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Extended DataFig.8 | Human M cells contain MIIC structures for antigen
processing and loading, and express genes that arerelated to pathogen
recognition, antigen uptake and protein digestion. (a) Representative
immuno-electron microscopy images showing MIIC structuresinendosomes,
identified by immunogold staining of MHC-1lor CD63 antibody, in organoid M
cells. Arrowsindicate the MHC-Il vesiclesin theendosome. M cell organoids from
two donorsare tested with similar results. Scale bars, 200 nm. (b) Representative

immuno-electron microscopy images showing the endosomes with MHC-11
vesicles, identified by immunogold staining of MHC-Il antibody, in normal
intestinal organoids treated with IFN-y. Organoids from two donors are tested
with similar results. Scale bars, 200 nm. (c-e) Expression levels (normalized
counts) of patternrecognition receptors (c), antigen uptake (d) and protein
digestion (e) related genes across theindicated cell populations. n=2biological
replicates. Dataare presented as mean values.
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Extended DataFig. 9| Gluten antigen presentationin humanMcell
organoids. (a) Representative genotyping PCR for HLA-DQ2.5 haplotype.
Twoindependentexperiments are performed with similar results. For gel source
data, see SupplementaryFig. 1. (b) Representative flow cytometry analysis of
MHC-11and GP2 expression in M cell organoids derived from two HLA-DQ2.5
donors. Foreach donor, three independent experiments are performed

with similar results. (c) Schematic model of antigen presentationin CeD

using human M cell organoids. Images were created in BioRender. vanEs,J.
(2025) https://BioRender.com/xh7haut. (d) Representative confocal images of
DONQS52 antibody stainingin M cell organoids derived from multiple donors.
33-mer peptideis added to the organoids before staining. M cells are marked by
IF staining of GP2 antibody (green). DONQ52 antibody specifically recognizes
the gliadin peptide:HLA-DQ2.5 complexes (red/white). In each condition, three
independent experiments are performed on two donors with similar results.
Scalebars, 20 um. (e) Quantification of luciferase activityinreporter T cells
after co-culture with organoids treated w/wo 33-mer peptide. Two HLA-DQ2.5

donorsaretested. Foreach donor, n=3biological replicates. Each dot
representsonebiological replicate. Dataare presented as mean values +/— SEM.
P-values are derived from two-tailed t-test. (f) Quantification of TGM2 protein
levelsinM cell organoids (WT versus TGM2-KO) and their culture media by ELISA.
n=2or3independentwellsononedonor.Each dotrepresentsonewell. Dataare
presented as mean values or mean values +/- SEM. P-values are derived from
two-tailed t-test. n.t. not detected. (g) Quantification of luciferase activity in
reporter T cells after co-culture with WT or SPIB-KO M cell organoids treated
w/wo indicated peptides. n =6 biological replicates on one donor. Each dot
representsonebiological replicate. Dataare presented as mean values +/— SEM.
P-values are derived from one-way ANOVA with Dunnett’s test. (h) Quantification
ofluciferase activity inreporter T cells after co-culture with organoids treated w/
wogliadin proteins.n=8biological replicates onone donor. Each dot represents
onebiological replicate. Data are presented as mean values +/- SEM. P-values
arederived from one-way ANOVA with Tukey’s test.
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Extended DataFig.10|See next page for caption.




Extended DataFig.10|Naive T cell activationby M cell-mediated antigen
presentation. (a) Activation of autologous naive CD4" T cells, quantified by flow
cytometry analysis of CD69" cell percentage, after co-culture with MHC-1I"" cells
treated w/wo the antigen cocktail. CD69" cells are gated based on the negative
controlgroupinwhich T cells are not activated (w/o treatment). Activated T cells
by anti-CD3/CD28beads are used as positive control. Autologous naive T cells are
isolated from PBMCs. Two unrelated donors are analyzed. Each dot represents
the meanvalue derived fromtwoindependent wells. Data are presented as mean
values of the two donors. (b) Flow cytometry analysis of primary naive CD4" T cell
activation and proliferation after co-culture with MHC-II"" cells treated w/wo
Cytostim. MHC-1I"" cells are FACS-sorted from M cell organoids derived from two
donors. Similar results are observed on the two donors. Representative results
fromonedonorisshown.Eachgroupisanalyzed based ontwoindependent
co-culture wells with similar results. In C/ITA-KO M cell organoids, immature and
mature M cells do not express MHC-II. Thus, M cells are sorted based on ICAM2
antibody staining instead of MHC-II. (c) qPCR analysis of the expression levels of
co-stimulatory molecules (CD80, CD86,and CD40) in M cell organoids versus

