immunoproteasome subunit

composition.

SEC16A forms a complex with PI31 and TBK1

To identify interaction partners of PI31, we immunoprecipitated PI31 from NOD2 and TLR2
stimulated DCs, followed by performing tryptic digestion and mass spectrometry analysis (fig.
4A). After NOD2 and TLR2 stimulation, we detected SEC16A as the protein with the highest
confidence score and number of unique peptides (fig. 4B, C). SEC16A is an endoplasmic
reticulum (ER) protein that marks ER exit sites (ERES) in mammalian cells and is implicated in
ER to Golgi vesicular trafficking (42), so we sought to confirm an interaction between PI31 and
SEC16A. We immunoprecipitated PI31 in both primary DCs and THP1 cells following NOD2
activation and examined SEC16A levels by western blot. This result confirmed the presence of
PI31 and SEC16A in the same protein complex in both non-stimulated and stimulated samples,
though increased SEC16A levels occurred in samples stimulated with MDP and PAM;CSKy (fig.
4D, E). We then overexpressed GFP-tagged PI31 in THP1 cells and assessed co-localization
with SEC16A by confocal microscopy. We observed a significantly enriched co-localization of
PI31 and SEC16A, which was dependent on NOD2 and TLR2 signals in DCs (fig. 4F, G). Given
the direct association of PI31 with TBK1, we tested whether SEC16A and TBK1 are present in
the same protein complex. So, we immunoprecipitated endogenous TBK1 in THP1 cells and
examined levels of SEC16A by western blot. Co-immunoprecipitation confirmed the association

of TBK1 and SEC16A in the same protein complex (fig. 4H).

As SECI6A is a protein implicated in vesicular trafficking from the ER, we next examined
whether NOD2 and TLR2 stimulation could control SECI6A recruitment to phagosomes
carrying components of PGN. We treated BMDCs from WT mice with streptavidin beads
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conjugated to biotinylated MDP and PAM;CSK, and examined cellular localization of SEC16A
by confocal microscopy. Phagosomes bearing beads with or without MDP and PAM;CSK4 failed
to acquire SECI6A (fig. S4A). We confirmed these findings by examining LAMP1 levels by
immunoblot following stimulation of BMDCs with streptavidin beads conjugated to biotinylated
MDP, PAM;CSK, and LPS. While SEC16A, TBK1 and PI31 were not enriched in phagosomes
carrying beads, they were enriched only in whole cell extracts (WCE) when the ER resident
ERp72 was detected. Phagosomal lysates showed enriched LAMP-1 with significantly increased
levels on phagosome carrying beads conjugated to MDP/PAM;3;CSK4 and LPS (fig. S4B).

These results indicate a novel association between PI31 and SEC16A, a component of
endoplasmic reticulum exit sites (ERES), required for secretory cargo traffic from the ER to the
Golgi apparatus. We demonstrated that the levels of PI31 and SEC16A in this complex are
increased on NOD2 and TLR2 sensing. We further demonstrated the association of TBK1 in the

same protein complex.

PI31 modulate NOD2/TLR2-dependent cross-presentation and CD8" T cell activation

Studies demonstrated that PRR signaling, including NOD2, increases CD8" T cell activation by
enhancing cross-presentation (43,27,44). However, the mechanisms underlying the effects of
PRR engagement on antigen presentation are incompletely understood. We determined the
impact of NOD2 and TLR2 dependent phosphorylation of PI31 on cross-presentation by
downregulating P31 expression by siRNA knockdown in DCs derived from the bone marrow
(BMDC) from wild-type (WT) mice stimulated with MDP and PAM;CSK, and pulsed with full
length ovalbumin (OVA) (fig. 5A) and quantified CD8" T cell activation through increased
CD69 expression. We found significantly reduced cross-presentation of OVA to OT-I T cells in
BMDCs expressing low levels of PI31 compared to cells expressing PI31 (fig. 5B). In contrast,
we found the octapeptide SIINFEKL (OVA amino acids 257-264), which is directly recognized
by OT-I T cells and does not require proteasomal degradation, was presented with equal
efficiency by BMDCs expressing normal or reduced levels of PI31 (fig. 5C). These data indicate
that cross-presentation requires PI31 in DCs stimulated with NOD2 and TLR2 ligands.

