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Figure S1. Bulk RNA-Seq and single-cell RNA-Seq from young and aged proximal small 

intestinal epithelium. 
Related to Figure 1, 2 and 4. 

(A) Age of the mice is the first driving force to separate the samples of the bulk RNA-Seq 
experiment, as shown by Principal component (PC) analysis on the bulk RNA-Seq samples, 
obtained from freshly isolated small intestinal epithelial cells of young (n=3) and aged (n=3) mice. 
PC1 and PC2 are plotted on the x and y axis, variance explained by PC1 and PC2 in %.  
(B) Volcano plot showing differentially expressed genes upon ageing (aged over young) in the 
small intestinal epithelium, red: significantly (FDR≤10%) upregulated (log2 fold change (log2FC 
> 0.5), blue: significantly downregulated (log2FC < 0.5), grey: not significant (FDR>10%), 
absolute log2FC < 0.5); gene names of the 15 most significantly changed genes upon ageing are 
plotted. 
(C) Downregulation of alpha defensins upon ageing. Count plots based on in vivo bulk RNA-Seq 
experiment for Defa3, Defa17, Defa24 and Defa26. Bars represent the average counts for all 
young (n=3) and all aged mice (n=3), and dots represent the counts of the individual sample. 
(D) Upregulation of genes encoding for guanylate-binding proteins (Gbps) upon ageing in the 
small intestinal epithelium. Relative mean expression as z-score per Gbp gene (row) and sample 
(column), color code indicates z-score. 
(E) Cell type proportions across all samples in %, represented in a waffle plot. Each square of the 
waffle plot represents a 0.5% proportion of all cells. 
(F) Young and aged samples cluster primarily according to their cell type identity as indicated by 
a PCA plot for all samples (young and aged) and cell types per sample. 
(G) PCA plot for all samples per cell type: Stem cells, TA cells, EC prog. and enterocytes. 
(H) tSNE visualization of all sequenced cells (13 360) and color-coded by the sample they 
originated from. 
(I) Average cell fraction (in %) per sample for all young and all aged samples; data points indicate 
the percentage of individual samples. 
(J) Frequency of Lgr5+ ISCs among all cells from the small intestine measured by FACS from 
young (n=3) and aged (n=3) Lgr5-EGFP mice. 
(K) tSNE visualization of all young and aged sequenced cells color-coded by CPM for Lgr5 
expression. Arrowheads highlight cells with a UMI count > 0 for Cd4. Red arrowheads indicate 
cells with a UMI count = 1 for Cd4, and Purple arrowheads a UMI count = 2 for Cd4.  
(L) Tables indicating the total numbers of cells that are single-positive, double-negative, or 
double-positive for Cd4 and Lgr5 expression from all sequenced young (left) and aged (right) 
intestinal epithelial cells. Positive cells are defined by a UMI count ≥ 1 for the respective gene. 
log2FC: log2 fold change, PC: principal component, TA: transit-amplifying, EC prog.: enterocyte 
progenitors, EECs: enteroendocrine cells, CPM: counts per million total UMI counts of a cell. 
  



  



Figure S2. QC in vivo single-cell RNA-Seq of the proximal small intestinal epithelium. 

Related to Figure 2. 

(A) Fraction of UMI counts from mitochondrial genes and total UMI counts of all droplets passing 
cellranger’s filters. To restrict analysis to alive and intact cells, transcriptomes with more than 10 
000 total counts (dotted red line) and less than 15 % of counts from mitochondrial genes (dashed 
red line) were selected.  
(B) The number of genes observed over the total number of UMI counts for each cell. Shows the 
same typical saturating relationship for each sample (indicated by color) and thus, despite varying 
cell numbers and average UMI counts, no quality issues of individual samples. 
(C) Quality control plot similar to (A) but subset to the selected, high-quality cells and split up by 
the assigned cell type and colored by sample. Reveals some dependency of QC measures on 
cell type (e.g. lower number of total counts for EECs and lower fraction of counts from 
mitochondrial genes for Paneth cells) but indicates no strong bias against certain cell types due 
to the QC filtering. 
(D) tSNE visualization of all sequenced cells (13 360) and color-coded for expression of one 
representative cell type marker per cell type: Stem cell marker Olfm4, Paneth cell marker Defa24, 
Goblet cell marker Muc2, Enteroendocrine marker Chgb, Enterocyte marker Fabp1, Tuft cell 
marker Dclk1 and Proliferation marker for transit-amplifying cells Pcna and Mki67. Color-scale is 
log(100 + . )-transformed. 
EEC: enteroendocrine cells, EC Prog.: enterocyte progenitor, TA: transit-amplifying cells. 
  