normalintestinal organoids. Two donors are shown. Foreachdonor,n=3
technicalreplicates are shown. Data are presented as mean values +/- SEM.
P-values are derived from two-tailed t-test. Results are representative of
twoindependent experiments. (d) qPCR analysis of the expression levels of
co-stimulatory molecules (CD80, CD86,and CD40) inM cell organoids versus
normalintestinal organoids. Organoids are treated w/wo IFN-y. Two donors are
shown. Foreachdonor, n=3technical replicates are shown. Data are presented
asmean values +/- SEM. P-values are derived from two-tailed t-test. Results are
representative of two independent experiments. (e) Flow cytometry analysis
of primary naive CD4" T cell proliferation after co-culture with MHC-1I M cells
or MHC-II" enterocytes treated w/wo Cytostim. MHC-II" cells are FACS-sorted
from M cell organoids or IFN-y treated intestinal organoids, respectively.
Organoids derived from two donors are shown. For eachdonor,n=2and 4
independent co-culture wells for M cell and enterocytes, respectively. Data are
presented as mean values or mean values +/- SEM. P-values are derived from
two-tailed t-test. (f) Heatmap showing the expression patterns of aset of CeD-
associated genes during M cell differentiation. n =2 biological replicates.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  BD FACS Influx, BD LSR Fortessa X20, BD FACSMelody, Leica SP8 confocal detection system fitted on a Leica DMi8 microscope, Bio-Rad CFX
Connect Real-Time PCR machine, Tecnai T12 electron microscope equipped with an Eagle 4kX4k CCD camera, TECAN Spark® multimode
microplate reader.

Data analysis R studio (v3.6.3), Python (v3.11.9), Seurat R package (v3.1.4), DEseq2 R package (1.26.0), clusterProfiler R package (v3.14.3), Enrichr web
software (http://maayanlab.cloud/Enrichr), GraphPad PRISM (v7.04), FlowJo (v10.8.0), BD FACS Diva software (v8.0.1), Leica LAS X software
(v3.5.7.23225), IMARIS software (v9.3).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The organoid scRNA-seq and bulk RNA-seq datasets generated in this study have been deposited and are publicly available in the Gene Expression Omnibus (GEO,
www.nchi.nlm.nih.gov/geo/) under accession codes GSE275771 and GSE275772. We re-analyzed the following publicly available scRNA-seq datasets: GSE119969
(GSM3389578, GSM3389579 and GSM3389580; URL: www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119969), GSE125970 (raw_UMIcounts.txt.gz; URL:
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125970), GSE146799 (EEC_atlas_raw.csv.gz; URL: www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE146799),
GSE92332 (FAE_UMIcounts.txt.gz and Org_RANKL_UMIcounts.txt.gz; URL: www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSES2332), and Space-Time Gut Cell Atlas
(datasets for epithelium and myeloid cells; URL: www.gutcellatlas.org).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Both male and female were included.

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics No data on population characteristics was collected/used.

Recruitment lleum and colon tissues were obtained from adult patients undergoing tumor—resection surgery. Tissues were collected at an
appropriate distance from the tumor.

Ethics oversight Two terminal ileum tissues (Donor# HO514 and HO515-2) for IF staining and flow cytometry analysis were obtained from

Diakonessen Hospital Utrecht, with approval by the Medical Ethical Committee of the hospital and with informed consent of
each patient.

The CeD patient PBMCs were collected from participants of the CeDNN study. CeDNN was approved by the Medical Ethical
Committee of the University Medical Center Groningen, with the METc No. 2013/440. Written consent was signed by all
participants, their parents, or legal representatives for participants aged under 16 for CeDNN. Normal PBMCs were
purchased from Sanquin (Amsterdam), with signed Material Transfer Agreement (MTA).

A total of five human intestinal organoid lines were established in our lab and recruited in this study. Three ileum tissues
(Donor# 12339, 4280N/HLA-DQ2.5 #1, 4403N/HLA-DQ2.5 #2) were obtained from the Netherlands Cancer Institute (NKI);
One ileum tissue (Donor# N39) and one colon tissue (Donor# P11N) were obtained from the Diakonessen Hospital Utrecht,
all with approval by the Medical Ethical Committee of the respective organizations and with informed consent of each
patient.

This study was approved by the Ethical Committee of Hubrecht Institute and was in accordance with the Declaration of

Helsinki and according to the Dutch law. The study complied with all relevant guidelines and regulations regarding research
involving human participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. Unlike in mouse study, organoid experiments were all conducted in a highly controlled
environment, and only involve specific cells or molecules rather than whole organism.

For quantitative organoid experiments, based on our experience, experimental triplicates is sufficient for comparisons between groups and
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answering our scientific questions (i.e., PMID: 36002022). Twenty randomly selected organoids per experimental group are also sufficient.
(i.e., PMID: 40010349).

