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Summary 
The intestinal epithelium forms a barrier to the lumen and ensures uptake of vital nutrients. During 

inflammatory diseases, such as ulcerative colitis (UC), this barrier is compromised. Here, we perform 

single-cell RNA sequencing (scRNA-seq) of epithelial cells and outline patterns of cell fate decisions 

in healthy individuals and patients with UC. We demonstrate that lineage biased progenitors are 

major sources of normal tissue replenishment, and that patterns of cell behavior are profoundly 

altered in UC. We furthermore identify unique regenerative cell states linked to JAK/STAT activation 

extending into the non-inflamed areas of the colon. In organoid models, this can be mimicked by 

cytokine mediated activation of JAK/STAT leading to the emergence of cell populations with 

regenerative potential. These findings have profound implications for our understanding of tissue 

regeneration and illustrates how cytokine signaling influences cell fate decisions. This suggests 

widespread consequences in patients with chronic ulcerative conditions. 
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INTRODUCTION 
The epithelial lining of the colon forms the physical barrier protecting our body against the microbes 

and food antigens present within the intestinal lumen (Gehart and Clevers, 2019). The epithelium is 

maintained by intestinal stem cells (ISCs) that reside at the bottom of crypts of Lieberkühn and give 

rise to proliferating progenitors, which further differentiate into absorptive colonocytes and secretory 

cells including mucus producing goblet cells and hormone secreting enteroendocrine cells (EECs) 

(de Sousa and de Sauvage, 2019). Upon damage the epithelial barrier heals rapidly to restore its 

protective function. Any delay in healing can promote sustained inflammation, which triggers further 

damage and increases the risk of developing inflammatory bowel disease (IBD), including UC 

(Hindryckx et al., 2016; Kobayashi et al., 2020). Our understanding of disease etiology and factors 

influencing UC development and progression is gradually increasing (Graham and Xavier, 2020), 

however, it remains unclear how cell fate is regulated at sites of injury. 

 

Recent advances in single-cell analysis have provided novel insights into the cellular complexity of 

the colonic tissue. This includes detailed analysis of colonic mesenchyme during homeostasis and 

ulceration (Kinchen et al., 2018), identification of a new subtype of epithelial cells in the homeostatic 

epithelium (Parikh et al., 2019), and mapping potential interactions between epithelial, immune and 

stromal cells (Corridoni et al., 2020; Smillie et al., 2019). However, the principles governing 

maintenance of the human colonic epithelium, and how this is affected in UC, are incompletely 

understood. Most of our knowledge about cellular behavior originates from studies using murine 

models. These studies support a hierarchical model, where ISCs during homeostasis fuel tissue 

replenishment (Beumer and Clevers, 2021), whereas upon damage cells deviate significantly from 

these patterns of cell behavior with evidence of cellular dedifferentiation (Yui et al., 2018). Although, 

analyses have mapped expression of fetal-like gene signature in IBD tissue (Elmentaite et al., 2020; 

Fawkner-Corbett et al., 2021), the cell fate changes associated with ulceration in patients are largely 

unexplored. 

 

Mechanistically, numerous signaling pathways linked with cell state changes have been implicated 

in tissues damage (Larsen and Jensen, 2021). How the human colonic epithelium responds to 

damage remains to be resolved at both the cellular and molecular level. To address these remaining 

questions, we analyzed epithelium from healthy individuals and patients with UC using scRNA-seq 

and utilized human colonic organoids to model predictions made from the computational analysis. 

We show that distinct progenitors are the main driving source of tissue renewal during homeostasis, 

and that normal cell fate decisions are disrupted in UC. Furthermore, we identify unique inflammation 

associated (IA) cell states in the tissue from patients with UC, which are linked with JAK/STAT 
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activation. Lastly, we provide evidence that cells in this cytokine induced state retain proliferative 

capacity, and following cytokine withdrawal they can revert to a homeostatic stem cell state. Our 

data suggests that these unique cell states play a role in the regeneration of the colonic epithelium 

following tissue damage.  
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RESULTS 
Proliferative progenitors are the main source of tissue renewal during homeostasis 
The cellular composition of tissues and patterns of cell fate decisions can be inferred from scRNA-

seq data (Wagner and Klein, 2020). To characterize the epithelium of the sigmoid colon, we analyzed 

11,035 epithelial cells by scRNA-seq from four healthy individuals (Figure 1A; S1A-C; Table S1). 

Cluster analysis combined with expression of specific cell type markers enabled identification of 13 

distinct cell clusters representing ISCs (stem), distinct populations of transit amplifying (TA) cells, 

goblet cells, EECs, tuft cells, and two types of colonocytes (Figure 1C; Table S2) (Parikh et al., 

2019). Trajectory inference based on high-resolution clustering, separated the cells into five major 

lineages with colonocytes clearly divided into classical and pH sensing BEST4+ colonocytes (Figure 

1D). Next, we performed RNA velocity analysis that utilized the relative proportion of unspliced 

versus spliced counts for individual RNA species (Figure S1D). We observed a strong directionality 

from the ISC population via distinct TA populations towards fully differentiated cell types along all 

five lineages (Figure 1E). A TA population, which included cells in S and G2/M phase (Figure S1E), 

was found at the root of each trajectory. Importantly, in tissue sections the proliferation marker PCNA 

was detected in both TFF3 positive (goblet cells) and negative cells (Figure 1F), suggesting that cell 

type specification occurred in proliferative TA-cells. Interestingly, the fraction of cells in the TA 

clusters in S and G2/M was significantly higher than in the stem cell cluster (Figure S1F), which was 

also supported by the observation that most dividing cells were located above the ISC zone (Figure 

S1G-H). Furthermore, we observed cells forming unique clusters at the end of the goblet cells and 

two colonocyte lineage trajectories. Spatial transcriptomics confirmed that cells expressing markers 

of these end-point clusters (CEACAM1 and KRT20) were located at the crypt top (CT) and facing 

the lumen both in MUC2 (goblet cells) positive and negative cells (Figure 1G-I). RNA transcripts 

associated with the proliferating cells (HMGB2) were detected in the bottom third of crypts, spatially 

confirming implications of the previous trajectory analysis. Moreover, MUC2 were observed mainly 

in the top part of the crypts, nevertheless we also observed HMGB2 and MUC2 double positive cells 

supporting the model, where discrete TA populations were responsible for tissue maintenance. 

 

Ulceration promotes changes in cell behavior 
To outline how the patterns of cell fate decisions were affected in patients with UC, we delineated 

cellular relationships in disease affected tissues. We obtained biopsies from visibly inflamed parts 

and the neighboring healthy margin of the sigmoid colon. Tissue damage in the ulcerated regions 

was evident at the morphological level, with crypts undergoing remodeling and lacking a defined 

crypt top layer, while epithelium from the healthy margin adjacent to the inflamed areas were 

morphological similar to healthy tissue (Figure 1B, 2A). At the cellular level the inflamed areas were 
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associated with pronounced changes affecting cellular composition with a higher proportion of 

CD45+ cells and a lower fraction of epithelial cells, when compared to the homeostatic tissue, and 

the healthy margin of the same patient (Figure S1B). To generate a map reflecting the cellular 

heterogeneity in patients with UC, we performed scRNAseq on 4,351 epithelial cells from inflamed 

area and 6,762 cells from healthy margin from the same patients with UC, identifying largely the 

same cell populations as observed in healthy tissues (Figure 2B; S2A). Thus, the cell type analysis 

revealed that the epithelium from healthy margin and the inflamed areas of UC patients contained 

largely the same cell populations found in the homeostatic epithelium. 

 

A deeper analysis of the dataset from the ulcerated regions revealed pronounced changes. 

Trajectory analysis showed striking differences with shorter branches along the three major cell 

lineages suggesting that the common programs of epithelial differentiation were disrupted (Figure 

2C). Additionally, RNA velocity analysis indicated that normal differentiation patterns in the dataset 

from healthy individuals were altered in the ulcerated samples (Figure 2D). Notably, trajectories now 

existed into and out of the stem cell compartment (Figure 2C-D), while normal patterns of 

differentiation were observed in the healthy margin data set (Figure S2B-C). Keratin 20 (KRT20) is 

a known marker of terminally differentiated cells in the colon and can be found in the CT populations 

across the datasets (Figure S2D). In line with the observed changes in the cellular trajectories in the 

diseased samples, we could detect cells co-expressing the differentiation marker KRT20 and KI67, 

a marker of proliferating cells, at the protein level in more than 50% of the crypts analyzed, 

suggesting that this was a recurrent event unique for patients with UC (Figure 2E-F; S2E). 

Interestingly, we did not detect such co-expressing cells in the single cell data, and cells with high 

KRT20 expression generally had a very low proliferation scores, not only in healthy, but also in the 

diseased epithelium (Figure 2G). Given the long half-lives of keratins(Denk et al., 1987), the 

detection of KRT20 and KI67 double positive cells suggested that cells that previously expressed 

KRT20 had reentered the cell cycle. Collectively, this demonstrated that ulceration alters the normal 

patterns of cell behavior. 