   



 



Figure S3. The immune microenvironment of the ageing intestine. 

Related to Figure 4. 

(A-H) UMAP display of surface measurements of hematopoietic cell type markers on CD45+ 

hematopoietic cells from young and aged mice as described in (4A). Colors indicate the 
expression level of the respective marker. 
(I) Gating strategy to identify CD45+ EPCAM+ double positive cells and quantification of Lgr5+ 
CD4+ cells among these double positive cells. 
(J) Gating strategy to image ISC-CD4+ interaction pairs as Lgr5-EGFP, EpCam-BV421 and CD4-
PE, TCRβ+-APC positive cells by image flow cytometry. 
(K) Two examples of visualized ISC-CD4+ interaction pairs by image flow cytometry based on the 
gating strategy shown in (J). 
(L) IHC stainings against CD4 in the small intestine of young and aged mice. Left: Red boxes 
indicate zoom into the crypt region, as shown on the right. Right: Intestinal crypts are highlighted 
with black dashed lines, CD4+ T cells with red dashed lines; scale bar = 50 µm. 
(M-O) IHC staining and quantification as a percentage of respective positive cells for (M) PD-1, 
(N) PD-L1, and (O) FOXP3 in whole intestinal tissue sections from young and aged mice. 
Displayed images show representative stainings per age. Bars represent the average percentage 
for all young (n=3-5) and all aged mice (n=3-4) ± SD and data points represent the percentage 
for the individual biological replicate; statistical significance was tested by an unpaired t-test (two-
sided), and p-Value is indicated on the respective comparison; scale bar = 50 µm. 
UMAP: Uniform Manifold Approximation and Projection, ISC: Intestinal stem cell, IHC: 
Immunohistochemistry. 

   



  



Figure S4. Ex vivo bulk RNA-Seq from young and aged organoids. 

Related to Figure 5. 