Then, we investigated whether the PI31 binding partner, SEC16A, also increased cross-
presentation during stimulation with NOD2 and TLR2. We knocked down SEC16A4 expression in
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BMDC:s (fig. 5D), followed by stimulation with MDP and PAM;CSK4 plus ovalbumin (OVA).
We assessed cross-presentation to CD8" TCR transgenic OT-I T cells as previously described.
We found no change in cross-presentation of OVA to OT-I T cells in BMDCs expressing low
levels of SEC16A compared to cells expressing SEC16A (fig. SE). We found an equal efficiency
in presentation of SIIFENKL by BMDCs expressing normal or reduced PI31 levels (fig. 5F).
Although SEC16A forms a complex with PI31 on NOD2 triggering, these results suggest that it
is not required to modulate cross-presentation. Thus, NOD2/TLR2 mediated MHC class I

antigen presentation requires PI31, but not SEC16A, in vitro.

TBK1 inhibition prevents cross-presentation

To investigate whether the involvement of NOD2/TLR2-dependent cross-presentation requires
TBKI1 activity, we pretreated BMDCs from WT mice with the TBK1 specific inhibitor, BX795,
followed by stimulation with MDP and PAM;CSK4 and OVA. Treatment with BX795
significantly reduced cross-presentation of OVA to OT-I T cells in BMDCs compared to control
cells (fig. 6A), while the octapeptide SIINFEKL was presented with equal efficiency by MDP
and PAM;CSK, stimulated BMDCs with or without BX795 (fig. 6B). Then, we investigated
whether NOD2/TLR2-dependent TBK1 activity also promoted cross-presentation in DCs in vivo.
We treated WT mice with Amlexanox, which blocks TBK1 activity in vivo without affecting the
activity of IKK-a or IKK-B or any other known kinases (45,46). We administered Amlexanox
intraperitoneally (i.p.) and administered a second injection of the inhibitor after 24 hrs
accompanied by i.p. injection of MDP and PAM3;CSKy. After 12 hrs, we injected mice with
OVA, isolated total splenic CD11c" cells and co-cultured them with OT-I CD8" T cells to

measure antigen-specific T cell activation (fig. 6C).

First, we tested whether stimulation with MDP and PAM;CSK, enhanced activation of DCs by
assessing expression of DC activation markers. NOD2 and TLR2 stimulation significantly
increased expression of MHC-II, CD86, CD40, but not MHC-I, compared to control mice.
Treatment with Amlexanox did not change the expression of MHC-II, CD40 and MHC-I (fig.
6D, E). We assessed OT-I CDS8" T cell specific activation by examining the percentage of
proliferation measured by CFSE dye dilution. Of note, DCs from mice pre-treated with
Amlexanox cross-presented OVA significantly less than untreated mice (fig. 6F, G). We
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conclude that enhanced MHC class I cross presentation mediated by DCs activated in vivo with

MDP and PAM;CSK, requires TBK1 activity.

DCs expressing NOD2 variants from Crohn’s disease show defective cross-presentation

Polymorphisms in NOD?2 represent the strongest known genetic risk factors associated with the
development of Crohn’s disease (47). So, we investigated whether Crohn’s patients DCs
expressing variants of NOD2 exhibited defects in cross-presentation after NOD2 stimulation.
We used HLA-A2 DCs from healthy individuals expressing wild type (WT) NOD2 or HLA-A2
Crohn’s patients DCs expressing Crohn’s associated NOD2 polymorphisms. We assessed the
cross-presentation ability of DCs using the NY-ESO-1 specific CD8" CTL clones generated by
directly sorting HLA-A2 NY-ESO-1 ;57.1¢5 tetramers from a melanoma patient (48,28).

Following the expansion of the CTL clones, we stimulated HLA-A2" patients DCs either
homozygous for 1007fsinsC NOD2 expression or compound heterozygous for any Crohn’s-
associated NOD2 polymorphisms with MDP or MDP+ PAM;3;CSK4 in the presence of the 19-mer
NY-ESO-15;-169 peptide (SCLQQLSLLMWITQCFLPV) or with the shorter NY-ESO-157.165 9-
mer peptide (SLLMWITQC) directly binding to HLA-A2 MHC class I molecules (fig. 7A). We
determined cross-presentation following co-culture of DCs and NY-ESO-1 specific CD8" CTL
clones for 24 hrs and assessed the percentage of CD44 CD25" CDS" T cells present. We found
decreased cross-presentation of the NY-ESO-115;.1¢0 peptide (19-mer) to CD8" T cells in Crohn’s
DCs expressing NOD2 polymorphisms compared to DCs from healthy donors with WT NOD?2
(fig. 7B, C) following stimualtion with MDP or MDP+PAM;CSK4. In contrast, we found no
significant difference in T cell responses to the NY-ESO-1,57.165 peptide (9-mer) that directly
bound to surface HLA-A2 MHC class I molecules between healthy or Crohn’s DCs stimulated
with MDP (fig. 7D, E). Thus, our data indicate that Crohn’s donor DCs show defective cross-
presentation following NOD2 stimulation and may indicate aberrant intestinal CD8" T cell

responses detected in the mucosa in Crohn’s disease.
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Discussion