 
Human colonic epithelial cells expressing the differentiation marker KRT20 display self-
renewal potential 
Based on the detection of KRT20 and KI67 double positive cells in inflamed areas of UC epithelium, 

we hypothesized that KRT20 expressing cells in a human context retained the ability to self-renew, 

when placed in a growth permissive environment. To test this hypothesis, we utilized a human 

organoid model where tdTomato was introduced into the 3’UTR of the KRT20 locus (Figure 2H) and 

purified tdTomato positive and negative cells (Figure 2I). As expected tdTomato positive (KRT20+) 
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cells showed elevated levels of differentiation markers (KRT20 and MUC2), and reduced expression 

of markers of stem cells (LGR5 and OLFM4) and proliferation (KI67), when compared to tdTomato 

negative (KRT20-) cells (Figure 2J). The self-renewal potential of tdTomato positive and negative 

cells was subsequently tested using organoid formation assays. As expected, tdTomato negative 

(KRT20-) cells readily formed budding organoids, however, supporting our findings from the patient 

data, a proportion of tdTomato positive (KRT20+) cells likewise retained this capacity, although to a 

lesser extend (Figure 2K-L). This supported that cells expressing markers of differentiation can 

return to a proliferating state, when placed in growth-permissive environment.  

 
Emergence of unique cell populations following ulceration 
Based on the findings that the cellular trajectory was altered during inflammation, we next integrated 

the three scRNAseq data sets (healthy, ulcerated and healthy margin) to directly investigate changes 

in the cellular complexity. Cluster analysis revealed that the overall patterns of cell populations 

followed the cell types detected in the healthy colon, however, with changes in the relative 

distribution of cells within the distinct cellular clusters (Figure 3A-C). Firstly, it was clear that some 

of the observed changes were observed both in the ulcerated regions and the neighboring healthy 

margins. Notably, changes could also be observed in the tissue where CD74, an immune cells 

marker for e.g., B lymphocytes, macrophages, dendritic cells, could be detected in the mucosa in 

both the ulcerated regions and the neighboring healthy margin suggesting an influence of systemic 

inflammation during disease (Figure S3A). Moreover, CD74 could also be detected at the RNA level 

in the scRNAseq datasets, with higher proportions in the samples from UC patients. Using CD74 to 

subdivide the cell populations in the samples from the healthy margin revealed that CD74 expressing 

cells based on Pearson correlations of the first 50 principal components were more representative 

of the ulcerated data-set, whereas CD74- cells represented an intermediate between the ulcerative 

and healthy state. Secondly, samples from the ulcerated and the healthy margin had an increased 

proportion of cells expressing stem cell markers (Figure 3C). Notably, there is not only a larger 

fraction of stem cells, but cells within the stem cell cluster were transcriptionally distinct from their 

healthy counterparts (Ulcerated vs Healthy: 881 up and 1063 down regulated genes; Healthy-margin 

vs Healthy: 284 up and 203 down regulated genes; Log2FC>+/-0.5, p<0.05; Figure S3B). Moreover, 

there was a significant overlap in the genes that were detected as differentially expressed in the 

healthy-margin and ulcerated samples, when compared to the healthy samples (Up: p=9x10-158; 

Down p=6x10-185). Here genes upregulated in the ulcerated and non-ulcerated stem cell 

compartment revealed enrichment for genes associated with interferon signalling and antigen 

processing, whereas genes associated with metabolic processes were repressed (Figure S3B). This 

supported the absence of a sharp border between affected and non-affected tissues. Thirdly, two 
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new cell populations within the colonocyte and goblet cell branches appeared in the ulcerated 

samples (Figure 3A-C). The two new cell populations were only detected in epithelium of UC patients 

and were accordingly named inflammation associated (IA) colonocytes and IA goblet cells. Cells in 

the IA clusters were characterized by a high proportion of proliferating cells (Figure 3D), and 

clustered independently in the ulcerated dataset (Figure 3E). GO-term analysis for the differentially 

expressed genes in both the IA goblet and colonocyte cell populations, when compared to the rest 

of the cell clusters, showed enrichment of cytokine and interferon signaling, immune response and 

antigen processing, similar to what was observed for the stem cell compartments (Figure 3F-G). The 

data therefore suggested that these new IA clusters contained cells in a proliferative state that were 

linked with signals originating from the immune system. 

 
A number of key pathways influence cell behavior following tissue damage and promote tissue 

regeneration. To infer which gene regulatory networks were associated with the emergent IA cell 

populations we utilized DoRothEA (Garcia-Alonso et al., 2019). Aligned with the enrichment of GO-

terms associated with both cytokine and interferon signaling the most enriched regulatory network 

at the single cell and population level was STAT3 signaling (Figure 3F-G; 4A; S3C-D; Table S3; 

p<10-100). To further investigate the features of the new cell states, we examined genes uniquely 

expressed by the two IA populations compared to the lineage they were closest to (goblet cell and 

colonocytes). Less than 100 genes were found to be differentially expressed in each population, 

including several reported STAT target genes observed in both cell states (REG1A, REG1B, 

REG3A, DMBT1, ALDH1A1, C4BPB and IFITM1; Figure 4B). The analysis identified REG1A 

(Regenerating Family Member 1 alpha) as a marker unique to the two IA cell states (Figure 4C). 

Examination of independent datasets confirmed the expression of REG1A across samples from 

patients with UC (Figure S3E). At the cellular level, REG1A was detected in ulcerated epithelium in 

both TFF3 positive and negative cells, supporting the emergence of these cell states in the goblet 

cell and colonocyte lineages (Figure 4D). 

 

Thus, cells in de novo cell states in UC were characterized by being actively cycling, expressing a 

unique gene signature associated with cytokine signaling and STAT pathway activation. 

 

JAK/STAT activation promotes cell state changes 
The JAK/STAT signaling pathway mediates inflammatory and proliferative responses downstream 

of cytokine stimulation. Interleukin-22 (IL-22) is one of several cytokines that activates STAT 

signaling during tissue regeneration and is known to be involved in tissue-repair following intestinal 

damage in murine models (Cox et al., 2021; Lindemans et al., 2015). To investigate how STAT 
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activation affected human colonic epithelium, we therefore treated colonic organoids from healthy 

individuals with IL-22 (Figure 4E). The treatment led to a reduction in expression of markers 

associated with differentiation (KRT20) and stem cells (LGR5), as well as upregulation of genes 

associated with the emergent IA cell states identified in patient samples (REG1A, DMBT1 and 

REG3A; Figure 4F). The induction was JAK dependent, and not affected by mTOR inhibition, which 

previously has been shown to support IL-22 induced Paneth cell differentiation (Figure S3F-J) (He 

et al., 2022). Importantly, IL-22 treated cells retained the capacity to grow (Figure 4E-F), and when 

grown in the absence of R-Spondin1 and WNT, IL-22 treatment reduced the proportion of Krt20-

tdTomato+ cells (Figure 4G) and enhanced the organoid forming capacity specifically of the Krt20- 

tdTomato- population (Figure 4H). 

 

To assess the effect of inhibiting JAK/STAT signaling during tissue repair in vivo, we assessed the 

impact of pathway inhibition on tissue regeneration following the treatment of animals with dextran 

sulfate sodium (DSS). Here mice were treated with the pan-JAK inhibitor, tofacitinib, during the early 

repair phase. It was evident that tofacitinib treated animals developed more severe colonic damage 

and greater weight loss when compared to control animals (Figure S4A-C). Thus, as described for 

STAT3 (Oshima et al., 2019), JAK/STAT signaling was required for initiating epithelial regeneration 

in vivo suggesting that the benefits observed in patients arose from the effect of pan-JAK inhibition 

on the inflammatory process. 
 

Collectively, this demonstrated that cytokine signaling was essential for tissue regeneration, that IL-

22 promoted changes that mirror what was observed during tissue regeneration in vivo and that IL-

22 promoted self-renewal under non-permissive conditions. Taken together, these observations 

demonstrated that intricate signaling relationships between epithelial and immune cells were 

important for cellular responses following damage. 

 
Cytokine induced JAK/STAT signaling is sufficient to promote the IA cell state 
To address whether cytokine signaling was sufficient to promote the emergence of the new IA cell 

state, we performed scRNA-seq on organoids from 3 healthy individuals cultured with or without IL-

22 (Figure 5A). In control samples, all major cell populations except for BEST4+ colonocytes could 

be identified, whereas the treated samples included cell clusters transcriptionally matching the novel 

IA states observed in patients with UC (Figure 5B-C). Similar to the patient data, these new clusters 

appeared in the goblet cell and colonocyte, were unique to the IL-22 treated organoids and showed 

REG1A expression and STAT pathway activation (Figure 5D-E; S4D-E).  
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Finally, to assess the regenerative capacity of the REG1A population, we engineered a reporter line 

fusing mNeonGreen to the carboxy-terminus of REG1A (Figure S5A). Upon IL-22 treatment, 

approximately 15% of the cells expressed REG1A-mNeonGreen, similar proportions to what was 

observed in the scRNA-seq dataset with accumulation of secreted REG1A-mNeon fusion protein in 

the lumen of the organoids (Figure S4D, S5B-C). Treatment with JAK or mTOR inhibitors further 

confirmed that REG1A expression was regulated through JAK/STAT pathway (Figures 5F; S5D-E). 

