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Supplementary Figure 1. BEST4/OTOP2 and M-like cells. A) UMAP of BEST4/OTOP2 (brown) and Microfold-like cells (red) 
in AC. B) Dotplot of markers in colonic Microfold-like cells. 
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Supplementary Figure 2. IgA+ and IgG+ plasma cells. UMAP of expression of IgA (top) and IgG (bottom) heavy chain genes 
in the IgA+ (left) and IgG+ plasma cells (right).
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Fig. S3. A) A heatmap of the top 15 differentially expressed genes between AC colonocytes and TI enterocytes. 
B) Functional enrichment results on differentially expressed genes between AC colonocytes (blue) and TI 
enterocytes (brown).  C) Volcano plots of differential results between TI goblet and AC goblet (left), between TI 
Tuft and AC Tuft (middle), and between TI EEC and AC EEC (right) (pink denotes region-specific genes, while red 
denotes genes with both region and cell-type specific); D) Violon plots of gene expression with both region and 
cell-type specific. AC and goblet-specific gene, BEST2, TI and goblet-specific gene, XBP1, TI and tuft-specific 
gene, RGS13, TI and EEC-specific gene, NTS, and TI and EEC-specific gene, CLU.  

Supplementary Figure 3. Distinct epithelial transcriptional programs between the TI and AC. A) A heatmap of the top
15 differentially expressed genes between AC colonocytes and TI enterocytes. B) Functional enrichment results on
differentially expressed genes between AC colonocytes (blue) and TI enterocytes (brown). C) Volcano plots of differential
results between TI goblet and AC goblet (left), between TI Tuft and AC Tuft (middle), and between TI EEC and AC EEC (right)
(pink denotes region-specific genes, while red denotes genes with both region and cell-type specific); D) Violon plots of gene
expression with both region and cell-type specific. AC and goblet-specific gene, BEST2, TI and goblet-specific gene, XBP1, TI
and tuft-specific gene, RGS13, TI and EEC-specific gene, NTS, and TI and EEC-specific gene, CLU. Two-sided Wilcoxon test
with FDR adjustment. Data are represented as the mean ± SD.
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Supplementary Figure 4. Immune cell-type-specific expression changes between active CD, inactive CD and non-IBD 
controls. A) Volcano plots of differentially expressed genes between Active and Inactive CD. B) Volcano plots of differentially 
expressed genes between Inactive CD and controls in B and Resident Macrophages. 