Here, we reveal that NOD2 and TLR2 signal to PI31 via TBKI to facilitate MHC-I antigen
presentation in DCs and prime CD8" T cell responses. TANK-binding kinase-1 (TBK 1) mediates
this effect by modulating PI31 phosphorylation following MDP and PAM;CSK, stimulation and
directly associating with PI31. By undertaking a mass spectrometry analysis of MHC-I/peptide
complexes expressed on DCs, we identified an unknown intrinsic function of PI31 in regulating
the quantity of peptides associated with MHC-I, likely through stabilizing the
immunoproteasome. We discovered an interaction between PI31 and SEC16A, a component of
endoplasmic reticulum exit sites (ERES), which forms a complex with TBK1 and PI31 increased
by MDP and PAM;CSKy4 exposure. Depleting PI31 or inhibiting TBKI1 activity in DCs
stimulated with NOD2 and TLR2 ligands impaired cross-presentation and CD8" T cell
activation. Finally, we examined DCs from patients with Crohn’s disease expressing associated
NOD? variants and found they were unable to induce cross-presentation following NOD2 and

TLR2 triggering.

PI31 remains the most poorly characterized proteasome regulator. The C-terminal domain of
PI31, which possesses an intrinsically disordered structure, was originally characterized as an in
vitro inhibitor of 20S proteasome activity (49-52). However, this C-terminal site contains an
HbYX motif characteristic of multiple proteasome activators. Consistent with this finding, this
PI31 activates the 26S proteasome in vitro and exerts a positive effect on proteasome function in
intact cells (52). These contradictory findings are the focus of investigations by Li et al., who
found multiple regions in PI31 bind independently to the proteasome to exert specific actions in
vitro (53). However, they detected no change in cellular constitutive proteasome function with
increased or decreased PI31 levels by overexpression or RNA interference (RNA1) respectively
(53). So, despite in vitro effects on various proteasome activities, the cellular roles and
mechanisms of PI31 in regulating proteasome function remain unclear. Our results presented
here further elucidate PI31 function demonstrating an unidentified role in antigen presenting
cells directly modulating the generation of HLA class I-associated peptides partially through

stabilising immunoproteasome subunit composition.

The interplay between NOD2 and TLR2 has been well characterized and it is not surprising
given that both receptors respond to adjacent components of PGN expressed on bacterial cell

walls, MDP and PAM;CSK, respectively (10,6,7,11,54,9). Upon MDP recognition, NOD2
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recruits RIPK2, which induces activation of the IKK complex. IKK phosphorylates IxBa,
targeting it for Lys48-linked polyubiquitination and proteasome-dependent degradation
facilitating NF-kB translocation into the nucleus (55,31). This signaling pathway, in
physiological conditions, amplifies TLR2 signals and both synergize in the induction of NF-kB,
which play a central role in cytokine production (56,7,57,58). PI31 did not affect either NF-xB
activation or proteasome-dependent degradation of IkBo mediated by NOD2/TLR2. NOD2
induces formation of a protein complex containing RIPK2 and TRAF3, which recruits TBK1 to
induce type I IFN (36). TBK-1 is a member of the IKK family of kinases falling into the
category of the non-canonical IKK-related kinases (IKKe and TBK-1) (59). We found TBK1
directly associates with PI31 to direct phosphorylation on Serine 153 following NOD2 and TLR2
triggering and this represents a novel signaling pathway directing subsequent MHC I antigen
presentation on PGN recognition. PI31 and TBK1 had no effect on the direct presentation of the
octapeptide SIINFEKL (OVA amino acids 257-264). OT-I T cells directly recognize SIINFEKL
and do not require proteasomal degradation excluding a role for TBK1 mediated type I IFN

production in inducing CD8" T cell responses.