Importantly, cells expressing REG1A in the scRNAseq dataset were distinct from the population 

classified as transit amplifying (TA) or stem cells, leaving it unclear whether these cells would have 

reduced self-renewal capacity compared to the rest of the cell population. To characterize the 

properties of the REG1A expressing cells, we therefore purified mNeonGreen negative and positive 

cells by flow cytometry. In self-renewal assays, REG1A-mNeonGreen-negative and -positive cells 

both formed organoids at a similar efficiency, demonstrating that the cytokine induced REG1A cells 

retained the capacity to self-renewal and therefore were likely to have the capacity to contribute to 

regeneration (Figure 5G-H; S4F-G). As previously observed, IL-22 treatment led to reduced 

expression of KRT20 and induction of markers of the cytokine-induced state (REG1A, REG3A and 

DMBT1), most prominently in the REG1A-mNeonGreen+ cells (Figure 5I; S5H). 

 

Collectively, our data demonstrated that the emergent cell populations could be recapitulated in vitro 

using organoid models, which enabled us to reveal the in vitro regenerative capacity of these novel 

cell populations. 

 

DISCUSSION 
Here, we present a comprehensive analysis of the human colonic epithelium during steady state 

homeostasis and in patients with UC. The analysis revealed that during homeostasis early lineage 

choices were linked with lineage biased TA populations as the main source of tissue renewal. This 

is in line with recent reports suggesting a minor role of colonic stem cells in the daily tissue 

replenishment (Ishikawa et al., 2022; Lee-Six et al., 2019; Nicholson et al., 2018). Aligned with 

studies of mouse models (Denk et al., 1987; Tetteh et al., 2016; Tomic et al., 2018; van Es et al., 

2012), the unidirectional flow of cells from the TA compartments was, however, perturbed in patients 

suffering from ulcerations (Harnack et al., 2019; Tetteh et al., 2016; Tomic et al., 2018; van Es et al., 

2012). Using genetically engineered human organoid lines we could show that cells expressing 

markers of differentiation retained the capacity to self-renew, when provided with a growth 

permissive environment. It is consequently important to understand how cell types are influenced by 

the environment and via signaling crosstalk. 
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Experimental injury models have revealed that the regenerative responses are characterized by loss 

of markers associated with both differentiated cells and stem cells and the emergence of cells with 

new properties (Nusse et al., 2018; Yui et al., 2018). Interestingly, in clinical samples we observed 

that this was recapitulated in both the colonocyte and goblet cell lineages with the emergence of 

new cell populations with a proliferative potential. Importantly, the emergence of cells with these in 

vivo properties can be recapitulated in vitro upon stimulation with a single cytokine enabling us to 

demonstrate their self-renewal properties. These cell populations are characterized by a strong 

enrichment of STAT target genes, a feature that has previously been linked to tissue regeneration 

(Pickert et al., 2009; Taniguchi et al., 2015). Aligned with studies in mouse, it is interesting that Ly6a 

(Sca1), another STAT target gene, is associated with the emergence of cells required for 

regeneration in the mouse (Rao et al., 2015). IL-22 is one of several secreted factors that activate 

JAK/STAT signaling and known to be involved in tissue regeneration (Lindemans et al., 2015; Pickert 

et al., 2009). Notably, blocking JAK signaling in experimental colitis models impaired mucosal 

healing. Our data combined suggests that in addition to promoting the inflammatory process JAK 

signaling is similarly important for elements of the epithelial repair. Interestingly, the clinical use of 

pan-JAK inhibitors has been associated with a wide range of adverse effects like herpes zoster 

infection, major adverse cardiovascular events (Ytterberg et al., 2022), and more selective JAK 

inhibitors are now marketed and in the pipeline (Danese et al., 2022; Granau et al., 2023; Nielsen et 

al., 2023). This highlights that tissue regeneration in humans is associated with pronounced changes 

in cellular identity and that this is driven via crosstalk between immune and epithelial cells. 

 

Collectively, we have investigated cell behavior in healthy and ulcerated colonic epithelium at high 

resolution using scRNA-seq combined with organoid models. A deeper understanding of general 

mechanisms that regulate tissue regeneration will be important for the development of targeted 

treatment of patients suffering from UC. Studies using mouse models have implicated WNT and YAP 

signaling in the process of mucosal healing following tissue damage (Gregorieff et al., 2015; Harnack 

et al., 2019; Yui et al., 2018). Whether these signaling pathways, in combination with JAK/STAT 

pathways are implicated in tissue regeneration in humans, remain an open question. From a 

therapeutic perspective, identifying how to promote the induction of regeneration will launch 

possibilities for more rapid mucosal healing in patients with UC and will potentially be able to 

complement current treatment strategies.  
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EXPERIMENTAL PROCEDURES 
 
Resource availability 
Further information and requests for resources and reagents should be directed to and will be fulfilled 

by Kim Bak Jensen (kim.jensen@sund.ku.dk); a completed Materials Transfer Agreement may be 

required. Single-cell RNA-seq data generated for this paper have been deposited at the European 

Genome-phenome Archive (EGA) repository and are publicly available as of the date of publication 

under the accession number EGAS00001007098. For reviewers, please contact the editorial office, 

who will provide you with access to the data via EGA. 

 

Human samples 
For single-cell RNA sequencing analysis four patients with an established diagnosis of UC and four 

controls were included (Patient details are included in Supplementary Table 2). All subjects 

underwent a routine sigmoidoscopy or colonoscopy as part of their clinical evaluation at the 

Endoscopy Unit, Department of Gastroenterology, Herlev Hospital due to their clinical symptoms. 

Biopsies were collected from a visibly inflamed area of the sigmoid colon, and biopsies from an 

endoscopically normal part of the descending colon were collected at the same time. Controls were 

recruited from the Danish National Screening Program for Colorectal Cancer where all investigations 

turned out normal. UC was diagnosed according to well-established criteria (Kobayashi et al., 2020) 

and included UC patients had an endoscopic Mayo score of either I or II at time of enrolment 

(Schroeder et al., 1987). Exclusion criteria were as follows: age >80 or <18 years, clinical evidence 

of infection, use of antibiotics or probiotics within 14 days, severe mental illness, and pregnancy. 

Healthy control samples were obtained from the national screening program for colorectal cancer 

where all investigations turned out normal. 

 

For immunohistochemistry and immunofluorescence analysis, formalin fixated and paraffin 

embedded sections from macroscopic inflamed and non-inflamed colonic areas were collected from 

surgical specimens of colectomies from four patients with UC after the specimen had undergone 

evaluation at the Department of Pathology, Herlev Hospital.  

 

Human colon organoid lines were established from the colonic epithelium of three healthy donors 

and were used to study for the cytokine treatment. 
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The human colon organoid line genetically modified to report KRT20 expression, KRT20-tdTomato, 

was derived from a healthy individual and used in previous studies (Shimokawa et al., 2017; 

Sugimoto et al., 2018). 

 

The study was approved by the Scientific Ethics Committee of the Capital Region of Denmark, filed 

under the ethical permission number H-18005342. All individuals provided written informed consent 

to participate in this study. Participants were informed both orally and in writing in compliance with 

the Declaration of Helsinki and the guidelines of the Danish National Scientific Ethics Committee.  

 

Single-cell RNA-seq data generated for this paper have been deposited at the European Genome-

phenome Archive (EGA) repository and are publicly available as of the date of publication under the 

accession number EGAS00001007098. 

 
Mice 
Wild-type female C57BL/6J mice were obtained from Taconic Denmark. Mice used for this study 

were between 8- to 15-week and they were housed under conventional conditions and in accordance 

with institutional regulations in a specific-pathogen-free (SPF) Animal Facility in individually 

ventilated cages, under a 12hr light-dark cycle. Food and water were provided ad libitum. None of 

the animals used in these studies had been subjected to prior procedures and were drug- and test-

naive. 

All animal experiments and procedures were conducted in accordance with the recommendations 

of the European Community Directive (2010/63/EU) and the project was approved by the Danish 

Animal Experiments Inspectorate under the license number 2017-15-0201-01381. 

 
Cell isolation and flow cytometry 
Biopsies were washed in cold PBS supplemented with 0.5 mM DTT two-three times before they 

were incubated in 8 mM EDTA with 0.5 mM DTT in PBS on ice for one hour on a rocking platform. 

Supernatants were removed and 5 mL cold PBS was added. The tubes were shaken forcefully by 

hand to free epithelial crypts. The crypt containing supernatants were collected in a 15 mL falcon 

tube and the shaking was repeated twice to obtain a total volume of 15 mL PBS solution containing 

crypts. The crypts were spun down at 300 g for 4 minutes and the pellets were resuspended in 3 mL 

TrypLE supplemented with DNaseI (2.5 µg/mL), rock inhibitor Y-27632 (10 µM) and N-acetylcysteine 

(1 mM) and incubated at 37oC for 10-20 minutes. At the end of the incubation the single cell 

suspensions was supplemented with 10 mL of advanced DMEM/F-12 (Gibco™) media with 10% 

adult bovine serum. The single cells were pelleted by centrifugation at 400 g for 4 minutes and the 
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pellet was resuspended in 2 mL 1% BSA/PBS with gentle pipetting and pelleted before resuspension 

in 1% BSA/PBS filtered firstly through 70 µm filter and then through a 40 µm filter. The cells were 

stained in 200 µL 1% BSA/PBS with EPCAM-APC, CD31-APC-780, and CD45-PE-CF594 on ice for 

25 minutes, washed three times with 0.1% BSA/PBS before they were incubated with DAPI (Sigma-

Aldrich) in 200 µL for 5-10 min on ice and flow sorted on an ARIA I or ARIA III BD sorters using a 70 

µm nozzle. Cells were sorted into an Eppendorf tube with 2 µL ultra clean 0.1% BSA/PBS for the 

generation of scRNA-seq libraries. 