Supplementary Figure 5. Mature enterocyte-specific expression changes between active CD, inactive CD and non-IBD 
controls. Volcano plots of differentially expressed genes between active and inactive CD, inactive CD and controls in mature 
enterocytes in TI (up) and mature colonocytes in AC (down).
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Supplementary Figure 6. Ligand-receptor interactions in endoscopic TI and AC samples. Dotplots of ligands and 
receptors expression in different cell types in TI (A) and AC (B). Ligand-receptor interactions between LND and immune cells in 
TI (C) and AC (D).
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Supplementary Figure 8. Single-cell landscape in CD and non-IBD controls in surgical specimens. A) UMAP of of 47,266 cells 
from surgical specimens colored by cell type; B) UMAP of 47,266 cells from surgical specimens colored by tissue origin, TI(brown) 
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Supplementary Figure 9. Immune and stromal cells rewiring in CD patients in surgical samples.  A) UMAP of immune 
and stromal cells in surgical samples. B) Dotplot of marker genes in three fibroblast cell types. C) Similarity of fibroblast cell 
types detected from surgical and endoscopic samples. D) Proportional changes of immune and stromal cells from controls to 
inactive and active CDs in surgical TI.
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Supplementary Figure 11. The association of LND proportions with medical exposure. LND proportional changes with 
different medical exposure in the TI (A) and AC(B). Two-sided Wilcoxon test with FDR adjustment. All data are represented as 
the mean ± SD.
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Supplementary Figure 12. Epithelial cell types in surgical TI samples.  A) UMAP of epithelial cells from surgical TI samples 
colored by cell type. B) High expression of LCN2, NOS2 and DUOX2 in the LND cluster in the surgical TI.  C) Cell proportional
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Supplementary Figure 13. Proportion changes of epithelial cells in four datasets from TI: GSE179285, GSE186582, 
GSE112366, and GSE75214. Two-sided Wilcoxon test with FDR adjustment. All data are represented as the mean ± SD.
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Supplementary Figure 14. Proportion changes of epithelial cells in four datasets from AC: GSE179285, GSE20881, 
GSE16879, and GSE75214. Two-sided Wilcoxon test with FDR adjustment. All data are represented as the mean ± SD.
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Supplementary Figure 15. Pathways enriched in the LND subpopulation.
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Supplementary Figure 16. RNA-FISH images of LCN2, NOS2 and DUOX2. RNA-FISH of LCN2, NOS2 and DUOX2 in 
controls (A), low LND CD (B) and high LND CD (C) in the TI and AC (Note that the TI/AC not always available due to 
morphology). D) Single cell segmentation.
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Supplementary Figure 17. Immunohistochemistry of LCN2, NOS2 and DUOX2 in controls, low LND CD, and high LND 
CD.
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Supplementary Figure 18. Multiplex immunofluorescence of LCN2 (blue), NOS2 (red) and DUOX2 (green) in controls, 
low LND CD, and high LND CD. 
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Supplementary Figure 19. Transcriptional and proportional difference between early and late LND. A) Volcano plot of 
differential expression between the early and late LND in TI. B) Cell proportions of early and late LND in TI in controls, inactive 
and active CD. Two-sided Wilcoxon test with FDR adjustment. C)The ratio of early to late LND in TI in controls, inactive and 
active CD. Two-sided Wilcoxon test with FDR adjustment. All data are represented as the mean ± SD.
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Supplementary Figure 20. Proportional differences of each epithelial cell type between anti-TNF non-responders and 
responders. Two-sided Wilcoxon test. All data are represented as the mean ± SD.
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Supplementary Figure 21. Expression levels of LCN2, NOS2, DUOX2, CCL20 and CCL28 in the four organoid lines, one 
from control, one from inactive CD, two from active CD. Two-sided Wilcoxon test with FDR adjustment. All data are 
represented as the mean ± SD.

0.00231
0.00562

0.00022

0.00022
0.00231

0.03000
0.00022

0.00206
0.00400

0.03130
0.00400

0.00100

0.00206
0.00132

0.02250
0.00833

0.00075

0.00947
0.00706

0.03000
0.00139

0.00075
0.00206

LCN2 NOS2 DUOX2 CCL20 CCL28

0.0

2.5

5.0

7.5

0

5

10

0

5

10

0

5

10

0

5

10

...
...

Ct

Control Inactive CD Active CD 1 Active CD 2

∆∆
Ct

(N=5) (N=5) (N=5) (N=5)



