
Fig. S1. The tHIO system can be used to study cellular maturation over time (n=5 per 

timepoint). (A) Staining for DEFA5 (yellow), a marker of Paneth cells (white arrowhead), 

and CDX2 (red), a marker of intestinal epithelium, across the tHIO timecourse. (B) Staining 

for SI (brown), a brush border enzyme that marks enterocytes. (C) Staining for ALPI (red), 

a marker of enterocyte function, across the tHIO timecourse. (D) Staining for FABP2 

(brown), a fatty acid transporter, over time. 
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Fig. S2. Over time, crypt cells MKi67+ cells become restricted to the 

intestinal crypts in tHIOs. (n=5 per timepoint). P-values were assigned using a 

Brown-Forsythe and Welch ANOVA one-tailed test. A Dunnett T3 test was 

performed to correct for multiple comparisons. 
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Fig. S3. Single cell analysis of patient human intestine. (A) UMAP of Reference 

Atlas constructed from three publicly available single cell RNA sequencing datasets. 

Reference Atlas was used to label tHIO samples and patient human intestine sample. 

(B) Single nucleus RNA sequencing dataset generated from a full-thickness patient 

sample (n=1). Single nucleus extraction protocol successfully isolated nuclei from a 

diverse range of cell types, including epithelial and mesenchymal cells. 
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Fig. S4. LGR5+ stem cells and telcoytes remain transcriptionally stable over 

time. (A) Upregulated early (left) and late (right) biological processes of the 

Reference Atlas. (B) Upregulated early (left) and late (right) biological processes of 

the tHIO timecourse. .(C) Upregulated early (left) and late (right) biological processes 

of the Reference Atlas. (D) Upregulated early (left) and late (right) biological 

processes of the tHIO timecourse.  
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Fig. S5. Mesenchymal development in tHIOs mimics fetal human intestinal 

mesenchymal development (A) UMAP and VIA Pseudotime Trajectory of 

mesenchymal cell development in the Reference Atlas (B) UMAP and VIA 

Pseudotime Trajectory of mesenchymal cell development in the tHIO timecourse 
(C) CytoTRACE Pseudotime Trajectory of telocytes in the Reference Atlas (D) 

CytoTRACE Pseudotime Trajectory of telocytes in the tHIO timecourse. (E) 

Staining for F3 (brown), a marker of subepithelial cells, over time.

A

C

VIA Lineage Trajectory of Mesenchyme: Reference Atlas VIA Lineage Trajectory of Mesenchyme: tHIO Timecourse

B

CytoTRACE Pseudotime Trajectory of Telocytes: Reference Atlas

CytoTRACE Pseudotime Trajectory of Telocytes: tHIO Timecourse

D

E

N
u

c
/F

3

tHIO 2wk tHIO 4wk tHIO 6wk tHIO 8wk

Development: doi:10.1242/dev.201416 Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Fig. S6. The tHIO system can be used to study the maturation of the 

mesenchyme over time. (n=5 per timepoint) (A) Staining for CD81 (brown), a marker 

of CD81 high cells, across the tHIO timecourse. (B)  Staining for KCCN3 (brown), a 

marker of KCNN3+ fibroblasts, across the tHIO timecourse. (C) Staining for PLAT 

(brown), a marker of myofibroblasts, across the tHIO timecourse. (D) Staining for CD31 

(red), a marker of endothelial cells, over time.
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Fig. S7. Functions of select mesenchymal cell types. (A) Upregulated (left) and 

downregulated (right) GO terms for subepithelial cells. (B) Upregulated (left) and 

downregulated (right) GO terms for myofibroblasts. (C) Upregulated (left) and 

downregulated (right) GO terms for CD81 high cells. (D) Upregulated (left) and 

downregulated (right) GO terms for KCNN3+ fibroblasts. 
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Fig. S8. Receptor-Ligand analysis of key niche factors Wnt2b and Wnt5a 

in GW18 human intestine. 
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Fig. S9. Receptor-Ligand analysis of key niche factors Wnt2b and Wnt5a in 