 

Single cell library preparation and sequencing 
Single cell libraries were prepared using the 10X Genomics protocols v2 Chemistry. Maximum 

25,000 sorting events were loaded per well in a volume of 33.8 µL ultra clean 0.1% BSA/PBS. Cells 

were encapsulated in droplets of Gel Bead-in-Emulsions (GEMs) using the 10X Genomic Single Cell 

Chip whereafter reverse transcriptase was performed. Purified cDNA was amplified with 10-14 PCR 

cycles dependent on the number of cells loaded. Libraries were diluted to 2 nM in elution buffer and 

two libraries were pooled and diluted to 1.7 pM before running on the same flow cell. The libraries 

were sequenced on an Illumina NextSeq 500 platform with a High Output 150 cycles kit. 

 
Processing of raw scRNA-seq reads 
Cell Ranger (v3.0.1) software from 10x Genomics was used to process Chromium single-cell RNA-

seq output to align reads and generate bam files needed for the next steps (Zheng et al., 2017). The 

refdata-cellranger-GRCh38-3.0.0 reference was downloaded from the 10x Genomics website 

(https://support.10xgenomics.com/). First, cell ranger mkfastq function was used to demultiplex raw 

base call files into FASTQ files. Then, the FASTQ files were aligned and filtered with cell ranger 

count function. One of the outputs of that function were bam files, which were then processed with 

velocyto using the run10x function (La Manno et al., 2018). Velocyto counts reads falling into 

exonic/intronic regions and generates spliced/unspliced expression matrices in a loom file. 

 
Quality control and filtering of cells 
The loom files were processed and analysed in Python using scanpy and scVelo (Bergen et al., 

2020; Wolf et al., 2018). Low quality cells were filtered out with each sample being processed 

separately in the following manner. Firstly, per cell distributions of spliced counts, unspliced counts 

and genes were inspected. Based on visual tracing of a Gaussian curve, the cut-off values for those 

three characteristics were determined (specific to each sample). Cells below the thresholds for 

unspliced counts and genes and below or above thresholds for spliced counts were filtered out. Next, 

cells with a high ratio of counts originating from mitochondrial features were eliminated based on 
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individual ratio distributions (0.3 in most cases, 0.4 and 0.45 in two ulcerated samples). Finally, 

doublets (two cells in a single bead) were filtered out with both scrublet and DoubletFinder (McGinnis 

et al., 2019; Wolock et al., 2019). The threshold score for expected doublet rate was set to 0.06 for 

scrublet, and default parameters were used for DoubletFinder. Cells predicted to be doublets by 

either of the tools were filtered out. 

 

Data integration, normalization, and batch correction 
After cell filtering, samples for each of the datasets were concatenated together. At this stage, genes 

expressed in less than 5 cells or with less than 20 counts were filtered out. Count data was then 

normalized, and log transformed for each cell by total counts over all genes. The top 2000 highly 

variable genes were used for batch correction using the mutual nearest neighbour’s algorithm 

implemented as mnn_correct function in scanpy’s API. Parameter k was set to 15 and var_adj to 

True. 
 
Cell cycle annotation 
Cell cycle stage annotation was performed before batch correction using the 

score_genes_cell_cycle function from scanpy, based on published cell-cycle signatures (Tirosh et 

al., 2016). 

 

Proliferation score calculation 
Proliferation score was calculated before batch correction using the score_genes function from 

scanpy, based on a published proliferation signature (Merlos-Suarez et al., 2011). 

 

Regression, dimensionality reduction and embedding 
Unwanted variation coming from the cell cycle stage was reduced by linearly regressing the 

annotated S and G2/M scores. After those changes, the top 2000 highly variable genes were 

selected again for the rest of the analysis. Dimensionality reduction was first performed using 

principal-component analysis (PCA) and then with Uniform Manifold Approximation and Projection 

(UMAP). UMAP requires calculation of neighbours for each of the cells, which was done with batch 

balanced k-nearest neighbours algorithm implemented in the bbknn package (Polanski et al., 2020). 

The Euclidean metric, 30 principal components and 5 neighbours within batch were used and the 

parameters approx and use_faiss were set to False. 

 

Clustering 
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Initial clustering was performed using the unsupervised Leiden method with a high-resolution 

parameter, giving rise to multiple clusters. At the same time, expression of canonical cell type 

markers (LGR5: Stem cells, LRMP: Tuft cells, BEST4: BEST4+ colonocytes, SCGN: 

Enteroendocrine cells, CA1: Colonocytes, MUC2: Goblet cells) combined with results from 

differential expression analysis were used to guide cluster identities. Subsequently, multiple 

iterations of merging and dividing the clusters were performed until a fully informative cell type 

annotation of clusters was achieved. 

 

Differential expression 
Differentially expressed genes (DEGs) were detected with the Wilcoxon rank sum test using 

scanpy’s rank_genes_groups function. The test was performed comparing expression of genes in 

each cell type cluster to the rest of the cells in each dataset.  

 

Trajectory analysis 
PAGA was used to infer developmental trajectories in the healthy and ulcerated datasets. It was run 

on sub-clusters, which were generated by rerunning the clustering algorithm within each of 

previously annotated cell type clusters. PAGA works by approximating all sub-clusters to single 

nodes and connecting them with edges based on similarity (Wolf et al., 2019). This similarity is 

related to the overrepresentation of edges in the KNN graph between cells in the two clusters. The 

number of edges were adjusted using the threshold parameter to get 2-4 edges per node. 

 

Spliced/unspliced count ratio 
Using the function proportions in scVelo ratios of splice to unspliced counts were calculated for each 

sample. It was done on filtered data after the removal of low-quality cells.  

 

RNA velocity 
Based on the ratio of spliced versus unspliced counts across all genes in a cell, it is possible to 

predict the future transcriptional state of a given cell. Together, those predictions form a vector field 

of RNA velocity. Those velocity vectors are projected onto previously calculated embedding and 

averaged over the local neighbourhood of cells to provide the basis for the RNA velocity plots. The 

calculations are done with the scVelo package using the default stochastic model. Additionally, the 

basic velocity estimation was corrected using information from differential kinetics test using scVelo’s 

differential_kinetic_test function. This improves reliability of the predictions as our datasets represent 

a system with multiple lineages, where genes are likely to show different kinetic programmes across 
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populations. Default parameters were used for all the calculations. velocity_embedding_stream 

function from scVelo was used for plotting on the embedding. 

 

GO term enrichment 
DEGs with logFC>0.5 and FDR<0.05 were used for the analysis. GO term enrichment analysis was 

done with the goana function from the R package limma (Ritchie et al., 2015). The genes detected 

in a dataset (before filtering) were used as a background universe. The run was made with all default 

parameters. The p-values reported by goana are not adjusted for multiple testing, so we report as 

significant only GO terms with p-values greater than 10−5. For the plot’s terms were only selected if 

they had more than 50, and less than 2500 elements. 

 

Merging multiple datasets 
The three datasets, healthy, healthy margin and ulcerated were combined for the purpose of joined 

analysis. QC and cell filtering were done separately for each sample in each dataset and only then 

data was concatenated and integrated together using the mutual nearest neighbours batch 

correction, just like for individual datasets. All other procedures were done analogically like for the 

healthy dataset.  

 

Cell lineage proportions 
Cell lineage proportions (Figure 3C) were calculated per sample, as a percentage of cells in each 

lineage as compared to all cells from that sample. The stem, IA colonocytes and IA goblet lineages 

included only respective cell types. The Colonocytes, BEST4+ and Goblet lineages also included 

the TA and CT populations as separate data points. The height of a bar plot indicates the mean and 

whiskers show the interval of ± 1 standard error. Comparisons between groups are done with two 

sided Mann–Whitney U test. Only p-values smaller than 0.05 are reported.  

 
Lineage Venn diagram 
To check for common DEGs a Venn diagram was created for the two populations, IA colonocytes 

and IA goblet in the ulcerated dataset. DEGs were calculated as compared to the rest of the cells in 

a lineage. Stem cells, TA colonocytes, colonocytes, CT Colonocytes and IA Colonocytes were 

extracted into a separate dataset. Then, DE analysis was performed as described before and genes 

with log2FC>1 and FDR<0.05 were used for the diagram. Analogous procedure was performed for 

the goblet lineage (including TA SOX4+ cells). 

 
Enrichment of transcription factor activity 
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To calculate activity of transcription factors we have used DoRothEA (Garcia-Alonso et al., 2019), a 

gene set resource containing signed transcription factors (known as regulons), and VIPER (Alvarez 

et al., 2016), a statistical method for inferencing protein activity by enriched regulon analysis. 