Several studies demonstrated that PRR engagement and simultaneous exposure to foreign
antigen increases CD8" T cell activation by cross-presented peptides (25). Different proposed
mechanisms explain the increased cross-presentation observed during the initial phase of TLR
sensing in immature DCs. These include enhancing recruitment of MHC class I to phagosomes
from endosomal recycling compartments (ERC) (27), maintaining low levels of lysosomal
proteases (60) or recruiting the NADPH oxidase NOX2 to early phagosomes for sustained
production of low levels of reactive oxygen species and phagosomal alkalinization (61). Whether
distinctions occur through which the mechanisms dictating which different classes of PRR
interact with the proteasome is unclear. NOD2 can modulate cross-presentation, and our results
are consistent with a study demonstrating that NOD2 signals significantly augment the cross-
priming of Ag-specific CD8" T cells in vivo by upregulating MHC class I-dependent Ag
presentation pathway (43). During late phases of DC maturation, cross-presentation is down-
modulated (62-64). For example, after 24—30 hrs of LPS stimulation, DCs do not cross-present
antigens, likely through reducing antigen export to the cytosol (44). In addition, pre-treatment
with pure PGN, as well as both synthetic ligands for NOD1 and NOD2, impaired cross-
presentation of HSV Ags or of vaccinia virus-expressed OVA (VV-OVA) after 22 hr pre-
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treatment (63). Thus, early non-sustained signaling events, such as TBKI1 mediated PI31
phosphorylation driven by PRRs, may indicate temporal control of MHC I antigen presentation
and prevent excessive priming during chronic phases of pathogen handling. We found PI31
forms a complex with both SEC16A and TBK1 on NOD2/TLR2 stimulation that localized at the
ER but not phagosomal contact sites. SEC16A marks ER exit sites (ERES) and directs ER to
Golgi transport(65) and may contribute to recruitment of the peptide loading complex to ER-
Golgi intermediated compartment (ERGIC). While SEC16A could enable egress of the peptide
loading complex, functional redundancy most likely occurs, as we found no effect of reduced

SECI16A levels by siRNA on antigen cross-presentation in vitro.

NOD?2 remains the most strongly associated Crohn’s disease susceptibility gene (66,67). NOD2
polymorphisms (R702W, G908R, and 1007fs) in Crohn’s are often associated with disease states
affecting the terminal ileum and contributing to stricturing and fibrostenosing disease requiring
surgical intervention (68). While defective autophagy occurring in the presence of Crohn’s
associated NOD?2 leads to aberrant MHC class II responses (13), it is unclear whether Crohn’s
associated NOD2 polymorphisms also affect MHC class I responses. Our work elucidates an
unidentified immune function for NOD2 in human DCs. Our results demonstrate that NOD?2 via
the cross-presentation pathway drives CDS8" T cell activation and in the presence of Crohn’s
associated NODZ2 polymorphisms impairs these responses. As a result of impaired T cell
mediated clearance of commensal microbes, we expect loss of function NOD2 mutations to
impair antigen presentation leading to non-specific intestinal inflammation. The adjuvant activity
of MDP and TLR ligands is well known to enhance vaccine responses (69). Here, we define the
molecular basis for this adjuvancy. We speculate that biochemically disparate forms of PGN
derived from different bacterial species may affect immunoproteasome stability and antigen

presentation to different degrees.
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Figure legends

Figure 1. Quantitative phosphoproteomic analysis reveals PI31 phosphorylation on NOD2
and TLR2 stimulation in human DCs. (A) Schematic demonstrating the strategy for
performing quantitative phospho-proteomics in DCs stimulated for 30 min with MDP
(10 pg/ml), PAM;CSK4 (1 pg/ml) and MDP+ PAM;CSK4combined, followed by
phosphoenrichment (PE) and generation of phosphopeptides for LC-MS/MS. (B) Venn diagram
of differentially regulated proteins (up- or down-regulated) following MDP, PAM3;CSK4 and
MDP + PAM;CSK, stimulation. (C) Hierarchical clustering showing proteins with median
phosphopeptides either 1.5-fold up- or down-regulated in response to MDP compared to
unstimulated Ctrl and selected as differentially abundant (n=5). (D-E) Immunoblot analysis of
PI31 and P38 (positive control) in whole cell lysates (WCL) and PE following stimulation of
DCs at indicated time points by NOD2 and TLR2 ligands alone or in combination as indicated:
MDP (10 pg/ml), PAM;CSK,4 (1 pg/ml). Immunoblot data are from one experiment
representative of three separate experiments. Experiments using primary DCs were performed
using two separate donors each time. (F) THP1 cells were transduced with control or NOD2-
targeting lentiviral shRNAs and analysed for NOD2 expression by qPCR analysis. Data represent
the mean + s.e.m. (n = 3); **P<0.001 Student’s ¢ test. (G) Immunoblots analysis of PI31 and P38
in whole cell lysates (WCL) and PE of THP1 transduced with control or NOD2 shRNA and
stimulated with MDP (10 pg/ml), PAM3CSK4 (1 pg/ml), and MDP + PAM3;CSK, for 30 min.
Immunoblots data are from one experiment representative of three separate experiments.
Densitometric analysis of PI31 in PE band intensity normalized with actin (n=3). Data represent
the mean + s.e.m. (n = 3); *P<0.05 Student’s 7 test. (H) Immunoblots analysis of PI31 and P38 in
whole cell lysates (WCL) and PE from DCs treated with Ponatinib (50nM) for 1 hr following
stimulation with MDP (10 pg/ml), PAM3;CSK4 (1 pg/ml), and MDP + PAM3;CSK4 for 30 min.
Densitometric analysis of PI31 in PE band intensity normalized with actin (n=3). Data represent
the mean + s.e.m. (n = 3); *P<0.05 Student’s ¢ test.