N
FKBIB

G
ZM

B
N
FKBIA

LC
N
2

D
U
O
X2

C
C
L20

N
O
S2

M
R
C
1

S100A8
C
D
8A

C
D
3D

NFKBIB
GZMB
NFKBIA
LCN2
DUOX2
CCL20
NOS2
MRC1
S100A8
CD8A
CD3D

0

0.1

0.2

0.3

0.4

0.5

LC
N
2

D
U
O
X2

C
C
L28

N
O
S2

S100A8
N
FKBIB

C
D
8A

C
D
3D

M
R
C
1

G
ZM

B
N
FKBIA

LCN2
DUOX2
CCL28
NOS2
S100A8
NFKBIB
CD8A
CD3D
MRC1
GZMB
NFKBIA

0

0.1

0.2

0.3

0.4

0.5

N
FKBIB

C
C
L28

LC
N
2

D
U
O
X2

N
O
S2

M
R
C
1

N
FKBIA

C
D
8A

C
D
3D

G
ZM

B

NFKBIB
CCL28
LCN2
DUOX2
NOS2
MRC1
NFKBIA
CD8A
CD3D
GZMB

0

0.1

0.2

0.3

0.4

0.5

C
D
3D

N
FKBIB

N
FKBIA

LC
N
2

D
U
O
X2

N
O
S2

S100A8
G
ZM

B
C
D
8A

M
R
C
1

CD3D
NFKBIB
NFKBIA
LCN2
DUOX2
NOS2
S100A8
GZMB
CD8A
MRC1

0

0.1

0.2

0.3

0.4

GCA092 TI GCA033 TI

GCA089 AC GCA099 AC

LC
N
2

D
U
O
X2

C
C
L28

N
O
S2

S100A8
N
FKBIB

C
D
8A

C
D
3D

M
R
C
1

G
ZM

B
N
FKBIA

LCN2
DUOX2
CCL28
NOS2
S100A8
NFKBIB
CD8A
CD3D
MRC1
GZMB
NFKBIA

0

0.1

0.2

0.3

0.4

0.5
Corr

Supplementary Figure 22. Expression correlation of LND markers (LCN2,DUOX2, NOS2, CCL20 or CCL28) and 
immune signatures (CD3D, CD8A, GZMB, MRC1, S100A8, NFKBIA, and NFKBIB) in the four 10x Visium datasets. 
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Supplementary Figure 23. Expression of IBD/CD-risk genes. A) Dotplots of expression of risk genes contributing to
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Supplementary Figure 24. Proportional changes of each cell type between inactive and active patients defined by 
CDAI scores in endoscopy TI (up) and AC (down). All data are represented as the mean ± SD.
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Supplementary Figure 25. A)  Average expression of LCN2, NOS2, and DUOX2 in non-IBD control, inactive, and active CD in 
the TI (left) and AC (right). Two-sided Wilcoxon test with FDR adjustment. Data are represented as the mean ± SD. B) 
Scatterplot of average expression of LCN2, NOS2, and DUOX2 (y-axis) and LND proportions (x-axis) in TI (left) and AC (right). 
Pearson correlation.
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Supplementary Figure 26. Serum cytokine levels between low LND and high LND patients. Two-sided Wilcoxon test with 
FDR adjustment. Data are represented as the mean ± SD.
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Supplementary Note 1. Rare cell populations identified in the TI and AC 
 
We identified rare microfold-like cells by employing a divide-and-conquer strategy to 
regroup the BEST4/OTOP2 cell cluster. Using an innovative clustering approach based 
on an adaptive k-nearest neighbor1, we isolated a small cluster in the AC characterized by 
high expression of SPIB, SOX8, TNFRSF11B, CCL23, and CCL20, recognized markers of 
colonic microfold-like cells2,3  (Supplementary Fig. 1). Notably, most microfold-like cells 
came from one patient in the AC and this cell population were not identified in the TI. 
Furthermore, within the cluster of IgA+ plasma cells, we noted a minimal presence of 
IgG+ plasma cells, constituting only 1% (Supplementary Fig. 2), as determined by the 
criteria outlined in a previous study. 
 
 
Supplementary Note 2. Distinct epithelial transcriptional programs between 
the TI and AC 
 
The largest transcriptomic difference was derived from absorptive cells from TI or AC. 
The most distinguishing marker genes for TI enterocytes were APOA1 and APOB, which 
encode apolipoproteins and play a key role in intestinal lipid absorption. In contrast, AC 
colonocytes were marked by AQP8, a major transcellular water transporter. Differential 
transcriptional programs between TI enterocytes and AC colonocytes were identified 
(Supplementary Fig. 3A), which reflected tissue-specific functions. Genes highly 
expressed in the TI were enriched in programs of protein/fat/vitamin absorption and 
processing, while genes highly expressed in the AC were enriched in nitrogen/sulfur 
metabolism (Supplementary Fig. 3B), consistent with the nutrient digestion function of 
the small intestine and the interaction of the colon with microbial metabolites. 
Furthermore, signatures of region-specific development programs were also different 
between TI and AC. AC cells expressed hindgut-specific transcription factors such as 
SATB2 and CDX24-6, as well as the colon-specific chloride anion exchanger SLC26A3, also 
known as DRA (Down-regulated in adenoma)7 (Supplementary Fig. 3A). In contrast, TI 
cells exhibit increased expression of machinery that organizes the brush border, including 
VIL1 (Villin) and CDHR2, also known as protocadherin-248 (Supplementary Fig. 3A).  
 