DoRothEA has been implemented in Python with a possibility of applying it to single-cell RNA-seq 

data (Holland et al., 2020). DoRothEA was run on log normalised expression using the dorothea.run 

function with the 3 most confident regulon sets (‘A’, ‘B’ and ‘C’) and all the default parameters. 

 

Pseudo-bulk pathway analysis 
We have inferred pathway activities using the decoupler package and the PROGENy database 

(Badia-i-Mompel et al., 2022; Schubert et al., 2018). Analysis has been done according to the official 

vignette for pseudo-bulk functional analysis. In short, pseudo-bulk profiles have been generated from 

annotated raw count data. Each cell population in each sample was summarised into a single profile. 

Afterwards, data was normalised, log transformed, and then two conditions were contrasted using a 

t-test. Log fold changes between cell types were fed to the PROGENy model to estimate pathway 

activities with the consensus method.  

 

Molecular cartography 
Biopsies from healthy individuals were fresh frozen in optimal cutting temperature (OCT compound, 

CellPath). Sections were stored at -80°C before use. For the analyses 10µm sections of the tissue 

were cut and placed onto a poly-lysine coated slide provided by Resolve Biosciences. Tissue was 

maintained frozen throughout for optimal RNA integrity. The slides were then shipped for analyses 

to Resolve Biosciences and processed on site. Thirty-one genes of interest were selected for design 

of transcript-specific probes. The genes were chosen based on differential expression analysis to 

abundantly mark the proliferative, differentiated and crypt top cells of the secretory lineage. 

 

Spatial transcriptomics visualisation 
Spatial transcriptomics data from the Resolve Biosciences platform has been visualised using a 

proprietary ImageJ plugin Polylux provided by the company. Gene probes localisation was overlayed 

on top of a DAPI image of the tissue.  

 

Cell segmentation of spatial transcriptomics data 
Cells in the spatial transcriptomics dataset have been segmented with a combination of two methods, 

image based cellpose and gene probes localisation based Baysor (Pachitariu and Stringer, 2022; 

Petukhov et al., 2022). The DAPI image of cell nuclei is segmented with cellpose, by first 

automatically detecting average cell diameter using the build-in ‘calibrate’ function. Afterwards, the 
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cyto model is run with parameters flow set to 1 and cellprob set to -1.5. The resulting mask is saved 

as an image. Then, probe localisation is used to further improve the segmentation using Baysor. The 

tool is run on the x, y, and z coordinates of the gene probes, inputting the previously obtained mask 

as a prior to the model. Additionally, we specify the following parameters: i set to 1000, n-clusters 

set to 6, prior-segmentation-confidence set to 1 and force-2d. The resulting segmentation, together 

with gene probe localisation, is overlaid over the DAPI image for the final picture. 

 
Subdividing healthy margin dataset 
To better discriminate cell states in the healthy margin, the dataset was subsetted based on CD74 

expression. The threshold was set to 0.3970, which is the third quartile expression of CD74 in the 

healthy dataset. After subsetting the cells with log normalised counts, the processing pipeline, with 

batch correction, regression, dimensionality reduction, clustering and RNA velocity was repeated. 

 

Correlation matrix 
The dendrogram and correlation matrix for the healthy, ulcerated and subdivided healthy margin 

datasets were calculated in scanpy using Pearson correlation on the first 50 principal components. 

Using a full feature matrix as well as other methods of correlation (Spearman, Kendall) gave similar 

results. 

 

Experimental acute colitis model  
Acute colitis was induced in animals via the administration of dextran sodium sulfate (2.8% (w/v)) 

(DSS, MP Biomedicals; MW; 36.000-50.000) in the drinking water for 5 consecutive days ad libitum 

and the mice were subsequently transferred to normal drinking water. Control mice were provided 

normal drinking water. The severity of colitis during the acute phase was estimated by daily weight 

loss measurements, rectal bleeding, and stool consistency. Following euthanasia by cervical 

dislocation, colons were dissected, measured, and processed for the downstream analysis. Tissue 

was isolated and processed using standard techniques (Yui et al., 2018). 

 

Pharmacological inhibition of JAK-STAT in experimental acute colitis model 
Tofacitinib was purchased from MedChemExpress (Cat. No.: HY-40354). The inhibitor was 

reconstituted in 10% DMSO (Sigma Aldrich), 40% PEG300 (MedChemExpress), 5% Tween-80 

(Selleckchem) and 45% saline solution. Female C57BL/6J mice were divided into four experimental 

groups: group I (N=4) represented the healthy control that received normal drinking water from the 

beginning (D0) until the end of the experiment (D10), and a vehicle control from D5 - D10; group II 

(N=5) received normal drinking water throughout the course of the experiment, and were treated 
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orally twice a day with tofacitinib (30 mg/kg) from D5 – D10; in group III (N=5; 1 mouse euthanised 

on D5 due to the severity of the disease) upon induction of experimental colitis (2,6% DSS (w/v)), 

on day 5 of the experiment mice were treated orally twice a day with vehicle and in group III (N=5; 1 

mouse euthanised on D5 due to the severity of the disease) with tofacitinib (30 mg/kg). During the 

experiment, mice were weighed daily and on day 10 mice were euthanised by cervical dislocation 

and the tissue was collected for downstream analysis. 

 
Immunohistochemistry and fluorescence 
For paraffin embedded tissues, sections were deparaffinized and antigen retrieval was performed 

by boiling in either freshly made sodium citrate (10 mM, pH 6) or Diva Decloaker 1X solution (Biocare 

Medical). Frozen samples were preserved in optimal cutting temperature (OCT compound, CellPath) 

and were cut (CM3050 Leica Microsystem), air-dried onto glass slides and stored at -80°C until 

immunofluorescence staining. 

 

For antibody staining, sections were preincubated in blocking buffer containing BSA (1%) 

supplemented with adult bovine serum (10%), fish scale gelatin (0.5%) and TritonX100 (0.1%). 

Primary antibodies were incubated overnight at 4°C in blocking buffer. For immunohistochemistry, 

HRP-polymer secondary antibody incubation was performed at room temperature for 30-60 minutes 

in blocking buffer before DAB and hematoxylin counterstaining. For immunofluorescence, 

fluorophore-conjugated secondary antibodies were incubated at room temperature for 30-60 minutes 

in blocking buffer together with DAPI (Sigma-Adrich,1µg/ml). All washes were performed in 

Tween/PBS (0.2%). The following primary antibodies were used: anti-keratin 20 (KS.20.8, mouse 

monoclonal anti-human; Agilient-Dako), anti-PCNA (PC-10; Santa Cruz Biotechnology; #sc-56), 

anti-MUC2 (rabbit polyclonal anti-human, Santa Cruz Biotechnology; sc-15334), anti-CD74 (rabbit 

polyclonal; Atlas Antibodies HPA010592), anti-OLFM4 (rabbit polyclonal; Atlas Antibodies 

HPA077718), anti-CEACAM1 (rabbit polyclonal; Atlas Antibodies HPA011041), anti-TFF3 (rabbit 

polyclonal; Atlas Antibodies HPA035464), anti-b-catenin (mouse monoclonal, clone 14; BD 

Transduction Laboratories), anti-KI67 (MIB-1, mouse monoclonal; Agilient-Dako), anti-E-cadherin 

(mouse monoclonal, clone 36; BD Biosciences), anti-Reg1a (monoclonal rat antibody, clone 431211; 

R&D Systems), and secondary antibodies: Alexa Fluor (AF) 568 polyclonal donkey anti-mouse, 

Alexa Fluor (AF) 647 polyclonal donkey anti-rabbit, Alexa Fluor (AF) 488 polyclonal donkey anti-rat, 

AF555 polyclonal goat anti-mouse IgG1 antibody, AF647 polyclonal goat anti-mouse IgG2a 

antibody, AF488 donkey anti Rabbit IgG and AF647 polyclonal donkey anti-rabbit IgG antibody (all 

from Invitrogen) were used.  
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Microscopy 
Images of samples stained by immunohistochemistry was acquired using a NanoZoomer-XR Digital 

slide scanner (Hamamatsu C12000-01) and analysed in NDPview2 software. Images of sections 

stained by immunofluorescence were taken using laser scanning confocal microscope (Leica TSC 

SP8 or Leica Stellaris). Images were subsequently analysed in ImageJ, and Adobe Photoshop. Cell 

culture images was acquired using EVOS™ 7000 Imaging System (Invitrogen). 

 

Immunostaining of whole mount tissue 
For whole mount staining PFA (Sigma) fixed tissue were cleared in CUBIC solution(Susaki et al., 

2015) with DAPI (Sigma-Aldrich) for a week at 37°C. Before staining, the tissue was washed with 

PBS three times and then incubated with primary antibodies in BSA (1%) and TritonX100 (0.5%) in 

PBS at 4°C for three days. The tissue was washed 6 times in PBS, before incubated with secondary 

antibodies including DAPI (Sigma-Aldrich) in BSA (1%) and TritonX100 (0.5%) in PBS for three days 

at 4°C. After antibody staining the tissue was washed 6 times in PBS and before imaging the tissue 

was incubated in RapiClear (SUNJin Lab) for 30-60 minutes at room temperature. Whole mount 

images were taken using laser scanning confocal microscope (Leica TSC SP8). The following 

primary antibodies were used: anti-histone H3 (Ser10) (rabbit polyclonal; Cell Signal #9701) and 

anti-E-cadherin (mouse monoclonal, clone 36; BD Biosciences). The following secondary antibodies 

were use: AF647 polyclonal goat anti-mouse IgG2a antibody and AF488 Donkey anti Rabbit IgG 

(Invitrogen). 