Figure 2. TBK1 mediates NOD2 and TLR2 mediated PI31 phosphorylation. (A) Constructs
were transfected into HEK293 cells expressing human NOD2 (hNOD2) and cells stimulated with
MDP for 30 min. Cell lysates were immunoprecipitated with anti-HA antibodies (PI31) and
western blotted with anti-Flag (TBK1) antibodies. Densitometric analysis of Flag-TBK1 band
intensity normalized with oa-tubulin (n=3). Data represent the mean + s.e.m. (n = 3); *P<0.05
Student’s ¢ test. (B) Cell lysates were immunoprecipitated with anti-Flag antibodies (TBK1) and
immunobloted with anti-GFP antibodies (PI31). Densitometric analysis of GFP-PI31 band
intensity normalized with a-tubulin (#=3). Data represent the mean + s.e.m. (n = 3); **P<0.01
Student’s ¢ test.. (C) Immunoblots of PI31 in whole cell lysates (WCL) or phosphoenriched
fractions (PE) from treated primary DCs treated with BX795 (1 uM) for 1 hr following 30 min
stimulation with MDP (10 pg/ml), PAM3;CSK4 (1 pg/ml) or both. Immunoblots represent three
independent experiments. Experiments using primary DCs were performed using two separate
donors each time. Densitometric analysis of PI31 band intensity in PE normalized with actin
(n=3). Data represent the mean + s.em. (n= 3); *P<0.05 Student’s ¢ test. (D)
Immunoprecipitation of PI31 from THPI1 stimulated with MDP/PAM3;CSK4 was digested to in
solution followed by LC-MS/MS analysis. Peptide 795.3599 m/z was identified as the
NVSSPHREFPPATA phosphopeptide from PI31, where serine-153 was phosphorylated.
Quantitation of unstimulated and MDP/PAM;CSKy stimulated samples showed significant
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enrichment of the peptide in stimulated samples as shown by the percentage relative abundance.
(E) Recombinant TBK1 enzyme was titrated with S0mM ATP and PI31 peptide (Img/ml) prior
to measuring kinase activity. (F) TBKI1 kinase activity following incubation of recombinant
TBK1 with wild type or mutated PI31 peptides. Data represent two independent experiments.

Figure 3. PI31 regulates the number of peptides loaded on MHC I and stabilizes the
immunoproteasome (A) Schematic of the strategy to assay peptides associated with MHC-I in
Ctrl or PI31 knockdown DCs. (B) Immunoblot analysis of PI31 expression following
transfection of primary DCs (donors A and B) with Ctrl non-targeting or PI3/ siRNAs (200nM).
(C, D) Number of MHC-I-peptides identified in DCs from two healthy donors. Data represent
mean * s.e.m. (n= 2); **P<0.001 Student’s ¢ test. Data represent an independent experiment
using cells from two separate donors. (E) Effect of PI31 on HLA class I associated peptides. (F)
Immunoblot analysis of PI31 expression following transfection of primary DCs (donors C and
D) with Ctrl non-targeting or PI3/ siRNAs (200nM). (G, H) Relative intensities of [,-
microglobulin peptides detected by LC-MS/MS before (lysate) and after (supernatants) capturing
HLA class I complexes. (I) Cell lysates from THP1 cells transduced with Ctrl or PI3/ shRNAs
immunoprecipitated using anti-PSMA-2 (MCP21) and immunocomplexes analyzed by western
blot to determine the levels of PSMBS, PA28a, PSMD2, PSMA4, PSMA2 and PI31.
Densitometric analysis of band intensities of PSMA-2 immunoprecipitation normalized with
actin (n=3). Data represent the mean + s.e.m. (n = 3); **P<0.01 Student’s ¢ test.