(A) Volcano plot showing DEGs upon ageing (aged over young) in small intestinal organoids, red: 
significantly (FDR≤10%) upregulated (log2FC > 0.5), blue: significantly downregulated (log2FC < 
0.5), grey: not significant (FDR>10%, absolute log2FC < 0.5); gene names of the 15 most 
significantly changed genes upon ageing are plotted. 
(B) VENN diagram showing the overlap of 147 significantly (FDR≤10%) DEGs (absolute log2FC 
> 0.5) upon ageing as determined by bulk RNA-seq, between ex vivo cultured intestinal organoids 
and in vivo intestinal epithelium. 
(C) Matrix showing the numerical distribution of significantly (FDR≤10%) upregulated and 
downregulated genes upon ageing between ex vivo cultured intestinal organoids and in vivo 
intestinal epithelium. All gene names of DEGs are listed in Table S2. Fisher’s Exact test was 
applied to assess the significance of the association between genes upregulated or 
downregulated in vivo and ex vivo in the same direction versus random, p-value < 2.2e-16. 
(D) Correlation of the effects of ageing on the transcriptome as determined by bulk RNA-seq in 
intestinal organoids (y-axis) and in vivo intestinal epithelium (x-axis). A Deming regression line, 
as well as the Pearson correlation coefficient R and a p-value (p) of a test for correlation, are 
shown. Left correlation plot: only genes significantly (FDR≤10%) affected in intestinal organoids 
(ex vivo) are included. Right correlation plot: only genes significantly (FDR≤10%) affected in 
freshly isolated intestinal epithelial cells (in vivo) are included. 
(E-F) Intestinal organoids display a stable age effect in a joint analysis of bulk RNA-Seq data of 
young and aged ex vivo cultured intestinal organoids and in vivo intestinal epithelium. Color 
indicates in (E) the age of the samples, in (F) the source of the samples. 
(G) Transcript levels of Ly6e over the time course of 10 passages (11 weeks of culture) in young 
and aged small intestinal organoids by qRT-PCR (normalized to 36B4) (n=4 different organoid 
lines per age), data points representing the result of each biological replicate. 
(H) Fold change (aged over young) expression of Ifitm3 in intestinal organoids over the time 
course of 10 passages (11 weeks of culture). Transcript levels were assessed in young and aged 
small intestinal organoids by qPCR (normalized to 36B4) (n=4 per age). 
(I-J) Transcriptional changes of (I) Ly6e and (J) Ifitm3 in wildtype (WT) and Stat1 knockout (Stat1-
/-) organoids in control and IFNγ (500pg/ml, 6hrs) treatment conditions. Transcript levels were 
assessed by qRT-PCR (normalised to 36B4) in n=3 biological replicates per age and treatment 
and calculated as fold change compared to WT control condition. Data are represented as mean 
± SD and data points represent the result of each biological replicate. Statistical significance was 
tested by an unpaired t-test (two-sided); p-values are indicated on respective comparisons. 
(K) Schematic of TPCA-1 as IKK inhibitor, blocking NF!B signaling. 
(L-O) Transcriptional changes of (L) Cxcl10, (M) Isg15, (N) Oasl2 and (O) Ly6e in young and 
aged organoids in control and TPCA-1 (5µM, 24 hrs) treatment conditions. Transcript levels were 
assessed by qRT-PCR (normalised to 36B4) in n=3 biological replicates per age and treatment. 
Data are represented as mean ± SD and data points represent the result of each biological 
replicate. Statistical significance was tested by an unpaired t-test (two-sided); p-values are 
indicated on respective comparisons.  
DEGs: differentially expressed genes, log2FC: log2 fold change.  



 
 
 
 

Figure S5. Secreted factors are not the major source of intrinsic inflammaging in aged 

intestinal organoids. 

Related to Figure 5 and 6. 

(A-D) Electrochemiluminescence-based cytokine assay to measure SASP-associated cytokines 
(A) IL-6, (B) IFNα, (C) CXCL10, (D) VEGF. Data are represented as mean ± SD and data points 
represent the result of each biological replicate. Statistical significance was tested by an unpaired 
t-test (two-sided), p-Value is indicated on respective comparison. 
(E) Schematic of functional secretome assay. 
(F-H) Transcriptional changes of (F) Ly6e, (G) Isg15, and (H) Ifit3 in young organoids exposed to 
secretome of young (Y>Y) or aged (A>Y) organoids for 3, 6, or 24 hours according to the 
experimental procedure outlined in (E). Transcript levels were assessed by qRT-PCR (normalised 
to 36B4) in n=3 biological replicates per age and treatment. Data are represented as mean ± SEM 
and data points represent the result of each biological replicate. 
 
 



  



Figure S6. Chromatin remodelling accompanies inflammaging in the intestinal epithelium. 

Related to Figure 6. 