 

Human organoids 
Human colonic epithelial organoids were cultured using defined and optimized conditions for human 

colonic epithelium (Fujii et al., 2018). In this study, KRT20-tdTomato organoids, derived from healthy 

individuals and genetically modified to report KRT20 expression (CK20-IRES-iCaspase9-T2A-

tdTomato-P2A-ERT2CreERT2) (Shimokawa et al., 2017; Sugimoto et al., 2018), were used to 

assess whether differentiated cells retain the capacity to self-renew and generate organoids. 

Organoids were prepared for sorting by dissociation into single cells with TrypLE (Invitrogen) 

incubation. tdTomato +/- cells were sorted on an ARIAIII (BD) instrument and RNA was isolated from 

sorted cells using RNeasy Micro Kit (Qiagen). Seeding efficiency was quantified by counting the 

number of structures forming after seeding as single cells. 

 

Cytokine and inhibitor treatment of human colon organoids 
Human colonic organoids were treated with recombinant human IL-22 protein (R&D Systems) at 10 

ng/mL, JAK inhibitor tofacitinib (MedChemExpress) at 50 µM and/or mTor inhibitor Rapamycin 
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(Calbiochem) at 100 nM in normal organoid media without WNT and R-Spondin starting at day 4 

after seeding as single cells, and RNA was isolated at day 7 using RNeasy Micro Kit (Qiagen). For 

each experiment untreated vehicle controls were applied; PBS for IL-22; DMSO for tofacitinib and 

Rapamycin. cDNA was generated using SuperScript III Reverse Transcriptase (Invitrogen) and 

Random primers (Thermo Fisher). RealQ Plus 2X Master Mix (Amplicon) was used for qPCR 

amplification on a QuantStudio 6 Flex (Applied Biosystems). For Western Blot, organoids were 

treated with IL-22 (10 ng/mL) and/or Rapamycin (100 nM) as described above including untreated 

control, and organoids were resuspended in RIPA protein lysis buffer containing protease inhibitor 

cocktail (Roche) at day 7. Thirty µg of protein extracts was separated on 4–12% Bis-Tris gels 

(Thermo Fisher) in MOPS running buffer and transferred to nitrocellulose membranes using the Mini 

Trans-Blot Cell system (Biorad). The membrane was blocked with 10% milk in Tris-buffered saline-

Tween (TBS-T) solution one hour at room temperature and subsequently incubated overnight 4°C 

with primary antibodies: anti-S6 (1:10,000; 5G10 monoclonal rabbit; Cell Signaling 2217), anti-

Phospho-S6 (1:10,000;  D57.2.2E monoclonal rabbit; Cell Signaling 4858) and anti-a-Tubulin 

(1:10,000; 11H10 monoclonal rabbit; Cell Signaling) diluted in 10% milk TBS-T. Blots were washed 

three times in TBS-T followed by incubation with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (Merck). Following washing in TBS-T, HRP-mediated substrate development 

was performed using Amersham detection system (ECL Western Blot detection kit, Merck). Blots 

were imaged using ChemiDoc™ MP Imaging System (Bio-Rad). 

 

KRT20-tdTomato human colon organoids were treated with recombinant human IL-22 protein (R&D 

Systems) from day 4 to day 7 of organoid cultures in normal organoid media without WNT and R-

Spondin. On day 7, cells were collected and resuspended in TrypLE to dissociate in single cells and 

flow sorted for differentiated (tdTomato+) and undifferentiated (tdTomato-) populations. Flow 

cytometry purified cells were seeded in Matrigel in normal human colon organoid media and at day 

10 counted to assess the organoid forming efficiency. 

 

Whole-mount immunofluorescence of human colon organoids 
The organoids were grown in Greiner CELLSTARÒ 96 well plates (Sigma-Aldrich), washed three 

times with 200 µl of PBS and centrifuged at 1811 g in a pre-cooled centrifuge at 10°C prior to fixation 

in 100 µL 4% PFA (Sigma) for 45 minutes at room temperature. After fixation organoids were washed 

with PBS, permeabilized with 100 µL of permeabilization buffer (0.5% TritonX-100 in PBS) for 1 hour 

with shaking at room temperature and counterstained with DAPI (Sigma-Aldrich, 10 µg/ml) in 0.1% 

TritonX-100 in PBS for 45 minutes. Following three washes in PBS, organoids were cleared with 50 

µl of RapiClear 1.52 (SuNJin lab) for at least one hour before imaging. 
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scRNA-seq of IL-22 treated human organoids 
Human colonic organoids were derived from three healthy donors and cultured under standard 

condition in Matrigel and normal organoid media. Organoids were seeded as single cells and IL-22 

treatment at 10 ng/mL was started on day 4. Treated and untreated (PBS) organoids were collected 

at day 7 and dissociated to single cells using TrypLE (Invitrogen) incubation at 37°C. Six different 

TotalSeq™ hashtag antibodies (A0251-A0256, Biolegend) were used to tag the individual samples 

(three untreated samples and three IL-22 treated samples). Each sample was incubated with 0.5 µg 

of a unique hashtag antibody for 20 minutes on ice. Before sorting the cells were incubated with 

DAPI for 10 minutes on ice. On an ARIAII FACS sorter (BD) DAPI negative cells were gated, and 

6100 events/cells were sorted from each sample into the same tube for scRNA-sequencing. Single 

cell libraries were prepared using the 10X Genomics protocol v3.1 with implementation of hashtag 

libraries. To increase yield of hashtag-barcodes, an additive primer (HTO primer) was added in the 

step of cDNA amplification at 0.2 µM. 11 cycles were run for the cDNA amplification. After the cDNA 

amplification the hashtag-cDNA and endogenous cDNA is separated based on the size with 

SPRIselect beads (Beckman Coulter). After incubation with the SPRIselect beads, the hashtag-

cDNA was in the supernatant containing smaller fragments (which is normally discarded) and was 

saved for the hashtag-library following the protocol from Stoeckius et al. (Stoeckius et al., 2018) and 

CiteSeq (https://cite-seq.com). In short, the supernatant was cleaned using SPRIselect beads and 

30 ng of cDNA is used as input for the PCR amplification (20 cycles) with Kapa HiFi HotStart Ready 

Mix (Roche Diagnostics) and addition of Illumina-index sequences. To generate the library of the 

endogenous cDNA the 10X protocol was followed. The dual index kit set AA (10X genomics) were 

used for sample indexing and 11 cycles were used during the final amplification step. The hashtag 

cDNA and endogenous cDNA libraries were diluted to 4 nM and pooled (5% hashtag + 95 % 

endogenous cDNA) before being sequenced on a NextSeq2000 sequencer (Illumina). 

 

Analysis of organoids scRNA-seq data 
scRNA-seq data from human colon organoids was analysed in the same manner as described 

before, apart from the following changes. Count files were not pre-processed for RNA velocity 

measurement using velocyto. Data was generated with the Cell Hashing technique, which uses 

oligo-tagged antibodies against surface proteins to barcode single cells. This allows for samples to 

be multiplexed together and run in a single experiment. The data was demultiplexed using the 

HTODemux() function from Seurat (Hao et al., 2021). As most doublets are removed during the 

demultiplexing process, we did not perform any additional doublet filtering. General mitochondrial 

content was lower, so cells with more than 0.15 mitochondrial features were filtered out. Differences 
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between samples were batch corrected using the Harmony tool implemented into scanpy (Korsunsky 

et al., 2019). Neighbourhood graph was calculated using the default method in scanpy, instead of 

the bbknn method. Cell types were annotated using unsupervised clustering and gene markers 

found in the patient dataset.  

 

REG1A-mNeonGreen human organoid reporter 
sgRNAs targeting the C-terminal end of REG1A were designed and cloned into pSPgRNA (Addgene 

#47108) according to the protocol from Ran et al. (Ran et al., 2013). For tagging the CRISPR-HOT 

method published from Artegiani et al. (Artegiani et al., 2020) was used. For electroporation the 

protocol published by Fujii et al. (Fujii et al., 2015) was used. In short, organoids were seeded in 

high density with normal organoid media. Two days before electroporation Rpso and Wnt were 

removed and Chir99021 (3 µM)) and rock inhibitor Y-27632 (10 µM) was added. One day before 

electroporation DMSO (1.25%) was added to the media. On the day of electroporation organoids 

were dissociated into small clumps of 3-5 cells using mechanical pipetting and TrypLE incubation 

and resuspended in Opti-MEM Reduced Serum Medium (Gibco). 5 µg of the cloned REG1A sgRNA-

plasmid, 5 µg pCAS9-mCherry-Frame+1 (Addgene #66940), and 5 µg of pCRISPR-HOT_mNEON 

plasmid (a kind gift from Hans Clevers) were electroporated into the cells using the NEPA2000 

electroporating system and hereafter seeded in Matrigel with normal organoid media supplemented 

with rock inhibitor Y-27632 (10 µM). Three days later, organoids were dissociated and mCherry 

positive cells (marking successful electroporation of the pCAS9-mCherry-Frame+1 plasmid) were 

sorted on ARIAIII sorter (BD Biosciences) and seeded in Matrigel with normal organoid media 

supplemented with rock inhibitor Y-27632 (10 µM). Organoids were passaged and seeded as single 

cells and on day 4 treated with IL-22 (10 ng/mL) for three days to induce REG1A-mNeonGreen 

expression. Single mNeonGreen+ organoids were picked and seeded in Matrigel to obtain clonal 

lines. DNA was harvested from clonal lines and extracted using DNeasy Blood & Tissue kit (Qiagen) 

and a PCR was run to amplify the C-terminal end of REG1A. DNA was extracted from the agarose 

gel using QIAquick Gel Extraction Kit (Qiagen) and send for Sanger sequencing to verify in-frame 

insertion of the mNeonGreen construct. Clones 3 and 4 had correct insertion and were used for 

further experiments. 

