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Extended Data Fig. 8 | Human M cells contain MIIC structures for antigen 
processing and loading, and express genes that are related to pathogen 
recognition, antigen uptake and protein digestion. (a) Representative 
immuno-electron microscopy images showing MIIC structures in endosomes, 
identified by immunogold staining of MHC-II or CD63 antibody, in organoid M 
cells. Arrows indicate the MHC-II vesicles in the endosome. M cell organoids from 
two donors are tested with similar results. Scale bars, 200 nm. (b) Representative 

immuno-electron microscopy images showing the endosomes with MHC-II 
vesicles, identified by immunogold staining of MHC-II antibody, in normal 
intestinal organoids treated with IFN-γ. Organoids from two donors are tested 
with similar results. Scale bars, 200 nm. (c-e) Expression levels (normalized 
counts) of pattern recognition receptors (c), antigen uptake (d) and protein 
digestion (e) related genes across the indicated cell populations. n = 2 biological 
replicates. Data are presented as mean values.



Extended Data Fig. 9 | Gluten antigen presentation in human M cell 
organoids. (a) Representative genotyping PCR for HLA-DQ2.5 haplotype.  
Two independent experiments are performed with similar results. For gel source 
data, see Supplementary Fig. 1. (b) Representative flow cytometry analysis of 
MHC-II and GP2 expression in M cell organoids derived from two HLA-DQ2.5 
donors. For each donor, three independent experiments are performed  
with similar results. (c) Schematic model of antigen presentation in CeD  
using human M cell organoids. Images were created in BioRender. van Es, J. 
(2025) https://BioRender.com/xh7haut. (d) Representative confocal images of 
DONQ52 antibody staining in M cell organoids derived from multiple donors. 
33-mer peptide is 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. 
Scale bars, 20 µm. (e) Quantification of luciferase activity in reporter T cells 
after co-culture with organoids treated w/wo 33-mer peptide. Two HLA-DQ2.5 

donors are tested. For each donor, n = 3 biological replicates. Each dot 
represents one biological replicate. Data are presented as mean values +/− SEM. 
P-values are derived from two-tailed t-test. (f) Quantification of TGM2 protein 
levels in M cell organoids (WT versus TGM2-KO) and their culture media by ELISA. 
n = 2 or 3 independent wells on one donor. Each dot represents one well. Data are 
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 
represents one biological replicate. Data are presented as mean values +/− SEM. 
P-values are derived from one-way ANOVA with Dunnett’s test. (h) Quantification 
of luciferase activity in reporter T cells after co-culture with organoids treated w/
wo gliadin proteins. n = 8 biological replicates on one donor. Each dot represents 
one biological replicate. Data are presented as mean values +/− SEM. P-values 
are derived from one-way ANOVA with Tukey’s test.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Naïve T cell activation by M cell-mediated antigen 
presentation. (a) Activation of autologous naïve CD4+ T cells, quantified by flow 
cytometry analysis of CD69+ cell percentage, after co-culture with MHC-II+/− cells 
treated w/wo the antigen cocktail. CD69+ cells are gated based on the negative 
control group in which T cells are not activated (w/o treatment). Activated T cells 
by anti-CD3/CD28 beads are used as positive control. Autologous naïve T cells are 
isolated from PBMCs. Two unrelated donors are analyzed. Each dot represents 
the mean value derived from two independent wells. Data are presented as mean 
values of the two donors. (b) Flow cytometry analysis of primary naïve CD4+ T cell 
activation and proliferation after co-culture with MHC-II+/− cells treated w/wo 
Cytostim. MHC-II+/− cells are FACS-sorted from M cell organoids derived from two 
donors. Similar results are observed on the two donors. Representative results 
from one donor is shown. Each group is analyzed based on two independent  
co-culture wells with similar results. In CIITA-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 

normal intestinal organoids. Two donors are shown. For each donor, n = 3 
technical replicates are shown. Data are presented as mean values +/− SEM. 
P-values are derived from two-tailed t-test. Results are representative of  
two independent experiments. (d) qPCR analysis of the expression levels of  
co-stimulatory molecules (CD80, CD86, and CD40) in M cell organoids versus 
normal intestinal organoids. Organoids are treated w/wo IFN-γ. Two donors are 
shown. For each donor, n = 3 technical replicates are shown. Data are presented 
as mean values +/− SEM. P-values are derived from two-tailed t-test. Results are 
representative of two independent experiments. (e) Flow cytometry analysis  
of primary naïve CD4+ T cell proliferation after co-culture with MHC-II+ M cells 
or MHC-II+ enterocytes treated w/wo Cytostim. MHC-II+ cells are FACS-sorted 
from M cell organoids or IFN-γ treated intestinal organoids, respectively. 
Organoids derived from two donors are shown. For each donor, n = 2 and 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 a set of CeD-
associated genes during M cell differentiation. n = 2 biological replicates.
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