(A) Pie chart represents the distribution of mapped regions of the ATAC-Seq experiment from ex 
vivo intestinal organoids across genomic regions. 
(B) Chromatin accessibility in intestinal epithelial cells undergoes changes upon ageing and is 
persistent during ex vivo culture. Volcano plot showing significantly (FDR≤10%) changed peaks 
of chromatin accessibility in genetic regions/loci upon ageing (aged over young) in small intestinal 
organoids derived from young (n=3) and aged (n=3) mice; 25 most significantly changed 
chromatin peaks are labeled, red: increased (log2FC > 0), blue: reduced (log2FC < 0), grey: not 
significantly changed (FDR>10%). 
(C) Count plots for Dhx58, Ccr2 and Ly6e for differentially open chromatin regions determined by 
ATAC-Seq. Bars represent the average counts for all young and all aged samples, dots represent 
the counts of the individual sample. 
(D) Peak density in the regulatory region assigned to Ly6e as assessed in intestinal organoids is 
shown for all young (n=3) and aged (n=3) samples in genomic coordinates close to Ly6e by 
R/Gviz. Peaks of chromatin accessibility are color-coded by the age of the sample. 
(E) Locus Overlap Analysis (LOLA) determines enriched overlap between annotated transcription 
factor (TF) bindings sites and open chromatin regions of the ATAC-Seq experiment in intestinal 
organoids. Color highlighted are TFs expressed in the intestinal epithelium based on our RNA-
Seq data. 
(F) Scatterplot of the effects of ageing on the expression of genes as determined by bulk RNA-
seq of in vivo intestinal epithelium (y-axis, z-scaled log2 FC) and on the chromatin accessibility 
as determined by ATAC-Seq in intestinal organoids (x-axis, z-scaled log2 FC). Genes of the 
inflammaging gene set are color-highlighted and a linear regression line indicates the agreement 
between the compared data sets (95 % CI shaded grey). Only genes significantly (FDR≤10%) 
affected in vivo intestinal epithelium are included. 
(G) Normalized Capture-C interaction frequencies between ATAC-peaks and gene promoters, 
plotted by the distance of peak center to promoter-overlapping bait center for control (top) and 
IFNγ-treated (bottom) organoids. Only promoters with total coverage within 20% of Ciita_TSS1 
are shown. Red dots represent interactions of the induced ATAC-peak highlighted in Figures 6D-
E with Ciita TSS_1-3 (as annotated in Figure 6D). 
(H) Transcriptional changes of (G) Cd74 and (H) H2-Ab1 in young and aged organoids in control 
or IFNγ (2ng/ml) treatment conditions. Transcript levels were assessed by qRT-PCR (normalised 
to 36B4) in n=3 biological replicates per age and treatment. Fold changes upon IFNγ treatment 
compared to control are plotted and data points from individual experiments are linked. 
Log2FC: log2 fold change. 
  



  



Figure S7. Age-related changes in chromatin accessibility of intestinal epithelial cells in 
vivo. 

Related to Figure 7. 

(A) Pie chart represents the distribution of mapped regions of the ATAC-Seq experiment from in 
vivo freshly isolated intestinal epithelium across genomic regions.  
(B) Intestinal organoids display a stable age effect in a joint principal component analysis of 
ATAC-Seq data of young and aged ex vivo cultured intestinal organoids and in vivo intestinal 
epithelium. Shape indicates the source of the samples, and color indicates the age of the samples. 
(C) Scatterplot of the effects of ageing on chromatin accessibility as determined by ATAC-Seq of 
intestinal organoids (y-axis, log2 FC) and in vivo intestinal epithelium (x-axis, log2 FC). Genes of 
the inflammaging gene set are color-highlighted. A linear regression line indicates the agreement 
between the compared data sets. Only genes significantly (FDR≤10%) affected are included. 
(D) Heat map showing binned motif enrichment analysis based on changes in chromatin 
accessibility upon ageing in freshly isolated in vivo intestinal epithelium by monaLisa identifies an 
enrichment for the transcription factors Jun and Atf4 in genomic regions gaining chromatin 
accessibility upon ageing.  
(E) Bin distribution for binned motif enrichment analysis shown in (D). 
Log2FC: log2 fold change. 
 