For organoid experiments that do not require quantification, based on our experience, the variables in these experiments are limited, results
are highly significant and consistent based on 2 or 3 biological replicates (i.e., PMID: 39418382).

Data exclusions  No data points were excluded.

Replication All experiments were performed in multiple biological replicates and in several organoid lines derived from unrelated donors. Detailed
information was indicated in the text and figure legends.

Randomization  Organoids from the same batch/passage but cultured in different wells were randomized into different experimental groups before the
different treatments. After treatment, for the analysis that are not based on single organoids (i.e., FACS, gPCR), all the organoids in each well
were collected, thus no randomization is required. For the analysis on single organoids, the organoids in each experimental group were
randomly selected and quantified. For experiments that do not involve a statistic comparisons (i.e., confirmation of marker gene expression
by IF staining) but just phenotype observations, randomization is considered not relevant.

Blinding The researchers were not blinded since all of our experiments are nonclinical studies which has been conducted in a laboratory
setting, and outcomes are all coming from objective measurements, we considered blinding is not relevant for our study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [ ] chip-seq

D Eukaryotic cell lines D Flow cytometry

X D Palaeontology and archaeology |:| MRI-based neuroimaging
D Animals and other organisms

D Clinical data

X D Dual use research of concern

g D Plants

Antibodies

Antibodies used Antibodies for immuno staining:
mouse anti-human GP2 antibody (MBL, Cat# D277-3, clone# 3G7-H9, diluted in 1:200);
mouse anti-human ICAM2 antibody (Thermo Fisher, Cat# BMS109BT, clone# CBR-1C2/2, diluted in 1:200);
mouse anti-human HLA-DP/DQ/DR antibody (Thermo Fisher, Cat# MA1-25914, clone# CR3/43, diluted in 1:200);
Phalloidin (Sigma, Cat# 65906-10NMOL, diluted in 1:1000);
DONQ52 antibody (kindly provided by Chugai Pharmaceutical Co. Ltd., Tokyo, Japan, diluted in 1:100);
Rat anti-mouse MHC-II (I-A/I-E) antibody (Thermo Fisher, Cat# 14-5321-82, clone# M5/114.15.2, diluted in 1:200);
UEA-1-Rhodamine (Vector, Cat# RL-1062-2, diluted in 1:1000).

Antibodies for flow cytometry (all diluted in 1:100):

mouse anti-human GP2-AF488 antibody (MBL, Cat# D277-A48, clone# 3G7-H9);

rat anti-mouse Gp2-AF488 antibody (MBL, Cat# D278-A48, clone# 2F11-C3);

mouse anti-human ICAM2-biotin antibody (Thermo Fisher, Cat# BMS109BT, clone# CBR-1C2/2);
mouse anti-human HLA-DP/DQ/DR-BV421 antibody (BD horizon, Cat# 564244, clone# Tu39);
mouse anti-human TCR-APC antibody (Biolegend, Cat# 3-6718, clone# IP26).

mouse anti-human HLA-DP/DQ/DR-FITC antibody (BD Pharmingen, Cat# 562008, clone# Tu39);
mouse anti-human CD4-AF488 antibody (Biolegend, Cat# 317420, clone# OKT4);

mouse anti-human EpCAM-APC antibody (Biolegend, Cat# 369810, clone#t CO17-1A);

mouse anti-human CD69-PE antibody (Biolegend, Cat# 310905, clone# FN50);

Rat anti-mouse MHC-II (I-A/I-E)-BV421 antibody (Biolegend, Cat# 107631, clone# M5/114.15.2);
Rat anti-mouse CD45-PE (Biolegend, Cat# 103106, clone# 30-F11);

Rat anti-mouse EpCAM-APC (Thermo Fisher, Cat# 17-5791-80, clone# G8.8).

Antibodies for immuno electron microscopy (all diluted in 1:20):
Mouse anti-human CD63 antibody (BD Biosciences, Cat# 556019, clone#t H5C6);
mouse anti-human HLA-DP/DQ/DR antibody (Thermo Fisher, Cat# MA1-25914, clone# CR3/43).

Validation All the antibodies are widely used and validated in the field.
Listed examples:
Anti-GP2/Gp2 antibodies were validated in previous studies: PMID: 32247021 and PMID: 19907495.
Anti-ICAM2 antibody was validated in previous studies: PMID: 34484188 and PMID: 21191062.
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HLA-DP/DQ/DQ antibodies were validated in previous studies: clone# CR3/43 PMID: 31348891; clone# Tu39 PMID: 18039949.
DONQS52 antibody was validated in previous study: PMID: 38135691.

MHC-II (I-A/I-E) antibodies were validated in previous studies: PMID: 19047439 and PMID: 16973389.

Anti-TCR antibody was validated in previous study: PMID:31150624.

CD4 antibody was validated in previous study: PMID: 35551746.