Figure 4. SEC16A forms a complex with PI31 and TBK1 (A) Immunoblot analysis
representing immunoprecipitation of endogenous PI31 in DCs following MDP/PAM;CSK4
stimulation for LC-MS/MS analysis. (B) List of proteins from LC/MS analysis with highest
confidence score and peptide counts. (C) Relative abundance protein for SEC16A. Data
represent mean + s.e.m; (n=2) *P<0.05 Student’s ¢ test. (D, E) DCs (D) and THP1 (E) cells
stimulated with MDP/PAM3CSKy. Cell lysates were immunoprecipitated with PI31 antibodies
and probed with anti-SEC16A. Data are representative of 3 independent experiments. (F, G)
Images show confocal analysis of THP-1 cells transfected with GFP-PI31 (green) for 24 hours,
and stimulated with MDP/PAM;CSK,4 for 30 minutes and stained with antibody to SECI6A
(red) and DAPI (blue). Pearson’s coefficient for PI31 and SEC16A co-localization in control or
MDP/PAM;CSK, stimulated cells. Data represent means + s.e.m. (n=20), Three independent
experiments with at least five images analyzed per experiment); ***P<0.0001 Student’s 7 test.
(H) THP1 cells were stimulated with MDP/PAM;CSK, for 30 min. Cell lysates were
immunoprecipitated with anti-TBK1 antibodies and probed with anti-SEC16A, anti-TBK1 and
anti-TANK antibodies. Data represent 3 independent experiments.
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Figure 5. P131, but not SEC16A, mediates NOD2/TLR2-dependent cross-presentation (A)
PI31 expression was downregulated by transfecting BMDCs with control non-targeting and P31
siRNAs. Immunoblots data represent 3 independent experiments. (B, C) 48 hours post-
transfection, BMDCs were incubated with MDP/PAM3CSK4 in presence or absence of sSOVA (1
and 0.1ug/ml) or SIINFEKL peptide for 3 hours followed by co-culture with OT-I CD8" T cells
for 72 hrs. Cross-presentation efficiency of DCs was determined by the percentage of
CD8'CD69" T cells using FACS. Data represent the mean + s.e.m; (B, C, n=4) **P<0.01
Student’s ¢ test. Data are from one experiment representative of three or more independent
experiments. (D) SEC16A expression was downregulated by transfecting BMDCs with control
non-targeting and SEC/64 siRNAs. Immunoblots data represent 3 independent experiments. (E,
F) 48 hours post-transfection, BMDCs were incubated with MDP/PAM;CSK,4 with or without
sOVA (1 and 0.1ug/ml) or SIINFEKL peptide for 3 hours followed by co-culture with OT-I
CD8" T cells for 72 hrs. Cross-presentation was measured by calculating the percentage of
CDS8'CD69" T cells using FACS. Data represent mean + s.e.m; (E, F, n=3). Data from one
experiment representative of three or more independent experiments.

Figure 6. TBK1 mediates NOD2/TLR2-dependent cross-presentation. (A, B) BMDCs were
treated for 1 hr with BX795 (1 uM). BMDCs were then incubated with MDP/PAM;CSK4 with
or without SOVA (1 and 0.1ug/ml) or SIINFEKL peptide for 3 hrs prior to co-culture with OT-I
CD8" T cells for 72 hrs. Cross-presentation was measured by calculating the percentage of
CD8'CD69" T cells using FACS. Data represent the mean + s.e.m (n=3) **P<0.01 Student’s ¢
test. Data represent one experiment representative of three independent experiments. (C)
Experimental scheme for in vivo cross-presentation assay. (D) FACS analysis indicating levels of
MHC-I, MHC-II, CD86 and CD40 on DCs treated as in C. (E) MFI values relative to MHC-I,
MHC-II, CD86 and CD40 show DC activation levels. Data indicate mean + s.e.m. (n=3; n=4).
n.s. = non-significant; ** P<0.01; * P<0.05; one-way ANOVA (Tukey’s multiple comparison
test). (F) Efficiency of cross-presentation measured by proliferation of CFSE-labeled OT-I CD8"
T cells and FACS analysis of CFSE fluorescence, indicating level of OT-I CD8" T cell
activation. (G) T cell proliferation status determined by FACS and plotted as the percentage of
dividing OT-I-ovalbumin-reactive CD8" T cells. Data represent mean + s.e.m. (n=8); ** P<0.01;
* P<0.05; one-way ANOVA (Tukey’s multiple comparison test). Data are from one experiment
representative of two independent experiments.