 



Table S3. Primer sequences for qRT-PCR and genotyping of Lgr5-EGFP-IRES-creERT2 & Stat1 KO mouse lines.
Gene Sequence Fwd Primer Sequence Rev Primer
36B4 5'-CCGATCTGCAGACACACACT-3' 5'-ACCCTGAAGTGCTCGACATC-3'
Ly6e 5'-GCGGGCTTTGGGAATGTCA-3' 5'-CGCCACACCGAGATTGAGAT-3'
Igtp 5'-ATGGTGGTATGGCTTGTGGA-3' 5'-GGGAGGTCTTGGTGTTCTCA-3'
Ciita 5'-AAAGAGGCAGCAACAAGAGC-3' 5'-AAGTACCTCTGCCAGACCAC-3'
Cd74 5'-ATGGATGGCGTGAACTGGAA-3' 5'-GTGGGCTTCTTCTCCTCCAG-3'
H2-Ab1 5'-CATCACTGTGGAGTGGAGG-3' 5'-CTCGAGGTCCTTTCTGACTC-3'
Ifitm3 5'-TCTTCATGAACTTCTGCTGCC-3' 5'-CATCACCCACCATCTTCCGA-3'
Oasl2 5'-ATTAAGGTGGTGAAGGGAGG-3' 5'-CCTGCTCTTCGAAACTGGA-3'
Cxcl10 5'-CCATCACTCCCCTTTACCCA-3' 5'-GCTTGACCATCATCCTGCAG-3'
Isg15 5'-ATGGAGGACAAGGAGCTGC-3' 5'-TCCCAAAAGTCCTCCATACCC-3'
Ifit3 5'-ATCATGAGTGAGGTCAACCG-3' 5'-AAATGTTCGACCTGGTTGC-3'
Usp18 5'-GAGAGGACCATGAAGAGGA-3' 5'-TAAACCAACCAGACCATGAG-3'

Allele Sequence Fwd Primer Sequence Rev Primer
Lgr5-EGFP  Mutant Rev 5'-CTGAACTTGTGGCCGTTTAC-3'
Lgr5-EGFP  Wild type Rev 5'-GTCTGGTCAGAATGCCCTTG-3'
Lgr5-EGFP  Common Fwd 5'-CTGCTCTCTGCTCCCAGTCT-3'
Stat1 Mutant Rev 5'-TGTGGTTTCCAAATGTGTCAG-3'
Stat1 Common Fwd 5'-TGCACATGAGTTTATTCCACCT-3'
Stat1 WT Rev 5'-GGCGAGAAGCTGAGCA-3'