EpCAM antibodies was validated in previous studies: clone# CO17-1A PMID: 33096021; clone# G8.8 PMID: 37587341.

CD69 antibody was validated in previous study: PMID: 34099545.

CD45 antibody was validated in previous studies: PMID: 16709810.

CD63 antibody was validated in previous study: PMID: 32049054.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Human intestine tissues were obtained from the Netherlands Cancer Institute (NKI) and Diakonessen Hospital Utrecht. All the
human adult intestine organoid lines were derived from non-transformed, normal mucosa of the patients. Resection
specimen was obtained as residual material after clinical procedures in accordance with the Declaration of Helsinki and the
ethical guidelines of the respective organizations.

Donor# P11N, human colon organoid line; Female.
Donor# 12339, human ileum organoid line; Male.
Donor# N39, human ileum organoid line; Female.
Donor# 4280N, human ileum organoid line.
Donor# 4403N, human ileum organoid line.

The human Jurkat T cell line derivative JRT3 cell line, with endogenous TCRa and TCRB chains knockout, expressing NFAT-RE-
Luc2 and HLA-DQ2.5-glia-a2 specific TCR D2, was kindly provided by Chugai Pharmaceutical Co. Ltd. (Tokyo, Japan).

The human Jurkat T cell line derivative J76 reporter cell line (J76TPR), was kindly provided by Dr. Mirjam H.M. Heemskerk.
None of the organoid lines used were authenticated. For the two reporter Jurkat T cell lines expressing gliadin-specific TCRs

and reporter genes, both cell lines were validated based on gliadin-specific T cell activation, as indicated by the induced
reporter gene expression.

Mycoplasma contamination All organoid lines and cell lines were assessed and scored negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Wild-type (WT) C57BL/6 mice were involved in this study.

The study did not involve wild animals.

Both male (n=2) and female (n=8) adult mice (>8 wks) were collected and included in this study.

The study did not involve samples collected from the field, mice were housed in the standard SPF unit.

No specific ethical guidance was required, as in this study, we only collected the intestinal Peyer's patches from sacrificed WT B6
mice, which is approved by the Institutional Review Board of Hubrecht Institute.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Organoids were released from BME using ice-cold Corning Cell Recovery Solution (Sigma-Aldrich, Cat# CLS354253) and were
dissociated with 1 ml TripLE at 37 °C for 6-8 mins, followed by gently pipetting 20 times. After TripLE dissociation, the cell
suspension was filtered through a 40 um cell strainer and stained with DAPI or PI for flow cytometry analysis or FACS sorting.

The human terminal ileum tissue was first dissected to remove the muscularis externa, following a previous protocol. Regions
containing human or mouse Peyer's patches, which could be clearly identified under dissection microscopy, were enriched,
minced into small pieces (~1 mm?2), and digested in digestion buffer (adDMEM/F12 supplemented with 100 U/ml P/S, 10 mM
HEPES, 1x GlutaMAX, 1 mg/ml collagenase (Sigma-Aldrich, Cat# C9407), and 5 mM EDTA) for 30 minutes at 37°C, with
vigorous shaking every 5 minutes. The digested tissues were then filtered through a 100 um cell strainer, washed twice with
wash buffer (adDMEM/F12 supplemented with 100 U/ml P/S, 10 mM HEPES, 1x GlutaMAX, and 10% FBS), and dissociated
into single cells for flow cytometry analysis, similar to the procedure used for organoids, as described above.

Samples were analyzed on a BD LSR Fortessa X20 equipped with 4 lasers (BD Bioscience) or BD FACSMelody equipped with 3
lasers (BD Bioscience). Cell sorting was performed on a BD FACS Influx cell sorter equipped with 5 lasers (BD Bioscience).

FACS Diva (v8.0.1), FlowJo (v10.8.0).

Purity of the sorted cells were validated by qPCR analysis or RNA-sequencing as shown in Fig. 1g, Fig. 2g, Fig. 3d, ED Fig. 1i, ED
Fig. 2b, ED Fig. 5b and ED Fig. 5m.

Cells were identified based on FSC and SSC gating. Live single cells were identified as is shown in the gating strategies
included in Supplementary Figure 2.

Briefly:

Gatel: SSC-A/FSC-A to identify the cell fraction.

Gate2: FSC-H/FSC-W to remove doublets in intestinal epithelial cells. FSC-H/FSC-A to remove doublets in T cells.
Gate3: DAPI or Pl staining to select the negative population as live cells.

Gate4: EpCAM staining to select epithelial cells from intestinal tissue. CD4 or TCR staining to select T cells of interest.
Gate5: Analysis of the reporter fluorophores and antibody staining signals as shown in the figures.

Boundaries were defined based on comparison with the negative control cells without any fluorophore.

Full sequential gating strategies are included in Supplementary Figure 2.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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