Figure 7. Crohn’s patients DCs show impaired NOD2/TLR2-dependent cross-presentation.
(A) DCs were derived from HLA-A2" Crohn’s patients homozygous for FS1007insC NOD2 or
R702W + G908R NOD2 compound heterozygotes or healthy HLA-A2" volunteers expressing
wild type NOD2. HLA-A2" DCs from healthy donors or Crohn’s patients were incubated with
MDP or MDP + PAM;CSKy in the presence of either the 19-mer NY-ESO-1s;.160 peptide
(SCLQQLSLLMWITQCFLPV) or with the shorter 9-mer NY-ESO-1;s57.16s peptide
(SLLMWITQC) for 3 hrs followed by co-culture with the NY-ESO-1,57.165 specific CD8" CTL
clones for 24 hrs. (B, C) MHC class I cross-presentation of 19-mer NY-ESO-1,s5,.169 peptides by
DCs was measured by calculating the percentage of CD8 CD44'CD25" T cells using FACS
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analysis. (D, E) MHC class I direct presentation of 9-mer NY-ESO-1,57.165 peptides by DCs was
measured by calculating the percentage of CD8'CD44 CD25" T cells using FACS analysis. Data
represent mean + s.e.m. (n=6); ** P<0.01; * P<0.05; one-way ANOVA (Tukey’s multiple

comparison test).
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Table 1. Table showing the z-score normalized abundances of hierarchical clustering
presented in Fig.1b (main text)

CHMP7 -0.36 0.64 -1.24 0.96
PLIN3 -0.38 0.51 -1.20 1.07
KRT14 0.08 1.10 -1.33 0.15
UGGT1 0.57 -0.15 -1.34 0.92
ZNF787 -0.57 1.47 -0.22 -0.68
KIAA1715 -0.49 1.48 -0.29 -0.70
N4BP1 -0.66 1.42 -0.02 -0.73
ZYX -0.75 1.47 -0.38 -0.34
FGD4 -0.28 1.48 -0.66 -0.54
CYP2S1 -0.29 1.47 -0.73 -0.45
UBAG6 -0.05 1.42 -0.83 -0.54
SHISAS -0.79 0.23 1.32 -0.76
TBC1D2B -0.91 0.25 1.30 -0.64
KIAAQ0196 -0.46 0.16 1.31 -1.02
RECQL -1.25 0.01 1.20 0.04
AP1GI -1.21 0.32 1.16 -0.28
C30RF77 -0.97 0.99 0.72 -0.74
DCTPP1 -0.86 1.00 0.72 -0.86
PSMF1 -1.17 1.17 0.36 -0.36
TRIMS56 -0.60 -0.89 1.35 0.14
CALM3 -0.51 -1.13 1.06 0.58
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AAAS -1.00 -0.51 1.31 0.20
DNAH6 -1.14 -0.49 1.08 0.56
NUBI -1.50 0.54 0.44 0.52
PEX19 -1.50 0.49 0.57 0.43
ATG4C -1.45 0.81 0.48 0.16
RIPK1 -1.44 0.23 0.86 0.35
PARP12 -1.46 0.79 0.23 0.44
MTHFDIL -1.35 1.01 -0.03 0.37
ACTRI0 -1.46 0.57 0.18 0.71
MAPK1 -1.42 0.66 0.03 0.73
DNAIJBI -1.45 0.38 0.24 0.83
KRT9 -1.14 1.10 -0.48 0.52
FAMSAI1 -1.26 -0.33 0.68 0.92
HNRNPF -1.44 0.11 0.52 0.81
PSTPIP2 -1.15 -0.12 -0.02 1.29
STAT6 -1.28 -0.14 0.32 1.11
PUSI -1.14 0.38 -0.42 1.17
DAB2 -1.08 0.21 -0.41 1.28
LCPI -1.18 0.16 -0.21 1.23
HSPBI -1.24 0.29 -0.20 1.15
ZAK 1.48 -0.42 -0.35 -0.71
MST4 1.48 -0.41 -0.38 -0.69
CNOT1 1.48 -0.34 -0.40 -0.74
BAIAP2 1.48 -0.36 -0.37 -0.75
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CI10RF2 1.45 -0.30 -0.33 -0.83
EPB41L2 1.50 -0.45 -0.45 -0.60
TRIM36 1.49 -0.31 -0.64 -0.54
CDH23 1.48 -0.69 -0.47 -0.33
CDC123 1.48 -0.71 -0.41 -0.35
AlF1 1.47 -0.73 -0.51 -0.22
MRPL40 1.48 -0.61 -0.60 -0.27
BRE 1.49 -0.53 -0.58 -0.39
DOCK5 1.49 -0.66 -0.38 -0.45
OPLAH 1.50 -0.57 -0.46 -0.46
ZFYVEIl6 1.49 -0.57 -0.35 -0.57
DRG2 1.49 -0.59 -0.36 -0.54
DMXL2 1.37 -0.77 0.11 -0.71
ESRRA 1.35 -0.66 0.15 -0.85
ZNFX1 1.33 -0.49 0.14 -0.98
CA3 1.44 -0.79 -0.10 -0.55
RIC8A 1.27 -1.16 0.06 -0.17
CP110 1.33 -1.03 0.11 -0.41
LENG9 1.20 -0.05 0.10 -1.25
LEPREI 1.34 -0.42 -1.02 0.10