Differences in goblet, EEC, and tuft cells between human TI and AC have not been fully 
investigated previously. We found that expression of region-specific genes identified in 
absorptive cells were also generally different in goblet, EEC, and tuft cells between TI and 
AC (Supplementary Fig. 3C). Interestingly, there are region-specific genes that are also 
cell type-specific (Supplementary Fig. 3C). For instance, BEST2 was exclusively expressed 
in AC goblet cells, but not in TI goblet cells or other AC epithelial cell types 
(Supplementary Figs. 3C and 3D)9. XBP1, an ER stress response factor commonly 
expressed highly in secretory cells, was more highly expressed in TI goblet cells 
(Supplementary Figs. 3C and 3D). SNPs in XBP1 have been found to confer increased risk 
for developing IBD10, pointing towards an overload of protein production and ER stress 
that can potentially lead to secretory cell and barrier dysfunction, tipping the balance 
toward IBD. RGS13 was exclusively expressed in TI tuft cells (Supplementary Figs. 3C and 
3D). NTS and CLU were exclusively expressed in TI EEC cells (Supplementary Figs. 3C 
and 3D). EEC cells have been shown to act as facultative stem cells upon certain types of 



damage11. Clusterin expression in TI EEC cells may implicate stem cell activation in the 
context of TI epithelial restitution as a response to damage, as clusterin was recently 
identified as a marker of revival stem cells12. Regarding immunological genes, AC goblet 
cells expressed more IL1R2, suggesting they were more sensitive to inflammatory stimuli 
(Supplementary Fig. 3C). TI enterocytes expressed more CCL25, which is a chemokine 
ligand for CCR9 expressed on T cells responsible for inflammatory T cell recruitment13 
(Supplementary Fig. 3A). 
 
 
 
Supplementary Note 3. Cell-type-specific differential expression between 
active CD, inactive CD and non-IBD controls 
 
Transcriptional upregulation of pro-inflammatory genes was observed in active CD 
compared to inactive CD within each immune cell type. Inflammatory signaling programs 
characteristic of the type 1 immune response appear to be upregulated in almost all 
immune cells; these include components of the JAK/STAT (JAK3, STAT1, SOCS1) 
pathway and a large variety of interferon regulatory factors (IRFs) and interferon 
stimulated genes (ISGs). Consequently, antigen-presentation genes, such as CD74, B2M, 
HLA-A, HLA-B, and others, were upregulated in both lymphoid and myeloid cell types 
(Supplementary Fig. 4A). T cells were characterized by increases in both cytotoxic (GZMB, 
NKG7) and exhaustion phenotypes (LAG3, TIGIT) (Supplementary Fig. 4A). Resident 
macrophages in active CD specifically increased expression of various cathepsins (such as 
CTSB and CTSC) that are important in microbial defense, as well as CXCL9 that is 
important in further recruitment of CXCR3+ T cells (Supplementary Fig. 4A).  
 
Transcriptional upregulation of proinflammatory genes was also observed in a cell type-
specific manner in inactive CD compared to non-IBD controls in immune cells, such as 
overexpression of MHCII genes, HLA-DRB5 and HLA-DPB1 in B cells, and HLA-DQB1 in 
both B cells and resident macrophages (Supplementary Fig. 4B).  
 