 

Seeding efficiency and qPCR of FACS sorted REG1A-mNeonGreen organoids 
The REG1A-mNeonGreen organoids were seeded as single cells and treatment with IL-22 (10 

ng/mL) was started on day 4. Organoids were dissociated to single cells on day 7 with mechanical 

pipetting and TrypLE incubation. mNeonGreen negative and positive cells were sorted on a 

FACSymphony™ S6 sorter (BD Biosciences). WT organoids untreated and treated with IL-22 in the 
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same experiment was used as control for gating. 20,000 events/cells were sorted directly into RNA 

lysis buffer and RNA was extracted using RNeay Micro Kit (Qiagen). cDNA synthesis and qPCR 

were set up as described above. For organoid seeding efficiency, 16,000 events/cells were sorted 

into normal organoid media supplemented rock inhibitor Y-27632 (10 μM). The sorted cells were 

seeded in Matrigel in four wells in a 96-well plate and cultured in normal organoid media 

supplemented rock inhibitor Y-27632 (10 μM). Z-stack images were taking on day 6-7 after seeding 

using EVOS™ 7000 Imaging System (Invitrogen). and used for quantification of organoids.  

 

Statistical Methods 
The number of biological and technical replicates and the number of animals is indicated in figure 

legends. All tested animals were included. Sample size was not predetermined. Experiments were 

performed without methods of randomization or blinding. For all experiments with error bars, the 

standard error of the mean (SEM) was calculated to indicate the variation within each experiment. 

Statistics analysis was performed in Prism and R. Non-parametric t-tests were used for the 

comparison between two different conditions. For experiments with more than two conditions, 

ANOVA test was used to calculate significance. Annotation for p values in figure legends regardless 

of statistical test type are: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 
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FIGURE LEGENDS 
Figure 1 Characterization of healthy human colonic epithelium 
A and B) Changes in inflamed tissue explored by colonoscopy and immunostaining. A): healthy 

colon, B): colon from a patient with UC. Goblet cells are marked with MUC2 (yellow) and proliferating 

cells with PCNA (red), counterstained with DAPI. Scale bar: 100 µm. 
C) UMAP of 11,035 healthy colonic epithelial cells annotated based on marker expression.  
D) Cell type trajectories based on over-clustering. Nodes represent clusters colored by cell type of 

origin, while edges indicate high degree of similarities. 

E) RNA velocity measurements projected onto the UMAP embedding shown in (B). 

F) Immunostaining for TFF3 (blue), PCNA (red) and b-Catenin (green) in healthy colonic tissue. A 

proliferating goblet cell is indicated with an arrow. Scale-bar: 100 µm. 

G, H and I) Spatial distribution of RNA molecules for CEACAM1 (green), MUC2 (red), KRT20 

(orange) and HMGB2 (blue), counterstained with DAPI. F and G show entire crypts. H presents a 

zoom of a representative crypt-top area. CT colonocyte (arrow) and goblet cell (arrowhead) are 

indicated. Scale-bar: 50 µm (F and G) and 10 µm (H). 

See also Figure S1 

 

Figure 2. Pronounced lineage infidelity in tissue regeneration 
A) Immunostaining for CEACAM1 (green), PCNA (red) and b-catenin (yellow) in healthy, healthy-

margin and ulcerated colonic tissue. Scale-bar: 100 µm. 

B) UMAP depicting 4,351 colonic epithelial cells from patients with UC annotated as in the healthy 

dataset.  

C and D) Trajectory graph based on over-clustering and RNA velocity. Arrows (D) indicate 

trajectories going from differentiated cell clusters towards progenitor clusters. 
E) Representative IHC for KRT20 and KI67 of healthy and ulcerated human colon. Arrows indicate 

KRT20 and Ki67 double positive cells. Scale bar: 100 µm. 

F) Percentage of crypts with >1 double KRT20/KI67-positive cells in healthy and ulcerated human 

colon. Data shown as ±SEM; n=4 patients; *P<.05 two-tailed unpaired t-test. 

G) Scatter plots of KRT20 expression (y-axis) and proliferation score (x-axis) in the healthy (top) and 

ulcerated (bottom) datasets. 

H) Representative image of tdTomato (red) and DAPI (grey) in the KRT20-tdTomato human colon 

organoid reporter. Scale bar: 50 µm. 

I) Flow cytometry analysis for tdTomato in the KRT20-tdTomato human organoid reporter model. 

J) Expression levels of indicated genes of KRT20-tdTomato- sorted organoids (white) and KRT20-

tdTomato+ sorted organoids (red) normalized to GAPDH expression. Fold change relative to KRT20-
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tdTomato- cells ± SEM; n=4 individual experiments; ***P=.0004 ordinary 2way AVOVA with Sidak’s 

correction for multiple comparison. 

K) Representative images of human colon organoids formed from tdTomato- (top) and tdTomato+ 

(bottom) cells 10 days following seeding. Scale bars: 275 µm. 
L) Quantification of organoid-forming efficiency of KRT20-tdTomato- and tdTomato+ cells. Data 

shown as mean ±SEM; n=3 independent experiments with average of four wells counted for each 

experiment with 2,500 cells seeded per individual well. 

See also Figure S2 

 
Figure 3. Emergence of new cell states in ulcerated tissues 
A and B) UMAP of the combined datasets from healthy, healthy margin and ulcerated epithelial cells 

colored by cell type cluster and dataset of origin. Arrows indicate the IA cell states. 
C) Cell fractions representing the major cell lineages in the healthy, healthy margin and ulcerated 

datasets, including the IA cell states. Colonocytes, BEST4+ and goblet cell lineages include TA and 

CT populations. Significance tested with two-sided Mann–Whitney U test. Error bars represent the 

S.E.M. 

D) Trajectory graph of cell type clusters in the integrated datasets. Pie charts indicate proportions of 

cells in each cell cycle phase. Outer ring colors matches cell types in (A). 

E) UMAP with cell type clusters in the ulcerated dataset including annotation of new IA cell states 

(arrows). 

F and G) Top-10 GO terms from overrepresentation analysis of differentially expressed genes 

calculated by comparing expression of genes in a given cluster to the rest of the dataset. 
See also Figure S3 
 

Figure 4 JAK/STAT signaling is linked with the appearance of inflammation associated cell 
states 
A) UMAP with STAT3 regulon score in healthy and ulcerated datasets. 

B) Venn diagram of differentially expressed genes in the emergent IA cell populations.  

C) UMAP with a heatmap of normalized REG1A expression in healthy and ulcerated datasets.  

D) Immunostaining for REG1A (green), TFF3 (red), and E-Cadherin (white) in healthy and ulcerated 

tissue. Arrows indicate double positive cells, while an arrowhead indicates REG1A positive, but TFF3 

negative cells. Scale bars: 100 µm. 
E) Bright field images of control and IL-22 treated human colonic organoids. Scale bars: 275 µm. 
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F) Expression levels of indicated genes of control (white) and IL-22 treated organoids (yellow) 

normalized to GAPDH expression. Fold change relative to control treated cells ±SEM; n=3 

independent experiments; *P<.05 ordinary 2way ANOVA Fisher’s LSD test. 

G) Representative flow cytometry plots of colonic epithelial cells isolated from control and IL-22 

treated human colon KRT20-tdTomato organoids. 

H) Quantification of organoid forming efficiency of KRT20-tdTomato- and tdTomato+ cells from 

control or IL-22 treated organoids. Data shown as mean ±SD; n=4 independent experiments for each 

population with 2,500 cells initially seeded per well; * P<.05 unpaired Mann-Whitney t test. 

See also Figure S3 and S4 
 
Figure 5. The IA states are induced in human organoids through JAK/STAT activation  
A and B) UMAP of untreated and IL-22 treated organoid datasets colored by condition and cell type 

from organoids derived from 3 different individuals. 

C) UMAP with a heatmap of average expression of the common emergent signature (Figure 4B) in 

control (left) and IL-22 treated (right) organoids. 