8wk tHIO. 
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Fig. S10. Receptor-Ligand analysis of key niche factor NRG1 in GW 18 human 

intestine (A) and 8wk tHIO (B). 
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Fig. S11. The HIPPO/YAP pathway plays a role in regulating enteric smooth muscle 

development. (A) Feature plots showing transcription of YAP1, WWTR1, and YAP target 

genes CYR61 and CTGF in the mesenchyme of GW18 human fetal intestine. (B) Feature 

plots showing transcription of YAP1, WWTR1, and YAP target genes CYR61 and CTGF in 

the mesenchyme of 8wk tHIO. (C) Staining for ACTA2 (green), CDH1 (blue) and the YAP-

TAZ complex (pink) at key timepoints in fetal human intestine (n=1 per timepoint). (D) 

Staining for the YAP-TAZ complex (brown) across the tHIO timecourse (n=5 per timepoint). 

A

C

D tHIO 2wk tHIO 4wk tHIO 6wk tHIO 8wk

D
A

P
I

/A
C

T
A

2
C

H
D

1
/Y

A
P

-T
A

Z

GW 8 GW 11 GW 13 GW 18

N
u

c
/Y

A
P

-T
A

Z

B

Development: doi:10.1242/dev.201416 Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Antigen
Dilu
tion Host

Company: Catalog 
Number

Primary

Anillin (ANLN)
1:10

0 Rabbit Atlas: HPA050556
Platelet Endothelial Cell 

Adhesion Molecule (CD31)
1:10

0 Rabbit Abcam: ab28364

Tetraspanin-28 (CD81)
1:25

0 Rabbit Atlas: HPA007234

Chromogranin A (CHGA)
1:50

0 Mouse
DSHB: CPTC-

CHGA-1

Defensin Alpha 5 (DEFA5)
1:50

0 Mouse Abcam: ab90802

E-Cadherin (CDH1)
1:30

0 Mouse BD: 610182
Elastin Microfibril Interfacer 1 

(EMILIN1)
1:40

0 Rabbit Atlas: HPA002822
Fatty Acid Binding Protein 2 

(FABP2)
1:60

0 Rabbit Atlas: HPA034607

Coagulation Factor III (F3)
1:25

0 Rabbit Atlas: HPA049292
Potassium Calcium-

Activated Channel Subfamily 
N Member 3 (KCNN3)

1:30
0 Rabbit Atlas: HPA057127

Leimodin 1 (LMOD1) 1:50 Rabbit
Atlas: 

HPA030097

Lysozyme (hLYZ)
1:20
00 Rabbit Biorad: 0100-0523

Marker Of Proliferation Ki-67 
(MKI67)

1:35
0 Rabbit

Thermo Fisher: 
RM-9106-50

Mucin-2 (MUC2)
1:11
00 Rabbit Abcam: ab134119

Olfactomedin 4 (OLFM4)
1:20

0 Mouse
Cell Signalling: 

14369
Tissue Plasminogen 

Activator (PLAT)
1:10

0 Rabbit Atlas: HPA003412

Sucrase-Isomaltase (SI)
1:80

0 Rabbit Sigma: HPA011897

Vimentin (VIM)
1:35

0 Goat
Santa-Cruz: SC-

7557

α-goat AF647
1:80

0 Donkey

Life 
Technologies:A214

47

α-mouse AF568
1: 

800 Donkey
Life Technologies: 

A10037

Secondary

α-rabbit AF647
1: 

800 Donkey
Life Technologies: 

A31573

α-rabbit AF488
1: 

800 Donkey
Life Technologies: 

A21206

α-rabbit Biotin
1:10
00 Goat Vector: BA-1000

SA Cy3
1:50

0 Abcam: ab175704

Table S1. Antibody Information for Immunohistochemistry and Immunofluorescence 

Staining.
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