Additionally, cell-specific transcriptional changes with disease activity were observed in 
mature enterocytes/colonocytes and other epithelial cell types (Supplementary Data 4). 
For example, in mature absorptive epithelial cells, antigen presentation genes (HLA-
DPB1, HLA-DPA1,HLA-F, HLA-E, and CTSS) were upregulated in active compared to 
inactive CD in the TI, while MAPK signaling genes (MAP3K13, PRKCA, and PLA2G2A) 
were increased in active compared to inactive CD in the AC. Metallothionein (MTIE, 
MTIF, MTIG, MTIH, and MT2A) were downregulated in active compared to inactive CD 
in the TI, while focal adhesion genes (CD9, HSPA1A, and HSPA1B) were decreased in 
active compared to inactive CD in the AC (Supplementary Fig. 5). Moreover, antigen 
presentation genes were also upregulated in inactive CD compared to non-IBD controls 
in both TI and AC (Supplementary Fig. 5). 
 
 
 
Supplementary Note 4. Ligand-receptor interactions between LND and 
immune cells 



 
Compared to other epithelial cells, LND cells showed much stronger cytokine-receptor 
interactions especially as signaling sources, suggesting their specialized role in regulating 
mucosal immunity. CXCL2, CXCL3, and CXCL5, which encode known neutrophil-
attracting chemokines acting through CXCR1/CXCR2 receptors, were expressed 
significantly higher in LND cells (Supplementary Figs.  6A and 6B). The LND-neutrophil 
interaction showed a similar interaction strength as the recruited macrophage-neutrophil 
interaction, implicating similar importance of LND in neutrophil recruitment and 
inflammatory response orchestration (Supplementary Figs. 6C and 6D). LND was also 
the primary cell type for recruiting plasma cells through CCL28-CCR10 signaling 
(Supplementary Figs. 6C and 6D), where CCL28 was significantly expressed in LND cells 
and CCR10 in plasma cells (Supplementary Figs. 6A and 6B). The CCL28-CCR10 
interaction is critical for regulating intestinal IgA production under homeostasis or 
infection14. SAA1 is an acute phase protein in response to inflammation and tissue injury, 
which has strong chemotactic activity for neutrophils and macrophages mediated through 
FPR215-17. SAA1 was significantly upregulated in LND cells (Supplementary Figs. 6A and 
6B), leading to strong LND-neutrophil and LND-recruited macrophage interactions 
(Supplementary Figs. 6C and 6D). We also detected LND-B/Plasma cells interactions 
through TNFSF13-TNFRSF13B (Supplementary Figs. 6C and 6D), LND-T cells by 
NECTIN2-CD226, and LND-immune cells by CD55-ADERG5 (Supplementary Figs. 6C 
and 6D). Furthermore, we identified interactions between LND and T cells via TNFSF15-
TNFRSF25, LND-recruited macrophages via TNFSF10-TFNRSF10B and strong MHC-I 
signaling, but only in TI not in AC (Supplementary Fig. 6C).  
 
LND cells not only actively participated in immune responses as signaling senders, but 
also responded to signals from immune cells as signaling receivers, although their 
activities as signal receivers were similar to other absorptive cells. A few examples of LND 
cells acting as signal receivers included B cell-LND by IL10 signaling and T/NK-LND by 
TNFSF14-LTBR in both TI and AC (Supplementary Figs. 6C and 6D), and proliferative 
B/T cell-LND by LTA-TNFRSF1A only in TI (Supplementary Fig. 6C).  
 
Similar LND-immune interactions were observed for surgical TI samples (Supplementary 
Fig. 7A). LND cells acted as both source and target for immune interactions. Consistent 
with the results found in endoscopic samples, LND cells were the primary cell type for 
recruiting plasma cells through CCL28-CCR10 signaling. Strong LND-neutrophil and 
LND-recruited macrophage interactions via SAA1-FPR2, LND-B/Plasma cells 
interactions through TNFSF13-TNFRSF13B, LND-T cells by NECTIN2-CD226, and LND-
immune cells by CD55-ADERG5 were also detected (Supplementary Fig. 7C). 
Furthermore, LND cells acted as signal receivers in the IL10 signaling and LTA-
TNFRSF1A interaction (Supplementary Fig. 7D). Interestingly, the PDPN+ fibroblast 
population served as a strong signaling sender and was a main source for releasing 
CXCL2/CXCL3/CXCL5 in neutrophil recruitment (Supplementary Figs. 7B and 7C).  
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