D and E) UMAP with heatmaps of normalized REG1A expression and STAT3 regulon score in the 

organoid dataset. 
F) REG1A-mNeonGreen tagged human organoids untreated or treated with IL-22 and/or tofacitinib 

(Tofa) for three days. Scale bars: 275 µm. 

G) Representative images of REG1A-mNeonGreen tagged human organoids re-seeded in Matrigel 

after purification through flow cytometry, either untreated (live cells) or treated with IL-22 for three 

days (mNeonGreen+ and mNeonGreen- cells). Scale bars: 1mm. 

H) Quantification of organoid forming efficiency related to G. Data shown as ± SEM; n=4 independent 

experiments for each population with 2,500 cells seeded per well. 

I) Expression levels of indicated genes of cells purified through flow cytometry from REG1A-

mNeonGreen control cells (light grey) and IL-22 treated cells, either mNeonGreen- (dark grey) or 

mNeonGreen+ cells (green), normalized to GAPDH expression. Fold change relative to 

mNeonGreen- cells ± SEM; n=4 independent experiments for each population. *p<.05, **p<.01, 

***p<.001, ****p<.0001; two-way ANOVA with Tukey’s multiple comparison test. 

See also Figure S5 
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Supplementary Figure 1. Single cell profiling of healthy colonic epithelium. 
(A) Flow cytometry sorting strategy for isolation of epithelial cells from clinical samples based 
on markers for live-dead, EPCAM+ and CD45+. (B) Average fraction of EPCAM and CD45 
positive cells in the clinical samples analysed (left) with a paired analysis of biopsies from the 
UC patients from ulcerated and healthy margin regions (right). Error bars indicates the S.E.M. 
and p-value tested with one-sided Mann–Whitney U test is indicated. (C) Quality control 
statistics of samples after 10x Cell Ranger processing of the separate runs. Error bars 
indicates the S.E.M. (D) Proportions of spliced/unspliced counts among the healthy samples. 
(E) UMAP plot of cells in the healthy dataset colored by cell cycle. (F) Violin plot of individual 
cell scores for the cell cycle phase signatures in selected cell populations. Significance tested 
with one-sided Mann–Whitney U test. (G) Immunostaining of whole mount healthy human 
tissue for phospho-Histone-3 (pH3) (green) and E-Cadherin (red). Scale bar: 50 µm. Insert: 
3D reconstruction of a colonic crypt. Scale bar: 40 µm. (H) Quantification of the distance (µm) 
from the bottom of colonic crypts to pH3 positive cells in two healthy human colonic samples. 
Cell position 6 is marked with a dotted line. N = 45 crypts quantified in total.   
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Supplementary Figure 2. Single cell profiling of healthy margin of colonic epithelium from UC 
patients. (A) UMAP of 6,762 colonic epithelial cells from the healthy margin of UC patients 
annotated based on marker expression. (B) Cell type trajectories based on over-clustering. 
Nodes represent clusters colored by cell type of origin, while edges indicate high degree of 
similarities. (C) RNA velocity measurements projected onto the UMAP embedding shown in 
(A). (D) UMAP plots with heatmaps of normalized expression of the KRT20 gene in healthy, 
healthy margin and ulcerated data sets. (E) Higher magnification of representative IHC for 
KRT20 and KI67 in healthy and ulcerated human colon. Arrows indicate KRT20 and Ki67 
double positive cells. Scale bar: 50 µm. 
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Supplementary Figure 3. The IA cell states are induced through STAT signalling. (A) 
Immunostaining for CD74 in healthy, healthy-margin and ulcerated tissues. Scale bars: 100 
µm. UMAP plots with heatmaps of normalized expression of the CD74 gene split into 3 panels 
based on a dataset of origin. Similarity correlation matrix between healthy, ulcerated and 
healthy-margin (split on the CD74 expression with cut-off value for the split based on the third 
quartile of CD74 expression in the healthy dataset) samples calculated on first 50 principal 
components using Pearson correlation showing that there is high correlation between the 
CD74+ cells from the non-ulcerated samples and the ulcerated state. This is also supported 
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by the dendrogram visualizing hierarchical clustering on the groups. (B) Venn diagrams of the 
overlap between genes upregulated and downregulated by stem cells in the ulcerated and 
healthy-margin (when compared to the healthy state). This reveals a much larger than 
expected overlap in fraction of shared genes. Top 10 terms from GO term overrepresentation 
analysis of the shared differentially expressed genes. (C) Heatmap of scaled transcription 
factor activity of DoRothEA regulons. Top three differentially active regulons for each of the 
cell type clusters are shown. (D) Heatmap of scaled pathway activity for ulcerated cell 
populations. Activities have been calculated using genes differentially expressed in the 
ulcerated dataset, as compared to the healthy dataset. The DEGs have been found between 
pseudo-bulk profiles of cell types from the two datasets. Pseudo-bulk profiles have been 
generated only if at least two biological replicates per condition were available. In the ulcerated 
dataset, IA Colonocytes and IA Goblet cells have been combined with TA Colonocytes and 
TA Goblet cells, respectively. (E) UMAP plots with heatmaps of normalized expression of the 
REG1A gene in inflamed epithelial data sets from Parikh et al. 2019 and Smillie et al. 2019 
studies. (F) Representative images of WT human colonic organoids control treated or treated 
with IL-22 and/or tofacitinib (Tofa) for 3 days. Scale bars = 650 μm. (G) Expression levels of 
indicates genes of WT organoids control treated or treated with IL-22 and/or tofacitinib (Tofa) 
for 3 days normalized to GAPDH expression. Fold change relative to control treated organoids 
± SEM; n=3. (H) Representative images of WT human colonic organoids control treated or 
treated with IL-22 and/or rapamycin (Rapa) for 3 days. Scale bars = 650 μm. (I) Expression 
levels of indicates genes of WT organoids control treated or treated with IL-22 and/or 
rapamycin (Rapa) for 3 days normalized to GAPDH expression. Fold change relative to control 
treated organoids ± SEM; n=2. (J) Western blot showing protein levels of S6 (top) and 
phosphorylated S6 (bottom) in WT human colonic organoids control treated or treated with IL-
22 and/or rapamycin (Rapa) for 3 days. a-Tubulin was used as a loading control. 
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Supplementary Figure 4. Characterisation of the role of JAK/STAT signalling in tissue 
regeneration and REG1 expression. (A) H&E staining of sections of Swiss rolls of the entire 
mouse colon of control and DSS treated mice with tofacitinib (Tofa) or vehicle treatment from 
D5-D10. (B) Histological assessment of the length of epithelial erosions from H&E stainings 
(A). For CTRL, N=3; for CTRL + tofacitinib. N=5; for DSS, N=4; for DSS + tofacitinib, N=4. (C) 
Body weight changes of mice in all experimental groups. Mice were treated with DSS from 
D0-D5 and Tofacitinib or vehicle control from D5-D10. (D) Violin plot with normalized REG1A 
gene expression in cells in the control and IL-22 treated organoid datasets. The boxplot shows 
the quartiles of the dataset while the whiskers extend to show the rest of the distribution, 
except for outliers. Significance tested with two-sided Mann–Whitney U test. (E) Bar plot of 
percentage of REG1A positive cells (normalized expression in the third quantile) in samples 
in the control and IL-22 treated organoid datasets. Error bars show 95% confidence interval. 
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Supplementary Figure 5. REG1A expressing cells exhibit regenerative capabilities. (A) 
Sanger sequencing at the site of insertion of the mNeonGreen tag at the C-terminal of REG1A 
in Clone 3 and Clone 4. (B) Representative flow cytometry analysis of mNeonGreen in WT 
and REG1A-mNeonGreen Clone 3 and Clone 4 in untreated and IL-22 treated conditions. (C) 
Quantification of mNeonGreen positive cells in REG1A-mNeonGreen Clone 3 and Clone 4 
cells untreated or treated with IL-22 for three days. Data shown as ± SEM and n=4. (D) 
REG1A-mNeonGreen Clone 4 untreated or treated with IL-22 and/or tofacitinib (Tofa) for three 
days. Scale bars: 275 µm. (E) Representative images of REG1A-mNeonGreen Clone 3 and 4 
untreated or treated with IL-22, and/or tofacitinib (Tofa), and/or rapamycin (Rapa) for three 
days. Scale bars: 1mm. (F) Representative images of REG1A-mNeonGreen Clone 4 
organoids re-seeded in Matrigel after FACS sorting, either untreated (live cells) or treated with 
IL-22 for three days (mNeonGreen+ and mNeonGreen- cells). Scale bars: 1mm. (G) 
Quantification of organoid forming efficiency related to F. Data shown as ± SEM; n=3 for each 
population with average of four wells counted at each experiment. (H) Expression levels of 
indicates genes of FACS sorted cells from REG1A-mNeonGreen (clone 4) untreated control 
cells (light grey) and IL-22 treated cells, either mNeonGreen- (dark grey) or mNeonGreen+ 
cells (green), normalized to GAPDH expression. Fold change relative to mNeonGreen- cells 
± SEM; n=4 for each population. *p< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; two-way 
ANOVA with Tukey’s multiple comparison test. 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576736doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576736
http://creativecommons.org/licenses/by-nd/4.0/

	Manuscript_new
	Figure1
	Figure2
	Figure3
	Figure4
	Figure5
	Supplementary Figure & legends