Table S4. Sequences Capture-C probes.
Capture-C probe names

af3750 Ciita_TSS1_CC20_R

af3751 Ciita_TSS2_CC20_L

af3753 Ciita_TSS2_CC20_R

af3754 Ciita_TSS3_CC20_L

af3755 Ciita_TSS3_CC20_R

af1165_Klf4_CC_1

af1166_Klf4_CC_2

af1229_Sox2_CC_1

af1230_Sox2_CC_2

af1201_Klf2_CC_1

af1202_Klf2_CC_2

af1169_Phc1_CC_1

af1170_Phc1_CC_2

af1171_Sall4_CC_1

af1172_Sall4_CC_2

af1173_Stat3_CC_1

af1174_Stat3_CC_2

af1163_Esrrb.2_CC_1

af1164_Esrrb.2_CC_2

af1167_Nanog_CC_1

af1168_Nanog_CC_2

af2328_Lifr_CC_1

af2329_Lifr_CC_2

af2330_Tfcp2l1_CC_1

af2331_Tfcp2l1_CC_2

af2332_Dppa5a_CC_1

af2333_Dppa5a_CC_2

GGAGACTGCATGCAGGCAGCACTCAGAAGCACGGGGCACAGCCACAGCCGCGGTAGGTGTCTCCAAGATC

Capture-C probe sequence

ATAGGGTAAGCTTTTGGAAAACCTGGGTGGCTGGGTGCTGCAAGCACAAAGCTTGTTTTCCACATTGATC

GATCAGAGCAGCCAACACTGGCATGTCTTGGTGACACGCTGTCATGAGGATGGGACTTGGGCATCGTGTG

ATCTGGCACCGTGAAGTAACCACTGTCATCCGAGGTCCCCAGTGTAATGTTGGTGAAAAAGGGTGGGATC

GATCTGCCTGTAGGGAGGGGTCCTCTGGAAAGACTCAGTCCAAGCAAACTTGGGTTGCATGTGGCAGCTT

CCGAGGGCCGCCTGGCCTCTCCTAGCCGACGCGGTCAGGCGACACCGAGCGGGGTTGTACCTCAGCGATC

CCAAAGTCAACGAAGATTAAAAACTTTAGAAACAAAACCTCAAACCAAAACCCCCAGATTGCCCGAGATC

GATCACTCCGGCCCAAAGGGTCTCGAGACTTGTCCACCTAAAATATAGTGGACTGAGTGCGCCCACCCCA

GATCGGCTAAAATTACCCTCTCGGGTCCTGGGCAGGCAAGATTCTTGAACCCCTACCCCCGCCCCCAGCC

TGTTTTTTCATCCCAATTGCACTTCGCCCGTCTCGAGCTCCGCTTCCCCCCAACTATTCTCCGCCAGATC

GATCTCTCTACTTTGATGTTTTGTGGAAAGGACCTGTGGACAGTTGGGGCTGATGTTACAGACCAGTGTC

TGGGACAGGAGGTGGGTGCAGGGACTGAGGACACGCGCGCTGAAGGGATGCCGTGCACCGGGTGCAGATC

GATCGGGGAGCCCGGCGGAGCGCGAGAAGCAGGGAGATAACCAGACAGCATGCTCGGATGGAAGGACCAA

CGTGAAAGGGGGGGAAAAAAAGAAGGTATTTTCTGCAGCTTCTGGGAATAGGGGCTCGAAAGAAAGGATC

GATCGCCCTCCTCGGGGGGTCCCCCAGAGGTGCGCCCCTCCCCCAGGGGCCCCCAAGAGGGTAGTAGAGA

ATCAATAATGCATTGCGATTTATCATGAGCTCTGACAGCTGATTGGCCTGGGTCCAAGACCTCAGAGATC

GATCTCCACCTGAGTGGCAGTGGCTCTGGTGGCCCGAACGTCCCTAGCCTCCGGGAGCAGTCACAGGAGG

GATCGGGGTCCGAGCGCTGACTAACCTCAGGCCTCCAGAGAAGGGCCCTCCGGGAGGCCCCTAGGGAATG

TTTTTCTTTTAAAAAATAACTCCAAACCATTGAAAATGGTAATCAAACTAGGGACATGAGACTGCAGATC

GATCAAGCTTATCCACCACGCACGGCCCACAGCTCCAGGTTCAGGAAGTTTTAGTACCTGTGTGGGCGGT

CGCTGGAAAGTTCAAAGACTTCTAAAAGACTATAGCTTTTCCCATCCCGAAAGAATCAGATACTGGGATC

GATCCAGACCCGGGCTGGCATGTTTTGCCAGTATTTGTTGTGTGACCTGGAGAAGGACAATTCTGCACAC

TCTGGCGCTCCGCGTCCCATCGCGCTTCGGTGGAACTCGGAGCGTTCGTTGTGCGGTCCTGGAAATGATC

GATCAGAGGATGCCCCCTAAGCTTTCCCTCCCTCCCAGTCTGGGTCACCTTACAGCTTCTTTTGCATTAC

GGCTGCGGCTCACTTCCTTCTGACTTCTTGATAATTTTGCATTAGACATTTAACTCTTCTTTCTATGATC

GATCCGTTTCTTCTCTGCACAAATAAGCCCAACACGCCTCAGAGGCACGACTAGATGGCTCCAGGATGTT

AGGCAAGCAAAGTTAGGCTTCCTAATGGATGGCTTTCCGGATGTGTTGTCTAAAGCACAAAGCTGAGATC