CI60RF62 1.33 -0.47 -0.99 0.13

DHX38 1.38 -0.50 -0.91 0.03

STATSB 1.31 -0.61 -0.93 0.23

TUBGCP2 1.39 -0.62 -0.83 0.07



https://doi.org/10.1101/570705

bioRxiv preprint doi: https://doi.org/10.1101/570705; this version posted March 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

RPN2 1.35 -0.68 -0.83 0.16
VPS25 1.37 -0.77 -0.72 0.12
RPLPI 1.37 -0.76 -0.72 0.11
PI4KA 1.43 -0.63 -0.75 -0.04
SPI1 1.45 -0.37 -0.84 -0.24
TYMP 1.45 -0.40 -0.84 -0.20
PXK 1.43 -0.41 -0.87 -0.14
DPY30 1.41 -0.34 -0.93 -0.14
TNFAIP2 1.47 -0.49 -0.74 -0.23
EIF3E 1.45 -0.51 -0.79 -0.15
MYCBP 1.12 -0.36 -1.19 0.43
UTPI14A 1.08 -1.21 -0.36 0.50
TRA2B 1.10 -1.18 -0.41 0.49
BLVRA 1.04 -1.19 -0.42 0.57
RPLI5PI8 1.09 -1.24 -0.28 0.44
OTUBI 1.20 -1.06 -0.54 0.40
IRF4 1.17 -1.08 -0.53 0.44
RRBPI 1.24 -1.07 -0.47 0.30
IDH2 1.10 -1.30 -0.07 0.27
SF3B14 1.38 -0.85 -0.61 0.08
NXF1 1.36 -0.89 -0.58 0.11
SGK3 1.34 -0.90 -0.61 0.17
TUBAIC 1.35 -0.99 -0.45 0.09
HTT 1.32 -1.03 -0.44 0.15
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SUFU 1.41 -0.92 -0.39 -0.10
TAF9 1.40 -0.95 -0.36 -0.09
AHSAI 1.04 -0.80 -0.91 0.67
RPS7P10 1.03 -0.77 -0.94 0.68
NDELI 1.01 -0.79 -0.92 0.71
AMPD3 0.96 -0.79 -0.93 0.76
FAMI26A 1.07 -0.87 -0.83 0.63
PRKABI1 1.12 -0.72 -0.96 0.56
PRMTS 0.99 -1.05 -0.65 0.71
CDC42 0.99 -1.00 -0.71 0.72
RABI10 0.90 -0.95 -0.77 0.82
IMPACT 1.21 -0.86 -0.78 0.43
STATSA 1.19 -0.87 -0.78 0.46
DDRGK1 1.20 -0.82 -0.83 0.45
LDLRAPI1 1.24 -0.88 -0.74 0.37
TUBAIA 1.23 -0.89 -0.73 0.39
NFKBI 1.26 -0.85 -0.76 0.35
GNAI2 1.21 -0.95 -0.68 0.42
EPN3 1.28 -0.92 -0.66 0.29
SAPSI1 1.25 -0.74 -0.88 0.36
MAP2K3 1.29 -0.79 -0.79 0.30
1PO4 1.22 0.18 -1.20 -0.19
ALDH3A2 1.21 0.12 -1.22 -0.11
LOC645870 1.33 0.21 -0.69 -0.84
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FTO -0.16 -0.95 -0.29 1.41
POLDI 0.03 -0.62 -0.81 1.40
LOC100133678 | 0.44 -0.86 -0.79 1.20
SERPINBI1 0.48 -1.01 -0.63 1.16
HISTIH2AA 0.61 -0.80 -0.90 1.09
FBP1 0.64 -0.71 -0.98 1.06
ADPGK 0.79 -1.26 -0.34 0.82
ILKAP 0.70 -1.24 -0.38 0.91
IMMT 0.80 -1.34 -0.18 0.72
RCOR2 0.58 -1.39 -0.04 0.85
RPS5 0.39 -1.19 -0.35 1.15
EXOSC9 0.61 -0.58 1.06 -1.09
GRSF1 0.65 -0.65 1.04 -1.04
E2F7 0.76 -0.67 0.95 -1.03
MYBBPIA 0.73 -1.13 0.95 -0.55
NSUNS 0.71 -1.44 0.65 0.08
INADL 0.87 -1.44 0.35 0.22
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